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Acute lymphoblastic leukemia (ALL) is a clonal disease that evolves
through the accrual of genetic rearrangements and/or mutations
within the dominant clone. The TEL-AML1 (ETV6-RUNXT) fusion in
precursor-B (pre-B) ALL is the most common genetic rearrangement
in childhood cancer; however, the cellular origin and the molecular
pathogenesis of TEL-AML1-induced leukemia have not been iden-
tified. To study the origin of TEL-AML1-induced ALL, we generated
transgenic zebrafish expressing TEL-AML1 either ubiquitously or in
lymphoid progenitors. TEL-AML1 expression in all lineages, but not
lymphoid-restricted expression, led to progenitor cell expansion
that evolved into oligoclonal B-lineage ALL in 3% of the transgenic
zebrafish. This leukemia was transplantable to conditioned wild-
type recipients. We demonstrate that TEL-AML1 induces a B cell
differentiation arrest, and that leukemia development is associ-
ated with loss of TEL expression and elevated Bc/2/Bax ratio. The
TEL-AML1 transgenic zebrafish models human pre-B ALL, identifies
the molecular pathways associated with leukemia development,
and serves as the foundation for subsequent genetic screens to
identify modifiers and leukemia therapeutic targets.
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he TEL-AMLI fusion generated by the t(12, 21)(p13;q22)

chromosomal translocation is present in 25% of childhood
pre-B acute lymphoblastic leukemia (ALL), making it the most
common genetic rearrangement in childhood cancer (1-3). The
translocation fuses the first five exons of the Ets transcription factor
TEL (also known as ETV6) in-frame to nearly the entire AMLI
gene (also known as RUNXT). Retrospective studies in twins with
pre-B ALL, as well as Guthrie cards studies from 567 normal
newborns (4), reveal that the TEL-AMLI fusion occurs in utero,
with a protracted time course for leukemia development (5, 6).

Murine studies involving TEL-AMLI suggest that this fusion
protein confers a low transforming ability. Transgenic mice ex-
pressing TEL-AMLI from the Ig heavy chain promoter (Eu) did
not develop any hematological disorder (7). Mice transplanted with
bone marrow cells transduced with retroviral vectors expressing
TEL-AMLI developed a preleukemic state without occult leukemia
(8-10). The incidence of leukemia in such mice increased only in
the presence of cooperating mutations (11).

The cell initially transformed by TEL-AMLI remains to be
elucidated; however, in ALL patients, the TEL-AML1 fusion event
precedes differentiation of lymphoid progenitors to pre-B cells (12).
This finding confines the origin of pre-B ALL to a B-lineage
restricted progenitor(s) (4) or a multipotent hematopoietic stem
cell (HSC) with preferential B-lymphoid clonal expansion (13).

We used the zebrafish to study TEL-AMLI leukemogenesis for
several reasons. First, the zebrafish has well conserved genetic
processes controlling hematopoesis (14, 15). Second, zebrafish
develop tumors that are histologically similar to human tumors
(16-20). The lymphoid expression of mouse c-Myc led to the
development of T cell leukemia in 6-13% of the injected fish (18)
and progeny within 2-5 months (19). Also, zebrafish expression of
the TEL-JAK2 (20), or the human AMLI-ETO (17), fusion cDNAs
led to hematopoietic perturbation (17, 20). Third, the highly
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conserved TEL and AMLI sequences among vertebrates, with 93%
homology between Teleost fish and human TEL Ets domain (ref.
21 and H.S. and D.D.H., unpublished data), and 99% homology
between zebrafish and human AMLI Runt domain (17, 22), makes
the zebrafish an attractive model to study TEL-AML1-associated
leukemia.

We generated transgenic zebrafish expressing the TEL-AML1
fusion. Acute lymphoblastic leukemia developed after long latency,
and only when TEL-AML1 was expressed at the noncommitted
progenitor level. This transgenic model provides the opportunity to
study the multiple genetic events associated with TEL-AMLI
induced leukemia.

Results

TEL-AML1 Transgenic Zebrafish Lines. Three different promoters
were used to express TEL-AML]I, either alone or fused to EGFP,
in a ubiquitous or tissue-specific manner (Fig. 14). Both the
Xenopus elongation factor 1l (XEF) and the zebrafish B-actin
(ZBA) promoters direct expression to all lineages (23, 24), whereas
the zebrafish recombination activation gene 2 (RAG2) promoter
restricts expression to B and T cell lymphoid progenitors (25).
Before microinjections in fertilized zebrafish embryos, the expres-
sion of the appropriate molecular weight TEL-AMLI or EGFP-
TEL-AMLI proteins was confirmed by Western blotting of the in
vitro transcription and translation products (Fig. 5, which is pub-
lished as supporting information on the PNAS web site).

Identification of Transgenic Founders and Establishment of Transgenic
Lines. To establish TEL-AMLI transgenic founders, linearized
DNA constructs were microinjected into one- to two-cell stage
embryos. Selected embryos were grown to maturity and crossed
with wild-type fish, and genomic DNA from fertilized eggs was
analyzed to identify germ-line founders. Thirteen founders were
identified from the XEF-TEL-AMLI (XEF-TA) line, eight
founders were identified from the XEF-EGFP-TEL-AMLI (XEF-
EGFP-TA) line, 44 founders were identified from the ZBA-EGFP-
TEL-AML1 (ZBA-EGFP-TA) line, six founders were identified
from the RAG2-TEL-AMLI (RAG2-TA) line, and five founders
were identified from the RAG2-EGFP-TEL-AMLI (RAG2-
EGFP-TA) line. At least three founders per construct were crossed
to wild-type, and the progeny were propagated and maintained for
>2 years. Stable Mendelian transmission and expression of TEL-
AMLI for all lines has been demonstrated over five generations.

Ubiquitous and Lymphoid TEL-AML1 Expression in Transgenic
Zebrafish. RT-PCR positive F; fish were crossed to wild-type, the F,
progeny were typed, and the RT-PCR-positive fish (Fig. 6, which is
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Fig. 1. TEL-AMLT transgenic zebrafish with ubiquitous and lymphoid-
restricted expression. (A) Diagrams of the human TEL-AML1c (TA) cDNA, alone
or fused in-frame to EGFP, expressed from the ubiquitous Xenopus elongation
factor-1(XEF) 0.7 kb, the zebrafish B-actin (ZBA) 4.5-kb promoters, or from the
lymphoid zebrafish Recombination Activation Gene-2 (ZRAG2) 6.5-kb pro-
moter. (B) Transgenic embryos (T) from the ZBA-EGFP-TA line expressing
EGFP-TEL-AMLT at 3 dpf compared with nontransgenic (NT) sibling. Fish were
oriented with anterior to the left and dorsal to the top (T) or dorsal to the
bottom (NT). (C) Ventral view of a 7-dpf RAG2-EGFP-TA zebrafish with EGFP-
TEL-AML1-labeled cells in the bilateral thymus (Th) (arrowheads). (Scale, 1 mm
inBand 2 mmin C.)

published as supporting information on the PNAS web site) were
grown to maturity and intercrossed. RT-PCR and fluorescent
analysis of the F5 progeny from the XEF-TA, XEF-EGFP-TA, and
the ZBA-EGFP-TA transgenic fish demonstrated ubiquitous
mRNA expression. In both the RAG2-TA and RAG2-EGFP-TA
lines, TEL-AMLI expression in lymphoid progenitors was only
detected in the kidney and thymus (Fig. 6), the sites of B and T cell
lymphopoiesis, respectively, in adult zebrafish (26). An average of
437% of kidney marrow progenitors from RT-PCR positive
RAG2-EGFP-TA fish expressed EGFP by flow cytometry (data
not shown). This level of expression is similar to the reported
number of RAG2 expressing progenitors in zebrafish marrow (27).

The zebrafish B-actin promoter directed sufficient EGFP expres-
sion to allow visual selection of transgenic progeny (Fig. 1B), and
to distinguish homozygous TEL-AMLI fish (TA/TA), subsequently
confirmed to propagate EGFP-TEL-AMLI to all their progeny,
from heterozygous (TA/WT) and wild-type (WT/WT) siblings
based on fluorescence (Fig. 7, which is published as supporting
information on the PNAS web site).

RAG2 lymphoid-specific expression was detected in cells of the
small bilateral thymus by fluorescent microscopy at 7 days post-
fertilization (dpf) (Fig. 1C). Confocal microscopy confirmed
EGFP-TEL-AML 1 expression in mature fish (data not shown). The
fluorescent expression of EGFP-TEL-AMLI from the XEF1 pro-
moter frequently could not be visualized; therefore, in situ hybrid-
ization was used to confirm the ubiquitous mRNA expression (data
not shown). Additionally, TEL-AMLI proteins were detected by
Western blotting in transgenic fish (Fig. 8, which is published as
supporting information on the PNAS web site), at levels compa-
rable to those of the TEL-AML1 expressing human Reh cells (28).

Evidence of B Cell Differentiation Arrest in TEL-AML1 Transgenic
Zebrafish. When TEL-AML1 was expressed ubiquitously, five XEF-
TA, nine XEF-EGFP-TA, and 17 ZBA-EGFP-TA transgenic fish,
~6% of the transgenic fish in these three lines (n = 31 of 545),
developed fatal lymphoid hyperplasia that was detected as early as
4 weeks postfertilization (Fig. 24). Lymphoid hyperplasia was
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Fig.2. Evidence of B-lymphoid differentiation arrestin TEL-AML1 transgenic
zebrafish. (A) Lymphoid hyperplasia in TEL-AMLT1 transgenic zebrafish. He-
matoxylin and eosin (H&E) staining of kidney marrow between the tubules (T)
from wild-type (WT), and transgenic ZBA-EGFP-TA fish (TA) with lymphoid
hyperplasia (X10 and X63). Touch preps from transgenic fish stained with
Giemsa (X63) show increased basophilic immature cells with nucleoli consis-
tentwith lymphoid progenitors (arrowheads), compared with wild-type. (B) In
vitro, mitogen-induced B cell clonogenic assays indicate reduced colony num-
bers from TEL-AMLT (TA)-expressing XEF-TA transgenic fish, compared with
wild-type (WT). Sorted EGFP-positive kidney progenitors from the ZBA-
EGFP-TA transgenic fish developed significantly less EGFP-positive colonies
(EGFP-TA) than from control fish (EGFP). May-Grunwald/Giemsa-stained B
cell colonies from wild-type and transgenic cells, shown in low (X 10) and high
(X100) power. Colony cells from wild-type and TEL-AMLT transgenic cells
(from two different colonies) expressed the constant region of lgM by RT-PCR.

defined by increased immature “blast like” lymphoid cells in
peripheral blood, but below the level of 20% blasts required to
diagnose leukemia, and without distal infiltration. The gross fea-
tures in these fish included palor, cachexia, and extensive s.c.
hemorrhage. Manual differential blood cell counts revealed that
wild-type fish have, on average, 94% lymphocytes, 5% segmented
heterophils, and 1% monocytes. The TEL-AML]1 transgenic fish
with lymphoid hyperplasia showed 10-15% immature blast-like
cells, 75-80% lymphocytes, 1-4% heterophils, and 0-3% mono-
cytes. Compared with wild-type fish, blood smears from 11 fish with
lymphoid hyperplasia showed mild to moderate thrombocytopenia,
and in three fish, thrombocytosis was present associated with many
diploid prothrombocyte precursors. Histological sections of the
kidney marrow from these fish revealed increased number of
immature basophilic lymphoid cells, with nucleoli consistent with
lymphoid progenitors, compared with wild-type fish (Fig. 24).
We analyzed kidney marrow cells from each TEL-AML]I trans-
genic line (n = 10 per line), as well as wild-type and control
RAG2-EGFP fish by flow cytometry (27). A 2- to 3-fold relative
increase in the progenitor fraction of the TEL-AMLI transgenic
marrow compared with wild-type and control marrow was observed
(Table 1). Total cell counts showed a modest decrease in myeloid,
and a slight increase of erythroid cells associated with the progen-
itor cell expansion. To assess the lymphoid proliferative potential of
these precursors, kidney marrow progenitors were subjected to an
in vitro mitogen-induced B cell clonogenic assay (29) (Fig. 2B and
Table 1). After 3-5 days of culture with bacterial LPS, a polyclonal
B cell activator, colonies of 50-350 cells developed. A linear
relationship was found between the number of cells seeded and the
number of colonies developed (data not shown). Colonies gener-
ated from the XEF-TA transgenic marrow were reduced by a factor
of 10 compared with cells from wild-type fish (Fig. 2B and Table
1). The EGFP-expressing lymphoid progenitors from the ZBA-
EGFP-TA, the RAG2-EGFP-TA transgenic fish, and control-
ZBA- and RAG2-EGFP fish were cultured in the same B cell
clonogenic assay. A small number of fluorescent colonies devel-
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Table 1. Lineage distribution and B-lymphoid in vitro colony-forming cell activity of TEL-AML1 progenitor cells

Lineage distribution by FACS, no. of cells (x10%) (%)

B cell colonies

Zebrafish line Erythroid Myeloid

Cells harvested

Lymphoid Progenitor n per well (x103)

Experiment 1

Wild-type 108 £ 17.3(56.9 = 9.1) 384 +£9.8(209 £5.1) 17.2 +7.3(9.6 = 3.8) 8.7 =5.8(4.83.1) 38*9 140

XEF-TA 123 = 28.3(68.2 £ 15.7) 30.0+7.1(16.7 +3.9) 59+*3.8(3.3+2.1) 30.2=*83(14.2=*4.6)* 3+ 2% 18

XEF-EGFP-TA 108 + 15.9(59.9 = 8.8) 384 +6.3(189+35) 147 +88(8.2+4.8) 20.5*9.3(11.4=*5.2)* 7 * 4% 43

ZBA-EGFP-TA 106 = 10.3(58.7 =5.7) 16.0 = 7.4 (8.9 = 4.1) 6.8 +42(38+23) 41.9+163(23.3+£9.00* 14 *9* 67
Experiment 2

RAG2-EGFP-TA 110 = 12.9(58.1 £7.2) 329 +6.0(183 +3.3) 16.2*+6.3(9.0=3.5) 10.2*6.1(54 *3.4) 246 + 23 1,211

RAG2-EGFP 106 = 10.3(59.2 £ 5.7) 40.7 =5.2(22.6 +2.8) 15.8 +5.5(8.8 = 3.0) 75*+43(43=*24) 229 = 28 1,362

Total cell numbers and mean percentage of cells corresponding to erythroid, myeloid, lymphoid, and progenitor compartments were analyzed by FACS.
Clonable B cell in 103 kidney marrow progenitors of wild-type and TEL-AMLT transgenic fish, and in the EGFP-positive (lymphoid progenitor enriched) fraction
of marrow progenitors from RAG2-EGFP-TA and RAG2-EGFP control fish. Data are presented as the mean = SD of 12 replicates from each transgenic line done

in two independent experiments.

*Significantly higher number of progenitors or lower number of colonies, compared to wild-type or control cells.

oped with cells from the ZBA-EGFP-TA transgenic fish compared
with cells from the ZBA-EGFP control fish (Fig. 2B, EGFP-TA vs.
EGFP). Consistent with the interpretation that TEL-AMLI expres-
sion impairs B cell maturation, EGFP expressing lymphoid pro-
genitors remained at the single cell level (Fig. 2B, EGFP-TA) and
failed to differentiate to mature B cell colonies under these
conditions. The number of colonies generated from the RAG2-
driven TEL-AML]I cells was not reduced (Experiment 2 in Table 1)
compared with control EGFP cells, indicating the requirement to
express TEL-AMLI at a level earlier than the committed lymphoid
progenitors to elicit a differentiation arrest. The morphology of the
colony cells, and the fact that they expressed the constant region of
IgM by RT-PCR (Fig. 2B), suggests that the colonies developed
from B lymphocytic progenitors. We attempted to develop an in
vitro pre-B cell clonogenic assay using either recombinant human or
murine IL-7, but zebrafish marrow progenitors were irresponsive to
IL-7 stimuli, possibly due to the lack of a zebrafish IL-7 orthologue
(H.S. and D.D.H., unpublished data).

Infiltrating Leukemia in TEL-AML1 Transgenic Zebrafish. The expres-
sion of TEL-AMLI or EGFP-TEL-AML] from the ubiquitous XEF
and ZBA promoters, which drive TEL-AMLI expression in all
lineages, including noncommitted progenitors, led to the develop-
ment of lymphoblastic leukemia in ~3% (16 of 545 = 2.93%) of
transgenic fish. Leukemia developed with a latency of 8—12 months.

Fig. 3. Leukemic features of TEL-AML1
transgenic zebrafish. (A and B) H&E stain
of sagittal sections from wild-type (A) and
an F1 XEF-EGFP-TA transgenic zebrafish
(B), with diffuse infiltrates of basophilic
blast-like cells, most dense in the kidney
region (arrows indicate head and tail kid-
ney). Leukemic cells infiltrated distal or-
gansincluding the brain (D), ovary (F), liver
(H), and muscle (J), compared with wild-
type sections from these organs (C, E, G,
and /). Peripheral blood smear from wild-
type fish (K) showing normal nucleated
RBCs, lymphocytes, and a monocyte,
whereas a leukemic blood smear (L) shows
clusters of lymphoblasts. The kidney sec-
tion revealed complete infiltration of the
marrow between the tubules shown in low
(N) and high (P) power, compared with

None of the 353 RAG2-drivenTEL-AMLI fish, 125 ZBA- and
RAG2-EGFP fish, or any of several hundred wild-type fish devel-
oped leukemias during the 36-month observation period.

Transgenic fish that developed leukemia were either found dead,
or became moribund with progressive pallor and cachexia and were
killed. Blood smears revealed a total leukocyte count of 38,000—
52,000 cells per pl. Total red cell counts ranged from 0.2 to 3 X 10°
cells per ul. The absolute blood lymphoblastic count was between
34,860 and 50,960 cells per ul, with 92-98% blasts.

Histological sections confirmed the presence of lymphoblastic
leukemia. A representative F; transgenic fish from the XEF-
EGFP-TA line (Fig. 3B) demonstrates dense deposits of small
lymphoid-like blasts. The enlarged head and tail kidney (Fig. 3 B,
N, and P) compared with wild-type (Fig. 3 4, M, and O), and the
anatomical pattern (Fig. 3B) suggests that leukemia originated in
the kidney. Compared with wild-type sections (Fig. 3 C, E, G, I, K,
M, and O), leukemic cells disseminated into distant organs including
the brain (Fig. 3D), ovary (Fig. 3F), liver (Fig. 3H), muscle (Fig. 3/),
and completely replaced the kidney marrow (Fig. 3 N and P).
Peripheral blood smears demonstrated clusters of small basophilic
round neoplastic cells with open chromatin pattern and only a rim
of dark cytoplasm (Fig. 3L). These cells were negative for myelo-
peroxidase (MPO) and periodic acid Schiff (PAS) staining (data
not shown), indicating that they are neither myeloid nor erythro-
leukemic cells. Anti-EGFP immunohistochemistry confirmed the
EGFP expression in these leukemic cells (Fig. 3 Q and R).
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wild-type (M and O). (Q and R) Leukemic cells express EGFP-TEL-AMLT. (Q) No staining without the primary anti-EGFP antibody. (R) TEL-AML1 lymphoblasts
showed strong nuclear and cytoplasmic staining with anti-EGFP antibody (arrows). (Scale bars, 3 mm in A and B; 100 um in C-M and O; and 50 um in N,

P and Q and R.)
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Transplantation of TEL-AMLI1-Induced Leukemia. To investigate
whether leukemic cells from TEL-AMLI transgenic fish would
multiply and propagate the disease to irradiated recipients, we
isolated kidney marrow leukemic cells, constituting 96% of the
marrow, from an XEF-TA leukemic fish. Injection of 5 X 10°
leukemic cells IP into three wild-type recipients 2 days after
conditioning with 25 Gy generated lethal infiltrating leukemias in
recipients. Recipient fish displayed signs of disease between 6 and
9 weeks after transplant, with evidence of infiltrating leukemias
with lymphoblasts morphologically indistinguishable form the pri-
mary donor leukemia (Fig. 9, which is published as supporting
information on the PNAS web site).

TEL-AML1-Induced Leukemias Mimic Childhood CD10* pre-B ALL. To
identify the origin of TEL-AMLI-induced leukemia in transgenic
zebrafish, we subjected five leukemia samples to RT-PCR, followed
by Southern blotting with zebrafish probes against the constant
regions of IgM and TCR-a, the orthologue of human neutral
endopeptidase (NEP) (CD10), RAG2, Ikaros, and SCL (TALI)
(Fig. 44) (Supporting Text, which is published as supporting infor-
mation on the PNAS web site). The leukemic cells were negative for
IgM and TCR-« and expressed the zebrafish NEP (Fig. 4A4). Four
of five leukemias expressed RAG2, and all five were positive for the
lymphoid progenitor marker, Ikaros, and the stem cell marker, SCL
(Fig. 4A4), confirming the lymphoid nature of TEL-AMLI-induced
leukemia. Southern blotting of genomic DNA, treated with the
restriction enzyme BglIl, from five leukemias and hybridization
with probes against [gM and TCR-c, showed an oligoclonal pattern
compared with wild-type (data not shown).

Gene Expression Signature of TEL-AML1-Induced Zebrafish ALL. The
low frequency and long latency before leukemia development in
transgenic zebrafish suggested that secondary mutations were
necessary for transformation. To investigate the variations that
confer a proliferative or survival advantage (30) to TEL-AMLI-
expressing progenitors, we compared tumor suppressor, cell cycle,
and apoptotic gene expression of TEL-AMLI-induced ALL cells
(n = 5) with those of both nonleukemic TEL-AMLI-expressing
marrow cells (n = 10), and wild-type marrow cells (n = 5) (Fig. 4
B-D). RT-PCR analysis of TEL-AMLI-associated leukemias
showed significant down-regulation of the endogenous zebrafish
TEL, and deregulation of zebrafish apoptotic Bcl2, Bcl-xl, and Bax
(Fig. 4B). Down-regulation of zebrafish TEL in four leukemias was
confirmed by analyzing transcript copy numbers using one-step
quantitative real-time RT-PCR (Fig. 4C). Additionally, apoptotic
molecular determinants favoring cell survival with high Bcl2/Bax
ratio were present in three TEL-AMLI leukemias with overexpres-
sion of Bcl2 in two leukemias, and down-regulation of Bax in a third
leukemia (Fig. 4D).

Although the two groups of leukemic and nonleukemic 7EL-
AMLI cells were not found to be statistically significant in expres-
sion of the zebrafish orthologue of INK4 (P16) (Fig. 4B), the
zebrafish tumor suppressors p53, MDM2, pRB, and the cell cycle
check point P2/ and P27 (Kipl) pathways (Fig. 10, which is
published as supporting information on the PNAS web site),
individual expression profiles point to mutations in cell cycle
regulatory pathways. Three of the five leukemias showed down-
regulation of INK4, and two of the three were associated with pRB
down-regulation (Fig. 10).

Discussion

Despite the well described prevalence of the TEL-AML]I fusion in
pre B cell ALL, the leukemic cell of origin and the molecular
pathway of transformation have not been identified. These studies
describing the development of a TEL-AML]I transgenic zebrafish
identify the cellular targets for TEL-AMLI, and elucidate the
potential pathways to transformation.
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Fig. 4. Molecular analysis of TEL-AMLT induced leukemia in transgenic
zebrafish. (A) Southern blotting of RT-PCR products from five leukemia sam-
ples and positive control. (B) Semiquantitative RT-PCR showing the relative
expression of each regulatory gene expressed as a ratio to g-actin to normalize
the number of leukemic blasts. First, the expression range (dotted lines) in
kidney marrow cells from wild-type and nonleukemic TEL-AMLT transgenic
fish was established (C, control; n = 15). The expression levels from each of the
five TEL-AML1 leukemic zebrafish are depicted (L, leukemias n = 5). (C)
Down-regulation of zebrafish TEL transcripts in TEL-AMLT induced leukemia
measured by quantitative one-step real-time RT-PCR. The value is presented as
a ratio normalized to B-actin when a ratio of 1 represents the normalized
expression ratio in wild-type. (D) Apoptotic signal changes in leukemic fish
displayed as the mean (+ SD) transcript copy number relative to p-actin. A
survival determinant high Bc/2/Bax ratio was 7- to 8-fold higher than control
in L2 (*, P = 0.004), L3 (¥, P = 0.0043), and L5 (*, P = 0.0063). Data represent
three independent experiments done in triplicates.

Twin studies pioneered by Greaves have provided the strongest
evidence that childhood leukemia is initiated before birth (5).
Epidemiologic studies (31) and mathematical modeling also sup-
port the fetal initiation of ALL (32). The TEL-AMLI fusion was
detected in 1% of cord blood samples (4), a frequency 1,000-fold
higher than ALL incidence in children, suggesting that secondary
genetic events are involved in transformation.

In the TEL-AMLI transgenic mouse, the expression of TEL-
AMLI was driven by the Ep promoter, active in B-lymphocytes
from the pre-B cell stage to the mature B cells. These mice did not
develop any hematological disorder (7). The observation that none
of the RAG2 zebrafish expressing TEL-AMLI in lymphoid pro-
genitors developed leukemia or progenitor expansion points to a
noncommitted progenitor origin of TEL-AMLI leukemia. RAG
expression, undetectable in mature mouse T and B lymphocytes or
HSC (33), is first detected in the lineage committed AA4.1" HSA™
B220* CD4* CD43" (Hardy fraction Al) pro-B cells (34). The
same fraction was shown to expand in response to TEL-AMLI
expression in the mouse transplant model (9). Together, these data
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indicate that TEL-AMLI1, when expressed in noncommitted pro-
genitors, exerts its differentiation blockade at the transition from
pro-B to pre-B cells. Although there remains the possibility that B
cell maturation in zebrafish is not identical to mammals, this
appears to be an unlikely explanation.

Both TEL and AMLI are commonly involved in chromosomal
rearrangements (1, 35, 36). AMLI is a master regulator of definitive
hematopoiesis (30, 37). TEL-AMLI may exert dominant-
interfering effects on TEL-induced transcriptional repression (28,
38), and inhibit AMLI transcriptional activity (37), altering both
self-renewal and differentiation of HSC (30). These effects on HSC
differentiation would explain the expanded progenitors and the B
cell differentiation deficit observed in both TEL-AML]I transgenic
zebrafish and mouse transplant models (8, 9), and establish TEL-
AMLI as class II mutation impairing differentiation (30).

Distinct expression profiles characterize TEL-AMLI associated
human ALL (39). We examined several genes comprising the
expression signature in TEL-AMLI transgenic fish to determine
whether alterations in the tumor suppressor, apoptotic, or cell cycle
signals were associated with leukemic transformation. The endog-
enous zebrafish TEL (also known as ETV6) was down-regulated
when leukemia developed. TEL is a putative tumor suppressor gene
based on the frequent loss of the normal TEL allele or loss of
heterozygosity (LOH) in leukemia, which may represent a second-
ary event essential for transformation (3, 40). Additionally, our data
demonstrate a deregulated expression of the apoptotic genes Bcl2,
BAX, and Bcl-xI, which Inhibit apoptosis or promote cell cycle arrest
in HSC. Patients with TEL-AMI 1-positive ALL displayed a unique
expression pattern of 16 key apoptosis genes, including Bcl2 family
members (41). This Bcl-2 differential expression may induce an
apoptotic blockage that permits survival and selection of aggressive
clones during tumor clonal evolution. Moreover, AMLI-ETO fu-
sion, another class II mutation associated with AML, activates Bcl-2
transcription by binding to the Bcl-2 promoter (42). Therefore,
apoptotic defects, generated by the differential expression of Bcl2
genes, when coupled with deregulated proliferation (43) induced by
class IT mutations, may trigger leukemic development.

The Ink4 locus in mammals encodes three proteins that modulate
the pRB and tp53 tumor suppressor pathways (44). Loss of the Ink4a
was shown to cooperate with TEL-AML]I to induce leukemia in
mice (11); however, long latency was still required. Similarly, three
of five zebrafish leukemias analyzed expressed lower levels of the
zebrafish Ink4 orthologue. It was predicted that, unlike mammals,
the 53 and pRB pathways are not regulated by a single locus in
puffer fish, Fugu rubripes (45). We found no genomic evidence of
the presence of a p/9-like ARF-encoding potential in the zebrafish
Ink4 locus. In three leukemic fish analyzed, pRB levels were lower
than controls, revealing a defect in the p/6"**—pRB pathway.

TEL-AMLI-induced leukemias were negative for TCR-a and
IgM, expressed the conserved CD10 domain, and the lymphoid
transcription factor Ikaros, a characteristic feature of human
CD10" ALL (46). Of note, all TEL-AMLI-induced leukemias
expressed the stem cell marker SCL, and four of the five leukemias
expressed RAG2, despite the fact that directing TEL-AML]I to the
RAG2-expressing progenitors failed to induce leukemia.

Our data support a multistep model for TEL-AML1-associated
leukemia where TEL-AML1 expression in noncommitted progen-
itors, before the common lymphoid progenitor, generates multiple
long-lived preleukemic clones likely to arrest at the pre-B cell
differentiation stage. Leukemia develops when these preleukemic
clones acquire the capacity for indefinite self-renewing prolifera-
tion by accumulation of mutations and/or epigenetic changes that,
at least in part, increase proliferation and/or block apoptosis of the
leukemic stem cell clone(s).

The identification of possible leukemic pathways in the TEL-
AMLI transgenic zebrafish may further our understanding of the
leukemic process, and potentially lead to the identification of new
therapeutic targets.
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Methods

Zebrafish Maintenance. Wild-type EK and AB* zebrafish (Danio
rerio) were maintained in the National Cancer Institute animal
facility following National Institutes of Health guidelines for care of
small aquatic animals. Adult fish were spawned and reared in
conditioned water at 28.5°C on a 14-h light/10-h dark cycle.
Embryos obtained by spontaneous spawning were collected and
staged as described in the online zebrafish information database
(http://zfin.org) (47).

Generation of TEL-AML1 Transgenic Zebrafish. Five cDNA constructs
were generated (Fig. 1A4) using the highly conserved human
TEL-AMLI fusion cDNA encompassing the first five exons of TEL
(encoding residues 1-133) and the full-length splice variant of
AMLI (AML1-c) exons 2-8 (encoding amino acids 21-479) (35).
TEL-AMLI fusion was generated by PCR from Reh cell template
based on sequences from TEL-AMLI patients (35). In the EGFP
fusion constructs, TEL-AML1 was fused in-frame to the C terminus
of EGFP (Supporting Text). For ubiquitous expression, a 0.7-kb
fragment of Xenopus EFla promoter (24) and a 4.5-kb fragment
(H.-J.T., unpublished data) modified from the zebrafish B-actin
promoter (23) were used. The 6.5-kb zebrafish Rag2 promoter (25)
was used to target TEL-AML1 expression to lymphoid progenitors.
The TEL-AML 1-containing vectors were linearized immediately 5’
to the promoter sequences, and each were microinjected at a
concentration of 20-100 ng/ul into one- to two-cell stage zebrafish
embryos. The injected fish were selected by the uniform dye
distribution for TEL-AMLI constructs or EGFP expression for
EGFP-TEL-AMLI constructs, and were grown to maturity. Poten-
tial founders were bred with wild-type fish, and embryos expressing
EGFP were selected at 24 h postfertilization for the ZBA-
EGFP-TA line, and in the thymic cells at 7 dpf in RAG2-EGFP-TA
line, whereas in lines without EGFP, transgenic founders and
progeny were identified by detecting TEL-AMLI by PCR (Sup-
porting Text).

RT-PCR Analysis of TEL-AML1 Transcripts. Fertilized eggs from the
breeding of a positive male with a wild-type female were collected,
and total RNA from 10-20 embryos was extracted. In both the
RAG2-TA and RAG2-EGFP-TA lines, adult fish were anesthe-
tized with tricaine methane sulfonate (MS 222, Argent Laborato-
ries, Redmond, WA), the heart, muscle, kidney, and thymus were
separated and immediately frozen in liquid nitrogen. Total RNA
from embryos or adult tissue was used as template for One-step
RT-PCR (Invitrogen, Carlsbad, CA) (Supporting Text). RT-PCR
conditions were as follows: 42°C for 50 min, 95°C for 5 min, 35 cycles
of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min, then 72°C for 10 min.

FACS Analysis. Kidney marrow progenitors were determined by flow
cytometry (FACSCaliber, BD Immune-Cytometry, San Jose, CA),
and were collected, whereas dead cells, erythrocytes, granulocytes,
and lymphocytes were excluded based on propidium iodide or
DRAQS uptake, forward angle light scatter, or 90° side scatter, as
described (27). Briefly, kidney marrow cells from adult male
wild-type, control EGFP, or TEL-AMLI transgenic fish were
resuspended in ice-cold 0.9% PBS with 10% FBS and passed
through a 40-um filter. Cells were washed in ice-cold 0.9% PBS with
10% FBS and stained with either 5 uM DRAQS (Biostatus,
Leicestershire, U.K.) or 1 ug/ml propidium iodide (Sigma, St.
Louis, MO) to exclude dead cells, and progenitor fractions were
sorted and used for the clonogenic assays.

Mitogen-Induced B Cell Colony-Forming Assays. FACS analysis was
based on forward and side scatter (27) and on EGFP expression
from the ZBA-EGFP-TA and the RAG2-EGFP-TA transgenic
fish compared with wild-type and ZBA-EGFP control fish. Cells
were prestimulated for 24 h in Dulbecco’s Modification of Eagle’s
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Medium/Ham’s F-12 1/1 Mix (DMEM/F12) containing 15% heat
inactivated carp serum (SeaGrow, Eastcoast Bio, North Berwick,
ME), and then plated in 12 replicates at 5 X 10* cells in Bacto agar
(BD Biosciences, San Jose, CA) under B cell differentiation con-
ditions (29). Briefly, cells were cultured in 0.3% Bacto agar in
DMEM/F12 containing 7.5% carp serum, 7.5% FBS, 50 uM
2-mercaptoethanol, 100 uM MEM nonessential amino acids, with
292 ug/ml L-glutamine and 1 mM sodium pyruvate, 1% penicillin
and streptomycin, and supplemented with 25 pg/ml LPS from
Salmonella typhi (Sigma). Cells were plated in 0.5-ml volume in
24-well plates and cultured in a humidified incubator at 28°C, 5%
CO;, in air. Colonies containing 50 cells or more were counted at
days 6-8, plates were fixed and stained with May—Grunwald/
Giemsa.

Southern Analysis and RT-PCR of Leukemic Cells. Leukemic cells were
separated from the kidney marrow or by cardiac puncture.
Genomic DNA was digested with BglIl, whereas RNA was ex-
tracted by using TRIzol (Invitrogen) and subjected to one-step
RT-PCR or cDNA synthesis (Supporting Text). The resolved DNA
or RT-PCR products were transferred to nylon membranes and
hybridized with zebrafish probes against Tcr-a and IgM constant
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regions, RAG2, Ikaros, SCL, and the neutral endopeptidase (NEP)
(CD10) conserved zebrafish domain. All probes were amplified by
PCR from 1- or 7-dpf zebrafish cDNA library, cloned in TOPO
vectors (Supporting Text), then labeled with alkaline phosphatase by
using the universal linkage system (Amersham Pharmacia, Piscat-
away, NJ). One-step quantitative real-time RT-PCR analyses were
done by using the Lightcycler (Roche, Basel, Switzerland) as
described (48) starting with a reverse transcription cycle of 48°C for
30 min.

Leukemic Cell Transplantation into Irradiated Wild-Type Adults. A
leukemic 12-month-old transgenic F2 XEF-TA fish was killed,
and leukemic cells were transplanted to wild-type recipients as
described (27). Briefly, three recipient fish were anesthetized,
sublethally irradiated with 25 GY (from a '3’Cs source), and
injected i.p. 2 days after irradiation with 5 X 103 total kidney
cells. Diseased fish were killed, and blood smears and histolog-
ical analysis showed evidence of leukemia.
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