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e firmly believe that a better
understanding of the molecu-
lar mechanisms that cause

malignant transformation will lead to
more effective therapies for patients
with hematologic malignancy. Most
hematologic malignancies have been
shown to bear chromosomal aberra-
tions such as translocations, deletions,
and duplications. Therefore, we have
investigated whether those genetic
alterations were crucial for malignant
transformation using animal, especial-
ly mouse, models. There are at least
three advantages offered by animal
models. First, one can investigate
whether a candidate gene leads to
leukemia ¢n vivo by generating a trans-
genic mouse. If the candidate gene is
truly oncogenic, then the transgenic
mice should develop an increased inci-
dence of malignancy. The second is
that it is simpler to investigate the
downstream target or collaborative
genes of the transgenes. In clinical
human samples, one often sees not
only a single genetic alteration but also
several aberrations. Although it is diffi-
cult to predict which is the primary
event in most human cases, we know
that the transgene is the primary onco-
genic event in transgenic mice. Lastly,
one can test the efficacy and side
effects of newly developed treatments
on those genetically engineered mice
prior to human trials. In this meeting,
the following three types of transgenic
mice will be discussed in detail. The
three types include the SCL-LMOI1,"
OLIG2-LMO1,> and NUP98-HOXDT
(NHD13) mice®.

The SCL gene is also known as TCL
or TALI, and was cloned by virtue of a
t(1;14) (p33;qll) chromosomal trans-
location in a patient with stem cell
leukemia. SCL is known to act as a tran-
scription factor that has a basic helix-
loop-helix motif (bHLH). Although
SCL is not normally expressed in
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mature thymocytes, more than 60% of
precursor T-cell lymphoblastic lym-
phoma/leukemia (Pre-T LBL) patients
express SCL mRNA. SCLis activated by
either chromosomal translocation or
interstitial deletion. The interstitial
deletion places SCL coding sequences
under the control of SILregulatory ele-
ments. Two series of transgenic mouse
that over-expressed SCL were generat-
ed using a vector that utilized the SIL
promoter to drive expression of a full-
length SCL or truncated SCL. Only
1.1% of these animals developed pre-T
LBL in the observation period of 16
months. However, it has been shown
that a subset of T-ALL patients has both
an LMOI or LMO2Z2 translocation and a
SIL/SCL rearrangement. Of interest,
LMOI transgenic mice have been
shown to develop pre-T LBL in later
stages of life, with a low penetrance,
leading to the hypothesis that LMOI
may need additional, cooperative
genetic events to produce a frank
malignancy. The cross of the SCL mice
and the LMOI mice uniformly devel-
oped pre-T LBL within several months
of life (Figure 1). The pre-T LBL cells
were characterized by positive staining
for CD4 and CDS8, and showed clonal
or oligoclonal TCR, gene rearrange-
ment. The OLIG2 gene (BHLHBI) is
located at 21q22 and encodes a tran-
scription factor that contains the con-
served bHLH motif similar to SCL.
Although OLIG2 is normally expressed
in neural tissues, overexpression of
OLIGZ2has been shown in primary sam-
ple from oligodendroglioma patients
as well as pre-T LBL patients. In addi-
tion, we found that OLIG2 was overex-
pressed in a variety of malignant cell
lines established from non-small cell
lung carcinoma, breast cancer, mela-
noma, and leukemia, linking ectopic
OLIG2 expression to a wide spectrum
of malignancies. To investigate the
oncogenic potential of OLIG2in mice,
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Figure 1. Cumulative incidence of T-cell lymphoma in
SCL-LMOT mice. The SCL-transgenic animals were gene-
rated with the vector that contained either fruncated SCL
or full-length SCL. Those SCL mice were crossed with the
LMO1 mice.

Table 1. Cause of death in NHD13 mice.
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Figure 2. Survival curve in OLIG2-LMO1 mice. Both the
OLIG2 and LMO1 mice were generated using Lck promo-
ter. 60% of the OLIG2 - LMO1 mice developed T-cell
lymphoma by the age of 14 months.

Disease FVB C57B16***

n Age (mo) n Age (mo)
MDS 4 (19.0%) -1 1 (3.8%) 10
Non-Lymphoblastic leukemia 6* (28.6%) 4-13 15 (67.7%) 4-14
Lymphoblastic leukemia 7* (33.3%) 4-13 3 (11.5%) 9-10
Undetermined 4 (19.0%) 4-12 7 (26.9/%) 8-13
total 27%* 29

Initial observation period was 14-months. *A mouse developed both erythroid leukemia and Pre-T LBL. Another mouse with concurrent pre-T LBL
and myeloid leukemia was found in additional cohort study. **A mouse that servived beyond 14 month was found dead in 15 month of age because

of Pre-T LBL. ***Two mice that survived.

we generated OLIG2 transgenic mice using the
Ick promoter and found that only a few OLIG2
mice developed pre-T LBL. We crossed OLIG2
mice with LMOI mice, and noted that 60% of
the double transgenic mice developed pre-T LBL
by the age of 14 months (Figure 2). All affected
mice had a large thymic tumor and hepato-
splenomegaly. Those pre-T LBL cells were high-
ly invasive as infiltrating into lung, liver, and kid-
ney. The lymphoma cells were morphologically
characterized by prominent nucleoli and high
nuclear cytoplasmic ratio, showed clonal TCRpS
gene rearrangement, and were positive for CD4
and CD8 (Figure 3).

The NUP98 gene is fused to at least 15 different
partner genes by chromosomal translocation in
a wide spectrum of hematologic malignancies.
NUP98 tused to either HOXDI11 or HOXD13 has
been identified in the malignant cells of patients
with myelodysplastic syndrome (MDS), acute
myeloid leukemia (AML)-M4, and AML-M6 bear-
ing a t(2; 11) (q31; p15). We generated NHD13
transgenic mice using vav regulatory elements.
Almost all of the NHD13mice developed a MDS.
More than 95% of NHDI3 mice died of MDS,
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AML, or lymphoblastic malignancies by 14
months of age. The lymphoblastic malignancies
in the NHD13 mice were pre-T LBL except for a
single case with pre-B LBL. The incidence of pre-
T LBL was approximately 11% and 30% in
NHD13 mice generated on the C57Bl6 and FVB
background respectively (Table 1). We also
found there were two cases of concurrent pre-T
LBL and myeloid leukemias suggesting that
myeloid leukemia evolved from MDS and pre-T
LBL occurred independently (Figure 4).

Thus, those findings demonstrate that the con-
current overexpression of SCL and LMOI, of
OLIG2 and LMOI, and NHD13 were oncogenic.
However, the delayed onset of some tumors and
incomplete penetrance of the pre-T LBL pheno-
type suggested that additional, cooperative muta-
tions were required to generate a frank malig-
nancy. Furthermore, itis of interest to learn what
genes might be the downstream targets of these
genes, given that they are known or putative tran-
scription factors. It has been shown that E2A
knockout mouse developed pre-T LBL. We have
shown that SCL and OLIG2 could bind to E2A
and suppress its ability to transactivate down-
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Figure 3. Characteristics of T-cell
lymphoma in OLIG2-LMO1 double
transgenic mice. The disease was
highly invasive. Thymic tumor,
hepatosplenomegaly, and lymph-
adenopathy were common in the
affected mice. Pleural effusion
and lung infiltration of malignant
cells were also noticed in some
cases. The leukemic blasts emer-
ging in the peripheral blood sho-
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Figure 4. Concurrent pre-T LBL and
erythroid leukemia in NHD13 mice.

The lung was massively infiltrated
with CD3-positive leukemic blasts.
The liver was also severely infiltra-
ted with leukemic blasts that were
negative for CD3. Southern blot
analysis of TCRS gene indicated
clonal rearrangement in thymus

stream reporter genes suggesting that E2A can
be functionally inactivated by bHLH transcrip-
tion factors including SCL and OLIG2.*® Gene
expression profiling of pre-T LBL thymic tumors
using a microarray with 21,000 features indicat-
ed that Notch1 was approximately 3-fold up-regu-
lated compared with normal thymi. This was of
interest since it has been shown that activating
mutations in NOTCH1 were found in 50% of pre-
T LBL patients.’ Similarly, we found NotchI muta-
tions were very common events in the mouse pre-
T LBL models including SCL-LMOI mice.” Only
18.5% of mutations that we identified were
found in the HD domain, and all of those muta-
tions were missence mutations. Half of the muta-
tions in the HD domain were in positions mutat-
ed in human pre-T LBL, and the remaining half
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and lung. The tleukemic blasts in
liver, kidney, and spleen showed
typical morphologic feature of
erythroid cells, which was confir-
med by gene profiling that showed
up-regulated erythroid-associated
genes. Nofch mutation was noted
in the thymic tumor but not in the
liver.

were at positions conserved in human, mouse,
chicken, frog, and fish. All mutations within the
PEST domain involved nucleotide insertions
and/or deletions, leading to frameshift muta-
tions and premature stop codons, as opposed to
single base substitutions. We found that 50% of
the mutations in the PEST domain are located in
two hot spots. Of note, even though thymocytes
from healthy SCL-LMOI mice aged 5 weeks
showed oligo-clonal rearrangements of TCRp,
indicating massive expansion of one or a few
clones, they did not form lymphoma upon injec-
tion into immunodeficient mice. On the other
hand, thymocytes from SCL-LMOI mice aged 12
weeks invariably formed T-cell lymphoma upon
injection into nude mice, suggesting that addi-
tional genetic events which collaborate with SCL-

| 81]



Y-W Lin and P.D. Aplan

Table 2. Notch1 mutations in pre-leukemic thymocytes from clinically healthy SCL-LMO1 Tx-mice.

Mouse Age Notch 1 Injection Nude mice

(weeks) muration info nude mice Tumor Terb Noich1 mufation
7162/3 5 n - N/A N/A N/A
7543/3 5 n + - N/A N/A
7544/2 5 n + - N/A N/A
7286/1 8 66601-4 CCCC + + + 66601-4 CCCC

>CCCCC >CCCCC
7193/3 10 66569-4 GACCCC> - N/A N/A N/A
CCATGACTCCT

7151/4 12 66419C>GG + + + 66419C>GG
7150/3 12 66456>CC + + + 66456>CC

Ti}ymocytes Jfrom the mice a%ed 5 weeks, which did not show Nothchl mutation, did not form a tumor in nude mice, whereas those from the mice aged
8-

2 weeks,which had Notchl mutations, formed a tumor in nude mice.

LMOI to produce a frank malignancy occur
between 5 and 12 weeks of age. Consistent with
this hypothesis, thymocytes from 5-week-old mice
did not have Notchl mutations, whereas those
from the mice aged 8-12 weeks had Notch I muta-
tions.” Those findings indicated that Notchl
mutation was not the primary event in these
models of T-cell malignancy, but were comple-
mentary events that occurred as the thymocytes
became fully malignant (Table 2).

Of the 30 most up-regulated genes in thymic T-
cell lymphomas from the SCL-LMOI, LMOI, and
NHD13 mice, nine genes including 7erband Tfre
were commonly found up-regulated in all three
series of Tx-mice. The commonly up-regulated
genes might confer growth advantages on the
leukemic cells through activated transcription or
post-transcriptional control of mRNA. On the
other hand, sixteen genes including Prss16, Erf,
and H2-Aa were down-regulated in all three
series of Tx-mice. The down-regulated genes
might be either associated with the escape from
elimination mediated by immune system, or
tumor suppressor genes. Therefore, it is reason-
able to speculate that T-cell oncogenesis is a con-
sequence of acceleration of cell growth, acquisi-
tion of immortality, and escape from immune
response. We noticed that chemokine ligand 8
(Ccl8), which binds to chemokine receptor 3
(Ccr3), was up-regulated in the SCL-LMOI,
OLIG2-LMOI, and NHDI3 lymphomas. An
antagonist for Ccr3 killed T-lymphoma cell lines
indicating a novel therapeutic option for T-cell
lymphomas. Cofilinl is uniquely up-regulated in
the SCL-LMOI1 lymphoma. Inactivation of Cofil-
inl by Okadaic acid suppressed cell growth of
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the SCL-LMOI cell lines but not the control cell
lines. We also found the Pbx3 was up-regulated
specifically in NHD13 T-cell ymphomas as well as
NHDI13 MDS bone marrow. Transfection of
NHD13 expression vector into SCL-LMOI cells
induced expression of Pbx3 suggesting that Pbx3
was a downstream target of NHDI13.

In conclusion, animal models for T-cell lym-
phoma/leukemia are a useful tool to investigate
oncogenes, which could provide an insight into
T-cell oncogenesis that might lead to develop-
ment of novel therapeutic approaches.
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