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The chimeric transcription factor E2a-HIf is an oncoprotein associated with a subset of acute lymphoblastic
leukemias of early B-lineage derivation. We employed a retroviral transduction-transplantation approach to
evaluate the oncogenic effects of E2a-HIf on murine B-cell progenitors harvested from adult bone marrow.
Expression of E2a-HIf induced short-lived clusters of primary hematopoietic cells but no long-term growth on
preformed bone marrow stromal cell layers comprised of the AC6.21 cell line. Coexpression with Bcl-2, how-
ever, resulted in the sustained self-renewal of early preB-I cells that required stromal and interleukin-7 (IL-7)
support for growth in vitro. Immortalized cells were unable to induce leukemias after transplantation into
nonirradiated syngeneic hosts, unlike the leukemic properties and cytokine independence of preB-I cells
transformed by p190®“-*" under identical in vitro conditions. However, bone marrow cells expressing E2a-HIf
in combination with Bcl-2, but not E2a-HIf alone, induced leukemias in irradiated recipients with long
latencies, demonstrating both a requirement for suppression of apoptosis and the need for further secondary
mutations in leukemia pathogenesis. Coexpression of IL-7 substituted for Bcl-2 to induce the in vitro growth
of pre-B cells expressing E2a-HIf, but leukemic conversion required additional abrogation of undefined stromal
requirements and was associated with alterations in the Arf/Mdm2/p53 pathway. Thus, E2a-HIf enhances the
self-renewal of bone marrow B-cell progenitors without inciting a p5S3 tumor surveillance response or abro-
gating stromal and cytokine requirements for growth, which are nevertheless abrogated during progression to

a leukemogenic phenotype.

B-lineage acute lymphoblastic leukemias (ALLs) are diverse
in their biological and clinical manifestations, but they invari-
ably reflect a major disruption in the orderly process by which
B-cell progenitors differentiate from pluripotent stem cells
within the bone marrow microenvironment (22). This matura-
tion program is normally dependent upon interactions with
stromal cells that help guide B-cell precursors through various
checkpoints in the assembly and expression of immunoglobulin
genes by providing survival and growth signals (1, 30). It is now
clear that a wide variety of acquired genetic abnormalities can
disrupt B-cell maturation and lead to leukemic transformation.
However, little is known regarding how these genetic abnor-
malities subvert the normal programs of B-lineage develop-
ment and alter the survival of normally apoptosis-prone pro-
genitors. It is also unclear to what extent stromal cell-derived
signals are required during the origin of leukemic B-cell pre-
cursors and whether eventual abrogation of stromal depen-
dence plays a significant role in the pathogenesis of ALLs.

Many of the genetic abnormalities in B cell precursor ALLs
are recurrent chromosomal translocations that create fusion
genes encoding chimeric kinases or transcription factors (23).
An uncommon but well-studied chimera is E2a-HIf, a basic-
leucine zipper DNA-binding protein that contains the heter-
ologous E2a transactivation domains as a consequence of t(17;
19) chromosomal translocations in a subset of pediatric ALLs
(11, 14). Gene transfer and candidate target gene studies sug-
gest an oncogenic role for E2a-HIf through induction of apo-
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ptotic resistance. E2a-HIf prevents apoptosis after cytokine
withdrawal in interleukin-3 (IL-3)-dependent pro-B-cell lines,
possibly through effects on several subordinate pathways (13,
15, 16). One of its candidate target genes, SLUG, also mediates
apoptotic resistance and shares similarity with Ces/, which
functions downstream of Ces2 to modulate survival of a rare
neuronal cell population in Caenorhabditis elegans (17). Since
HIf itself shares limited similarity with Ces2, E2a-HIf may
inappropriately activate a conserved signaling pathway that
both worms and B-cell precursors use for modulation of cell
survival. An alternative oncogenic role for E2a-HIf is suggested
by studies in transgenic murine models where it appears to
antagonize lymphoid differentiation in the course of inducing
primarily T-lineage malignancies (9, 33). Due to the limitations
of previously employed experimental systems, it remains un-
clear which of the several roles ascribed to E2a-HIf are more
relevant for B cell precursor leukemogenesis and how E2a-HIf
may disrupt the normal program of lymphopoiesis.

In this report we evaluated the oncogenic contributions of
E2a-HIf employing an in vitro culture system that recapitu-
lates the origin of B-cell precursor ALL from a bone marrow
stromal microenvironment. Under these conditions, E2a-HIf
required coexpression with Bcl-2, a general suppressor of apo-
ptosis, to immortalize bone marrow pre-B cells, which main-
tained their stromal and cytokine requirements for growth.
Abrogation of stroma and cytokine dependence was associated
with leukemic progression, suggesting a multistep model for
induction of B-cell precursor ALL initiated by E2a-HIf.

MATERIALS AND METHODS

Design and production of retroviral constructs. The MSCV-EH retroviral
construct was made by inserting a 2-kb fragment of the E24-HLF cDNA, con-
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taining its entire open reading frame (12), by blunt-end ligation into the EcoRI
site of the retroviral vector MSCV-neo (8). MSCV-BIEH contained the human
BCL2 and E2A-HLF cDNAs linked by an JRES element from the encephalo-
myocarditis virus (19). To create an in-frame IRES-E2A-HLF junction, PCR was
used to replace the initiator ATG codon of E24-HLF with the MscI site of the
IRES element. The IRES and E2A4-HLF fragments were joined at the MsclI site
by ligation, and the resulting IRES-E2A-HLF fragment was blunt-end cloned into
the unique Hpal site of MSCV-neo. An 850-bp cDNA encoding human Bcl-2 (2)
was then ligated into the upstream EcoRI site of MSCV-neo/IRES-E2A-HLF to
yield MSCV-BiEH. To create the MSCV-neo/p190BAY! retrovirus, a 5-kb
c¢DNA containing the BCR-ABL coding region was blunt-end ligated into the
unique EcoRI site of MSCV-neo. MSCV-puro-IL-7 and MSCV-neo-IL-7 were
constructed by ligating a 550-bp BamHI fragment containing the IL-7 open
reading frame into the Bg/II site of MSCV-puromycin and MSCV-neo, respec-
tively. The MSCV-neo IL-7-IRES-E2A-HLF construct was produced by blunt-
end ligating the IRES-E2A-HLF fragment into the Hpal site of MSCV-neo-IL-7.

Retroviral stocks were produced by transfecting the Phoenix packaging cell
line with 10 pg of purified plasmid DNA (27). Retrovirus-containing superna-
tants were collected 48 h later, filtered, and used for infection of primary bone
marrow cells. Viral titers were determined by transfer of neomycin resistance to
NIH 3T3 cells after infection with retroviral supernatants as described previously
(21).

Isolation and transduction of B-cell progenitors. In vitro bone marrow cul-
tures were performed on monolayers of the stromal cell line AC-6.21 (34). To
allow selection for transduced bone marrow cells, AC-6.21 cells were converted
to neomycin and puromycin (or neomycin and hygromycin) resistance by retro-
viral transduction with MSCV-neo and MSCV-puro (or MSCV-hygro) vectors,
respectively. Stromal cells were maintained in RPMI 1640-5% fetal calf serum
and 5 X 107° M B-mercaptoethanol (R-5). On the day prior to bone marrow
transduction, drug-resistant AC-6.21 cells were plated in six-well plates at a
density of 5 X 10°/well and then irradiated (3,000 rads) by using a gamma (*3’Cs)
source. Primary bone marrow cells were isolated from 3.5-week-old BALB/c
donor mice under sterile conditions. Bone marrow cells (4 X 10°) were mixed
with 1.0 ml of viral stock (ca. 107 PFU) supplemented with 4 pg of Polybrene/ml
and spinoculated at 2,500 rpm for 2 h at 33°C. The spinoculated bone marrow
cells were resuspended in R-5 medium, and equal numbers were plated into two
replicate wells containing irradiated AC-6.21 stromal cells. Selection for drug-
resistant colonies was initiated after 5 days. Cultures were fed weekly by carefully
replacing half of the medium with fresh R-5 containing appropriate antibiotics
(800 pg of G418/ml, and/or 1 pg of puromycin/ml, and/or 150 wg of hygromycin/
ml). Growth of lymphoid cells overlying the stromal layer was assessed by using
a manual hemocytometer after their removal by gentle pipetting.

Methylcellulose assays. Stromal contact and IL-7 requirements for growth
were evaluated by using methylcellulose assays. Lymphoid cells were removed
from the underlying stromal layer by gentle pipetting and then suspended (at 2.5,
5,and 7.5 X 10* cells/well) in methylcellulose medium with or without exogenous
IL-7 (StemCell Technologies, Vancouver, British Columbia, Canada). Colonies
were enumerated by light microscopy. Colonies that grew in the presence of
supplemental IL-7 were transferred to liquid medium containing RPMI 1640-
10% fetal calf serum supplemented with 1 ng of murine IL-7 (R&D Systems,
Minneapolis, Minn.)/ml and 5 X 10~° M B-mercaptoethanol (R-10/7). Cytokine-
dependent cells were maintained in R-10/7.

Leukemogenicity assays. Syngeneic, nonirradiated 4-week-old BALB/c mice
were used to evaluate the leukemogenic potential of immortalized cells from in
vitro bone marrow cultures. Mice were injected intravenous (i.v.) with 10° cul-
tured lymphoid cells, and development of leukemia was monitored by periodic
assessment of peripheral blood cell counts and morphology. Blood smears were
fixed and stained with May-Grunwald and counterstained with Giemsa (Fluka
Chemika/Sigma-Aldrich, St. Louis, Mo.). To study the leukemogenic potential in
vivo of freshly isolated hematopoietic cells transduced with E24-HLF retroviral
constructs, lethally irradiated BALB/c mice (two equal doses of 495 rads of
X-irradiation) were injected i.v. with 10° bone marrow cells (in 0.1 ml of R-5)
subjected to spinoculation as described above. Leukemogenic potential was
assessed periodically by morphological staining of blood cells obtained from tail
bleeds. Moribund animals were euthanized by CO, inhalation and tissues were
removed for in vitro culture, Western blots, Southern blots, fluorescence-acti-
vated cell sorting (FACS) analysis or histologic examination (after fixation in
buffered formalin and staining with hematoxylin and eosin). Leukemic cells were
plated in vitro in R-10 medium with or without IL-7 to assess growth and
cytokine requirements. Transplantability of leukemias was analyzed by injecting
10° nucleated cells from primary diseased mice i.v. into five nonirradiated sec-
ondary BALB/c recipient mice. Secondary leukemias were also evaluated for
phenotypes and in vitro dependence on IL-7 for growth. All animals were bred
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and maintained in the Stanford University Research Animal Facility. Irradiated
animals were maintained on a regimen of double antibiotic water solution (poly-
myxin-B sulfate, 850 U/ml; neomycin, 10% final concentration) throughout the
duration of the experiments.

DNA and protein analysis. DNA was isolated from fresh cells or tissues,
digested with appropriate restriction enzymes, and analyzed by Southern blot
hybridization by using standard methods. Probes for the mouse IgH-Jy4 and
IgL-J«5 have described previously (3). Protein extracts were prepared from cells
or tissues by boiling in 1X sample buffer for 10 min. The extracts were then
sonicated and protein concentration determined by UV spectroscopy (i.e., the
optical density at 280 nm). Total cellular proteins (30 to 50 pg) were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then analyzed
by Western blotting with monoclonal antibodies specific for E2a (18), Abl or p53
(clone AB-7; Calbiochem, Boston, Mass.), murine IL-7 (PeproTech, Rocky Hill,
N.J.), human Bcl-2 (Dako, Carpinteria, Calif.), pl9*R (Novus Biologicals,
Littleton, Colo.), or Mdm?2 (clone C-18; Santa Cruz Biotechnology, Santa Cruz,
Calif.) as previously described (32). Immunoreactive proteins were visualized by
enhanced chemiluminescence (Amersham Pharmacia Biotech, Inc., Piscataway,
N.J.). Antibody specific for mutant p53 (clone PAB 240; Neomarkers, Fremont,
Calif.) was used for immunoprecipitation.

Fluorescence-activated flow cytometric analysis. FACS analysis was per-
formed as previously described (33) with antibodies purchased from Pharmingen
Research Products (San Diego, Calif.). Specificities of antibodies were as fol-
lows: fluorescein isothiocyanate-conjugated S7 (anti-CD43), allophycocyanin-
conjugated RA3-6B2 (anti-B220), phycoerythrin-conjugated M1/69 (anti-CD24/
HSA), biotinylated 6C3/BP1 (anti-Ly51), phycoerythrin-conjugated DS-1 (anti-
IgM, biotinylated RB6/8C5 (anti-Grl), fluorescein isothiocyanate-conjugated
M1/70 (anti-Macl), and avidin-conjugated Texas red.

RESULTS

Altered in vitro growth of primary bone marrow cells trans-
duced with E2A-HLF. A retroviral transduction-transplanta-
tion approach was used to evaluate the effects of E2a-HIf on
the growth properties of primary B-cell progenitors and com-
pared with those of p190“4"! (Fig. 1). Recombinant retrovi-
ruses that expressed the E24-HLF (MSCV-EH) or BCR-ABL
(MSCV-p190) cDNAs under transcriptional control of the
long terminal repeat were used to infect primary bone marrow
cells isolated from BALB/c donor mice. Transduced cells were
plated on feeder layers consisting of the irradiated stromal cell
line AC-6.21 and then selected for G418 resistance. Within 2
weeks of plating, distinct G418-resistant clusters of lymphoid
cells were observed on the underlying stromal layer in cultures
initiated by cells transduced with MSCV-p190 (data not
shown). The individual cell clusters rapidly coalesced and grew
to confluence by 2 to 3 weeks (Fig. 2B) similar to previous
studies with primary stromal cell layers (25). Bone marrow
cells infected with MSCV-E2A-HLF initially formed similar
small clusters within the same time frame but then died with
morphological features of apoptosis prior to expansion and
coalescence of the colonies (Fig. 2A).

To prevent cell death that appeared to be triggered by E2a-
HIf under these culture conditions, we coexpressed BCL2 with
E2A-HLF as a bicistronic transcript by using an internal ribo-
some entry site (IRES) element in the MSCV vector (MSCV-
BiEH in Fig. 1A). Cells transduced with MSCV-BiEH formed
clusters on the stromal layer within 2 weeks (Fig. 2A), contin-
ued to expand, and grew to confluence within 4 to 5 weeks.
Growth was less robust than that observed in the BCR-ABL
cultures, but overall cell numbers increased at least 50-fold by
40 days in culture (contrasted with a 65-fold increase at day 18
for the BCR-ABL cultures) (Fig. 2B). Cultures initiated with
the MSCV vector alone or MSCV-BCL2 did not result in
formation of G418-resistant cell clusters on the underlying
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FIG. 1. Design of retroviral constructs and experimental strategy
for transduction-transplantation of primary bone marrow cells. (A)
Schematic illustrations of the retroviral vectors employed. Restriction
enzyme sites: E, EcoRI; H, Hpal. (B) Experimental scheme employed
for transduction of B-cell precusors and their in vitro and in vivo
characterization.

stromal layer. Both BiEH- and p190-initiated cultures could be
maintained indefinitely (>30 population doublings) by serial
passage of overlying cells onto fresh layers of AC-6.21 stromal
cells. High-level expression of human Bcl-2 and E2a-HIf was
observed in the MSCV-BIiEH initiated cells and p190BA! in
the MSCV-p190 cells, respectively, by Western blot analyses
(Fig. 3A). Therefore, coexpression of E2a-HIf and Bcl-2 ap-
peared to be capable of immortalizing primary bone marrow
cells in vitro.

Primary bone marrow cells immortalized by E2A-HLF +
BCL2 are stroma- and IL-7-dependent B-cell progenitors.
Cells from eight independently initiated BiEH cultures and
four p190 cultures expressed the pan-B-cell marker CD45R/
B220, indicating derivation from the B-lymphoid lineage (rep-
resentative cases shown in Fig. 3C). Primary BiEH cultures
appeared somewhat heterogeneous in phenotypic compo-
sition. The predominant cellular population expressed S7
(CD43) and HSA(CD24) but lacked BP1 and surface IgM.
Most cells in the p190 cultures displayed a similar phenotype
with expression of BP1. By Southern blot analyses, cells from
BiEH primary cultures displayed several rearranged IgH genes
and germ line Igk genes (Fig. 3B and Table 1, BIEH.3-SD and
BiEH.4-SD), suggesting an oligoclonal population of B lineage
progenitors. In contrast, the cells in p190 primary cultures
displayed one or two clonal IgH gene rearrangements, germ
line Igk genes and single proviral integrations.

Stromal contact and cytokine requirements were evaluated
by plating immortalized cells in methylcellulose in the presence
or absence of IL-7. p190-transduced cells formed colonies with
high plating efficiencies in methylcellulose (Fig. 4) in the ab-
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FIG. 2. Effects of E2a-HIf compared with p190BA"! on the in vitro
growth of primary bone marrow progenitors. (A) Typical colonies
arising on the underlying stromal layer in primary bone marrow cul-
tures 2 weeks after initiation with cells transduced by MSCV-E2A-
HLF (left) and MSCV-BIiEH (right). Clusters of viable and apopotic
cells are indicated by black and white arrows, respectively. (B) Effects
of BCR-ABL and E2A-HLF + BCL2 on the in vitro growth of hema-
topoietic cells. Each point represents the fold increase in number
(mean of triplicate determinations) of cells adherent to the underlying
AC-6.21 stromal layer.

sence of exogenous IL-7 and readily adapted to growth in
liquid medium. This contrasted with BiEH cells, which typi-
cally displayed plating efficiencies of <0.1% in methylcellulose
even in the presence of exogenous IL-7 (Fig. 4, BIEH.1 to
BiEH.4). The surface phenotypes, Ig gene configurations, and
stromal and IL-7 dependence of BiEH-transduced cells were
consistent with maturational arrest at an early pre-B-I stage of
differentiation (fraction B in reference 7). Conversely, p190-
transduced cells, which also displayed a pre-B-I phenotype
(fraction C), were IL-7 and stroma independent. Since pre-B-I
cells are normally dependent on IL-7 and stroma (7), one effect
of p190, but not E2a-HIf, was to abrogate these requirements.
Progenitor B cells immortalized by E2A-HLF + BCL2 do
not induce leukemias in nonirradiated hosts. The leukemo-
genic potentials of BiIEH and p190 immortalized pre-B cells
were tested in syngeneic, nonirradiated BALB/c recipients.
Mice injected with BiEH-transduced cells (BIEH.1, BIEH.2,
BIEH.3, and BIEH.4) did not develop leukemias over an ob-
servation period of at least 6 months (Fig. 5). In contrast,
p190-transduced cells (lines p190.1 and p190.2) were highly
efficient in inducing leukemias (Fig. 5), with all recipients suc-
cumbing between 15 and 22 days posttransplant with tachy-
pnea and hepatosplenomegaly. Peripheral blood showed nu-
merous cells with blast-like morphology (Fig. 5A), which also
infiltrated the bone marrow and extramedullary sites.
Acquisition of stoma and IL-7 independence is associated
with leukemogenicity of E2A-HLF + BCL2-transduced cells.
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FIG. 3. Transgene expression, genotypes, and phenotypes of transduced cells. (A) Western blot analysis of total cellular proteins isolated from
cells growing in bone marrow cultures initiated with BiEH (left lane) or p190 (right lane). Antibodies are indicated below the gel lanes.
(B) Southern blot analysis of genomic DNA isolated from transduced cells. Sources of DNA are indicated above the respective gel lanes. Identities
of DNA probes are denoted below the panels. DNA was digested with Xbal for Ig gene analyses. Retroviral integration patterns were analyzed
by using BamHI, which cleaves the proviruses once, allowing detection of DNA fragments whose size varies with the site of integration. (C) Flow
cytometric analysis of surface antigen expression by cells growing in representative bone marrow cultures transduced by BiEH (upper row) or p190
(lower row). (D) Flow cytometric and Southern blot analyses for bone marrow cultures initiated by cells transduced with 7iEH.

The potential relationship of the contrasting leukemic poten-
tials of p190- and BiEH-immortalized cells with their different
IL-7 and stromal requirements was further investigated. Sub-
clones of BiEH-immortalized cells that no longer required
stromal contact were isolated by adapting the cells from four
cultures (BiEH.1 to BiEH.4) to growth in liquid medium sup-
plemented with murine IL-7. These sublines were clonal based
on Ig gene configurations, and all but one (BiEH.2-SI) retained
a preB-I phenotype (Table 1). Subsequent plating in methyl-
cellulose showed that the sublines were capable of forming
colonies (55 to 95% cloning efficiencies) in the presence but
not absence of IL-7 (Fig. 4). Attempts to derive IL-7-indepen-
dent sublines by transfer of BiEH cells to liquid medium sup-
plemented with 10% serum were less successful but yielded
one line (BiEH.5) that was not dependent on IL-7. BiEH.5
cells displayed a high clonogenic potential in methylcellulose
without exogenous IL-7 (Fig. 4) and displayed an atypical B-

lineage phenotype (B220" S7~ BP1" IgM'®) and genotype
(Fig. 3B) that did not appear representative of normal B-
lineage precursors.

The leukemogenic potentials of the stroma-independent
(BiEH.1-SI, BiEH.2-SI, BiEH.3-SI, and BiEH.4-SI) and IL-7-
independent (BiEH.5) cells were tested in syngeneic, nonirra-
diated recipients. BIEH.5 cells induced fatal leukemias with a
latency of 2 to 3 weeks (Fig. 4 and 5). The pathological and
cytologic features of the leukemias were comparable to those
described above for p190-associated disease. In contrast,
the stroma-independent, IL-7-dependent lines (BiEH.1-SI,
BiEH.2-SI, BiEH.3-SI, and BiEH.4-SI) were nonleukemogenic
under these conditions (Fig. 4 and 5B).

To address whether leukemogenicity required abrogation of
the IL-7 cytokine requirement, stroma-independent cells were
transduced with a retroviral construct expressing murine IL-7
under control of the MSCV LTR (Fig. 1A). After selection of
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TABLE 1. Characteristics of immortalized cells
Growth Syngeneic, nonirradiated
Cell line Phenotype Genotype? requirements recipients
IL-7 AC-6.21 stroma Leukemia® Latency (wk)
BiEH.3-SD B220* CD43" CD24" BP1™ IgM~ IgHM, IgLG + + - NA“
BiEH.4-SD B220" CD43" CD24* BP1™ IgM~ IgHM, IgLG + + - NA
BiEH.1-SI B220* CD43" CD24" BP1™ IgM~ IgHR, IgLR + - - NA
BiEH.2-SI B220" CD43" CD24* BP1* IgM™ IgHR, IgLR + — - NA
BiEH.3-SI B220* CD43" CD24" BP1™ IgM~ IgHR, IgLG + - - NA
BiEH.4-SI B220" CD43" CD24* BP1™ IgM~ IgHR, IgLG + — - NA
BiEH.5 B220" CD43* CD24* BP1* Ing" IgHR, IgLR - - + 34
p190.1 B220" CD43" CD24* BP1* IgM~ IgHR, IgLG - — + 2-3
TiEH-SD B220* CD43" CD24" BP1* IgM ™ IgHM, IgLG - + - NA
TiEH-SI B220" CD43" CD24* BP1* IgM~ IgHR, IgLG - — + 2-3

@ IgHM, multiple immunoglobulin heavy-chain gene rearrangements; IgH®, one or two immunoglobulin heavy-chain gene rearrangements; IgL®, germ line

immunoglobulin light-chain gene configuration.
b That is, 10° cells injected i.v.
¢ NA, not applicable.

stable transductants for resistance to puromycin, the resulting
cells (BiEH.1-IL-7 and BiEH.2-IL-7) expressed exogenous
IL-7 that was released into the culture medium (not shown).
These lines displayed high clonogenic potentials in methylcel-
lulose lacking added IL-7 (Fig. 4) and grew in liquid medium
containing serum in contrast to their respective parental lines.
Both lines induced rapidly fatal leukemias in recipient mice
(Fig. 4). The disease latencies, pathology, and cytology were
comparable to those observed in animals with BiEH.5 and
p190 disease (Fig. 4 and data not shown). Taken together, our
observations strongly suggested that abrogation of IL-7 depen-
dence was a requirement for induction of aggressive leukemias
by cells immortalized through the combined actions of E2A4-
HLF + BCL2.

Coexpression of IL-7 with E2a-HIf is not sufficient to induce
pre-B-cell leukemias. We investigated whether forced expres-
sion of IL-7 could substitute for Bcl-2 in collaborating with
E2a-HIf to immortalize pre-B-I cells and facilitate develop-
ment of acute leukemias. Primary bone marrow cells were
transduced with MSCV constructs expressing either IL-7 or
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FIG. 4. Stroma and IL-7 dependence correlated with leukemogenic
potential of E2A-HLF/BCL2-transduced B-cell progenitors. Cells
were cultured in methylcellulose with or without exogenous IL-7 as
indicated at the top. Identities of various transduced cell populations,
cell lines, and leukemias are indicated at the left. Cloning efficiencies
were determined by examination under light microscopy at day 14.
Leukemogenic potentials and latencies in immunocompetent, synge-
neic recipients are indicated to the right.

IL-7-IRES-E2A-HLF (7iEH) or the control IL-7+BCL2 and
plated on AC-6.21 stromal cells. Robust growth under these
conditions was observed for cells transduced with these con-
structs. Phenotype analyses showed that the cultures were pre-
dominantly comprised of pre-B-I cells (Table 1) with some
heterogeneity in cell compositions (Fig. 3D). Southern blot
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FIG. 5. Development of leukemia in mice transplanted with E2A-
HLF/BCL2 or p1905A"" immortalized cells. (A) Wright-Giemsa-
stained preparations of peripheral blood showing leukemia cells with
morphological features of lymphoid blasts in animals injected with
p190 (left) or BiEH (right) transduced cells. (B) Survival of mice
transplanted with cells immortalized by various retroviral constructs. A
total of 10° cells from the indicated cell lines were injected into im-
munocompetent, syngeneic BALB/c mice. Numbers of mice in each
cohort are denoted in parentheses.
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FIG. 6. Summary of growth alterations induced by various genes transduced into primary B-cell progenitors.

analyses showed multiple IgH gene rearrangements in the ab-
sence of IglL rearrangements consistent with an oligoclonal
pre-B-I population (Fig. 3D and Table 1). Despite their vigor-
ous in vitro growth, however, cells expressing /L-7 alone, IL-
7+BCL2, or IL-7 + E2A-HLF were incapable of inducing
leukemias in syngeneic, immunocompetent mice over an ob-
servation period in excess of 6 months. Thus, IL-7 could sub-
stitute for Bcl-2 to allow the in vitro growth of pre-B cells
expressing E2a-HIf, but the combined actions of IL-7 and
E2a-HIf were insufficient for leukemic conversion.

Cells expressing IL-7 + E2A-HLF preferred growth on
stroma but could be adapted to growth in liquid culture with-
out stroma. Pre-B cells expressing ectopic IL-7+BCL2, or IL-7
alone, in contrast, did not grow in the absence of stroma. In
liquid culture, IL-7/E2A-HLF cells (7iEH-SI) maintained a
pre-B-I phenotype. However, FACS analysis showed a more
homogenous expression of surface antigens, and Southern blot
analyses revealed a single IgH gene rearrangement (Fig. 3D),
indicating that they had undergone a clonal selection in the
process of adapting to growth in the absence of stroma. Injec-
tion of these cells into syngeneic, nonirradiated mice resulted
in the rapid induction of fatal leukemias in all recipients within
3 weeks. Taken together, these results suggested that coexpres-
sion of IL-7 and E2a-HIf was not sufficient for induction of
pre-B-cell leukemias due to the requirement for yet an addi-
tional event that appeared to correlate with stroma indepen-
dence.

Stromal independence is associated with p53 pathway alter-
ations. We investigated whether the clonal selections occurring
at different points in the evolution of E2a-Hlf-associated leu-
kemias in vitro (summarized in Fig. 6) may involve inactivation
of the p53 apoptosis and tumor surveillance pathway. Western
blot analyses of Arf, Mdm?2, and p53 expression were per-
formed on various cell lines that differed in their stroma and

cytokine requirements and leukemogenic potentials. Stroma-
dependent cells immortalized by E2a-HIf in combination with
Bcl2 (BiEH.3 and BiEH.4) lacked expression of all three pro-
teins above background levels. However, clonal sublines that
had been selected for growth in the absence of stroma
(BiEH.3-SI and BiEH.4-SI) expressed abundant Arf and
Mdm?2 (Fig. 7A, compare lanes 1 and 3 with lanes 2 and 4).
Similarly, stroma-dependent cells immortalized by E2a-HIf +
IL-7 (7iEH-SD) lacked detectable Arf, Mdm2, or p53, whereas
a stroma-independent subclone (7iEH-SI) expressed mutated
p53 that reacts with a conformation-dependent monoclonal
antibody (Fig. 7A, lanes 6 and 7, and Fig. 7B). Immortalized
cells expressing abundant Arf and Mdm?2 (e.g., BIEH.3-SI and
BiEH.4-SI) were not leukemogenic if they retained a require-
ment for exogenous IL-7. Cells capable of inducing leukemias
with short latencies in syngeneic hosts, however, harbored de-
tectable alterations in the Arf/Mdm2/p53 pathway, evidenced
by expression of high level Arf and/or Mdm2 and mutant p53
(7iEH-SI and BiEH.5) (Fig. 7). Leukemias arising de novo
after transplantation of cells freshly transduced with E2a-HIf +
Bcl2 (see below) also expressed abundant Arf and Mdm?2 (e.g.,
BiEH-L4 in Fig. 7A, lane 13). Cells immortalized by p190
expressed Arf and p53 (Fig. 7A, lanes 10 to 12), although p53
mutant status was not determined. Taken together, these ob-
servations indicated that alterations of the Arf/Mdm2/p53
pathway were a consistent feature of E2a-HIf associated leu-
kemogenesis and typically arose in vitro during selection for
stroma-independent growth.

Leukemic conversion of freshly isolated B cells transduced
by E2A-HLF + BCL2. The leukemogenic potentials of trans-
duced bone marrow cells were also tested in lethally irradiated
recipients. BALB/c mice were transplanted with 10° bone mar-
row cells after infection with MSCV-E2A-HLF or MSCV-
BiEH. Similar transplants were performed with bone marrow
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FIG. 7. p53 pathway alterations correlate with stroma-independent
growth of B-cell progenitors immmortalized by E2a-HIf. (A) Western
blot analysis of total cellular proteins isolated from cells growing in
bone marrow cultures (identities indicated above gel lanes). Antibod-
ies are indicated to the right of gel lanes. (B) Western blot analysis was
performed with a sheep anti-p53 serum on immune complexes result-
ing from immunoprecipitation with a monoclonal antibody that recog-
nizes an epitope exposed by conformational changes associated with a
subset of p53 missense mutations (6).

cells infected by MSCV-p190 or MSCV as positive and nega-
tive controls, respectively. All mice transplanted with MSCV-
p190 developed lymphoid leukemias within 21 to 22 days (Fig.
8A and Table 2). Disease was characterized by high numbers of
clonal B220" IgM ™~ blasts in the peripheral blood and exten-
sive extramedullary disease (Table 2). In comparison, 5 of 10
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animals (50%) transplanted with MSCV-BiEH transduced
cells developed lymphoid leukemias with latencies of 70 to 110
days (Fig. 8A to C). None of the animals transplanted with
cells tranduced with MSCV-E2A-HLF or MSCV developed
disease over an observation period of 6 months or greater.
Elevated white blood cell counts and abnormal increases in the
ratio of lymphoid to myeloid cells were detected in all leukemic
animals. At least 90% of mononuclear cells in the peripheral
blood had features of blasts (Fig. 8C) and displayed an imma-
ture B-lineage phenotype (B220" IgM' BP1* HSA™ Macl ~
Grl7) (Fig. 8D). Histologic analysis of spleen, liver, and bone
marrow tissues of diseased animals revealed infiltration by
large numbers of immature lymphoid cells (Fig. 8B and data
not shown). Upon explantation, leukemic cells were observed
to not require IL-7 for in vitro growth (Fig. 4 and Table 2).
BiEH-induced leukemias were transplantable to secondary
syngeneic, immunocompetent recipients, which succumbed to
disease with shortened latencies compared to that observed in
primary animals (Table 2). The secondary leukemias expressed
similar surface phenotypes as the primary tumors and dis-
played no stromal or IL-7 requirements (data not shown).
Therefore, E2a-HIf in combination with Bcl-2, but not alone,
was capable of inducing leukemias after long latencies in irra-
diated recipients, thus confirming the requirement for the sup-
pression of apoptosis in leukemia pathogenesis.

DISCUSSION

Chimeric transcription factors are commonly created by
chromosomal translocations in ALL, but they have proven to
be particularly resistant to yielding representative experimen-
tal models of B-cell precursor ALL following forced expression
in vitro or in vivo. In the current studies, we employed an in
vitro experimental system to recapitulate the origin of B cell
precursor ALL from a bone marrow stromal microenviron-

IgM " cpads7?

" Mac-1

CD24/HSA

FIG. 8. Leukemogenic transformation of primary bone marrow cells transduced with E2A-HLF/BCL2 or p190B“R-4BL_(A) Survival of mice
transplanted with cells immortalized by various retroviral constructs. A total of 10° transduced whole bone marrow cells were transplanted into
lethally irradiated, syngeneic BALB/c mice. Numbers of mice in each cohort are denoted in parentheses. (B and C) Bone marrow biopsy and
peripheral blood, respectively, showing leukemia cells with morphological features of lymphoid blasts in animals transplanted with BiEH-
transduced cells. (D) Flow cytometric analysis of surface antigen expression by leukemia cells from mice transplanted with BIEH-transduced bone

marrow.
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TABLE 2. Characteristics of BiEH and p190%A"! leukemias

Secondgry leukemia"

Leukemia L(?jt:;(;y Phenotype Splenomegaly % Blasts in PB IL-7 dependence [no.nv(&:t?njzsi Zmla/
(latency in days)]

BiEH-L1 100 B220* CD43~ BP1* IgM" + >90 - 5/5(21)
BiEH-L2 70 B220" CD43~ BP1* IgM"™ + >90 - ND
BiEH-L3 105 B220* CD43~ BP1* IgM" + >90 - ND
BiEH-L4 110 B220" CD43~ BP1* IgM"™ + >90 - 5/5 (30-40)
P190-L1 21 B220" CD43* BP1" IgM~ + >90 - 5/5 (17)
P190-L2 22 B220" CD43* BP1" IgM~ + >90 - ND
P190-L3 22 B220" CD43* BP1" IgM~ + >90 - ND
P190-L4 22 B220" CD43* BP1" IgM~ + >90 - ND

“ That is, 10° cells were injected i.v. into nonirradiated syngeneic recipients. ND, not determined.

ment to evaluate the oncogenic contributions of E2a-HIf. The
AC-6.21 stromal cell line was used since it has been shown in
previous studies to support the long-term growth and differ-
entiation of primary B-cell progenitors in vitro (35).

E2a-HIf collaborates with Bcl-2 to immortalize bone marrow
B-cell progenitors. E2a-HIf sustained the long-term in vitro
growth of B-cell progenitors when coexpressed with Bcl-2. This
was evident as developmental arrest and unlimited self-re-
newal of progenitors at the preB-I stage of differentiation
comparable in phenotype to human leukemias bearing trans-
locations of the HLF gene. The requirement for coexpressed
Bcl-2 was unexpected, since E2a-HIf itself has reported anti-
apoptotic properties (15). However, the survival of primary
pre-B-I cells in vitro (the present study) and B cells in vivo (33)
does not appear to be measurably enhanced by E2a-HIf despite
its ability to inhibit death associated with IL-3 deprivation of
pro-B-cell lines in vitro (15). Thus, E2a-HIf may be relatively
selective in its antiapoptotic effects, which appear to be medi-
ated at least in part through downstream perturbations of the
IL-3 signaling pathway (13). In our cultures, IL-3 was unable to
substitute for IL-7, the major cytokine associated with pre-B-I
cell growth and survival in normal bone marrow microenviron-
ments (1). Furthermore, increased apoptotic sensitivity, not
resistance, of thymocytes has been reported in E24-HLF trans-
genic mice (9), which develop profound thymic hypoplasias (9,
33).

In the present studies, coexpressed Bcl-2 was required for
both long-term growth in vitro and induction of leukemias
after transplantation of transduced cells. The requirement for
Bcl-2 does not appear to reflect a need to suppress a tumor
surveillance response to E2a-HIf, since immortalized progen-
itors growing on stroma do not display activation of the p53
apoptosis pathway (see below). It is likely that the high apo-
ptotic sensitivity of normal B-cell progenitors to even minimal
alterations in their maturation programs constitutes a barrier
to initiation of ALL by chimeric oncoproteins, as suggested by
previous transgenic studies (3, 32). Coexpressed Bcl-2 may
suppress apoptosis that is initiated by a developmental check-
point that is triggered by E2a-HIf under our experimental
conditions. Abundant endogenous Bcl-2 levels in human cell
lines harboring E2a-HIf chromosomal translocations (K. S.
Smith and M. L. Cleary, unpublished observations) raise the
possibility of a similar Bcl-2 requirement in human leukemias,
although the molecular mechanisms sustaining these Bcl-2 lev-
els are not known.

B-cell progenitors immortalized by E2a-HIf lack mutations
in the Arf/Mdm2/p53 pathway, which subsequently arise dur-
ing leukemic progression. Immortalization of murine B-cell
progenitors by E2a-HIf occurred in the absence of apparent
mutations in the Arf/Mdm2/p53 pathway. This contrasts with
murine fibroblast immortalization, which is invariably associ-
ated with perturbations of this pathway (20). Although Arf-
deficient B-cell progenitors are immortal (28), our results
clearly indicate that murine B-cell progenitors can be immor-
talized by an alternative route in the absence of apparent
lesions in this pathway. Similar to Arf-null pre-B cells, primary
B-cell progenitors immortalized by the combined actions of
E2a-HIf and Bcl-2 are nonleukemogenic and retained stromal
and cytokine requirements for in vitro growth and survival.
This resembles the supportive needs of normal B-cell progen-
itors, which differentiate and proliferate in close contact with
bone marrow stromal cells (30). Our studies support the thesis
that the primary effect of E2a-HIf is to impair the differentia-
tion of B-cell progenitors, arresting them in a proliferative
state. Whereas normally this may result in programmed cell
death, coexpression of Bcl-2 apparently prevents these ar-
rested cells from undergoing apoptosis.

We were able to isolate subpopulations of immortalized cells
that no longer required stromal contact by selective passage
through methylcellulose containing high exogenous levels of
IL-7. The resulting stroma-independent cells were clonal and
invariably harbored alterations in the p53 pathway, as evi-
denced by mutations of p53 itself and/or increased Arf and
Mdm?2 expression, markers of downstream perturbations in the
pathway (5, 31). This suggests a mechanism for limiting the
growth of progenitors immortalized by E2a-HIf that may be
analogous to the tumor surveillance responses to other onco-
proteins, such as c-Myc, whose forced expression induces ap-
optosis in low serum but not normal growth conditions (10).
Thus, within the context of a stromal microenvironment, E2a-
HIf enhances the self-renewal of B-cell progenitors without
initiating a p53-dependent surveillance response. However, in-
activating alterations of the INK4A/ARF-MDM2-P53 axis
were associated with leukemic progression in our model system
and are commonly observed in pediatric ALLs (4, 26), includ-
ing most t(17;19) cell lines and leukemias, which contain de-
letions or methylations that silence the INK44/ARF gene (24).
MDM? overexpression is also observed in a subset of pediatric
ALLs and has been linked to poor response to therapy and
early relapse (36), a feature of leukemias expressing E2a-HIf.
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Leukemic progression of immortalized B-cell progenitors is
associated with abrogation of stromal and cytokine require-
ments. The cytokine IL-7 is crucial for B-cell development,
serving multiple roles that are not alleviated by forced expres-
sion of E2a-HIf. This contrasts with the properties of cells
transduced by p1905~A"' which lack similar stromal and cy-
tokine requirements for growth in vitro. Ber-Abl, a cytoplasmic
kinase, is known to perturb multiple signaling pathways, in-
cluding PI-3 kinase, ras and Jak/STAT pathways (37), which
likely accounts for its potent ability to abrogate the cytokine
requirements of primary B-cell progenitors. Furthermore, cells
freshly transduced with p190 rapidly induced leukemias when
transplanted into nonirradiated recipients, whereas BiEH-
transduced cells induced leukemias only in irradiated synge-
neic recipients. This, as well as the increased latency and re-
duced frequency, suggests that BiEH immortalized cells
require a supportive microenvironmental niche to initiate a
multistep neoplastic process in vivo. By comparison to p190,
E2a-HIf appears to mediate a more limited subset of the re-
quirements for autonomous growth and leukemogenesis. As a
consequence, the stromal microenvironment may serve a rel-
atively greater role in nurturing the growth and survival of
“preleukemic” B-cell precursors that express this fusion onco-
gene.

In spite of the need for IL-7 to sustain the growth of im-
mortalized B-cell precursors in vitro, abrogation of IL-7 de-
pendence was necessary for induction of leukemias by cells
coexpressing E2a-HIf and Bcl-2. Several observations support
this conclusion. First, regardless of their method of establish-
ment, cells that required exogenous IL-7 or stromal support for
in vitro growth were consistently nonleukemogenic in synge-
neic recipients. Second, immortalized cells adapted to grow
without stroma were nonleukemogenic until programmed to
express autocrine IL-7. Third, growth in RPMI medium lack-
ing IL-7 was invariably associated with a rapidly leukemogenic
phenotype. Fourth, leukemias that arose after long latency
after transplantation of freshly transduced cells displayed cy-
tokine-independent growth upon explantation and were rap-
idly leukemogenic in secondary recipients. Taken together with
the lack of spontaneously arising IL-7-independent pro-B cells
in vitro, these data strongly suggest that in our model system
IL-7 dependence is a major rate-limiting step in leukemogen-
esis.

Our experimental model for B-cell precursor ALL reveals
dichotomous roles for IL-7. It is essential for growth and sur-
vival of immortalized cells, but their dependence on exogenous
IL-7 limits progression to a full leukemogenic phenotype.
Thus, mutations that constitutively activate the IL-7 signal
transduction pathway could provide a possible mechanism for
satisfying both roles. To test this hypothesis, we coexpressed
IL-7 and observed that it substitutes for Bcl-2 and collaborates
with E2a-HIf to immortalize B-cell precursors in vitro on stro-
mal layers to fulfill both survival and cytokine requirements.
Nevertheless, cells expressing E2a-HIf and autocrine IL-7 un-
derwent crisis and clonal outgrowth of a subpopulation with
mutation of p53 upon withdrawal from stromal support. No-
tably, this was associated with progression to a leukemogenic
phenotype in syngeneic, immunocompetent recipients. Thus,
abrogation of IL-7 dependence is an important, albeit not sole,
requirement for leukemogenic progression. Human cell lines

MoL. CELL. BIOL.

representative of pediatric ALL, including three with the t(17;
19) chromosomal translocation, generally lack cytokine re-
quirements for in vitro growth. Although their reduced cyto-
kine requirements may have been selected for during
explantation, activating mutations in signal transduction path-
ways have been reported in a subset of primary ALL cells (29).

In summary, E2a-HIf enhances the self-renewal of B-cell
progenitors that retain their dependence on stromal and cyto-
kine support in vitro and maintain an intact p53 pathway. This
requires coexpression of Bcl-2 and is not sufficient for leuke-
mogenesis. Our observations implicate perturbations of stro-
mal and cytokine (IL-7) dependence pathways to collaborate
with E2a-HIf for progression to aggressive ALL from immor-
talized B-cell precursors. Mutations that disrupt these path-
ways have been reported previously in human B-cell progeni-
tor leukemias, providing tentative support for the relevance of
this multistep model for human leukemia pathogenesis.
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