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We describe the structural organization of the human SCL gene, a helix-loop-helix family member which we
believe plays a fundamental role in hematopoietic differentiation. The SCL locus is composed of eight exons
distributed over 16 kb. SCL shows a pattern of expression quite restricted to early hematopoietic tissues,
although in malignant states expression of the gene may be somewhat extended into later developmental stages.
A detailed analysis of the transcript(s) arising from the SCL locus revealed that (i) the 5' noncoding portion of
the SCL transcript, which resides within a CpG island, has a complex pattern of alternative exon utilization as
well as two distinct transcription initiation sites; (ii) the 5' portions of the SCL transcript contain features that
suggest a possible regulatory role for these segments; (iii) the pattern of utilization of the 5' exons is cell lineage
dependent; and (iv) all of the currently studied chromosomal aberrations that affect the SCL locus either
structurally or functionally eliminate the normal 5' transcription initiation sites. These data suggest that the
SCL gene, and specifically its 5' region, may be a target for regulatory interactions during early hematopoietic
development.

Over the past year, a new gene family whose members
have roles as proven or putative transcription factors has
been defined on the basis of the sharing of a consensus
helix-loop-helix (HLH) DNA-binding and dimerization motif
within the protein structure. This family was first recognized
as uniting an array of genes stretching from Drosophila spp.
to humans, each of which was either known or presumed to
play a role in the growth or differentiation of the particular
system or tissue in which it was expressed (32). This family
includes the Drosophila Achaete-scute, twist, and daughter-
less genes, the c-, N-, and L-myc genes of higher organisms,
the MyoD group of muscle differentiation genes, and the
immunoglobulin enhancer-binding proteins E12 and E47. A
recent count identified at least 24 distinct genes as members
of this HLH family (4). We have reported that the SCL gene
is a full-fledged member of this family (3).
We originally identified SCL as a result of its disruption by

chromosomal translocation t(1;14), associated with the oc-
currence of a stem cell leukemia (2). We have reported that
expression of the normal SCL gene is quite restricted,
appearing predominantly in cells, cell lines, and tissues of
the early hematopoietic lineage (3). Experiments in progress
have demonstrated that a CD34+ sorted population of
human cord blood expresses SCL (V. Bier, T. Waldmann,
P. D. Aplan, and I. R. Kirsch, unpublished results). The
disruption of the gene in malignant cells capable of lym-
phoid, myeloid, monocytoid, or erythroid differentiation (19,
24), its restricted pattern of expression, and its identification
as a member of a family of putative transcription factors
have suggested the possibility that SCL plays a role in some
facet of early hematopoietic development. We wish to de-
termine what regulates expression of the SCL gene and what
the gene regulates. As a start to this investigation, we have
determined the structural organization of the human SCL
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gene at the level of the genomic DNA and expressed mRNA.
We find that the SCL transcript unit is notable for a marked
complexity of alternative exon utilization at its 5' end. This
complexity and the patterns of mRNA transcription that we
now recognize are likely to be significant for understanding
the regulation and lineage-specific expression of this gene.

MATERIALS AND METHODS
DNA and RNA isolation. DNA and RNA were isolated

from cell lines and tissues by the guanidium isothiocyanate
method (14).

Southern and Northern (RNA) blotting. DNA samples (10
,ug) were digested to completion as recommended by the
supplier (Bethesda Research Laboratories), size fractionated
on agarose gels, and transferred to nitrocellulose membranes
by the Southern method (40). RNA samples (10 ,ug of total
cellular RNA) were size fractionated on a 1.0% agarose-
formaldehyde gel and transferred to nitrocellulose mem-
branes (14). Hybridizations were performed with nick-trans-
lated 32P-labeled probes and washed under standard
conditions (2), with the highest-stringency washes consisting
of 0.1% sodium dodecyl sulfate (SDS) and 0.1 x SSC (SSC is
0.15 M NaCl plus 0.015 M sodium citrate) at 52°C.
Genomic and cDNA cloning. The phage library used to

obtain genomic clones was obtained from DU528 genomic
DNA, partially digested with MboI, size fractionated, and
ligated into lambda vector EMBL3 as described previously
(2). The K562 cDNA library was an oligo(dT)-primed library
obtained from Clontech. RNA for the human bone marrow
cDNA library was isolated from a patient with Ewing's
sarcoma, recently recovered from chemotherapy. Morpho-
logic examination showed a dramatically left-shifted marrow
with an myeloid/erythroid cell ratio of 6:1. RNA was purified
over an oligo (dT)-cellulose column, and 5 ,ug, primed with
oligo (dT) and random hexamers, was used to synthesize
first-strand cDNA. Second-strand synthesis, EcoRI methyl-
ation, ligation into the EcoRI site of lambda ZAP2, and
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packaging were done according to standard techniques
(Stratagene).

Subcloning into plasmids. Fragments of the recombinant
phage clone were subcloned into plasmid vectors pSP72,
pGem 7Zf (Promega), and pBluescript SK (Stratagene).

Sequence analysis. Plasmids were sequenced by the dide-
oxy-chain termination method, using Sequenase (U.S. Bio-
chemical Corp.) polymerase according to standard sequenc-
ing protocols and oligonucleotide primers. An IBM PS2 with
PC-Gene (Intelligenetics) was used for sequence analysis
and manipulation. Genomic and cDNA sequences were
compared with those in the GenBank data base.
RNase protection assay. Relevant genomic or cDNA re-

striction fragments were subcloned into plasmids, and uni-
formly labeled 32P antisense RNA was synthesized by using
T7, SP6, or T3 RNA polymerases and Gemini riboprobe
reagents (Promega). The radiolabeled antisense RNA (1 x
105 to 2.5 x 105 cpm) was hybridized to 30 p.g of test RNA
samples for 12 to 16 h at 50 to 65°C. The samples were then
subjected to RNase A digestion and size fractionated on a
6% acrylamide-7 M urea denaturing gel (37).
Primer extension assay. Synthetic oligonucleotides were

end labeled with [32P]ATP to a specific activity of 108
cpm/,Lg, using T4 kinase. A 2-ng amount of this primer was
annealed to 30 to 50 ,ug of total cellular RNA for 45 min at
65°C and then for 45 min at 45°C; it was then slowly cooled
to room temperature in 250 mM KCl-10 mM Tris (pH 8.0)-i
mM EDTA (34). Reverse transcription was accomplished
with 10 U of avian myeloblastosis virus (Promega) in a buffer
containing 70 mM KCI, 50 mM Tris (pH 8.0), 10 mM MgCl2,
10 mM dithiothreitol, 0.25 mM deoxynucleoside triphos-
phates, and 50 p.g of dactinomycin per ml and incubated for
5 min at 37°C, followed by 60 min at 42°C. The RNA
template was then digested with RNase A (10 ILg) for 15 min
at 37°C, followed by phenol-chloroform extraction, ethanol
precipitation, and size fractionation on a 6% acrylamide-7 M
urea denaturing gel.

Oligonucleotide synthesis. Oligonucleotides were synthe-
sized on a DNA synthesizer (model 380B; Applied Biosys-
tems) and used without further purification.
Anchored PCR. A modification of the anchored polymer-

ase chain reaction (PCR) technique (18) was used to obtain
full-length cDNA clones. Total cellular RNA (10 ,ug) from
the erythroleukemia cell line HEL (29) was annealed to an
SCL-specific primer (nucleotides 136 to 153 of Fig. 2), and
first-strand cDNA synthesis was carried out with Moloney
murine leukemia virus reverse transcriptase, using the pro-
tocol recommended by the manufacturer (Bethesda Re-
search Laboratories), along with 2.5 ,uCi of [32P]dCTP as a
tracer. First-strand cDNA purification and tailing with dATP
were done as described previously (18). PCR amplification
was performed by using a 5' oligonucleotide, 5'-GACTC
GACTCGACATCGAT II--I-I--I--IIII-11A1171-3', contain-
ing SaIl, ClaI, and XhoI sites and a nested SCL 3' oligonu-
cleotide (nucleotides 122 to 138 of Fig. 2). Thermal cycling
was carried out for 40 cycles (45 s at 95°C, 1 min at 50°C, and
2 min at 72°C), using a Perkin-Elmer-Cetus thermal cycler.
The PCR products were extracted with phenol-chloroform,
digested with ClaI and PstI, and subcloned into Psp72 for
sequence analysis.

In vitro translation and immunoprecipitation. In vitro
translation of mRNA synthesized from cDNA clones was
performed with the rabbit reticulocyte lysate system
(Promega) in the presence of [35S]methionine. Approxi-
mately 105 cpm was immunoprecipitated with 10 ,ul of
normal rabbit serum or specific antisera as previously de-

scribed (21). The immune complexes were collected with
protein A-agarose beads (Bethesda Research Laboratories)
and run under reducing conditions on a 10%o sodium dodecyl
sulfate-polyacrylamide gel.

RESULTS

Genomic organization of the SCL locus. Figure 1A shows
the SCL locus and its intron-exon structure. The map was
created by comparing 12 overlapping genomic phage clones
with 20 cDNA clones isolated from the bone marrow cDNA
library and a single K562 cDNA clone. The chromosome 1
probes used to screen the libraries (1.OBR, 1.4BK, 2.1SS,
l.OXX, and 0.9PX) are shown in Fig. 1B. The anchored PCR
technique was used to obtain clones that elucidated the 5'
end of the SCL gene (Fig. 1D).
The SCL locus is composed of eight exons spanning 16 kb

of genomic sequence (Fig. 1). Exon-intron boundaries were
sequenced, and all contained the canonical GT splice donor
and AG splice acceptor dinucleotides. The 5' end demon-
strates a complex pattern of mRNA splicing (Fig. 1D). (The
sequences of these alternate exons are shown in Fig. 2.) The
existence of these alternative mRNA species in several cell
lines and tissue types has been confirmed by RNase protec-
tion assays (data not shown).

T-cell lines (Jurkat and HSB-2) investigated showed a
splicing pattern distinct from those of other cell lines and
tissues examined. While the multipotential HEL and K562
(25) cell lines initiated transcription at both exon Ia and Ib,
the T-cell lines initiated transcription at exon Ib only. RNA
obtained from bone marrow and peripheral mononuclear
cells showed the same pattern as did the HEL and K562 cell
lines. It should be noted that these alternative splicing events
occur in the 5' untranslated region (UTR), and all but one
RNA species, regardless of the pattern of 5' exon utilization,
converge on exon III (Fig. 1D).

Several clones obtained from the bone marrow cDNA
library spliced exon Ia to exon V. RNase protection assays
using the longest of these clones as a probe revealed the
existence of this mRNA species in bone marrow, peripheral
mononuclear, fetal liver, K562, and HEL cells. In the
positive tissues, this mRNA species consistently comprised
20 to 30%o of the total SCL mRNA and predicts a truncated
protein retaining the HLH motif, initiating at amino acid 176
of Fig. 2. This form initiating from exon Ia was not seen in
the T-cell line Jurkat, HSB-2, or DU528.
As previously described (3), several cDNA clones had

identical 297-bp deletions in their 3' UTRs (nucleotides 1369
to 1666; Fig. 2). This deletion is felt to represent a bona fide
mRNA splicing event, as it is bounded by consensus splice
donor and acceptor sequences, and the mRNA species can
be detected by using RNase protection probes. RNase
protection experiments (data not shown) demonstrated that
this species comprises <10% of the SCL mRNA.

Finally, a single clone isolated from the bone marrow
cDNA library utilized an exon (designated T77) distinct
from the eight exons described above. This clone spliced
exon P77 directly to exon VI, using the same splice acceptor
sequence as did the exon V-VI splice junction. However,
exon P77 contains an in-frame TGA termination codon
upstream of the HLH motif and effectively eliminates the
HLH homology region. This exon is identical to that pre-
sented by Chen et al. (10) and is likely to represent a
nonfunctional transcript. An RNase protection probe de-
rived from the cDNA showed this to be a very minor species
in DU528, K562, and bone marrow RNA (data not shown).
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FIG. 1. Restriction map of the SCL genomic locus. Exons Ia to VI and pseudo-exon P77 are shown above the restriction map. The

protein-coding regions are indicated by solid boxes; the HLH homology region is positioned as shown. The alternatively spliced 5'
untranslated exons are represented by cross-hatched (Ia and Ila) and stippled (Ia and IIb) boxes indicating 5' and 3' UTRs. M, The initiation
methionine. Restriction sites: B, BamHI; K, KpnI; R, EcoRI; S, SstI; Sp, SphI; X, XhoI. The BamHI site in parentheses (B) is polymorphic.
KpnI, SphI, and XhoI sites are not complete. (B) Probes used for hybridizations. (C) Nucleotide sequence at splice junctions. Exon sequences

are in capital letters; intron sequences are in lowercase letters. (D) mRNA forms generated by alternative exon utilization; mRNA splicing
occurs as depicted. The stippled regions between exons Ia and lb and exons Ila and III indicate regions of contiguous genomic DNA that were
protected in RNase protection assays. The protected fragments seen (data not shown) may represent additional mRNA forms that retain this
intervening sequence or incompletely processed pre-mRNA. The relative abundance of each mRNA species is indicated by 0, +, or + +. Two
patterns were seen, one typified by the T-cell lines Jurkat and HSB-2, and the other typified by K562 and HEL.
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l1a(69) Ib(42) lib O132) la (118)
GGCCCATGCTAACGAGGCCT ATTCTTCTTCGTGGTTGTG TMCGTGGGTGCGGCCGCCG GCCCGGGACTATCCCTTCGC
GGAACGTGAGTGGGATTACA TGCATGCGGTGGGATTGTGA GGCTCCAAGGGAGAGGCCCC GGTGTAGCGGCAGCCGGAGA
GCGCGTCGGTGGAGGGGCCG GA GAAAGGACAATGGGCACATT CCTGGCTGAGGAGGCAACCG
GGCGGGCGCGGGGCGGGCGG CACCAGGCCTCGAGCCTCGG CGTAGACACCTCCCTGCTTA
GGGAGCGGGGGCCGCGGGAG GTGGGGACATTCGGGATCAC GAAAACAAACACTGAACCAG
GGGCCGGGCCGCCGCCGCTC CTCCTGGGAAGATTTTCCCG ACCGATCCCAGTTGGAGG
AGGACCGGGCCTCAAAATGG CCCCCTCTTCGG
CCACACGCGTACCCCCGTAG
CGGAAAAAC

-302 LGTTCGAAAATGTTCCAGACAGCCTGTCGGGAGGGGTTGTTGTTGCTGTTGGACTAAATAGCTATTCCTGATTGGTCATGTATAGGGTTTTTTAAGGCGGG
TGGGGGGAGGAGGGGGTAGAGGAAAGGCTCCAAACACCTGCAGGTTGGGGGCGGAAAGCTGTTTGCGATTCCCTGGACTGGTTGGTCGGGGACAGGAGGT
AATTCCCAGCCATTGACCCCCATTTCTCTCTCTCCCTCCCTCTTGCCCTGCCTCTTTCTCTCCACCCCTATCTTTCCTGGAAACTCGCTTTGGGCGCGGC
Ai

+1 ATCGCCCAGGACCACACCGCAGCGTAACTGCAGGCCTCTCAGCGAAAAAGGGGGAAAGCAAAGACCCGGGTGTGCATCCTCTTCCTCGGCTTCCGCCC
CTTTCCGGCGGAGTGGAGATCCTATTCAGAGGGGCCGGTCTCTCTAAATATGCCCCAs
ATG ACC GAG CGG CCG CCG AGC GAG GCG GCT CGC AGT GAC CCC CAG CTA GAG GGA CGG GAC GCG GCC GAG GCC AGC

1 = Thr Glu Arg Pro Pro Ser Glu Ala Ala Arg Ser Asp Pro Gln Leu Glu Gly Arg Asp Ala Ala Glu Ala Ser

233 ATG GCC CCC CCG CAC CTG GTC CTG CTG AAC GGC GTC GCC AAG GAG ACG AGC CGC GCG GCC GCA GCG GAG CCC CCA
26 Met Ala Pro Pro His Leu Val Leu Leu Asn Gly Val Ala Lys Glu Thr Ser Arg Ala Ala Ala Ala Glu Pro Pro

308 GTC ATC GAA CTG GGC GCG CGC GGA GGC CCG GGG GGC GGC CCT GCC GGT GGG GGC GGC GCC GCG AGA GAC TTA AAG
51 Val Ile Glu Leu Gly Ala Arg Gly Gly Pro Gly Gly Gly Pro Ala Gly Gly Gly Gly Ala Ala Arg Asp Leu Lys

383 GGC CGC GAC GCG GCG ACG GCC GAA GCG CGC CAT CGG GTG CCC ACC ACC GAG CTG TGC AGA CCT CCC GGG CCC GCC
76 Gly Arg Asp Ala Ala Thr Ala Glu Ala Arg His Arg Val Pro Thr Thr Glu Leu Cys Arg Pro Pro Gly Pro Ala

453 CCG GCC CCC GCG CCC GCC TCG GTT ACA GCG GAG CTG CCC GGC GAC GGC CGC ATG GTG CAG CTG AGT CCT CCC GCG
101 Pro Ala Pro Ala Pro Ala Ser Val Thr Ala Glu Leu Pro Gly Asp Gly Arg Met Val Gln Leu Ser Pro Pro Ala

533 CTG GCT GCC CCC GCC GCC CCC GGC CGC GCG CTG CTC TAC AGC CTC AGC CAG CCG CTG GCC TCT CTC GGC AI GGG
126 Leu Ala Ala Pro Ala Ala Pro Gly Arg Ala Leu Leu Tyr Ser Leu Ser Gln Pro Leu Ala Ser Leu Gly Ser Gly

606 TTC TTT GGG GAG CCG GAT GCC TTC CCT ATG TTC ACC ACC AAC AAT CGA GTG AAG AGG AGA CCT TCC CCC TAT GAG
151 Phe Phe Gly Glu Pro Asp Ala Phe Pro Met Phe Thr Thr Asn Asn Arg Val Lys Arg Arg Pro Ser Pro Tyr Glu

683 ATG GAG ATT ACT GAT ;T CCC CAC ACC AAA GTT GTG CGG CGT ATC TTC ACC AAC AGC CGG GAG CGA TGG CGG CAG
176 Met Glu Ile Thr Asp Gly Pro His Thr Lys Val Val Arg Arg Ile Phe Thr Asn Ser Arg Glu Arg Trp Arg Gln

758 CAG AAT GTG AAC GGG GCC TTT GCC GAG CTC CGC AAG CTG ATC CCC ACA CAT CCC CCG GAC AAG AAG CTC AGC AAG
201 Gln Asn Val Asn Gly Ala Phe Ala Glu Leu Arg Lys Leu Ile Pro Thr His Pro Pro Asp Lys Lys Leu Ser Lys

833 AAT GAG ATC CTC CGC CTG GCC ATG AAG TAT ATC AAC TTC TTG GCC AAG CTG CTC AAT GAC CAG GAG GAG GAG GGC
226 Asn Glu Ile Leu Arg Leu Ala Met Lys Tyr Ile Asn Phe Leu Ala Lys Leu Leu Asn Asp Gln Glu Glu Glu Gly

908 ACC CAG CGG GCC AAG ACT GGC AAG GAC CCT GTG GTG GGG GCT GGT GGG GGT GGA GGT GGG GGA GGG GGC GGC GCG
251 Thr Gln Arg Ala Lys Thr Gly Lys Asp Pro Val Val Gly Ala Gly Gly Gly Gly Gly Gly Gly gly Gly Gly Ala

983 CCC CCA GAT GAC CTC CTG CAA GAC GTG CTT TCC CCC AAC TCC AGC TGC GGC AGC TCC CTG GAT GGG GCA GCC AGC
276 Pro Pro Asp Asp Leu Leu Gln Asp Val Leu Ser Pro Asn Ser Ser cys Gly Ser Ser Leu Asp Gly Ala Ala Ser

1058 CCG GAC AGC TAC ACG GAG GAG CCC GCG CCC AAG CAC ACG GCC CGC AGC CTC CAT CCT GCC ATG CTG CCT GCC GCC
301 Pro Asp Ser Tyr Thr Glu Glu Pro Ala Pro Lys His Thr Ala Arg Ser Leu His Pro Ala Met Leu Pro Ala Ala

1133 GAT GGA GCC GGC CCT CGG TGA
326 Asp Gly Ala Gly Pro Arg TER

1154 TGGGTCTGGGCCACCAGGATCAGCCAGGAGGGCGTTCTTAGGCTGCTGGGATGGTGGGCTTCAGGGCAGGTGGGGTGAGAATTGGGCGGCTCTGAAGCAA
GGCGGTGGACTTGAACTTTCCTGGATGTCTGAACTTTGGGAAGCCTTTACTGACCCTGGGGCTGGCTTTTCTGTTTCCTGTACCAGTAGGAGATCAGAAA
AATGGAGCAAAGTGGTAGGTACTTTTTGTGAAGACGGCACGGTCTTCCCTCTTCCCTCAGTCCCAAATCCTTCCCAAGTAAGAGGCTGGAGTTGTCACTG
CTTTTGGCCTGGAGTTTGGGATCCCTGTCTTTCCTAAGACCTGGGGTTGTCAGCTCTCATCTGAGGCATCCAGCAGTCTCTGCCTTGCCTTTAGCCCCTC
CCAAGCTGGCTGGGGTGGCCTGTGTGGCCACTTCTGTCCATATTTATAGGTACCCAATAGCTGCCCATTTCGTGAGCCCCATCTTCACCCAGGCCTATGT

1654 TGATCCATCCAGCTTGCCAGATGCTGCAGAGTCACAAGCCTCGAGGTGCCTTCTTCAGGGCCTGGTTGAAGAAGATGATCAGTGGACAGTCTGCTCTAGA
TGAGCTGGGCCGGAGGGTCAGGAAACCCAGTCGCCCTTACTTCTTGCCCTGGGGATCAAAGTTCTGCTTTCTCCCCAATGAGACTTGCCTTCCTAAGCCT
GTGGCTGTGGAGACCATGTCTGCAGCCCTGAGAAAGCCCTGTCGGGCTTTGTGTGAAGGCAGAGAAAGGGACAATGATAGTAGAGTGATATGGAGCAAGA
GATATITTGGGCATGTGGGCTTCAACTCCTCGACATCACTGTTCATGCTGGCGAGTGAATGCCAGTGTGCTGATGGGCGTACGCTGGTGCTGAGTAGATG
CGCAGCCCCATCTGTGCATTCTCCTGGATGCTTAGAGGGATTTCTTTGCTGTAAGATGTCTGTTTGCTGATGGTCTGGTCTATGTTCCGAATTGAGCACA

2154 AAACCTGTCCTATGAATGCTTTGCATTTGGAArTTIGCTTGACTTCAGTTATTGGTGGAATCTTTAGCGCTCAATAGGACCAGGATCCAGCCTCACTTC
TAGGGTATGGGAAATCCAATCAGAGACCAGGCCCTGGCTAGACCCAAACATATGCACATTCACTTAGCAGAACCTTAAACACCCCTCAGTTGTGCAGCTT
TTGGTCATCAAGGGTGCGTCTGGGAGGTTGGTTTAATGCAATAGAAGTGCTCCCCTCTGAAAGTTGTACATGAAATTTTTGTAAATCACATCCTTATCCT
TCATCTTTTAAAGAAATAACCACTGCAAGTCCTTTTGTAAAGTGAAGAATCCTTTTGTAGAATGAACCACTGCCCCTTCATTGATTTCCTGTGTCAATCC
AGATGGTGGGATGTGGTTTTCTTAAGGTGAGGCCTGTCTGTGACCTGCATCTAAGCCCATGGGACAAATTGCACAGAAGTCCTGTATGTCTGTCATTGTA

2654 CCCTTAAGTCACCCTAGCCCTCTCCCTCTAGGCTCTGCCTTCGAGGTCAGAGGAGAGATAGCCTGTGGCCCTGTCCTGCCATGCAAGAACTCATCACTGT
GGCTGTCTGGAAAGCCCCCCCTTATAGTTTGGGCTTCAGCCTAGTGGCTTGTCCTCACCATGATGGGGCCCTAATTCAGCCATGTACAGACAGAGAATAT
GTCTGCTCCTTTCCCCTTCCTTTTAAGTAAGGTCCAATTCTCGAGCTTGGGCAACATTGTTCACCTTTGTAGCACTCAGGCTCTCCATTCAATTTCAGG
CTCCCCAGATCATGTTTTGGTGAAAATTAGGGTTGGTTCCTTTCCAACGTTTGGAAGATCCTGTGAGGAGCCCCATCTGTCTAAAGATAGAGTCATTGCT
GTAGGATCTAAGGCTGTTTGCTTCACCGTGGATTCGCTTGAGTTAGGAATGAGAAGTAGCCACAGTATGGATGGGTGGATGGGTTTTATGAGATGGATCA

3154 CATATTTTATTAAGAACTCAAACTTCTGGCTCCCTCTTCTTTCAGACTTGCCATGTGACTCTGGCTTGGCCTATCTCCTAGGGCTATGGTGTGGACTGAA
TGGGATCATGAAAGTAGACAGTTTTGAGAACGTAAAGAACTITTTCTTTTCCCTCAATCTCAATCCTGCAGTGGGGTTTCGCAGCCTGAGTCCACGACCT
AGGCAGTAGGCCGGTGTGCCTGACTGCCCAGCATTTGGGTAATTTAGATTGTAAACCGCTTTGGCCTGAGTTATTGAGATTGTCCTCATTTCTCCAGATT
ATCTATTTGTGTGTGTGTGTGTGTGTGTGTGAGAGACGGTGTCTTGTTCTGTCACTCAGGCTGGAGTACAGTGGTGCCATCATTGCTGTCTGCAGCCTTG
AACTCTGGGCTCAAGCAATCCTCTCACCTCAGCCTCCCGAGTAGGAGGGACCACAGGTGTGAGCCACCACACCTGGCTAATTTTTACTT1i7i- riTI

3654 TGGTAGAGATGGAGTCTTGCTATATTGCCCAGGCTGGTCTTGAAGTCCTGGCTTCAGGCAATTCTCCTGCCTTTGCCTCCAGAAGCACTGGGATCACAGG
TGTCAGCCATTGCACCCAGCCCAGATTGTCTTAATTTCTATCTTGTTCCAAGGCCAGGGACAGTAATAAGAATGGAAAAGAGATATGGGAACACTGGCAG
ACTGTGTAAAATGTAATGCAACTACCCAAAACAAGCCTGGTAGGAAAGGGCAAGTCTTTAGGTCTTTGTAAGAACTAAAGAAGATCTGTAATTTTTATTT
TCACCCTCTGTACCCCATGACCTTATCCTTCCTCTCCTTCCTTGTTACCCATGAAAAACTGGCAACATTCCAAGAATAGCATCTGTACAAAGGGGAAAGA
ACATAAAGGTAAAACAAAACAAAACAACATTTTGAGAACAAAGATGACCATAACCACTGAAGGGAATCACATCTTTTAAGACAAATTCATATTCTTTTAT

4154 TTGTTATGGCAGATGACAAGATGGTACAACCTTTATTCTTTTCCAAAATAAAACAAAGGGCACAGCATCTGTAGTCAGCCGACAACTCTTTCGGCCTTTT
GGGGGTGGGTCTGGCCGTACTTGTGATTTCGATGGTACGTGACCCTCTGCTGAAGACTTGCCCCCTGCCCGTGTACATAGTGCATTGTTTCTGTGGGCGG
GCCCAGCACTTTCCGTCAACGTTGTACTGTATGTGATGAATTGCGTTGGTCTCTGCA1TTTTTCTGCAGAAGAGGAGTAACCGCTCCAGGTACCTTGACCT
TTGTACAGCCCAGAGGCCAACACTGTGGGTGTGTGACTCTTTAGCAAAAAAAACCCATGTGGTGATGATGTGTCTATATATGTGAGGATGTATCGGGAAG
ATTTCTAAATAAAAGTTTTA

FIG. 2. Nucleotide sequences of full-length SCL cDNAs. The sequences of the alternative exons Ia, Ib, Ila, and IIB are as shown.
Nucleotides -302 to -1 represent the contiguous intervening sequence between exon Ila and exon III (which begins with nucleotide + 1).
RNase protection and cDNA cloning experiments indicated that some mRNA forms retained this intervening sequence. Exons III to VI,
which are common to all SCL mRNA species but one (see text), are outlined in the large box (nucleotides + 1 to +4623). Exon junctions are
indicated with brackets. Translation of the long open reading frame is as shown. A polyadenylation signal (AATAAA) is underlined, as are
several sequences containing the ATTTA motif thought to destabilize mRNA (39).
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Nucleotide sequence of the full-length SCL cDNA. We are
now able to present the composite SCL cDNA, including the
alternate exons seen in the 5' UTR. A long open reading
frame begins in exon IV, with the sequence AGGATGA,
which is in good agreement with the consensus sequence for
protein initiation (22, 23) and predicts a protein of 34 kDa.
There is an in-frame TAA termination codon present 15
bases upstream. This cDNA sequence was compared with
the murine SCL cDNA sequence (C. G. Begley et al., Proc.
Natl. Acad. Sci. USA, in press). Both the ATG and the TAA
termination codon are conserved in the murine SCL cDNA.
The human SCL cDNA has an extensive 3' UTR containing
numerous stop codons in all reading frames, along with
several TTATTTAT motifs, which have been found in
mRNAs coding for cytokines (8) and are thought to destabi-
lize cytoplasmic mRNA (38). An AATAAA polyadenylation
signal is located 20 nucleotides 5' of the poly (A) tail.
An in vitro-translated cDNA clone produces an SCL pro-

tein. A cDNA clone containing the entire SCL coding region
was transcribed with T7 polymerase. The mRNA was then
translated by using the rabbit reticulocyte lysate system in
the presence of [35S]methionine. Immunoprecipitation using
antisera raised from rabbits immunized with SCL-specific
peptides (Fig. 3) demonstrated bands at 37 and 41 kDa,
slightly larger than the 34-kDa molecular mass of our pre-
dicted protein. Preliminary experiments with calf alkaline
phosphatase-treated immunoprecipitates indicated that the
size discrepancy was not due to phosphorylation.

Determination of the transcript initiation site and 5' regu-
latory features. Having determined the location of the first
exons, we sought to define their 5' extent. Exons Ta and Tb,
along with 562 nucleotides of upstream sequence, are pre-
sented in Fig. 4. To determine the transcript initiation site(s),
an oligomer complementary to nucleotides 464 to 488 was
synthesized and used in primer extension analysis. Figure 5
shows a tight cluster of bands corresponding to an mRNA
initiation site at nucleotide +447 of Fig. 4. The sequence
surrounding the transcript initiation site, TTCATTTC is in
good agreement with the consensus start site sequence of
PyPyC(A/G)PyPyPyPy (12). In addition, a TATA box
(ATATA) is present 35 nucleotides upstream, beginning at
nucleotide +412. To confirm these findings, we carried out
RNase protection assays, using a probe derived from a
252-bp genomic EcoRI-Sphl fragment (nucleotides 221 to
473). The protected fragments of 28 and 36 nucleotides seen
in Fig. SB are consistent with the start site determined by
primer extension. In an analogous fashion, we determined
the 5' extent of exon Ta to be nucleotide +1 of Fig. 4 (data
not shown).

Inspection of the sequence shown in Fig. 4 reveals TATA
and CCAAT boxes 5' of exons Ta and Tb, several Spl
recognition sequences, a potential Apl-binding site, and a
potential Eryf 1-binding site. The potential binding site for
Eryf 1 (also known as NF-El and GF-1), a transcription
factor that is felt to be specific for megakaryocytic and
erythroid genes (28, 36), is present 5' of exon Ta but not exon
Tb.
The 5' end of the SCL gene lies in an unmethylated CpG

island. Sequence analysis of exons Ta to III demonstrated
this region to be highly G+C rich (Fig, 2). Furthermore,
restriction endonuclease analysis of phage clones encom-
passing this region revealed sites for several rare restriction
enzymes, such as BssHII, Notl, and SacII, which recognize
G+C-rich sequences. Segments of G+C-rich DNA, located
at the 5' end of transcript units, may represent CpG islands,
which are thought to be genomic regions involved in gene
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FIG. 3. Immunoprecipitation of an in vitro-translated SCL pro-
tein. An SCL cDNA clone was transcribed and translated in vitro in
the presence of [35S]methionine. Imunoprecipitation was carried out
by using antisera from rabbits immunized with the indicated pep-
tides. Peptide 1, A nonsense peptide from the 3' UTR of SCL;
peptide 3, SCL COOH terminus (LPAADGAGPR); peptide 4, a
portion of the SCL HLH region (ELRKLIPTHPPDKKLSK); NRS,
normal rabbit serum. The first lane represents the untreated (no
immunoprecipitation) in vitro-translated product.

regulation (9, 42). These islands tend to be unmethylated in
tissues expressing the gene and heavily methylated in tissues
not expressing the gene. To investigate the methylation
status of the G+C-rich region noted above, we digested and
size fractionated genomic DNA with MspT, which cleaves
the sequence 5'-CCGG-3' regardless of methylation status,
and HpaIT, which cleaves the same sequence only when the
3' cytosine is unmethylated. Figure 6A shows Southern blots
of these genomic digests hybridized to a probe (2.2XX) from
this CpG island. The small fragments generated by MspT or
HpaTT digests of K562 (an SCL-expressing cell line) genomic
DNA were identical. However, when genomic DNA from
HL60 (11), a cell line that does not express SCL, was
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ACAGGGTTCT GCCAGGCCGC CGTAGAGCCC ATGGATTTGA
GAGGTAGGGA AGGGCTGGGG AGCTTTCTGG GATAGGGAGA
CTGGAGGAAG AATAAGAAAG AAGCCCTGGG AGGTGACGAT
GACAGAGTGC TGGGGTGAGA GTCGCTGAAG AAAGGTGTCT
CTGGGGTTCC TGAGAGGCCT TGGGATTAGA GATGGGGGCT
ACGCTCCCCG CAGCGCGTTC CGGAGCCGGT CCTAGCGCCG

CCTAGCAGAT AGGCATTTAT
GTTACCGGCT CTATTTTAGA
CTGCCCATTG AAATCTGGGT
TTTGGTATCA TGGTGGTCTT
GAAAGGTTAA GGGACTGAGG
GGATCTGCTG GGTCCTAGAC
CTCAACCAGT CCCCACTCCC

-122 TCCGGTGAAA TTCAA AAAATGAATC ATTTGGCCCW ~~GCCGA GGCGCTTATC GGGGGCGGGC

-52 GGACCCGCGG CAGTGCCTTA TCTCTGCGGC GCACACGGCC CCGGCGCGCC T CCCATG CTAACGAGGC

+19 CTGGAACGTG AGTGGGATTA CAGCGCGTCG GTGGAGGGGC CGGGCGGGCG CGGGGCGGGC GGGGGAGCGG

+89 GGGCCGCGGG AGGGGCCGGG CCGCCGCCGC TCAGGACCGG GCCTCAAAAT GGCCACACGC GTACCCCCGT
EwRI

+159 IAGCGGAAAAA TGAGCATT CTGGCCTTTT TCTAGGGGAA AAGCAACCCG CGGCCTCCCA CCGAATTCTT

+229 CAff~TC CTCCTCTTTT TCCCCACGTC CGCAAAAGAG GTCTTCGCTC CCTTTCCCTC GGTTCCTTTC

+299 GATGGCCGGG GGGGGCGGTG GGGGGGCATT TTCCACGGAC GCCCCCGCCC CGGCTGCCGC CGCCCCTCCC

+369 GCCTCGGAGA CTCTCTTCCT TCCTTCCCCC TTTTCCTTAC GCAW-TCA GAAATGCGCG AGGCTGTGGT
Sph I

+439 TGGTTTT T TTCTTCTTCG TGGTTGTGTG CATGCGGTGG GATTGTGAGq GTGTTCATGA GAACTGTGGG

FIG. 4. Nucleotide sequence surrounding exons Ia and lb. Exons Ia (nucleotides + 1 to + 169) and lb (nucleotides 447 to 488) are boxed.
TATA and CCAAT boxes 5' of the initiation exons Ia and lb are boxed. Spl recognition sequences (GGGCGG) are underlined with dashes.
A potential Eryf 1-binding site (TTATCT, complement AGATAA) is underlined, and a potential Apl-binding site (TGAATCA) is overlined.
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analyzed in the same fashion, a different pattern emerged.
The small HpaII fragments were not seen in the HL60 cells
(Fig. 6), indicating that the genomic DNA from this region is
resistant to HpaII digestion and therefore methylated in
HL60. Since mitochondrial DNA is not methylated at CpG
dinucleotides (26), we demonstrated complete digestion by
hybridizing the Southern blots to a mitochondrial DNA
probe (Fig. 6B).
The SCL transcript in DU528 initiates aberrantly, 3' of the

CpG island. The previously reported t(1;14)(p33, qll) trans-
location in the DU528 cell line juxtaposes the SCL locus,

-344 with the coding region and 5' regulatory region intact, to the
-298 T-cell receptor delta locus, resulting in a fusion message,

-; 201 with the 3' UTR of SCL fused to D83 (Fig. 7) (3). Figure 7B
and C show primer extension and RNase protection data
demonstrating that the DU528 fusion message initiates aber-
rantly, from within exon IV. The increased quantity of SCL
message and its aberrant initiation in DU528 may be a

-36; reflection of the influence of the t(1;14) translocation that

FIG. 5. (A) Primer extension using an oligonucleotide comple-
mentary to nucleotides 464 to 488. Prominent bands at 42, 44, and 46

-28 nucleotides are seen. In addition a faint band of 490 nucleotides is
seen. This may represent primer extension from an unspliced
pre-mRNA initiating from exon Ia. (B) RNase protection demon-
strating mRNA initiation at exon lb. A 252-bp genomic EcoRI-SphI
fragment (see Fig. 4) encompassing exon lb was used to synthesize
an antisense RNA probe. A 28-nucleotide protected fragment is seen
in all but the control (ytRNA) lane. A band at 36 nucleotides in the
bone marrow lane most likely represents a minority of transcripts
initiating 8 bases further upstream. An additional faint band showing
full-length protection in the HEL lane (arrow) may represent pro-
tection of an unspliced pre-mRNA. Size standards were pBR322
cleaved with EcoRI and Hinfl, along with a conventional sequenc-
ing ladder. (C) RNase protection demonstrating cell-type-specific
mRNA initiation. A genomic fragment (nucleotides -9 to +151 of
Fig. 4) containing exon Ia was used to synthesize an antisense RNA
probe. A band of 150 nucleotides, representing full-length protection
of exon Ia (nucleotides +1 to + 151), is seen in HEL, K562, and
bone marrow cells but not in the T-cell line HSB-2, Jurkat, or
DU528.

-562
-542
-472
-402
-332
-262
-192

GTCCCTATTG
AGGGGGTGAA
GTCTGGGACA
CAGAGGTAGG
TTGTGGGAAG
AGCGCGTCCA
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(2.2XX of Fig. 1). Sizes in base pairs are indicated. (B) Same blot
rehybridized to a mitochondrial DNA probe (see text).

-154
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brings the TCRB enhancer (7, 35) to within 20 kb of the SCL
exon IV.

DISCUSSION
We report here our characterization of the genomic struc-

ture of the SCL gene, with particular attention to its alter-
nate mRNA initiation sites and processing. The SCL gene
consists of eight exons distributed over 16 kb, encoding a
protein with the recently described HLH motif. The 3'
portion of the gene is straightforward, with exons IV, V, and
VI encoding the entire protein; there is an extensive 3' UTR.
The 5' portion of the gene is complex, with alternate mRNA
processing producing several different mRNA species.
These alternate exons at the 5' end likely account for the
cluster of mRNA bands at 4.5 to 5.0 kb seen by us and others
(3, 6, 10, 17). Unique 5' UTR exons converging on a
common coding sequence have been reported for several
eucaryotic genes, from yeasts (yeast invertase gene) to
mammals (murine a-amylase gene) (5, 13, 38). Tissue-spe-
cific, differential promoter utilization has been shown to be
the cause of 5' UTR heterogeneity in Drosophila alcohol
dehydrogenase (5) and murine a-amylase (38) genes and is
postulated to occur in the gene coding for common acute
lymphoblastic leukemia antigen (13). The SCL gene would
also seem to shown differential promoter utilization, with the
exon Ta promoter being inactive in the T-cell lines (HSB-2,
Jurkat, and DU528) analyzed. It is possible that these
alternative mRNA species have different stabilities and
half-lives, although this has not been proven. Furthermore,
the 5' UTR of SCL contains several ATG codons in good
context for protein initiation, followed by stop codons,
which may interfere with translation from the "true" initia-
tion methionine (24), as has been shown for the proto-
oncogene lck (27).
As mentioned above, no transcripts seen in T-cell lines

initiated with exon Ia. However, cell lines K562 and HEL,
both of which have the potential for erythroid and megakary-
ocytic differentiation (29, 43), do initiate transcripts at exon
Ta. As previously noted, there is a consensus binding se-
quence (AGATAA) for Eryf 1 5' of exon Ta but not 5' of exon
lb. Therefore, it is possible that SCL transcripts initiating at
exon Ta are mediated in part through Eryf 1.
A CpG island encompassing exons Ta to III was detected,

and experiments with the methylation-sensitive restriction
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FIG. 7. (A) Restriction map of the 1;14 breakpoint in DU528.
Symbols: I , location of an SCL breakpoint reported by others (see
text); FO, chromosome 1 sequence; M, chromosome 14 se-
quence; -, SCL and TCRB exons. The location of the TCRb
enhancer is shown. Restriction sites: B, BamHI; R, EcoRI; S, SstI;
X, XbaI. The BamHI site in parentheses (B) is polymorphic. XbaI
sites are not complete. (B) Primer extension analysis of the DU528
fusion transcript. An oligonucleotide corresponding to nucleotides
501 to 519 of Fig. 2 was used as a primer. A band of 119 nucleotides,
seen only in the DU528 lane, corresponds to mRNA initiation at
nucleotide 401 of Fig. 2. (C) RNase protection. A Notl- SstI cDNA
fragment encompassing exons IV and V and a portion of VI was
used as a probe (nucleotides 286 to 787 of Fig. 2). A band of
approximately 500 nucleotides, representing a full-length protection,
is seen in K562 and HSB2; the DU528 lane shows a band of -380
nucleotides, representing protection only 3' of approximately nucle-
otide 407 of Fig. 2. (The RNA probes run 5 to 10% more slowly than
the DNA size standards [37].)

enzyme HpaIT demonstrated the CpG island to be unmeth-
ylated in cell lines expressing SCL and methylated in cell
lines not expressing SCL. The differential methylation pat-
tern observed suggests a likely role for this region in regu-
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FIG. 8. Comparison of SCL and Iyl-l cDNAs. Symbols: -, 5' and 3' UTRs; El, protein-coding sequences; -, the conserved HLH
region; 0, the additional upstream homology region (see text); l, exon boundaries.

lating SCL expression. This CpG island is disrupted by three
recently published t(1;14) translocations in T-cell leukemia
patients involving SCL and the TCRb locus (6, 10). Two of
the three patients showed an identical breakpoint at a cryptic
heptamer within exon III, translocating all sequences 5' of
exon III to chromosome 14. The third patient had a break-
point approximately 1 kb 5' of exon III, which would also
serve to translocate the normal initiation exons Ia and Ib to
chromosome 14. In the DU528 t(1;14) translocation, the 3'
UTR of exon VI is disrupted by the translocation, and an
SCL-TCRB fusion message is produced. The DU528 fusion
transcript also initiates aberrantly, at a site within exon IV
(Fig. 7). The fact that the DU528 fusion transcript initiates
aberrantly implies that normal SCL 5' regulation is abro-
gated, possibly due to the influence of the TCRB enhancer,
now located 20 kb downstream of exon IV. Therefore, in a
manner functionally similar but structurally distinct, the
DU528 t(1;14) translocation would also seem to lose the
normal SCL 5' regulatory sequences contained within the
CpG island.

Protein bands of 37 and 41 kDa were detected by immu-
noprecipitation with SCL-specific antisera. The migration of
these bands on sodium dodecyl sulfate-polyacrylamide gels
indicates a size slightly larger than the predicted size of 34
kDa; a similar phenomenon has been observed with c-, N-,
and L-myc (reference 16 and references therein). In addition,
we saw two distinct bands. These same two bands are seen
when extracts from COS cells transfected with an SCL
construct are immunoprecipitated (unpublished results). The
lower band may simply represent a protein degradation
product; however, it is interesting that an in-frame ATG in a
good context for protein initiation (GCCAAGCATGG) is
present 25 amino acids (2.7 kDa) downstream of the initia-
tion methionine. Protein initiation from this ATG may ac-
count for the lower band, which is approximately 4 kDa
smaller than the upper band. In addition to the HLH motif,
SCL contains a proline-rich (12 of 44 amino acids; residues
89 to 132 of Figure 2) region near its amino terminus, similar
to that seen in the activation domain of the transcription
factors NF-1, AP-2, Jun, Oct-2, and SRF (31).

Part of the protein encoded by SCL shows a striking
homology to part of the lyl-1 protein (30). Two regions of
homology are noted; the first is the classic HLH motif,
where SCL and lyl-1 have 84% identify over 58 amino acids,
and the second region is a 12-amino-acid sequence located 10
amino acids upstream of the HLH motif (Fig. 8). Figure 8
shows the exon structures of SCL and lyl-1 to be quite
similar. This conservation of nucleotide sequence and exon
organization is suggestive of a common ancestral gene for
SCL and lyl-1. There are several recent reports describing
systems of structurally related HLH proteins regulating
cell-type-specific differentiation, the most well-characterized

being the MyoD, myf 5, myogenin, and Id gene products
regulating muscle differentiation (4, 15). It is possible that
SCL and lyl-1 are part of an analogous hematopoietic
developmental system.

Several cell lines and tissues (but no T-cell lines) demon-
strated an mRNA form that spliced exon Ia to exon V,
predicting a truncated SCL protein initiating from amino
acid residue 176 in Fig. 2, the first methionine encountered in
a good context for protein initiation. This predicted protein
would retain the HLH motif but initiate only 9 amino acids
upstream of the HLH motif and therefore not contain a
second basic domain conserved between SCL and lyl-1 (Fig.
8). Furthermore, this truncated protein would no longer
contain the proline-rich region seen in the activation domain
of some transcription factors. Loss of these regions may
alter the function and functional interaction(s) of the SCL
protein.

All four SCL translocations thus far characterized involve
the TCRB locus, which is thought to be the earliest TCR
locus to undergo VDJ recombination in the course of normal
lymphoid development (41). The proposed mechanism of
these translocations involves a recombinase-mediated pro-
cess (2, 6, 10) with cryptic heptamers and nonamers on
chromosome 1. The fact that three of these translocations
disrupt the 5' unmethylated CpG island suggests that this
region was in an accessible configuration, and therefore
more susceptible to translocation, in an immature, possibly
multipotential hematopoietic cell. This view is consistent
with the premise (20) that chromosomal translocations do
not occur randomly but instead occur preponderantly be-
tween regions of the genome that are transcriptionally active
in the particular cell type that suffer the translocation.

In summary, we have presented data characterizing the
SCL transcript unit, including cell-type-specific transcript
initiation, alternate 5' exon utilization, a methylation-sensi-
tive CpG island, and a protein product that can be immuno-
precipitated by antisera raised to SCL-specific peptides.
Disruption of the gene by chromosomal translocation into
the TCRB locus, as has been shown to occur in T-cell
leukemia patients, eliminates the normal sites of mRNA
transcript initiation. It is possible that this change in the 5'
regulatory control of this gene contributes to the malignant
phenotype observed in these patients.
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