
We address here two issues relevant to tumor develop-
ment and maintenance. The first concerns the nature of
the cells that perpetuate a tumor. It is nowwell established
that normal tissues that turn over, such as the blood or gut,
are sustained by rare tissue stem cells (see Weissman;
Visvader et al.; both this volume). That principle stimu-
lated the notion that the relentless growth of a tumor
might be sustained not by most of its cells, but instead
exclusively by a rare subpopulation, commonly termed
the “cancer stem cells” (Wang and Dick 2005; Clarke et
al. 2006). As reviewed recently (Clarke et al. 2006;
Campbell and Polyak 2007; Adams and Strasser 2008;
Vermeulen et al. 2008), this issue is attracting enormous
interest, both because of its fundamental importance for
tumor biology and its implications for therapy. We have
investigated this issue for mouse hematopoietic tumors
(Kelly et al. 2007a).
The second issue we address concerns the role of

endogenous prosurvival members of the Bcl-2 family in
tumorigenesis. Abatement of apoptosis is a key step in
tumor development (Hanahan and Weinberg 2000; Cory
and Adams 2002), and these proteins are the principal
guardians against apoptosis (Adams and Cory 2007;
Youle and Strasser 2008). Because overexpression of
Bcl-2 can promote lymphoma development (Strasser et
al. 1990), we have explored whether endogenous Bcl-2 is
required for lymphomagenesis (Kelly et al. 2007b).

NATURE OF THE CELLS MAINTAINING THE
INEXORABLE GROWTH OF TUMORS

Two Distinct Models for Tumor Propagation

As reviewed recently by us (Adams and Strasser 2008)
and others (Wang and Dick 2005; Campbell and Polyak
2007; Vermeulen et al. 2008), two distinct models have

been proposed to account for both the heterogeneity within
a tumor and its inexorable growth. In the cancer stem cell
model (Fig. 1A), tumor growth, like normal tissue devel-
opment, relies exclusively on rare stem cells within it, and
the vast majority of the cells, derived by differentiation
from the cancer stem cells, lack self-renewal potential and
hence do not contribute significantly to its perpetuation
(Wang and Dick 2005; Clarke et al. 2006). Heterogeneity
within the tumor is ascribed to somewhat aberrant differ-
entiation from the cancer stem cell. In an alternative view
(Fig. 1B), sometimes termed the “stochastic” (Wang and
Dick 2005) or “clonal evolution model” (Campbell and
Polyak 2007), most of the tumor cells contribute to tumor
maintenance, albeit perhaps to varying degrees. This
model ascribes tumor heterogeneity not only to differenti-
ation, but also to intraclonal genetic and epigenetic varia-
tion plus microenvironmental influences. It envisions that
a tumor is composed of subclones at different stages of
neoplastic progression, each having a variable growth and
survival advantage over normal cells.
The cancer stem cell model is thus highly hierarchical

with a unique self-renewing cell type at the apex, whereas
the clonal evolution model attributes much of the intratu-
mor variation to subclonal differences in the mutational
profile, and all except the terminally differentiated cells
may well have some self-renewal capacity. Accordingly,
in the cancer stem cell model, a phenotypically distinct
and generally rare cell type maintains the tumor’s growth,
whereas in the clonal evolution model, the dominant sub-
clone(s) sustains it.
Considerable confusion in the field has resulted

because the term “cancer stem cell” is often also used to
designate the normal cell in which the process of neoplas-
tic transformation first began (the “cell of origin”). We
follow here the current consensus that the term be
restricted to the cell that maintains an established tumor
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One critical issue for cancer biology is the nature of the cells that drive the inexorable growth of malignant tumors. Reports
that only rare cell populations within human leukemias seeded leukemia in mice stimulated the now widely embraced hypoth-
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(Clarke et al. 2006). However, for clarity we often use
more operational terms such as “tumor growth-sustain-
ing,” “tumor propagating,” or “tumor perpetuating” cell.

Concerns about Xenotransplantation

The cancer stem cell model has arisen primarily from
studies in which human tumor cells are transplanted at
limit dilution into sublethally irradiated immunodeficient
mice (Clarke et al. 2006). Support for this model was
greatly stimulated by reports that only 1 in 104 to 107 of the
cells in human acute myeloid leukemia (AML) could elicit
leukemia in nonobese diabetic–severe combined immun-
odeficient (NOD-SCID) mice (Bonnet and Dick 1997;
Wang and Dick 2005). As reviewed recently (Vermeulen
et al. 2008; Visvader and Lindeman 2008), similar experi-
ments have subsequently revealed putative cancer stem
cell populations in diverse human solid tumors, including
those of breast, colon, and brain origin (see, e.g., Al-Hajj
et al. 2003; Singh et al. 2004; Ricci-Vitiani et al. 2007).
In our view, however, the interpretation of xenotrans-

plantation experiments is problematic. First, it is now
accepted that the growth of tumor cells requires an intri-
cate network of interactions with different support cells,
including fibroblasts, endothelial cells, macrophages,
mast cells, and mesenchymal stem cells (Hanahan and
Weinberg 2000), and many of the cytokines and receptors
mediating these two-way interactions are incompatible
between mice and humans (Arai et al. 1990). Second,
whether many human tumor cells can home efficiently to
an appropriate niche in the mouse is unknown. Third, the
irradiation of the mice will kill may of the cells needed for
an inflammatory response, which can aid tumor develop-
ment (Lin and Karin 2007) and presumably also tumor
engraftment. Finally, the natural killer cells remaining in
NOD-SCID mice may eliminate some human tumor cell
populations (Kong et al. 2008). Illustrating the limitations
of xenotransplantation, 50% of human AML samples did
not engraft irradiated NOD-SCID mice even when 107 or
108 cells were introduced (Pearce et al. 2006).

Proponents of the cancer stem cell hypothesis consider
that the model is proven for human AML by evidence that
cell populations prospectively isolated from the leukemia
samples by surface markers (e.g., CD34+CD38–) seed
leukemia in mice, whereas the majority cell population
lacking that phenotype does not (Bonnet and Dick 1997;
Wang and Dick 2005; Clarke et al. 2006). The hidden
premise in this argument, however, is that the observed
differences in engraftment must reflect differences in self-
renewal ability within the patients. The nontransplantable
human AML cell population might instead simply lack a
feature needed for obtaining stromal support in the for-
eign microenvironment, such as a cytokine receptor
responsive to mouse factors or a chemokine receptor that
attracts the cells to a nurturing niche. Conversely, the
transplantable population may simply have inadvertently
acquired (perhaps by epigenetic changes) features that
allow those cells to survive in the mouse milieu.

Abundant Transplantable Cells in Many Mouse
Hematopoietic Tumors

To test the cancer stem cell hypothesis without the
many complexities associated with xenotransplantation,
we studied syngeneic transfers of cells from three types of
primary mouse lymphomas or leukemias (Kelly et al.
2007a): the pre-B or B lymphomas arising in Eµ-myc
transgenic mice (Adams et al. 1985), T lymphomas of Eµ-
N-ras transgenic mice (Haupt et al. 1992), and the AML
that develops in animals lacking PU.1 (Metcalf et al.
2006). These well-characterized models involve genes
implicated in analogous human tumors, and the mono-
clonal tumors arise stochastically due to acquisition of
mutations in other cancer-causing genes. Pertinently,
cells from the preneoplastic animals do not seed tumors in
recipients (Langdon et al. 1986).
The tumors in these models are relatively homogeneous,

but small subpopulations of Eµ-myc lymphoma cells bore
potential “stem cell” markers such as AA4.1 and Sca-1
(Fig. 2), so we included anAA4.1+/Sca-1+ subpopulation in
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Figure 1.Models for the nature of sustained tumor growth. (A) In the cancer stem cell (CSC) model, only the CSC (gold), which can
be isolated prospectively by surface markers (red), possesses self-renewal activity and hence represents the only relevant target for
therapy. (B) In the clonal evolution model, a substantial proportion of the tumor cells (gold) can sustain its growth and hence therapy
must attempt to eliminate all the cell types. (Modified from Adams and Strasser 2008.)
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one transplantation test. For the tests, we intravenously
injected graded numbers of the lymphoma or leukemia cells
into unmanipulated (e.g., nonirradiated) syngeneic mice
and monitored tumor development (Kelly et al. 2007a).
Remarkably, ten cells from each B lymphoma sufficed

to seed tumor growth, and the presence or absence of the
presumptive stem cell marker made no difference (Table
1). Notably, with one B lymphoma (case 2), even transfer
of a single cell (microscopically verified) succeeded in
three of eight attempts. Similarly, ten cells sufficed with
the T lymphoma, as well as with three of four of the AML
cases (Table 1). The phenotypes of the tumors in the recip-
ients mirrored those in the donors (Kelly et al. 2007a).
More recently, a model of pre-B acute lymphocytic

leukemia (ALL) has been developed in animals whose B-
lineage cells lack both PU.1 and IRF-8 (S. Carotta and S.L.
Nutt, unpubl.). As few as ten of the ALL cells could seed
leukemia in recipients. Thus, in all four types of primary
unculturedmurine hematopoietic tumors that we have stud-
ied, a substantial proportion of the tumor cells (>10%),
rather than a rare subpopulation, drives tumor growth.
Several other recent studies with mouse leukemias

have also demonstrated a high proportion of tumor-prop-
agating cells. Pertinent to human AML, transplantation of
colonies of mouse hematopoietic cells transformed by the
MLL-AF9 oncogene, which has been generated by chro-
mosome translocation in some human AML patients,
revealed that a quarter of all the myeloid cells could seed
leukemia in recipients (Somervaille and Cleary 2006).
Notably, the leukemia-propagating cells had a mature
(Mac-1+ Gr-1+) phenotype, rather than that of a
hematopoietic stem or early progenitor cell. Similarly, in
another MLL-AF9 model, up to 50% of granulocyte-
macrophage progenitors could initiate leukemia
(Krivtsov et al. 2006). Furthermore, in pre-B ALL pro-
duced by the BCR-ABL translocation product in ARF

Unstained

Antibody

AA4.1 Sca-1

R1

R2

AA4.1

R2: Sca-1+ AA4.1 hi

S
ca
-1

10 101 102 103 1040
100

101

102

103

104

R1: Sca-1+ AA4.1 lo

A

B

Figure 2. Subpopulations of cells in Eµ-myc B lymphomas
express progenitor markers. (A) Flow cytometry of cells stained
with monoclonal antibodies to the surface markers AA4.1 and
Sca-1, which are found on primitive hematopoietic cells (among
others), revealed small subpopulations bearing these markers but
not others examined (c-Kit, CD43, CD44, CD71). (B) Cells with
the phenotype Sca-1+AA4.1hi and Sca-1+AA4.1lo were purified
as indicated for transplantation tests.

Table 1. A substantial proportion of tumor cells can sustain the growth of murine lymphoid
and myeloid malignancies

Cell number injected (days to sacrifice)

Tumor model 105 103 102a 10

Eµ-myc B lymphoma
Case 1 3/3 (25) 3/3 (25) 3/3 (32) 2/2 (35)
Case 2 3/3 (21) 3/3 (23) 3/3 (24) 3/3 (24)
Case 3 - Sca-1+ AA4.1hi 3/3 (21) 3/3 (21) n.d. 3/3 (17)

- Sca-1+ AA4.1/1lo 2/2 (17) 2/2 (28) 2/2 (28) 2/2 (40)

Eµ-N-ras T lymphoma
Case 1 3/3 (28) 3/3 (42) 3/3 (28) 3/3 (28)

PU.1–/– AML
Case 1 1/1 (54) 2/2 (168) 1/2 (192) 0/2
Case 2 2/2 (84) 2/2 (85) 2/2 (224) 1/2 (114)
Case 3 1/1 (85) 2/2 (62) 2/2 (69) 2/2 (90)
Case 4 1/1 (30) 1/1 (37) 2/2 (79) 2/2 (88)

Cells from primary tumors of the indicated models, all on a C57BL/6 (Ly5.2) background,
were mixed with 106 congenic spleen cells as carriers and injected into nonirradiated congenic
(Ly5.1) recipients. Shown are the fraction of recipients that developed tumors and the average
time (in days) from transplantation to tumor development. (Reprinted, with permission, from
Kelly et al. 2007a [ AAAS].)

an.d. indicates not determined.



null mice, as few as 20 of the leukemia cells, and virtually
all colonies generated by them, could seed leukemia in
recipients (Williams et al. 2007). Thus, in all of these
cases, the leukemia-propagating cells were abundant and
displayed differentiated phenotypes, rather than resem-
bling the hematopoietic stem cell.
A high frequency of tumor-propagating cells is not con-

fined to genetically engineered models. Pioneering stud-
ies of spontaneous mouse leukemias and lymphomas of
both lymphoid and myeloid origin revealed transplantable
tumor cells that ranged from more than 1% to the major-
ity of cells, and, in several striking examples, a single cell
seeded a tumor (Furth and Kahn 1937; Hewitt et al. 1976).
Thus, diverse monoclonal mouse hematopoietic malig-
nancies, including those that closely match human
tumors, are sustained by a substantial proportion of their
cells. These results favor a model of tumor perpetuation
by dominant clone(s) (Fig. 1B), perhaps by most of the
cells that can form colonies in vitro under optimal condi-
tions, rather than exclusively by a very minor subpopula-
tion, as expected on the cancer stem cell model (Fig. 1A).
The disparity with the human AML results indicates to

us that xenotransplantation greatly underestimates the
proportion of cells, and range of cell types, within the
human leukemias that drive neoplastic growth. Perhaps
the rare human AML cells detected by xenotransplanta-
tion founded the original disease, which may have been
akin to CML (chronic myelogenous leukemia), but subse-
quent mutations within the clone have created a dominant,
more aggressive, and mature derivative that drives the
AML in patients but cannot readily engraft mice (Fig. 3).
If so, xenotransplantation might be telling us about the
history of the disease, rather than the cell population that
now maintains it.

Nature of the Cells Maintaining Solid Tumors

The cellular differentiation pathways in most organs are
much less well understood than in hematopoiesis, and
solid tumor development is more complex, with greater
reliance on the microenvironment and angiogenesis. In
addition, these tumors often eventually escape their tissue

barriers and undergo the multiple changes required for
metastasis. Accordingly, as reviewed recently (Vermeulen
et al. 2008; Visvader and Lindeman 2008), the analysis of
stem cells in most solid tumors is generally considered less
advanced than that for AML (Clarke et al. 2006). None
have yet been highly purified (Al-Hajj et al. 2003; Singh et
al. 2004; Ricci-Vitiani et al. 2007), and because some fall
within subpopulations (e.g., CD133+) that can contain up
to 20% of the total cells, they need not be rare.
In some cases, the apparent rarity of human trans-

plantable cells might reflect the need to cotransfer an
essential support cell that happens to display similar cell
surface markers. Notably, cotransfer of CD133+ support
and tumor cells might explain the paradox that the colon
cancer CD133+ population was estimated to contain 20
times more tumor-propagating cells than the unfraction-
ated population (O’Brien et al. 2007). For example,
CD133+ endothelial cells can enhance growth of trans-
planted human cancer cells (Calabrese et al. 2007).
Although CD133 has been frequently used to isolate can-
cer stem cell populations, glioblastoma and metastatic
colon carcinoma can be driven by either CD133+ or
CD133– cells (Beier et al. 2007; Shmelkov et al. 2008).
Moreover, the tumor-promoting cells within some Brca1-
deficient mouse mammary tumors were CD44+/CD24–,
whereas others were CD133+ (Wright et al. 2008). Thus,
cancer stem cells may not have a consistent phenotype
and need not be rare.
It is also unclear whether the markers used to isolate a

cancer stem cell population are intrinsic to those cells or
only transiently expressed. In breast cancer development,
stem cell character has been linked to the epithelial-mes-
enchymal transition, a step essential for metastasis (Mani
et al. 2008). Cells with the phenotype of breast cancer
stem cells (CD44hi/CD24lo) (Al-Hajj et al. 2003) were
generated from immortal mammary epithelial cells by
inducing an epithelial-mesenchymal transition, even sim-
ply by treatment with transforming growth factor-β1
(TGF-β1) (Mani et al. 2008). Perhaps some differentiated
cells can acquire stem cell character, which in normal tis-
sues may be induced or maintained by signals from spe-
cialized niches (Morrison and Spradling 2008).
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Figure 3. Clonal succession during tumor progression can create a dominant clone. At an early stage of development, a tumor might
initially be driven primarily by rare cells of one phenotype (CSC1), but a mutation enhancing self-renewal in a differentiated deriva-
tive could create a dominant subclone driven by cells of a different phenotype (CSC2). In some human tumors (e.g., AML), CSC1 but
not CSC2 might be able to engraft mice. (Modified from Adams and Strasser 2008.)



Pertinently, classical studies showed that engraftment
of mouse solid tumors requires far more cells than
hematopoietic ones, but those numbers fell markedly on
coinjection of irradiated tumor tissue, suggesting that the
solid tumors rely greatly on stromal support (Hewitt et al.
1976). Such studies with human tumors might reveal
additional populations of tumor-propagating cells and far
higher frequencies.

Implications for Tumor Propagation

The considerations above and others in recent reviews
(Campbell and Polyak 2007; Hill and Perris 2007;
Shipitsin and Polyak 2008; Vermeulen et al. 2008) raise
many questions about the cancer stem cell model.
Certainly, the evidence summarized above that a substan-
tial proportion of the cells in many mouse leukemias are
transplantable challenges its generality. Indeed, we sug-
gest that nearly all tumors and leukemias of lymphoid ori-
gin must be driven by a dominant clone, because all of
their cells exhibit a clonotypic rearrangement of their
antigen receptor genes, and that distinctive hallmark of
relatively mature differentiation invariably remains in
their transplants. On the other hand, as reviewed else-
where (Adams and Strasser 2008), some of the features
expected from the cancer stem cell model have appeared
in three types of mouse leukemias (Huntly et al. 2004;
Deshpande et al. 2006; Neering et al. 2007), one type of
murine breast cancer (Cho et al. 2008), and mouse skin
carcinomas (Malanchi et al. 2008).
We therefore believe that tumors most likely fall on a

spectrum spanning the two models in Figure 1. Indeed,
the cells driving a tumor may well change during its pro-
gression (Fig. 3). The cancer stem cell model (Fig. 1A)
may represent tumors at an early stage of development,
such as the chronic phase of CML, whereas the clonal
evolution model (Fig. 1B) may better describe the growth
of more aggressive malignancies, such as CML in blast
crisis or other acute leukemias, in which the dominant
clones have acquired additional oncogenic mutations
(Mullighan et al. 2008; Williams and Sherr, this volume).
More compelling tests of the cancer stem cell hypothe-

sis might be provided by analysis of more mouse tumor
models; by studies with human tumors that include
cotransfer of human stromal cells or irradiated tumor tis-
sue or exploit mice installed with human support cells;
and by purification of the stem cells using more specific
surface markers (Barker et al. 2007). Expression profiling
and genomic sequence analysis of multiple subclones
from the same tumor might reveal whether heterogeneity
and differences in transplantability are simply due to dif-
ferentiation, as in the cancer stem cell model (Fig. 1A) or
instead often reflect a varied complement of mutations, as
predicted by the clonal evolution model (Fig. 1B).
Why might tumors be propagated in two different

ways? Perhaps a tumor tends to follow the cancer stem
cell model if the key mutation occurred in a normal stem
or primitive progenitor cell, as originally suggested
(Bonnet and Dick 1997), whereas the clonal evolution
model predominates among tumors that originate from
more differentiated cells. Alternatively, or in addition, the

nature of the mutations that create the tumor may be
determinative. It is also conceivable that many tumors
that initially follow the cancer stem cell paradigm
progress on acquiring additional mutations to resemble
the clonal evolution model (Fig. 3). For example, with
metastatic neuroblastoma, as few as ten cells could
engraft mice and no hierarchical organization was evident
(Hansford et al. 2007).

Relevance to Therapy

Much of the excitement about the cancer stem cell model
has arisen from the prospect that it might provide a new
approach to therapy (Wang and Dick 2005; Clarke et al.
2006). If all self-renewal capacity resided in the cancer stem
cells (Fig. 1A), they would be the critical therapeutic tar-
gets, and eliminating the bulk of the cells might have negli-
gible impact on long-term patient survival. In addition, if
the stem cell subpopulation, thought to be largely quiescent,
were more refractory to therapeutic agents than other tumor
cell populations, those cells might be primarily responsible
for relapses. Hence, it is argued that targeting the cancer
stem cells might yield more durable or even curative thera-
pies, particularly if normal stem cells can be spared. For
example, imatinib has revolutionized CML management
but it is not curative, perhaps because the stem cells that
drive this leukemia are refractory (O’Hare et al. 2006).
Despite the promise, to date there is only limited evi-

dence that targeting putative cancer stem cells improves
therapy. The cancer stem cells are reportedly more refrac-
tory to irradiation and chemotherapy (Bao et al. 2006; Liu
et al. 2006) and administration to mice of an antibody to
CD44, an antigen expressed on some human AML-initi-
ating cells, markedly reduced leukemic repopulation (Jin
et al. 2006). Approaches that force all tumor cells into
cycle may hold promise. The quiescence of hematopoietic
stem cells and some leukemia-initiating cells requires the
PML (promyelocytic leukemia) protein, and arsenic tri-
oxide, which promotes PML degradation, can force them
into cycle (Ito et al. 2008). Accordingly, this well-toler-
ated drug markedly enhanced the sensitivity of mouse
CML cells to chemotherapy (Ito et al. 2008).
Although treatment of some tumors may benefit from

targeting the stem cells, if many (perhaps most) tumors
are perpetuated by dominant clones, as we have argued
above, curative therapy will usually require targeting all
the cell populations within a tumor.

ROLE OF ENDOGENOUS BCL-2 IN MYC-
INDUCED LYMPHOMA

Impaired apoptosis is a critical step toward malignancy
(Hanahan and Weinberg 2000; Cory and Adams 2002).
Its role in Myc-induced tumors is well established.
Enforced Myc expression not only promotes proliferation
and retards differentiation but also triggers apoptosis
under suboptimal growth conditions, such as limiting
cytokine (Green and Evan 2002). Accordingly, in Eµ-myc
transgenic mice, in whichmyc is expressed throughout B-
cell development (Adams et al. 1985), the premalignant
animals exhibit an enlarged pre-B-cell population
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(Langdon et al. 1986), but its expansion is limited by
apoptosis, presumably due to consumption of the relevant
cytokines. The pre-B or B-cell lymphomas that emerge
stochastically have mutations that counter Myc-induced
apoptosis, such as inactivation of the ARF-Mdm2-p53
pathway, which acts through the key apoptosis regulator,
the Bcl-2 protein family (Adams and Cory 2007; Youle
and Strasser 2008). Consequently, lymphomagenesis in
Eµ-myc mice is accelerated by enforced expression of a
prosurvival family member such as Bcl-2 (Strasser et al.
1990). Apoptosis ensues in such myc-bcl-2 bitransgenic
tumors if Bcl-2 expression is ablated (e.g., by Cre-lox-
mediated elimination of the bcl-2 transgene), underlining
its crucial role (Letai et al. 2004).
These findings suggested that endogenous bcl-2 might

be required for the development of Eµ-myc lymphomas,
particularly because Bcl-2 is expressed in most stages of
lymphopoiesis, including early progenitors (Li et al.
1993), and its overexpression enhances their survival
(McDonnell et al. 1989; Strasser et al. 1991). We have
therefore compared tumor development in the presence
and absence of endogenous Bcl-2 (Kelly et al. 2007b). To
bypass the complication that young Bcl-2-deficient mice
succumb to polycystic kidney disease (Veis et al. 1993),
we compared wild-type mice whose hematopoietic sys-
tem was reconstituted with hematopoietic stem cell popu-
lations from either Eµ-myc/bcl-2–/– or Eµ-myc/bcl-2+/+
(hereafter, Eµ-myc) embryos. We will denote the recon-
stituted animals by the genotype of their donor cells.

Preneoplastic Eµ-myc/bcl-2–/– Mice Have
Much Fewer Mature B Cells

To determine how the absence of Bcl-2 affected B lym-
phopoiesis before the recipients developed a tumor, we
enumerated the B-lymphoid cells at various stages of dif-
ferentiation in their hematopoietic tissues by flow cytom-
etry. The Eµ-myc/bcl-2–/– bone marrow contained pro-B-
cell numbers similar to Eµ-myc recipients but about
twofold to threefold less pre-B and sIg+ B cells.
Strikingly, the spleen (and lymph nodes) of Eµ-myc/bcl-
2–/– recipients had less than 10% of the mature B cells in
the Eµ-myc recipients (Fig. 4). Thus, endogenous Bcl-2
appears to be critical for the survival of mature Eµ-myc B
cells but less important for the transgenic pro-B, pre-B,
and immature B cells.

Bcl-2 Loss Accelerates Myc-induced Apoptosis
of Mature B Cells

To assess whether the reduction in mature B cells in
Eµ-myc/bcl-2–/– recipients reflected increased apoptosis,
we purified donor-derived (Ly5.2+) pro-B, pre-B, imma-
ture B, and mature B cells from bone marrow or spleen by
flow cytometry and monitored their survival when cul-
tured without cytokine. In the absence of cytokine, dereg-
ulated myc expression enhances apoptosis of B-lymphoid
cells (Strasser et al. 1996). Significantly, apoptosis was
accelerated markedly in the mature B cells but not the pre-
B cells (or pro-B cells) from Eµ-myc/bcl-2–/– mice (Fig.
5). Thus, endogenous Bcl-2 is critical for countering the

proapoptotic impact of deregulated Myc in mature B cells
but appears dispensable for pro-B- and pre-B-cell sur-
vival.

Myc-induced Lymphomagenesis Is
Unperturbed by Bcl-2 Loss

The dearth of B cells in Eµ-myc/bcl-2–/– mice and their
accelerated apoptosis in culture led us to expect reduced
or delayed lymphomagenesis. Remarkably, however,
tumor incidence and latency in Eµ-myc and Eµ-myc/bcl-
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Figure 4. Preleukemic Eµ-myc/bcl-2–/– reconstituted mice have
reduced numbers of mature B cells. Spleens were harvested from
wild-type mice reconstituted with fetal liver cells of the indi-
cated genotypes. Single-cell suspensions were stained with mon-
oclonal antibodies to B-lineage surface markers, gated for
donor-derived cells (Ly5.2), and analyzed by flow cytometry.
Mean cell numbers ±S.E.M. are shown. (*) p <0.05; (**) p
<0.001. (Reprinted from Kelly et al. 2007b.)

Figure 5. Accelerated apoptosis of Eµ-myc/bcl-2–/– mature B
cells in culture. Donor-derived B-cell populations, preneoplastic
pre-B cells, and mature B cells from the reconstituted mice were
cultured without cytokines for the indicated periods, and cell via-
bility was measured by staining with PI plus annexin V and flow
cytometry (means ± S.E.M.). (Reprinted from Kelly et al. 2007b.)
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2–/– reconstituted mice were indistinguishable (Fig. 6).
The tumor phenotype was also the same (Kelly et al.
2007b): All were either pro/pre-B cells or immature B
cells. The lymphomas were also just as aggressive, as
judged from spleen enlargement, elevation of blood
leukocytes, infiltration of the liver, lung, and kidney, and
transplantability.

Interpretation

The failure of Bcl-2 loss to reduce the numbers of trans-
genic pro-B or pre-B cells in the bone marrow, or their
survival when deprived of cytokine in vitro, probably
reflects the low level of endogenous Bcl-2 in pre-B cells
(Li et al. 1993). We surmise that other prosurvival Bcl-2
family members, such as Bcl-xL, which is highly
expressed in pre-B lymphocytes, are essential for inhibit-
ing their Myc-induced apoptosis. We are therefore cur-
rently studying lymphomagenesis in the absence of
Bcl-xL. Intriguingly, our preliminary results suggest that
its loss, unlike Bcl-2 loss, greatly inhibits the tumor devel-
opment (P.N. Kelly, J.M. Adams, and A. Strasser,
unpubl.).
Themarked deficit of mature B cells in preleukemic Eµ-

myc/bcl-2–/– mice presumably reflects their enhanced sus-
ceptibility to Myc-induced apoptosis. Despite this deficit,
malignancy developed as rapidly as in the Eµ-myc ani-
mals, and the tumors were just as aggressive. These results
demonstrate that the survival of the mature B cells is not
essential for Myc-induced lymphomagenesis or sustained
lymphoma growth. We surmise that neoplastic clones in
Eµ-myc transgenic mice typically originate from a less
mature cell type, one that does not require Bcl-2 for sur-
vival. An analogous observation is that preleukemic Eµ-
myc/Eµ-max41 bitransgenic mice, which have less than
1% of the normal number of B lymphocytes, develop lym-
phoma at a rate comparable to Eµ-mycmice (Lindeman et
al. 1994). Conversely, Eµ-myc/Eµ-bcl-2 bitransgenic ani-
mals exhibit copious-cycling mature (sIg+) B-lymphoid
cells, but all of the tumors that arise have a very primitive
(“stem-cell”-like) phenotype, and themoremature bitrans-

genic B cells do not elicit tumors on transplantation
(Strasser et al. 1990). These observations indicate that,
even though many Eµ-myc lymphomas express surface
immunoglobulin, indicative of a mature phenotype, the
oncogenic mutations that cooperate with Myc most likely
are acquired in a primitive lymphoid progenitor.
Our finding that loss of endogenous Bcl-2 accelerated

apoptosis of preneoplastic mature Eµ-myc B cells,
together with the demonstration that removing Bcl-2 dec-
imated the tumors arising in Eµ-myc/Eµ-bcl-2mice (Letai
et al. 2004), supports the concept that inactivating the
function (or expression) of Bcl-2, or its close relatives,
will prove to be an important new approach to therapy
(Fesik 2005; Adams and Cory 2007). Indeed, in preclini-
cal studies, the compound ABT-737 and the closely
related ABT-263, which both inactivate three Bcl-2 fam-
ily members (Bcl-2, Bcl-xL, and Bcl-w), have shown con-
siderable promise with chronic lymphocytic leukemia and
several other tumor types (Oltersdorf et al. 2005; Adams
and Cory 2007; Tse et al. 2008). However, our finding
that endogenous Bcl-2 is not required for the sustained
growth of Eµ-myc lymphomas indicates that targeting
Bcl-2 alone might not be effective for this class of tumor.
Targeting several Bcl-2 family members (as ABT-737
does) represents one approach, but we surmise that antag-
onizing a single critical prosurvival family member, such
as Bcl-xL, offers the best prospect for selectively killing
certain types of tumor cells while minimizing damage to
normal tissues.

CONCLUSIONS

Our studies on transplantation of mouse hematopoietic
tumors, and reports by several other groups, indicate that
many such tumors are perpetuated by a substantial pro-
portion of their neoplastic cells. These findings raise
doubts about the interpretation of the xenotransplantation
experiments that underpin the cancer stem cell model. We
believe that model (Fig. 1A) is unlikely to appropriately
represent many tumors, except perhaps at an early stage in
their development (Fig. 3). Tumors that have accumu-
lated the multiple mutations needed for full-fledged
malignancy may be propagated instead by a dominant cell
population (Fig. 1B). Thus, different tumors may fall on a
spectrum between the cancer stem cell and clonal evolu-
tion models, or those models may represent early and late
stages of tumor progression, respectively (Fig. 3). The
important implication for treatment is that curative ther-
apy is likely to require targeting not simply a rare cell
population but most of the neoplastic cells found in the
tumor.
Our investigation of the role of endogenous Bcl-2 in

Myc-induced lymphomagenesis revealed that Bcl-2 loss
caused a dramatic drop in mature B cells, presumably
reflecting the Myc-induced apoptosis observed at that
stage. Nevertheless, lymphoma development was unper-
turbed, and the tumors were just as aggressive. We con-
clude that the initiation, development, and continued
growth of Eµ-myc lymphoma does not depend on endoge-
nous Bcl-2, nor on the total number of B-lymphoid cells
driven by the Eµ-myc transgene. We surmise that a Bcl-2
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Figure 6. Loss of endogenous Bcl-2 does not delay Myc-
induced lymphomagenesis. Kaplan–Meier analysis of tumorige-
nesis in mice reconstituted with Eµ-myc and Eµ-myc/bcl-2/–
embryos. (Reprinted from Kelly et al. 2007b.)



prosurvival relative, such as Bcl-xL, has a more critical
role. The implication for therapy is that it will be impor-
tant to identify, for various types of tumor, the prosurvival
protein(s) required for their maintenance, because those
proteins will be critical targets for intervention.
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