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The product of the scl (also calledtal-1 or TCL5) gene is
a basic domain, helix—loop—helix (bHLH) transcription
factor required for the development of hematopoietic
cells. Additionally, scl gene disruption and dysregula-
tion, by either chromosomal translocations or a site-
specific interstitial deletion whereby 3 regulatory
elements of thesil gene become juxtaposed to the
body of the scl gene, is associated with T-cell acute
lymphoblastic leukemia (ALL) and T-cell lympho-
blastic lymphoma. Here we show that an inappropri-
ately expressed scl protein, driven bysil regulatory
elements, can cause aggressive T-cell malignancies in
collaboration with a misexpressed LMOL protein, thus
recapitulating the situation seen in a subset of human
T-cell ALL. Moreover, we show that inappropriately
expressedscl can interfere with the development of
other tissues derived from mesoderm. Lastly, we show
that an scl construct lacking the scl transactivation
domain collaborates with misexpressedd MO1, demon-
strating that the scl transactivation domain is dispens-
able for oncogenesis, and supporting the hypothesis
that the scl gene product exerts its oncogenic action
through a dominant-negative mechanism.

Keywords acute lymphoblastic leukemia/LMO1/scl/T
cells/transgene

Introduction

Thesclgene (also known aBCL5or tal-1) was first identi-
fied by virtue of its involvementin a t(1;14)(p33;q11) trans-
location present in the multipotential DU528 stem cell
leukemia cell line (Beglegt al,, 1989; Fingeet al., 1989;
Chenet al, 1990). Thescl gene product contains the
‘bHLH’ (basic domain, amphipathia-helix, loop, amphi-
pathic a-helix) motif, conserved in a wide array of
eukaryotic transcription factors in organisms ranging from
baker’s yeast to man (Murret al, 1989; Olson and
Klein, 1994). A transcription activation domain has been
identified at the amino-terminal portion of the scl protein
(Hsu et al, 1994b; Sanchez-Garcia and Rabbitts, 1994;
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Wadmanet al, 1994a), and a preferred DNA-binding
sequence (CAGATG) has been identified (Hsu al,
1994a), although no natural target genes for scl have been
firmly established. Several forms of the scl protein have
been detected in mammalian cells; a 43 kDa full-length
protein and shorter proteins of 39 and 22 kDa (Cheng
et al, 1993; Pulfordet al, 1995). The 22 kDa protein
can be produced by translation of an alternately spliced
transcript which lacks exons 2, 3 and 4; this shorter protein
lacks the scl transcription activation domain (Bernard
et al, 1991; Chenget al, 1993). Similarly to other bHLH
proteins, scl has been shown to bind to the E-proteins
E2-2 and E2A (Hswet al, 1991; Voronova and Lee, 1994;
Goldfarb et al, 1996). By analogy with the myogenic
bHLH proteins, it has been speculated that scl exerts its
biochemical function by binding DNA in a sequence-
specific fashion and activating transcription of target genes
(Green, 1996; Porcheat al,, 1996; Robbet al., 1996).

Several reports have demonstrated g@is expressed
primarily in hematopoietic and vascular endothelial cells
(Greenet al,, 1992; Hwanget al., 1993; Kallianpuret al,
1994; Pulfordet al, 1995), although fetal brain tissue
also expresses easily detectable levelctinRNA (Green
et al, 1992). Recent experiments with mice harboring a
targeted deletion ofcl have demonstrated that theel
gene product is needed for all hematopoietic development,
including T and B lymphocytes (Robkt al, 1995b;
Shivdasaniet al, 1995; Porcheret al, 1996). These
findings have led to the speculation tlsat expression is
required for commitment of ventral mesoderm to hemato-
poietic progenitor cells (Porchet al, 1996).

Non-random chromosomal translocations are a recurrent
theme in hematopoietic malignancies; in T-cell acute
lymphoblastic leukemia (T-cell ALL) and lymphoblastic
lymphoma of T-cell phenotype, the translocations often
serve to activate transcription factors inappropriately
through the juxtaposition of these transcription factors
with the enhancer elements of the T-cell receptor (TCR)
loci (for review, see Rabbitts 1994). Several of the most
common translocations associated with T-cell ALL activate
either HOX11 (Hatano et al, 1991), LMO1 (formerly
known asTTG1lor RBTNJ (McGuireet al,, 1989; Boehm
et al, 1991),LMO2 (formerly known asTTG2or RBTNJ
(Boehmet al, 1991; Royer-Pokorat al, 1991) orscl
(Begley et al, 1989; Chenet al, 1990; Fingeret al,
1990). In general, these genes are not highly expressed in
normal T cells, but T cells which have undergone a
translocation involving one of these genes express the
translocated gene at relatively high levels (Rabbitts, 1994).
It has been proposed that inappropriate expression of these
transcription factors, in a T-cell millieu, leads to malignant
transformation, possibly through direct transcriptional
activation of target genes. Whilscl translocations are

present in only 3% of T-cell ALL patients (@ambl
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1990), ~25% of T-cell ALL patients activasel by a site- a SCL Expression Vectors

specific interstitial deletion which replaces tisel 5’ o promoter 5L con 159 s .

regulatory sequences with those of an upstream gghe,  psiL/scL m—. - — —
' iti SCL cDNA

(Aplan et al, 1990b; Brownet al, 1990). In addition, DL /Tl g\:"s%' = Neo

T-cell ALL cell lines and patient samples with no detect-
able scl gene rearrangments often express high levels of
sclmRNA; one report has demonstrated ectgaienRNA
expression in a majority (60%) of T-cell ALL patients
(Bashet al, 1995).

Despite the striking association stl gene activation
with T-cell ALL, until recently, there has been little
evidence presented to demonstrate direct proof sicht
gene activation leads to malignant transformation. Two

b F4-6 Transfectants

{ 2 3 4

groups demonstrated that transgenic mice overexpressing i —285S
scl did not develop T-cell malignancies (Roldt al,

1995a, Larsoret al, 1996), nor did lethally irradiated

mice reconstituted with bone marrow engineered to over- - “ :18 S

expressscl (Elwood and Begley, 1995). However, when
scl transgenic mice were crossed with mice engineered to
overexpres&§ MO2, the offspring positive for botkcl and
LMO2 developed T-cell malignancies 3 months earlier
than did mice transgenic only fatMO2, indicating a
collaborative effect ofclandLMO?2 (Larsonet al.,, 1996).
More recently, 28% of mice transgenic for a construct
which expressed a full-length scl protein driven bylek
promoter developed T-cell malignancies within 350 days,
producing clear evidence thatl was a proto-oncogene
(Kelliher et al, 1996). The onset and penetrance of disease
was significantly increased when these mice were crossed
with transgenic mice which overexpress casein kinase
Ila (Kelliher et al, 1996). Several investigators have
speculated that scl may exert its oncogenic action either Fig. 1. SIL/SCL vectors. §) Diagram of the SIL/SCL vectors. The
by inappropriately activating target genes through its PSIL/SCL vector contains humasil promoter sequences, aol CDNA
transactivation domain, or through a dominant-negative f”COd'”g a full-length human scl protein, a hunfaglobin genomic

. . ragment encompassing exon 2 and 3 sequences including the
mechanism, where scl may bind and sequester other HLH polyadenylation site, and a neomycin resistance cassette. The pSIL/
proteins, making them unavailable to form complexes TSCL contains humasil promoter sequences asd exon 1
with additional HLH proteins (Goldfarb and Greenberg, Sequences fused 8zl exon 5 and 6 sequences, encoding an amino-

. . ; . terminal truncated scl proteinb) Expression of the transfectesd|.
iggg) Green, 1996; Kelliheet al, 1996; Porcheet al, Northern blot analysis of four independent stable transfectants of the

) . . . . FA4-6 murine erythroleukemia cell line hybridized to a hunsah
Here we describe generation of transgenic mice using cDNA probe (1.0SX). The 28S and 18S rRNA bands are indicated;

constructs which expresscl mRNA driven by a sil exogenou$ql mRNA is indicated with an arrow. Thg humaul probe
promoter, thus mimicking the most common typesaof cross—hy_brldlzes yvlth the e_ndogenous mureé and is seen as a

. . . band which co-migrates with the 28S rRNA. The transfectants in lanes
gene dysregulation assquated with ,human _T'Ce” ALL. 1 and 2 express transfectsdl, those in lanes 3 and 4 express little, if
We demonstrate that mice transgenic for either a full- any, exogenouscl
length or an amino-terminal truncatedl driven by asil
promoter surprisingly display bony abnormalities and
growth retardation, but do not develop T-cell malignancies.
However, when crossed with mice that overexpited©1 et al, 1995a), we decided to us# regulatory elements
in the thymus, enforced expression of an amino-terminal to degk expression, thus recapitulating the most
truncated scl, which lacks the scl transactivation domain, common situation seen in human T-cell ALL patients. In
leads to aggressive T-cell malignancies at an early age. order to accomplish this goal, we isolated aihuman
These experiments demonstrate that the transactivationpromoter, demonstrated it was functional when integrated
domain of scl is dispensible for leukemogenesis, and in the mouse genome, and searched for alternate forms of
suggest that scl is not acting by activating transcription sil-scl fusion mRNA species in malignant T cells which
of its normal target genes, but instead is more likely to had undergaileszl rearrangement. A 2.4 kb human
act through a dominant-negative mechanism. genomicsil fragment which encompassed the predicted
sil transcript initiation site (Aplaet al,, 1991) was isolated
and shown to activate a CAT reporter gene in transient
transfection assays using human and murine cell lines.
Generation of constructs recapitulating sil and scl This promoter fragment was then used to produce the
recombination pSIL/SCL and pSIL/TSCL vectors (Figure 1A). Since this
Since we were aware of reports demonstrating a lack of promoter had not been used previously in transgenic
oncogenicity in transgenic mouse models using the CD2 experiments, we verifed thsit ffremoter fragment

promoter to tarjetxpression to thymocytes (Robb

Results
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Fig. 2. Cells with sil-scl rearrangements generate several related mRNA spea)eSciiematic representation sif—scl fusion mRNA species. The
sil locus is indicated by open boxes]), the scl locus by filled boxesM). Exon numbers are indicatesij exon 1 (A),scl exon 3 (B) andscl exon
6 (C) primers are shown. Three alternately spliced transcripts are shioyWu¢leotide sequence at splice junctions (brackets) of four different
sil-scl fusion mRNA species.

remained functional when incorporated into the mouse since amplification of the same mMRNA templates used in
genome by transfecting the pSIL/SCL vector into murine Figure 2 withsil exon 1 andscl exon 3 primers generated
erythroleukemia cells and selecting stable transfectants. quantitiessibfeaon 1-scl exon 3 PCR product that
Fourteen of 20 randomly selected clones expressed easilywere roughly equivalent to the amount sif exon 1-scl
detectable amounts of exogenaa mMRNA (Figure 1b), exon 5 PCR products generated dily exon 1 and
demonstrating that the humaii promoter was functional  scl exon 6 primers. The pSIL/TSCL vector (Figure 1a)
when integrated into the mouse genome. recapitulatesilteeon1-scl exon 5 fusion, and encodes

Our initial experiments used the pSIL/SCL construct, a truncated 22 kDa scl protein that lacks the scl transactiv-
which produced the full-length scl protein. While the ation domain and inititiates transcription at scl residue
initial cohort of mice generated with this construct was 176, similar to the protein product produceddzyexonla—
under observation, we investigated the possibility that exon5 transcripts in normal cells (Betrelr,d1991;
alternately spliced forms of the fusi@il-scl MRNA may Chenget al, 1993).
exist. We were especially interested in this possibility
since the intactcl locus normally generates a complex Phenotype of mice generated with the pSIL/SCL
pattern of alternately spliced transcripts, including one vector
which produces an amino-terminal truncated form of the Four founder animals were obtained by injection of the
scl protein (Aplaret al,, 1990a). We had previously used pSIL/SCL construct. Founder A1 and A4 both incorporated
RNase protection probes to demonstrate the production of one copy of the transgene and expressed relatively low
sil exon 1-scl exon 3 fusion MRNA species in leukemic levels of the transgene in thymus, liver and spleen
cells which displayed sil-sclrecombination (Aplarwt al., (Figure 3). Founder A2 incorporated two copies of the
1990b). Since this fusion occurs in thé-untranslated  transgene and expressed 5-fold higher levels of exogenous
region (UTR) of both genes, the net effect of #ieexon scl mRNA. Founder A3 incorporated three copies of the
1-sclexon 3 fusion is the production of a fusion mMRNA transgene, but never transmitted the transgene, and mRNA

encoding a full-length scl protein. expression was never assayed. Only one of 180 positive
We employed an RT-PCR assay that utilized sah progeny of these three founders developed a T-cell malig-
exon 6 primer and sil exon 1 primer. Several amplification nancy over an observation period lasting 16 months
products were obtained as depicted in Figure 2; the (see below).
predominant amplification product corresponded tsila Continued observation of these mice revealed an un-
exon 1-scl exon 5 fusion. Although asil exon 1-scl expected phenotype. Nine (3/34) and eight (5/62) percent
exon 3 product could theoretically have been amplified of shkpositive progeny from lines A1 and A4 had
with these primers, we could not detect an amplification obviously kinked tails (Figure 4a), while being otherwise
product corresponding to sil exon 1-scl exon 3 fusion healthy. All but one (5/6) of the positive progeny of line
using these primers. This may be due to competition with A2, the line with the highestscl mMRNA expression,
the smallersil-scl fusion mRNAs, or to difficulty in displayed kinked tails in conjunction with more severe

reverse transcribing through GC-risblexon 4 sequences, abnormalities, including growth retardation, sparse hair
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Fig. 3. RNase protection assay demonstrating expression afdhteansgene. An antisense humsal probe was hybridized to total RNA extracted
from the indicated tissues. Transgenic offspring from three founder linesHAR1/+, A4/+) demonstrate expression in bone marrow and thymus
(indicated by an arrow); a non-transgenic littermate (Al/-) is negative. Parallel samples were hybridized to g3raatingrobe as a control. A
faint band seen in bone marrow from the non-transgenic animal is due to cross-hybridization with the endogenouscinurine

and infertility (Figure 4a). The females all had an atretic one of these 15 developed an agressive T-cell malignancy
vaginal opening that could not be probed, while the only at age 15 months. Taken together, these data suggest that
male was unable to impregnate any females despite ectpiexpression causes bony abnormalities in a

numerous attempts at mating. It is of note that Southern dose-dependent fashion, and that higher levels of ectopic
blot analysis of genomic DNA from the only transgenic scl expression are associated with embryonic lethality.
offspring of line A2 which did not display this unusual

phenotype demonstrated that the transgene had beerPhenotype of mice generated with an scl construct
rearranged and largely deleted. None »f300 non- lacking the transactivation domain

transgenic offspring observed during this period had tail The fact that mice transgenic for a full-length scl were
kinks. Alizarin red/alcian blue staining showed the only not developing T-cell malignancies led us to investigate
obvious bony abnormality of these animals to be within the possibility that the amino-terminal truncated p22 scl
the tail vertebrae (Figure 4a). In addition, while lines A1 isoform was the oncogenic form. In addition to being
and A4 transmitted the transgenic allele in expected formed iy exonl-scl exon 5 fusion mMRNA, the p22
Mendelian fashion, line A2, which expressed the highest scl protein can also be produced from T-cell ALL cells
level of exogenouscl mRNA, transmitted the transgene through the use of an altesoieomoter, which initiates

to only six of 45 progeny. transcription from withinscl exon 4 (Aplanet al, 1990a;

To evaluate a potential dosage effectsal transgene Bernaret al, 1992, 1996). Therefore, we generated four
expression on the generation of this phenotype, we crossedadditional founder lines using the pSIL/TSCL construct.
two line A4 animals. Ten of 11, seven of 39, and none of Line A5(3) expressed the highest level of exagg#nous
18 animals with two, one or zero copies of the transgene, and had incorporated 57 copies of the transgene. Similar
respectively, displayed tail kinks. Additionally, four of the to the pSIL/SCL founders, 0/33, 3/29, 4/18 and 2/27
animals with two copies of the transgene were growth positive offspring of lines A5(1), A5(2), A5(3) and A5(4),
retarded and had sparse hair (Figure 4b). None of these respectively, demonstrated kinked tails. Also, while lines
animals developed a T-cell malignancy over a 16 month A5(1), A5(2) and A5(4) transmitted the transgene within
observation period. Some of these double-positive{A4  the range expected for Mendelian inheritance, only 18/86
A4+) animals were fertile; one of these was crossed with (21%) of the A5(3) offspring were transgenic, again
a line Al-positive animal (A*/Al-). Of 46 offspring suggesting the possibility of embryonic lethality. None of
from this cross, 31 were A#/Al-; two of these had the 107 positive progeny of these founders have developed
kinked tails; 15 offspring (only half of the expected T-cell malignancies over a 12 month observation
number) were A4/Al+, nine of these had kinked tails; period.
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Fig. 4. Phenotype osil-scl transgenic mice.d) sil-scl transgenic mice show kinked tails and hair loss. (A) Shows a line A4-positive animal with

tail kink, (B) shows a line A2-positive animal with tail kink and hair loss, (C) and (D) each show alizarin stains of kinked tails on the left, with
normal controls on the right. The misformed vertebrae are indicated with arrows; note that the tail in (D) has defects in opposite orientatigns, leadi
to a less marked kinkb) Dose effect of thesil-scl transgene. Two offspring from a line Ad4A4 cross are shown. The animal on the left has two
copies of the transgene (A4A4+), his littermate on the right has one copy (A#4A4-). Both animals have kinked tails; note the growth retardation
and sparse hair of the animal on the left.
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Fig. 5. Mice transgenic for both ail-scl construct and afck—-LMO1 construct develop T-cell leukemia/lymphoma at a young a@eCgmulative
incidence of leukemia/lymphoma sBclLMO1-positive mice. Nine litters from asclXLMOL1 cross were observed for clinical signs of lymphoma/
leukemia ove a 6 month study period. Genotypes we+/LMO1+ (n = 20), sc+/LMO1- (n = 8), sc/LMO1+ (n = 14). (b) Gross appearance
of tumors in a double transgenic mouse. Note the enlarged thymus (T), liver (L), spleen (S) and lymph nodeg) (Uiyoécopic appearance of
leukemia/lymphoma. (A) Thymus<(720); (B) lung (<120); (C) bone marrow>1200); (D) kidney &120). Note the appearance of typical
lymphoblasts with a high nuclear/cytoplasm ratio, and the perivascular infiltration of the lung and kidney.
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Table I. Clinical and immunophenotypic characteristics

Mouse Sex Age Organ enlargement Immunophenotype
(weeks)
Thy Liv Spl LN CD3 CD4 CD8

6384/4 M 17 + - + + 8 38 50
6386/3 M 18 + - + + 68 26 61
6469/2 M 13 - + + + 54 <1 22
6466/2 M 12 + + + + 56 52 57
6471/4 M 14 + + + + 11 60 86
6472/2 M 13 + - + + 77 43 72
6385/4 F 23 + - + + 70 47 68
6385/1 F 24 - - + + 63 59 63
6466/1 M 22 + + + + 94 88 90
6465/2 M 23 + - + + 93 82 98
6385/3 F 24 + + + + 47 70 91
6466/4 M 19 + + + + 43 66 81
6467/2 M 21 + + + + 34 32 84
6600/1 M 18 + + + + 81 40 95
6472/3 M 21 + + + + 89 43 92
6600/2 M 19 + + + + 89 63 86
6464/2 F 25 + + + + 95 78 99
6600/3 M 20 + - + + 95 86 79
6603/5 M 22 + + + + 95 86 96

Abbreviations: M, male sex; F, female sex; Thy, thymus; Liv, liver; Spl, spleen; LN, lymph nodes. Age reflects the age in weeks when the animal
was sacrificed. Immunophenotype is expressed as percent of malignant cells positive for the indicated antigen.

scl does not collaborate with pim-1 to induce Ick—LMO1 mice with a line expressing the truncated form
T-cell malignancies of scl to investigate whether the scl transactivation domain
In order to determine iscl was able to cooperate with would be required for malignant transformation. As seen
other known transforming genes, we crossed offspring of in Figure 5a, 19/20 (95%) of mice positive for bathl
the A4 line with mice transgenic for anuepim-1construct. andLMO1 developed an aggressive T-cell leukemia/
pim-1 was chosen as a candidate gene since it waslymphoma by age 6 months. In contrast, none of the
identified initially by virtue of its frequent activation at mice positive fecl or LMO1 alone developed T-cell
MuLV insertion sites in murine T-cell lymphomas malignancies during the 6 month observation period.
(Cuyperset al, 1984), and has been shown to accelerate The mice who developed leukemia/lymphoma typically
dramatically lymphoid malignancies produced by the displayed labored breathing, lethargy, peripheral lymph-
bHLH proteins c-Myc and N-Myc (van Lohuizeet al,, adenopathy, thymic enlargement, splenomegaly and
1989). We have now followed a cohort of mice positive hepatomegaly (Figure 5b). Microscopic exam showed
for both scl and pim-1 for >1 year, and compared them widespread organ infiltration, including liver, kidney, lung
with control groups positive for eithescl or pim-1 only, and bone marrow; the infiltration of solid tissues such as
or negative for both transgenes. Two of eigbit-/pim-1+ kidney and liver was typically in a perivascular pattern
animals have developed non-T-cell malignancies over a (Figure 5c¢). Bone marrow samples were largely replaced
15 month observation period; three of4a+/pim-1+ mice by lymphoblasts; complete blood counts generally showed
have developed malignancies (one spindle cell sarcoma ofa low red blood cell count, a low platelet count and a
unknown primary, two T-cell lymphomas), and none of normal or increased white blood cell count. The immuno-
15 sclH+/pim-1- mice have developed T-cell malignancies. phenotypes were typical of immature T-cell leukemia/
We conclude that ectopically expressedl does not lymphoma and are presented in Table I. The malignant
accelerate the rate at whipim-21transgenic mice develop  cells expressed botbcl and LMO1 (Figure 6a) mRNA.
malignancies. Western blot analysis using a monoclonal scl antibody
(Pulford et al, 1995) demonstrated the presence of a
The p22 isoform of scl collaborates with LMO1 to 22 kDa scl protein in tumor tissue (data not shown);
induce an aggressive T-cell leukemia/lymphoma lymphomas from thdck-LMO1 mice have been shown
In order to determine i6cl could cooperate witi MO1 previously to express LMO1 by immunohistochemistry

to induce T-cell ALL, we crossed the A5(3) line with (McGuirt al, 1992). The presence of TGRgene
mice engineered to expre&$101 from anlck promoter rearrangments was evaluated on a subset of the tumors

(McGuireet al,, 1992).LMO1 was chosen as a candidate and demonstrated clonal patterns gfré@fRagements

since a subset of T-cell ALL patients and cell lines have (Figure 6b). As further evidence of their malignant nature,
activated bothscl and LMO1 (Wadmanet al, 1994b). In cells from a subset of these tumors have been cultured
a previous report, 50% of the progenylok-LMOL1 line in vitro for several months without the addition of hemato-

11 developed T-cell leukemia/lymphoma at ages ranging poietic growth factors.

from 5 to 16 months; the incomplete penetrance and Since the T-cell leukemia/lymphomas were not evident
relatively long latency period led to the speculation that until 12 weeks at the earliest, it is conceivable that
additional genetic events were required to produce a frank additional mutational events are required for malignant
malignancy (McGuireet al,, 1992). We chose to cross the transformation okt MO1+ cells. Given the frequent
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Discussion

In this study, we demonstrate a role fecl deregulation

in generating aggressive T-cell malignancies. The immuno-
phenotype and clinical manifestations of disease in the
sc/LMO1 double positive mice is quite similar to that
recognized in human patients with T-cell ALL. The fact
that all but one of a cohort of 20 double-positive mice
developed T-cell leukemia/lymphoma within a relatively
short time span indicates thetlandLMO1 can cooperate
quite effectively to induce T-cell malignancies. Moreover,
given that both of these genes were originally identified
at chromosome translocation breakpoints, and that both
of these genes are activated in human T-cell leukemias,
this would seem to be a valid, useful murine model of the
human disease.

In order to simulate the situation seen in human T-cell
ALL, we generated transgenic mice which ectopically
expressed either a full-length or an amino-terminal trunc-
ated scl protein under the controlgifregulatory elements.
We focused our later experiments on thié exonl-scl
exon 5 fusion splice form, since it was one of the more

abundant forms, and encoded a truncaeldjene product
which lacked the scl transactivation domain. This finding,
together with the observation that some T-cell ALL patients
produce a truncatestltranscript encoding a protein which
lacks the scl transactivation domain (Bernatdl., 1992;

. Goldfarb and Greenberg, 1994), suggested that the scl
23— transactivation domain may be dispensable for onco-
genesis.

An unexpected finding was the observation that mice
transgenic for either the full-length or truncated form of
6.6 — _ the scl gene product developed bony abnormalities and
‘ growth retardation, in what seemed to be a dose-dependent

fashion. We initially would not have expected tlsd
promoter to be functional in non-hematopoietic tissues,
‘ based on reports (Aplaat al, 1991) that suggestesil
expression was limited to hematopoietic tissues. However,
additional studies have demonstrated teBAtmRNA is
23— ubiquitously expressed in proliferating cells, and seems
20—5% to be an immediate early response gene (Collazo-Garcia
g et al, 1995; Izraeliet al, 1995). Seen in this light, one
would expect thesil promoter to be active, and generate
ectopic scl production, in all proliferating tissues of
the transgenic mouse. The most consistent and obvious
phenotypic effect of ectopiscl expression was the incom-
plete formation of tail vertebrae. Numerous animals from
several different founder lines produced from batti
constructs displayed this finding, which made the possi-
bility that it was due to an insertional mutation highly
node). An arrow indicates a signal from the exogenselsBottom unlikely. Although the molecular events which generate
panel: a duplicate blot was hybridized td_MO1 (TTG1) cDNA this phenotype have not been defined, it is worth noting
probe. p) Clonal TCR3 gene rearrangements in tumor tissue. Southern that, since the phenotype is observed in mice which

blot of Sst-digested tumor tissue hybridized to a human BOE32 express a truncated scl form, the scl transactivation domain
probe. Lane 1, tail DNA from non-transgenic mouse used as a

germline control, lanes 2-6, DNA from five different tumor samples. IS NOt required to generate the phenotype. However, since
Clonal rearranged bands from one or both alleles are seen in all five ~ the truncated scl contains the HLH protein dimerization
tumor samples. Size standards are in kb. domain, it retains the potential to bind and sequester those
proteins which normally bind scl through its HLH domain.
homozygous deletions of p16 in human T-cell ALL and  As mentioned above, the fact that some animals did
lymphoblastic lymphoma (Hirama and Koeffler, 1995), not develop clinical signs of disease until 6 months of
we probed Southern blots of tumor tissue with a PCR- age was consistent with the possibility that additional
generated pl6 probe. No samples showed evidence of agenetic events were required for leukemic transformation.
homozygous deletion of p16 (data not shown). Given the likely importance of the interactions between

Fig. 6. Molecular analysis of tumor tissuea)(Expression of
exogenousscl andLMO1 mRNA in tumor tissue. Upper panel:
Northern blot hybridized t@cl cDNA probe (67HX). Lane 1, non-
transgenic bone marrow; lane 2, non-transgenic liver; lanes 3-7, five
representative tumors (tissue from bone marrow, thymus or lymph
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pl6, CDK4, D-type cyclins and pRB in T-cell leukemia/
lymphoma (Hirama and Koeffler, 1995), these proteins

would seem to be reasonable candidates for the proposed

additional events. However, a preliminary analysis of the
genes coding for p16 and pRB did not reveal any gross
abnormality (deletion or rearrangement) at the Southern
blot level. A more thorough analysis of these proteins as
potential candidates is currently underway.

Several investigators (Green, 1996; Kellile¢al., 1996;
Porcheret al, 1996) have speculated that the oncogenic
potential of dysregulated scl may be conferred either
through inappropriate activation of physiologic scl target

genes, or through a dominant-negative mechanism, where

misexpressed scl binds to and functionally inactivates
those proteins to which it normally binds (Figure 7). Our
data suggests thaicl is unlikely to exert its oncogenic
potential through inappropriate activation of target genes,
since mice transgenic for sil-scl fusion mRNA lacking
the scl transactivation domain developed aggressive T-cell
leukemia/lymphomas. This finding supports the notion
that scl is likely to be oncogenic through a dominant-
negative mechanism.

If one supports the concept that scl is oncogenic through

a dominant-negative mechanism, the next obvious question

focuses on binding partners for scl. The bHLH ‘E-proteins
E2-2, E2A and HEB (Hset al, 1991; Voronova and Lee,
1994; Goldfarbet al, 1996), the LIM domain proteins
LMO1 and LMO2 (Wadmaret al, 1994) and the putative
tumor suppressor DRG (Mahajaet al, 1996) have all
been shown to bind to scl protein. DRG, a GTP-binding
protein originally isolated through a subtractive hybridiz-
ation approach designed to identifiy potential tumor sup-
pressor genes (Schenkatral,, 1994), has been recovered
recently as an scl-binding protein in a yeast two-hybrid
screen for scl-binding proteins (Mahajat al, 1996).
The LIM domain proteins LMO1 and LMO2 have been
shown to bind scl using both co-immunoprecipitation and
two-hybrid assays (Wadmaet al, 1994), and mice
transgenic for bottscl and eitherLMO1 (this report) or
LMO2 (Larson et al, 1996) develop aggressive T-cell
leukemia/lymphomas. However, althoughl and LMO1
clearly cooperate in the genesis of T-cell malignancies, it
remains possible that this cooperativity does not need to
take place through a direct interaction, but tlsat and
LMO1 may instead be acting through different pathways.
Scl binding with E-proteins through HLH domain

A

*x
Exk
wxx SCL
kK
*%
*k k]
DNA Gene A )
[TT] H
i .
SCL <« [x*x HLHY [iHLHX:
% % %/ i H
k|
DNA Gene B

Fig. 7. Two potential models for scl-induced leukemogenesisAlj) (
aberrantly expressed scl binds another HLH protein (HLHX), and
activates transcription of gene A (a gene that is normally a target for
scl activation) through the scl transactivation domain (indicated by
asterisks). InB), a dominant-negative model is presented. An
aberrantly expressed scl protein that lacks the scl transactivation
domain binds the HLHX protein and effectively sequesters the HLHX
protein, preventing it from binding to the HLHY protein. The HLHX
protein is then unavailable to form heterodimers with the HLHY
protein, and the HLHY protein therefore is prevented from activating
transcription of its normal targets (gene B in this model). In this
model, the primary effect of ectopic scl expression is not the
inappropriate activation of gene A, but the functional inactivation of
HLHX, and protein complexes dependent of the presence of HLHX.
Note that although this model depicts scl binding to a HLH protein,
scl has been shown to bind non-HLH proteins and could exert a
dominant-negative action by binding one of these non-HLH proteins
(see text). Also note that in this model, an ectopically expressed full-
length scl protein (which retained the transactivation domain) could
still act in a dominant-negative fashion with respect to the HLHX
protein. Preliminary results suggest that mice transgenic for both a
full-length scl protein and LMO1 develop T-cell leukemia/lymphoma
at approximately the same rate as mice transgenic for the truncated scl
and LMOL1 (D.S.Chervinsky and P.D.Aplan, unpublished results).

appears to repress the transactivation domain of the
E-proteins (Hofmann and Cole, 1996) has been identified,
making the E-proteins likely candidates for scl sequestra-

interactions has been demonstrated by several laboratoriestion and functional inactivation in a dominant-negative

a recent report (Zhuangt al, 1996) has studied mice
lacking either E2-2, E2A or HEB (Het al, 1992). Mice

model.
In summary, we have demonstrated theltand LMO1

lacking E2-2 appeared to have normal T-cell development, Can cooperate to generate aggressive T-cell malignancies
while mice lacking HEB demonstrated abnormal fetal and in @ mouse model of human T-cell ALL. The oncogenic
neonatal T-cell development, primarily manifested by a €ffect of scl can be produced by an amino-terminal
lack of CD4 and CD5 expression in thymocytes. Interest- truncated form of the scl protein which lacks the scl
ingly, whereas CD4 and CD8 expression on thymocytes transactivation domain and is commonly found in T-cell
from 5-week-old mice positive for either atl or LMO1 ALL, demonstrating that the scl transactivation domain is
transgene is similar to that seen with negative control dispensable for its oncogenic action. Furthermore, mice
animals, thymocytes fromc/LMO1 double-positive mice  transgenic for either the full-length or truncated scl display
also show decreased numbers of CD4-positive cells developmental abnormalities in additional mesoderm-
(D.S.Chervinsky and P.D.Aplan, unpublished data). It is derived tissues. Although other models cannot be excluded,
not known whether mice lacking HEB are prone to the most likely model that accounts for both malignancies
developing T-cell malignancies as they generally die of and bony abnormalities using constructs which lack the
undefined causes before weaning (Zhuahal., 1996). scl transactivation domain is one which asserts that scl
In addition, a region within the scl carboxy-terminus that acts in a dominant-negative fashion.
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Materials and methods

Plasmid construction

The pSIL/SCL plasmid was generated as follows. A 2.49ghl—Sstl
humansil genomic fragment encompassing thié transcript initiation

site was isolated from a genomsd clone (Aplanet al, 1991); the 5

Sstl site is derived from the pBS Il (Stratagene) polylinker, tHeS3tl

site is located withinsil exon 1. ThisSstl fragment was then cloned
into the Sstl site of pBSll, and aHindlll-Hindlll fragment from the
pPMSCL-WT vector (Aplanet al, 1992) containing (i) arscl cDNA
encoding the full-length human scl protein; (i) a hum@rglobin
fragment encompassing 18 bp Pfglobin exon 2 and all of exon 3
(including the polyadenylation signal); and (iii) a neomycin resistance
cassette, was cloned into thindlll site of pBSIl, immediately down-
stream of thesil promoter fragment. The vector was sequenced to verify
its orientation. The pSIL/TSCL was constructed in three steps. First,
RT-PCR was used to amplifysl exon 1-scl exon5 fusion from a cell
line (CEM) known to contain asil-scl fusion (Aplanet al, 1990b),
using oligonucleotides A and B (see below). This PCR product was
cloned into the PCRII (Invitrogen) vector and sequenced to verify that
no PCR artefacts had been introduced. Next, a 0.3 kb insert from this
plasmid containingsil exon 1,scl exon 5 and a portion o$cl exon 6
was excised withSst [the 5 Sst site was derived from the PCRII
polylinker, the 3 Sst site is withinsclexon 6 (nucleotide 354 of DDBJ/
EMBL/GenBank accession No. M29038)] and ligated in-frame to a 9 kb
Sst fragment derived from the pSIL/SCL vector containing (i) human
scl exon 6 sequences, (i) hum@nglobin exon 2 and 3 as above, (i) a
neomycin resistance cassette, and (iv) the pBSIl plasmid backbone.
Lastly, the 2.4 kiSstl-Sstl sil promoter fragment was then cloned into
the Sstl site (located withinsil exon 1) of this plasmid, generating the
pSIL/TSCL plasmid. All cloning junctions were sequenced to verify
the construct.

Nucleic acid manipulations
Genomic DNA was isolated from tumors and tail biopsies using

Dominant-negative action of the scl gene product

into zygotes derived from a C57 BI/10Rg§< C3H/HeRos cross (BCF1).
Founders were identified by Southern blot analysis of DNA from tail
biopsy and lines established by mating with BCF1 animals. Transgenic
mice were maintained on Harlan Teklad Laboratory Rodent Diet. Mice
transgenic for an f-pim-1 construct (van Lohuizeet al, 1989) were
obtained from GenPharm International. Mice transgenic flakaLMO1
construct (line 11 of McGuiret al., 1992) have been described previously.

Alizarin staining

Mouse skeletons were stained using a modification of previously
described techniques (Kimmel and Trammell, 1981). Briefly, animals
were skinned and eviscerated; the skeletons dehydrated in 95% ethanol
for 24 h, defatted in acetone for 5 days, and stained for 6 h at 37°C
using a 70% ethanol/acetic acid/saturated alizarin red/0.14% alcian blue
solution. The skeletons were cleared in 1% KOH for 2-5 days and fixed
using stepwise incubations with 20, 50 and 80% glycerol in 1% KOH.
The skeletons were stored in 100% glycerol.

Immunophenotype and Western blot analysis

Cells were immunophenotyped using monoclonal antibody conjugates
and standard techniques. Briefly,®1€ells were blocked with 1ug of

rat IgG for 15 min at 4°C followed by the addition of 1g of the
indicated monoclonal antibody conjugate for 45 min at 4°C. Cells
were washed twice in ice-cold phosphate-buffered saline (PBS) and
resuspended in 1% buffered formalin until analysis. Data was scored
and analyzed using a FACScan analyzer (Beckton-Dickinson). Five
thousand events were acquired for each sample. The antibodies used
were anti-mouse CD3R-PE, CD4-FITC and CD8-Red613 (GIBCO/
BRL). For Western blots, ~¥Ccultured cells were harvested, washed
once in ice-cold PBS, and resuspended in RIPA buffexr @BS, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing a cocktail of
proteinase inhibitors (1 mg/ml Pefabloc SC, 1 mM EDTA, 2§/ml
leupeptin, 10ug/ml pepstatin, 2.519/ml aprotinin). Cells and organelles
were disrupted in a hand-held glass Dounce homogenizer, incubated on
ice for 30 min and centrifuged at 14 000 r.p.m. for 30 min in a 4°C

conventional techniques, Southern blots were performed as describedmicrocentrifuge. The precipitates were discarded and the supernatants

previously (Aplanet al, 1990a). Total RNA was isolated using Trizol
(BRL); Northern blots were performed as described previously (Collazo-
Garciaet al,, 1995). Probes used in this study included a 1.Midd!l1—

Xba humanscl cDNA fragment (67HX, Aplaret al, 1992), a 1.0 kb
Sst—Xba sclcDNA probe (1.0SX, Beglegt al,, 1989), a PCR-amplified
humanLMO1 cDNA fragment (nucleotides 544-957 of DDBJ/EMBL/
GenBank accession No. M26682), a PCR-amplified murine p16 cDNA
fragment (nucleotides 206—-458 of DDBJ/EMBL/GenBank accession No.
L76150) and a 0.2 kb human TCRBZ probe (gift of Dr llan Kirsch).
The sil-scl fusion mMRNA RT-PCR assay was accomplished using rTth
DNA polymerase (Perkin Elmer Cetus). Briefly, Q4 of total RNA
from CEM or HSB2 (T-cell lines known to have undergonesikscl
recombination) or HL60 (a myeloid cell line used as a negative control)
was reverse transcribed using sd exon 6 antisense oligonucleotide
(primer Cin Figure 1; 5ATGTGTGGGGATCAGCTTGC-3) for 15 min

at 70°C. Asil exon 1 sense oligonucleotide (primer A in Figure 1;
5’-GCTCCTACCCTGCAAACAGA-3) was added followed by 35 PCR
cycles of 60 s at 95°C, 60 s at 51°C and 90 s at 72°C, and a terminal
extension of 7 min at 72°C. Amplification of thel exonl-scl exon 3
fusion mRNA was performed using an identical protocol, exceps@n
exon 3 antisense oligonucleotide (primer B in Figure'1G&CATATT-
TAGAGAGACCG-3) was used in place of primer C. RNase protection
assays were carried out using a RPAII kit (Ambion) and the manufac-
turer's recommended protocol. The hybridization conditions were 50°C
for 16 h; the probe used was a hunmsothcDNA fragment encompassing
sclexons 1a, 5 and 6 (Aplaet al, 1990a). Nucleotide sequencing was
carried out using Sequenase (USB) enzyme and reagents.

Transfections

The F4-6 murine erythroleukemia cell line was transfected with the
pSIL/SCL vector, using Lipofectin (BRL), as described previously

(Aplan et al, 1992). Clonal stable transfectants were selected with
800 pg/ml of G418 (BRL). The stable transfectants were expanded over
a 2 week period, and>510° cells were harvested for mRNA isolation.

Generation of transgenic lines
The pSIL/SCL and pSIL/TSCL inserts were purified away from plasmid

sequences by agarose gel electrophoresis and glass beads (Biol01)Aplan,P.D.,

Transgenic mice were produced by pronuclear microinjection using
established methods (Hogabal., 1986). Constructs were microinjected

aliquoted and stored at —80°C. Protein concentrations were determined
by the Bradford method. Cell lysates from tissues were prepared as
above except that individual cells were first released and separated from
tissues by brief homogenization in ice-cold PBS before they were
precipitated and resuspended in RIPA buffer. For Western blotspg00

of cell lysate protein was resolved by 15% SDS—PAGE (4% stacking
gel) and transferred electrophoretically (Towkiral,, 1979) to a Hybond
nitrocellulose membrane (Amersham). Blots were incubated at 4°C
overnight in 5% non-fat dry skim milk in TBS (50 mM Tris—HCI,

pH 7.6, 150 mM NacCl) containing 0.05% Tween-20 (TBS-T). The blots
were rinsed briefly with TBS-T and incubated at room temperature for
1 h with a human scl monoclonal antibody (antibody BTL73, kind gift
of Dr Karen Pulford). Immunoreactive proteins were revealed using
horseradish peroxidase-labeled anti-mouse IgG and ECL Western blotting
detection reagents (Amersham) by exposure to Kodak X-ray film.
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