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The LM02 and TALI genes were first identified via
chromosomal translocations and later found to encode
proteins that interact during normal erythroid develop-
ment. Some T cell leukaemia patients have chromo-
somal abnormalities involving both genes, implying
that LM02 and TALI act synergistically to promote
tumorigenesis after their inappropriate co-expression.
To test this hypothesis, transgenic mice were made
which co-express Lmo2 and Tall genes in T cells.
Dimers of Lmo2 and Tall proteins were formed in
thymocytes of double but not single transgenic mice.
Furthermore, thymuses of double transgenic mice were
almost completely populated by immature T cells from
birth, and these mice develop T cell tumours -3 months
earlier than those with only the Lmo2 transgene. Thus
interaction between these two proteins can alter T cell
development and potentiate tumorigenesis. The data
also provide formal proof that TALI is an oncogene,
apparently acting as a tumour promoter in this system.
Keywords: Lmo2/protein dimerizationfTal l/T cell tumori-
genesis

Introduction
Chromosomal translocations are recurrent features of
tumours and underlie the origin of these malignancies
(Rabbitts, 1994). A wealth of data from both leukaemia/
lymphoma tumours and solid tumours has led to two
concepts about the role of translocation-activated genes
in tumour aetiology, namely involved in transcription,
which in turn disrupts normal development, giving rise to
abnormal cells that are targets for malignant trans-
formation.

There are many different chromosomal transloca-
tions associated with human T cell acute lymphoblastic
leukaemia (T-ALL) (Rabbitts, 1994), even though it is a
disease characterized by common histology, prognosis and
disease course. Principle among the T-ALL translocations
are t(l;14)(p32;ql 1) and t(1 1;14)(pl3;ql 1) which activate

the TALI gene (previously known as tal, SCL or TCL5)
(Begley et al., 1989; Bernard et al., 1989; Finger et al.,
1989; Carroll et al., 1990; Chen et al., 1990) and the
LM02 gene (previously known as RBTN2 or JTG2)
(Boehm et al., 1991; Royer-Pokora et al., 1991) respect-
ively. Almost 10% of T-ALL cases have t(1;14) or t(I1;
14) and ~25% of T-ALL patients have a specific deletion
near the 5' end of the TALI gene, resulting in its activation
in T cells via the promoter of a second gene called SIL
(Brown et al., 1990; Aplan et al., 1991, 1992; Bernard
et al., 1991; Breit et al., 1993). In addition, microchanges
may also occur in TALl, as judged by studies of TALl
expression in T-ALL patients lacking detectable chromo-
somal aberrations of lp32 (Bash et al., 1995). Finally, T-
ALL samples from some patients can contain both a
rearrangement of LM02, due to t(II;14)(pI3;ql1), and a
TALI promoter deletion (Wadman et al., 1994), implying
activation of both LM02 and TALI in the same cell.
This suggests complementary effects of LM02 and TALI
activation in those tumours.
The LM02 gene encodes a short protein of 156 amino

acids which has two cysteine-rich LIM domains (Boehm
et al., 1990, 1991; Royer-Pokora et al., 1991) (hence
the new nomenclature LM02 for LIM-only). The LIM
domains are structurally homologous to the GATA DNA
binding zinc finger-like domain (Omichinski et al., 1993;
Perez-Alvarado et al., 1994; Sanchez-Garcia and Rabbitts,
1994), but there is no evidence that the LMO2 LIM
domains bind to DNA. TALl is a basic helix-loop-helix
domain protein which interacts in vivo with other basic
helix-loop-helix proteins (e.g. E12 and E47) to form a
DNA binding heterodimer (Hsu et al., 1991, 1994a,b).
Both Lmo2 and Tall are naturally co-expressed in a variety
of locations, including the erythroid lineage (Warren et al.,
1994), where the two proteins interact to form a complex
(Valge-Archer et al., 1994; Wadman et al., 1994). This
molecular interaction probably underlies the biological
role of the proteins, because gene targeting experiments
introducing null mutations into Lmo2 (Warren et al., 1994)
and Tall (Robb et al., 1995a; Shivdasani et al., 1995)
have shown that both are essential for erythroid develop-
ment and the phenotype of both null mutants are very
similar. These studies suggest that the complementary
effect of LMO2 and TALl in tumours may also involve
protein dimerization.
A transgenic model in which Lmo2 is ectopically

expressed in the thymus has shown that clonal T cell
tumours arise with a long latency period of ~9-10 months
(Fisch et al., 1992; Larson et al., 1994, 1995). Tumour
appearance is preceded by an asymptomatic period when
the thymuses of transgenic mice accumulate cells with
little or no CD4 and CD8 surface markers (Larson et al.,
1995). Paradoxically, transgenic mice with ectopic expres-
sion of Tall in the thymus failed to develop any tumours
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(Robb et al., 1995b). This latter finding is particularly
puzzling because the most common abnormalities in T-
ALL tumours involve the TALI gene (Baer, 1993).
We have utilized the failure of Tall transgenic mice to

develop tumours (Robb et al., 1995b) and the high
frequency of tumour occurrence in Lmo2 transgenic mice
(Larson et al., 1994, 1995) to test a number of hypotheses
relating to the function of these genes in tumorigenesis.
By generating transgenic mice expressing both Lmo2 and
Tall transgenes from the same promoter cassette (herein
called double transgenic mice), we have found that abnor-
malities of T cell differentiation and tumours appear at a
faster rate than Lmo2-only transgenics. These effects
appear to be mediated through Tall-Lmo2 protein inter-
action, since in vivo association between the ectopically
expressed Lmo2 and Tall proteins was observed in both
the pre-leukaemic and malignant T cells of the mice.

Results
Lmo2 and Tall dimerize in transgenic T cells
The normal expression of LM02 and TAL1 in erythroid
cells results in the formation of a complex between their
protein products (Valge-Archer et al., 1994; Wadman
et al., 1994). This observation raises the possibility that
Lmo2-Tal 1 dimers also occur in the leukaemic cells
of T-ALL patients with both LM02 and TAL1 gene
abnormalities (Wadman et al., 1994). The double trans-
genic mice provided an opportunity to study the ability
of these two proteins to form a complex after their aberrant
expression in T cells.

Transgenic mice expressing Lmo2 mRNA from the T
cell-specific CD2-promoter cassette have been described
(mice designated CD2-rbtn2) (Fisch et al., 1992). The
same CD2-promoter was used to generate mice expressing
Tall (mice herein called CD2-tall). Extracts prepared
from transgenic thymocytes were examined by Westem
blotting with a monoclonal anti-Tall antibody (Pulford
et al., 1995) which preferentially recognizes human rather
than mouse Tall protein (Figure IA). This antibody can
therefore distinguish transgenic Tall (whose origin was a
human cDNA) from endogenous mouse protein. The data
shown in Figure IA demonstrate that Tall protein is
detectable in thymus cells (age 6 weeks) from CD2-
tall transgenic mice and CD2-rbtn2XCD2-tall double
transgenic mice but not CD2-rbtn2-only mice. Immuno-
cytochemistry of CD2-tall thymocytes showed uniform
expression of Tall protein (data not shown). Tall protein
was also detected in tumours arising in double transgenic
mice (Figure IA). Four tumours and five asymptomatic
thymuses have been similarly analysed from double trans-
genic mice. Previous studies showed that Lmo2 protein
is detectable in the thymuses of CD2-rbtn2 transgenic
mice (Larson et al., 1994) but not those of normal mice
(Warren et al., 1994).
A two-step immunoprecipitation-Westem blotting pro-

cedure was used to assess whether Lmo2-Tall dimers
were present in transgenic thymocytes. If Tall is associated
with Lmo2 in the double transgenic mice, it will be co-
precipitated along with Lmo2 by anti-Lmo2 antiserum;
co-precipitated Tall protein can then be visualized by
Western blotting of the immunoprecipitated material using
anti-Tall antibody (Pulford et al., 1995). Equal amounts

,...~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.... ....

Fig. 1. Interaction of Lmo2 and Tall protein in transgenic T cells.
(A) Western analysis of proteins isolated from transgenic thymocytes.
Proteins were extracted from 106 tissue culture cells (BW5147; Peer;
MEL or HEL) or 107 thymocytes of 6-week-old mice, and separated
on 12% SDS-PAGE followed by transfer to a nitrocellulose
membrane. This filter was incubated with anti-Tall monoclonal
antibody followed by anti-mouse horseradish peroxidase and
developed by ECL detection. The transgenic mice used for each lane
are indicated at the top of the diagram. Cells from a tumour arising in
a CD2-rbtn2XCD2-tall double transgenic mouse were also
fractionated (right-hand lane). (B) Two-step Western analysis of
transgenic thymocytes. Proteins were prepared from three cells lines
(BW5147, MEL and HEL) or from thymocytes of 6-week-old
transgenic mice indicated at the top of the figure. Proteins from 107
cultured cells and 108 thymocytes were first immunoprecipitated with
polyclonal rabbit antisera recognizing Lmo2. The immune complex
was recovered, boiled in SDS loading buffer prior to fractionation by
12% SDS-PAGE and transferred to nitrocellulose filters. The
membrane was incubated with monoclonal anti-Tall antibody and the
proteins detected by ECL.

of proteins from thymocytes or from control cell lines
were immunoprecipitated with antiserum recognizing
Lmo2 [anti-rbtn2 (Warren et al., 1994)], and the preci-
pitated material was solubilized and analysed by Western
blotting with the anti-Tall antibody. As anticipated, Tall
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protein associated with Lmo2 was detectable in the human
erythroid cell line HEL but only faintly in the mouse line
MEL (due to the preferential recognition of human TALl
by the antibody) (Figure IB). In the transgenic thymus
samples, Tall protein was not detected by the two-step
procedure in the CD2-tall-only thymocytes (Figure 1B)
since these do not express Lmo2. Conversely, Tall protein
was detected on the second-step Western blot of thymocyte
proteins from the double transgenic mice (Figure iB).
This shows that when the anti-Lmo2 antiserum was used
for the immunoprecipitation step, Tall associated with
Lmo2 was co-precipitated, allowing detection in the
Western step of the procedure. Therefore, as a result of
the ectopic co-expression of these proteins in T cells, a
complex is formed between them, akin to that naturally
present in erythrocytes.

Altered thymocyte development in double
transgenic mice
Although tumours develop in single transgenic mice (CD2-
rbtn2 or thyl.1-rbtn2) which express high levels of the T
cell markers CD4 and CD8 (Fisch et al., 1992; Larson
et al., 1994, 1995), the surface phenotype of an abnormal
proportion of thymocytes in pre-symptomatic CD2-rbtn2
and thyl. l-rbtn2 mice expressed little or none of these
markers (and were operationally designated double nega-
tive or 'DN' cells) (Larson et al., 1995). An investigation
of pre-symptomatic, double transgenic mice was under-
taken to ascertain if there was any effect of co-expression
of Lmo2 and Tall on this phase. Thymocytes prepared at
the pre-symptomatic stage (5.6 months) from littermates
of a CD2-rbtn2 and CD2-tall inter-cross were analysed
by FACS using antibodies recognizing CD4 and CD8
surface proteins (Figure 2). The thymocytes of non-
transgenic and CD2-tal 1 littermates expressed normal
levels of CD4 and CD8, as previously reported (Robb
et al., 1995b). In contrast, a double transgenic littermate
showed a marked increase in the so-called DN cells
compared with a CD2-rbtn2-only littermate (Figure 2).
For example, the asymptomatic thymus from the CD2-
rbtn2-only mouse contained ~45% DN cells compared
with ~95% in the double transgenic thymus. Thus, prior
to tumour formation, Tall synergizes with Lmo2 during
the pre-symptomatic phase to exaggerate the effect on T
cell differentiation evident with Lmo2 alone.
The consistency of this synergistic effect was investi-

gated by comparing cohorts of double and single transgenic
mice (Figure 3). In accordance with previous data (Larson
et al., 1995), there is a variable increase in the DN cells
within the thymuses of individual CD2-rbtn2 mice but no
significant alterations in the CD2-tall mice (Robb et al.,
l995b). There was, however, a striking and consistent
increase in the number ofDN cells in the double transgenic
mice since DN cells comprised >80% of the total thymo-
cyte population in most animals. Moreover, it is of interest
that this perturbation of thymus differentiation begins in
utero because newborn mice display the high DN cell
content seen in the older asymptomatic animals. Thus, the
synergistic effect of Lmo2 and Tall on T cell differenti-
ation occurs very early in thymus development.

Immature T cell tumours appear in the double
transgenic mice
Mice carrying only the LM02 transgene (CD2-rbtn2 and
thyl.1-rbtn2) develop T cell tumours (Fisch et al., 1992;
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Fig. 2. Surface phenotype of thymocytes in the transgenic mice. Single
cell suspensions were prepared from asymptomatic thymuses from the
indicated transgenic mice or non-transgenic littermates at 5.6 months
of age. The cells were stained with fluorescent antibodies recognizing
CD4 or CD8. Fluorescence profiles were obtained using a FACScan
flow cytometer.
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Fig. 3. Age relationship of DN T cell expansion in asymptomatic
thymus. Cells were prepared from thymuses of the indicated transgenic
mice or non-transgenic littermates and stained with fluorescent
antibodies recognizing CD4 or CD8. Fluorescence profiles were

obtained using a FACScan flow cytometer and the graphical analysis
indicates the percentage of the total thymocytes at a given point with
DN (CD4IO'-/CD81°0-) phenotype. Seven litters were analysed. Each
vertical column of points represents the data for a single litter, and
each point represents one mouse.

Larson et al., 1994, 1995). In accordance with this, double
transgenic mice also developed tumours which invariably
presented as thymomas with splenomegaly and hepato-
megaly (see Table I in Materials and methods) typically
with circulating lymphoblasts evident in blood smears

(data not shown). Histological examination of tissue
showed extensive malignant cell infiltration of peripheral
organs such as liver and kidney, and complete disruption
of splenic and thymic architecture (data not shown). In
addition, cells from these transgenic tumours are able to

divide in vitro.
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with an immunoglobulin H chain enhancer probe. No
rearranged fragments were detected with this probe except
in DNA from tumour 128 which had a rearranged fragment
of ~5 kb (Figure 5C), which is consistent with the size of
DQ52-JH aberrant joining sometimes seen in T cells
(Kurasawa et al., 1981), rather than a productive immuno-
globulin VH-DH-JH join. We therefore conclude that these
are clonal T cell tumours. Moreover, judging from the
surface phenotype of these tumours, they arise from within
the DN thymocytes of the pre-symptomatic phase.

Fig. 4. Surface phenotype of tumours arising in the transgenic mice.
Tumours which arose in a CD2-rbtn2-only transgenic mouse (1215)
and in CD2-rbtn2XCD2-tall double transgenic mice (631; 128; 409)
were removed for analysis. Single cell suspensions were prepared from
neoplastic thymus (mice 1215; 409; 128) or spleen (mouse 631) of
mice bearing tumours and stained with fluorescent antibodies
recognizing CD4 or CD8. Fluorescence profiles were obtained using a
FACScan flow cytometer.

In previous analyses of CD2-rbtn2 mice, most of the
clonal T cell tumours expressed high levels of surface
CD4 and CD8 (Fisch et al., 1992; Larson et al., 1994,
1995). The surface phenotypes of tumours from the double
transgenic mice were also examined with these markers,
and three examples are shown in Figure 4, compared with
a tumour from a CD2-rbtn2-only mouse. The tumour cells
from this mouse expressed both CD4 and CD8 (Figure 4,
mouse 1215) while the double transgenic mice exhibited
tumours with CD401o/CD8l0/- or CD4-/CD8- phenotypes
reminiscent of those detected during the asymptomatic
phase in the CD2-rbtn2 and thyl.1-rbtn2 mice (Larson
et al., 1995). For example, the tumour cells of mouse 631
expressed low levels of CD4 and CD8, whilst those of
mice 409 and 128 lacked expression of these markers
(Figure 4).
The lack of CD4 and CD8 expression and the associated

splenomegaly in the tumours in double transgenics made
it formally possible that these might be B lymphocyte
rather than T lymphocyte in origin. Accordingly, T cell
receptor (TCR) and immunoglobulin gene rearrangement
status was analysed. Tumour DNA from double transgenic
mice was compared with DNA from a single transgenic
mouse, from a T cell line (BW) and a plasma B cell
line (J558L) and from non-transgenic thymus or spleen.
These samples were cleaved with restriction enzymes and
examined by filter hybridization with Cp1 (Figure SA) or
JP2 (Figure SB) probes. Clonal rearrangements were
detected, with either TCR CoB1 or Jf2, in all the transgenic
tumours analysed. For example, the tumour from mouse
631 did not have any rearranged restriction fragments when
hybridized with C,1 probe but exhibited two rearranged
fragments when the J,B2 was used (Figure 5A and B),
indicating that these were T cell tumours.

Final confirmation of this was obtained by hybridization

Accelerated T cell tumour development in double
transgenic mice
Transgenic mice expressing Lmo2 controlled by either the
CD2 or thyl promoters develop T cell malignancies with
a mean occurrence of 9-10 months (Larson et al., 1994,
1995). A construct has been reported in which the Tall
gene is expressed from the CD2 promoter but no tumours
developed in large cohorts of mice up to 15 months of
age (Robb et al., 1995b). In the transgenic mice used in
the current study, both transgenes were expressed from a
similar CD2 promoter to obtain coincident expression of
the transgenes. The incidence of malignancy was compared
between cohorts of CD2-rbtn2-only mice, CD2-tal 1-only
mice and double transgenic mice carrying both CD2-
rbtn2 and CD2-tal 1 constructs. While the CD2-rbtn2 mice
developed T cell malignancy with a mean age of 9.8
months (Figure 6), none of the CD2-tall mice developed
tumours in a period of 16 months (Figure 6).
A distinct difference in the pattern of tumour develop-

ment was, however, found in the double transgenic mice.
In this group, all the mice developed disease, and the
average time of onset of observable disease was ~7 months
(Figure 6). The general features of the tumours (histology
and organomegaly) were indistinguishable from those
arising in CD2-rbtn2-only mice. The average tumour
appearance in the double transgenic mice was around 3
months faster than the average time for tumour formation
in CD2-rbtn2-only mice. This altered time course of
tumour development in Lmo2-expressing double trans-
genic mice (Figure 6) must therefore be due to the presence
of Tall gene expression, and demonstrates that the two
transgene products synergize in the aetiology of the T cell
tumours, even though CD2-tall mice do not develop
tumours.

Discussion
Lmo2 and Tall co-operation mediated by protein
interaction
The transgenic co-expression of Lmo2 and Tall has
two obvious biological effects that can be observed by
comparing double with single transgenics. First, there is
an increased occurrence of DN cells in their thymuses
and secondly there is an increased rate of tumour occur-
rence. Our molecular data show the presence of Lmo2
and Tall heterodimers in the T cells of double transgenic
mice. Thus, the biological effects on tumorigenesis and T
cell differentiation are mediated through these heterodi-
mers since CD2-tall-only mice exhibit neither biological
phenomenon.
LM02 and TALl normally interact in erythroid cells

(Valge-Archer et al., 1994) and they both play a crucial
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Fig. 5. The tumours in the CD2-rbtn2XCD2-tal 1 transgenic mice are clonal T cell tumours. Filter hybridization of DNA prepared from a CD2-rbtn2-
only mouse (88), from CD2-rbtn2XCD2-tall transgenic mice (128; 400; 409; 631), from cell-lines (J558L and BW) or from non-transgenic mouse
liver and thymus. DNA was digested with HindIII (A and B) or EcoRI (C), fractionated on agarose and transferred to nylon membranes for
hybridization with a TCR Cpl probe (A), TCR J,B2 probe (B) or an immunoglobulin Clu enhancer probe (C). The location of enzyme sites and of
the probes is indicated below each panel. The size markers, indicated on the left-hand side of each panel, were k DNA cleaved with HindlIl.
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Fig. 6. Occurrence of tumours in CD2-rbtn2XCD2-tal 1 transgenic
mice. Cohorts of CD2-tal-only (n = 29), CD2-rbtn2-only (n = 20) or
CD2-tall/rbtn2 (n = 17) double transgenic mice were monitored for
onset of leukaemia. At the time when symptoms were obvious, the
mice were sacrificed, post-mortem examination carried out and in
some cases further detailed analyses done. The graphs represent
progressive incidence of disease and the dashed lines are the position
at which 50% of the mice had developed disease.

role in erythroid differentiation (Warren et al., 1994; Robb
et al., 1995a; Shivdasani et al., 1995), presumably via the
interaction of the proteins. The results with the double
transgenic mice show that totally different outcomes
can accrue from Lmo2-Tall interaction when they are
aberrantly expressed in T cells. The abnormal part played
by Lmo2 and Tall in human tumorigenesis, following
chromosomal translocation, is thus most probably a subver-

sion of the normal role in differentiation, but in a different
cellular context. It is becoming increasingly clear that
protein-protein interaction is crucial in the control of
protein function and of gene expression. The comple-
mentation demonstrated for Lmo2 and Tall suggest that
the same is true for cancer development (Hunter, 1991).

T cell differentiation abnormalities and distinct
tumour phenotypes in double transgenic mice
A significant difference was observed in the surface
phenotypes of T cell tumours that arose in single and
double transgenic mice. In general, the tumours of double
transgenic mice appeared more immature in that they
expressed little or no CD4 and CD8 markers. In contrast,
the single transgenic (Lmo2-only) mice primarily
developed tumours with a double-positive (CD4+, CD8+)
phenotype. It is evident that the tumour cells of double
transgenic mice are similar to the previously defined DN
cells characterizing the pre-symptomatic phase in Lmo2
transgenic mice (Larson et al., 1995). Thus, it is possible
that a more immature cell is the target for tumour
development in the double transgenic mice. Nevertheless,
the perturbation in the phenotypes of the asymptomatic
thymic T cells is qualitatively similar in single Lmo2 and
double transgenics; the major difference between the two
is a quantitative increase in the proportion of DN cells
and in the timing of their accumulation of these cells in
the thymuses of double transgenic mice. Moreover, the
double transgenic tumours seem to arise from within the
DN population (e.g. mouse 631, Figure 4). It is plausible,
therefore, that the Lmo2-only tumours also arise from
these immature cells, as suggested (Larson et al., 1995),
but that further T cell maturation, accompanied by changes
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-i) * No phenotypic effect on T cells

B
Combination of TALl & second
component triggers effect

L_ Phenotypic effect on T cells
resulting in tumour outgrowth

X can be LM02
or other unidentified proteins

Fig. 7. Tall as a tumour promoter. (A) CD2-Tal 1-only transgenic mice
do not develop tumours nor do they exhibit altered thymocyte
phenotype. Thus Tall alone does not appear to be able to exert a
biological effect in this particular biological context. However (B),
when Tall occurs in combination with a second, complementary
component (e.g. Lmo2), there occurs a triggering effect on
tumorigenesis. The second component can be Lmo2 (as in some
T-ALL) but, in cases lacking Lmo2, other unidentified proteins may
serve this function.

in surface phenotype patterns, occurs during the longer
latency period to overt disease in these mice (Larson
et al., 1995). It remains to be shown formally whether the
DN cells reflect abnormal expansion of normal immature
thymocytes or of an abnormal type of T cell. This issue
can only be resolved by further detailed analysis of
phenotype and other features of the DN cells.

Although double transgenic mice develop tumours faster
than single transgenics (Figure 6), the latency of tumour
formation still suggests that the occurrence of at least one
additional mutation (presumably in another oncogene) is
necessary for overt disease to appear (Adams and Cory,
1991). Thus, in this particular transgenic context, the
Lmo2 transgene is necessary but not sufficient for tumour
development. We have identified one co-operating onco-
gene, namely Tall; the other(s) is not yet identified.

The Tall gene acts as a tumour promoter in this
mouse model
The involvement of single transgenic Lmo2 (Fisch et al.,
1992; Larson et al., 1994, 1995) but not Tall mice (Robb
et al., 1995b) in T cell tumours is a singular finding, given
the prevalence of TALI abnormalities in T-ALL (Baer,
1993). The TALI gene is the most commonly affected in
T-ALL, disruption occurring by both translocation and
submicroscopic deletions or putative mutations affecting
the promoter regions of the gene (Bash et al., 1995). Use
of the double transgenic mice described here provides
formal evidence that Tal l can be involved in tumorigenesis
and endorses previous evidence of TALI co-operation with
v-abl in tumorigenecity (Elwood et al., 1993).
The enhancement of tumour rate by the presence of

Tall in the double transgenics implicates Tall-Lmo2 co-
operation in T-ALL patients that have both the LM02
chromosomal translocation t(11;14)(pl3;qll) and the
TALl promoter deletion abnormality (Wadman et al.,
1994). The complementation seen in the double transgenic
mice therefore mimics a naturally occurring situation in
humans. The curious lack of neoplastic effect by Tall

Table I. Summary of age of disease onset and pathology of
CD2-rbtn2XCD2-tall transgenic mice

Mouse Age in Enlarged Splenomegaly Hepatomegaly
months thymus

633 4.0 + - +
630 4.3 + + +
631 4.8 +/- + +
406 6.0 + + +
409 6.0 + + +
639 6.0 + -
539 6.7 + + +
491 7.0 + + +
472 7.3 - + +
544 7.5 - + +
414 7.9 + + +
400 8.1 + - +
413 8.6 + + +
495 9.1 - + +
478 9.1 + + +
417 9.2 + + +
128 12.6 + + +

A group of 17 double positive transgenic mice was included in a study
of age of onset of disease and status of thymus, spleen and liver. 65%
of the mice had involvement of the three organs. Age (in months)
corresponds to the time when the mouse was sacrificed due to
evidence of disease (see Materials and methods).

alone therefore suggests that Tall operates as a tumour
promoter in this transgenic model (Figure 7). In this
concept, the TALI gene product has no detectable biolo-
gical effect when expressed alone but promotes tumorigen-
icity by synergy when in conjunction with an appropriate
complementary factor (Figure 7) (which is Lmo2 in the
transgenic model but in other cases it could be different
proteins). The frequent activation of TALI expression in
T-ALL patients is consistent with the notion that it serves
as an oncogene which is integral to this disease.

Materials and methods
Transgenic mice
CD2-rbtn2 transgenic mouse line 989 has been described (Fisch et al.,
1992; Larson et al., 1994, 1995). The CD2-tal I transgenic construct was
made by cloning the EcoRI-HindIII TALI fragment from the human
TALI clone talM1/pBS (Cheng et al., 1993) into the unique XhoI site of
the CD2 vector (Lang et al., 1988; Lake et al., 1990). Transgenic mice
were generated using a NotI fragment encompassing the insert. The mice
were monitored for symptoms of distress as a first predictor of disease;
generally slow movement, hunched back and ruffled hair indicated the
presence of advancing malignancy. Post-mortem examination was carried
out as a routine, and some general features of one cohort of mice are
illustrated in Table I. FACS analysis was conducted on some tumours
as described (Larson et al., 1995). Mice sacrificed prior to onset of
disease were considered to be asymptomatic if there were no circulating
leukaemic cells, no abnormal histology or absence of any signs of
organomegaly.

DNA analysis
DNA was prepared by tail biopsy, from tumours or from tissues by
standard methods. For filter hybridization, DNA samples were cleaved
with the appropriate restriction enzyme and fractionated on 0.8% agarose
gels prior to transfer (Southern, 1975) to Hybond-N nylon membranes.
Hybridization of randomly labelled probes (Feinberg and Vogelstein,
1983) was carried out as described (Rabbitts et al., 1993). The TCR
probes were the HindIII-BamHI fragment from clone I for TCR Cfl
and the EcoRI fragment from clone 3 for TCR Jf2 (Malissen et al.,
1984). The immunoglobulin enhancer probe was the XbaI fragment
containing the Et enhancer region (Neuberger et al., 1989).
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Western protein detection
Single-step Western. Single cell suspensions of 1 X 106 tissue culture
cells or 1X 107 thymocytes from 6-week-old mice were lysed in low
stringency buffer [10 mM HEPES pH 7.6, 250 mM NaCl, 5 mM EDTA,
0.5% Nonidet P-40, 0.1% phenylmethylsulfonyl fluoride (PMSF) and
1 ,ug/ml each of leupeptin, aprotinin and pepstatin] (Wadman et al.,
1994). Twenty micrograms of protein were fractionated by 12% SDS-
PAGE and transferred to nitrocellulose filters. The filters were washed
for 1 h in phosphate-buffered saline with 0.1% Tween 20 and 5%
powdered skimmed milk before 1 h incubation with a 1:100 dilution of
anti-Tall monoclonal antibody (Pulford et al., 1995). The filters were
washed three times, incubated with a 1:10 000 dilution of horseradish
peroxidase-conjugated anti-mouse antibody (Amersham) for I h and
washed eight times. Filters were subjected to ECL analysis (Amersham)
according to the manufacturer's recommendations and exposed to X-ray
film for 2 min.
Two-step protocol. Single cell suspensions of 1 X 107 tissue culture cells
or 1 X 108 thymocytes from 6-week-old mice were lysed in low stringency
buffer. The preparation was twice cleared by 1 h incubation with normal
rabbit serum at 4°C with gentle agitation followed by the addition of
75 ,ul of 10% PanSorbin cells (Calbiochem), incubation for a minimum
of 1 h and centrifugation at 16 000 g for 10 min. Ten microlitres of
rabbit anti-rbtn2 antiserum (Warren et al., 1994) were added to the
resulting supernatants and incubated at 4°C with gentle agitation for 1
h. This was followed by addition of 100 ,ul of protein A-Sepharose,
further incubation for I h and centrifugation for 10 min at 16 000 g.
The pellets were resuspended and washed four times in fresh, low
stringency buffer with protease inhibitors before boiling for 5 min in 20
gl of SDS-PAGE sample buffer (10 mM Tris-HCI pH 6.8, 5% glycerol,
2% SDS, 0.1% 3-mercaptoethanol). Ten microlitres of sample was
separated on 12% acrylamide gels and transferred to nitrocellulose filters.
The filters were treated as above with monoclonal anti-Tall antibody.

Acknowledgements
We thank D.Gilmore for assistance with FACS analysis. We also thank
Drs M.Neuberger and G.Williams for the immunoglobulin enhancer
probe and Drs K.Pulford and D.Mason for the monoclonal anti-Tall
antibody. I.W. was supported by a grant from the Leukaemia Research
Fund, I.L. from the National Foundation for Cancer Research and R.B.
was supported by the National Institutes of Health (grant CA46593).

References
Adams,J.M. and Cory,S. (1991) Science, 254, 1161-1167.
Aplan,P.D., Lombardi,D.P. and Kirsch,I.R. (1991) Mol. Cell. Biol., 11,

5462-5469.
Aplan,P.D., Lombardi,D.P., Reaman,G.H., Sather,H.N., Hammond,G.D.

and Kirsch,I.R. (1992) Blood, 79, 1327-1333.
Baer,R. (1993) Semin. Cancer Biol., 4, 341-347.
Bash,R.O., Hall,S., Timmons,C.F., Crist,W.M., Amylon,M., Smith,R.G.

and Baer,R. (1995) Blood, 86, 666-676.
Begley,C.G., Aplan,P.D., Denning,S.M., Haynes,B.F., Waldmann,T.A.

and Kirsch,I.R. (1989) Proc. Natl Acad. Sci. USA, 86, 10128-10132.
Bernard,O., Guglielmi,P., Jonveaux,P., Cherif,D., Gisselbrecht,S.,

Mauchauffe,M., Berger,R., Larson,C.-J. and Mathieu-Mahul,D. (1989)
Genes Chromosomes Cancer, 1, 194-210.

Bernard,O., Lecointe,N., Jonveaux,P., Souyri,M., Mauchauffe,M.,
Berger,R., Larsen,C.J. and Mathieu-Mahul,D. (1991) Oncogene, 6,
1477-1485.

Boehm,T., Foroni,L., Kennedy,M. and Rabbitts,T.H. (1990) Oncogene,
5, 1103-1105.

Boehm,T., Foroni,L., Kaneko,Y., Perutz,M.P. and Rabbitts,T.H. (1991)
Proc. Natl Acad. Sci. USA, 88, 4367-4371.

Breit,T.M., Mol,E.J., Wovers-Tettero,I.L.M., Ludwig,W.-D., van

Wering,E.R. and van Dongen,J.J.M. (1993) J. Exp. Med., 177, 965-977.
Brown,L., Cheng,J.T., Chen,Q., Siciliano,M.J., Crist,W., Buchanan,G.

and Baer,R. (1990) EMBO J., 9, 3343-3350.
Carroll,A.J., Crist,W.M., Link,M.P., Amylon,M.D., Pullen,D.J.,

Ragab,A.H., Buchanan,G.R., Wimmer,R.S. and Vietti,T.J. (1990)
Blood, 76, 1220-1224.

Cheng,J.T., Hsu,H.-L., Hwang,L.-Y. and Baer,R. (1993) Oncogene, 8,
667-683.

Elwood,N.J., Cook,W.D., Metcalf,D. and Begley,C.G. (1993) Oncogene,
8, 3093-3101.

Feinberg,A.P. and Vogelstein,B.A. (1983) Anal. Biochem., 132, 6-13.
Finger,L.R., Kagan,J., Christopher,G., Kurtzberg,J., Hershfield,M.S.,

Nowell,P.C. and Croce,C.M. (1989) Proc. Natl Acad. Sci. USA, 86,
5039-5043.

Fisch,P., Boehm,T., Lavenir,I., Larson,T., Arno,J., Forster,A. and
Rabbitts,T.H. (1992) Oncogene, 7, 2389-2397.

Hsu,H.-L., Cheng,J.-T., Chen,Q. and Baer,R. (1991) Mol. Cell. Biol., 11,
3037-3042.

Hsu,H.-L., Huang,L., Tsan,J.T., Funk,W., Wright,W.E., Hu,J.-S.,
Kingston,R.E. and Baer,R. (1994a) Mol. Cell. Biol., 14, 1256-1265.

Hsu,H.-L., Wadman,I. and Baer,R. (1994b) Proc. Natl Acad. Sci. USA,
91, 3181-3185.

Hunter,T. (1991) Cell, 64, 249-270.
Kurasawa,Y., von Boehmer,H., Haas,W., Sakano,H., Trauneker,A. and

Tonegawa,S. (1981) Nature, 290, 565-570.
Lake,R.A., Wotton,D. and Owen,M.J. (1990) EMBO J., 9, 3129-3136.
Lang,G., Wotton,D., Owen,M.J., Sewell,W.A., Brown,M.H., Mason,D.Y.,

Crumpton,M.J. and Kioussis,D. (1988) EMBO J., 7, 1675-1682.
Larson,R., Fisch,P., Larson,T., Lavenir,I., Langford,T., King,G. and

Rabbitts,T.H. (1994) Oncogene, 9, 3675-3681.
Larson,R.C., Osada,H., Larson,T.A., Lavenir,I. and Rabbitts,T.H. (1995)

Oncogene, 11, 853-862.
Malissen,M., Minard,K., Mjolsness,S., Kronenberg,M., Goverman,J.,

Hunkapillar,T., Prystowsky,M.B., Yoshikai,Y., Fitch,F., Mak,T.W. and
Hood,L. (1984) Cell, 37, 1101-1110.

Neuberger,M.S., Caskey,H.M., Pettersson,S., Williams,G.T. and
Surani,M.A. (1989) Nature, 338, 350-352.

Omichinski,J.G., Clore,G.M., Schaad,O., Felsenfeld,G., Trainor,C.,
Appella,E., Stahl,S.J. and Gronenborn,A.M. (1993) Science, 261,
438-446.

Perez-Alvarado,G.C., Miles,C., Michelsenj.W., Louis,H.A., Winge,D.R.,
Beckerle,M.C. and Summers,M.F. (1994) Nature Struct. Biol., 1,
388-398.

Pulford,K., Lecointe,N., Leroy-Viard,E.L., Jones,M., Mathieu-Mahul,D.
and Mason,D.Y. (1995) Blood, 85, 675-684.

Rabbitts,T.H. (1994) Nature, 372, 143-149.
Rabbitts,T.H., Forster,A., Larson,R. and Nathan,P. (1993) Nature

Genetics, 4, 175-180.
Robb,L., Lyons,I., Li,R., Hartley,L., Kontgen,F., Harvey,R.P., Metcalf,D.

and Begley,C.G. (1995a) Proc. Natl Acad. Sci. USA, 92, 7075-7079.
Robb,L., Rasko,J.E.J., Bath,M.L., Strasser,A. and Begley,C.G. (1995b)

Oncogene, 10, 205-209.
Royer-Pokora,B., Loos,U. and Ludwig,W.-D. (1991) Oncogene, 6,

1887-1893.
Sanchez-Garcia,I. and Rabbitts,T.H. (1994) Trends Genet., 10, 315-320.
Shivdasani,R.A., Mayer,E. and Orkin,S.H. (1995) Nature, 373, 432-434.
Southern,E.M. (1975) J. Mol. Biol., 98, 503-517.
Valge-Archer,V.E., Osada,H., Warren,A.J., Forster,A., Li,J., Baer,R. and

Rabbitts,T.H. (1994) Proc. Natl Acad. Sci. USA, 91, 8617-8621.
WadmanI., Li,J., Bash,R.O., Forster,A., Osada,H., Rabbitts,T.H. and

Baer,R. (1994) EMBO J., 13, 4831-4839.
Warren,A.J., Colledge,W.H., Carlton,M.B.L., Evans,M.J., Smith,A.J.H.

and Rabbitts,T.H. (1994) Cell, 78, 45-58.

Received on October 2, 1995; revised on November 8, 1995

Chen,Q., Cheng,J.-T., Tsai,L.-H., Schneider,N., Buchanan,G., Carroll,A.,
Crist,W., Ozanne,B., Siciliano,M. J. and Baer,R. (1990) EMBO J., 9,
415-424.

1027


