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Deregulated Myc expression drives many human cancers, including
Burkitt’s lymphoma and a highly aggressive subset of diffuse large
cell lymphomas. Myc-driven tumors often display resistance to
chemotherapeutics because of acquisition of mutations that impair
the apoptosis pathway regulated by the Bcl-2 protein family. Given
the need to identify new therapies for such lymphomas, we have
evaluated the efficacy of ABT-737, a small molecule that mimics the
action of the BH3-only proteins, natural antagonists of the pro-
survival Bcl-2 proteins. ABT-737 selectively targets certain prosur-
vival proteins (Bcl-2, Bcl-xL, and Bcl-w) but not others (Mcl-1 and
A1). We treated mice transplanted with lymphomas derived either
from E�-myc transgenic mice or E�-myc mice that also expressed
an E�-bcl-2 transgene. As a single agent, ABT-737 significantly
prolonged the survival of mice transplanted with the myc/bcl-2
lymphomas but was ineffective for the myc lymphomas, probably
because of the relatively higher Mcl-1 levels found in the latter.
Strikingly, when combined with low-dose cyclophosphamide, ABT-
737 produced sustained disease-free survival of all animals trans-
planted with two of three myc/bcl-2 lymphomas tested. The
combination therapy was also more effective against some myc
lymphomas than treatment with either agent alone. Our data
suggest that antagonism of Bcl-2 with small organic compounds is
an attractive approach to enhance the efficacy of conventional
therapy for the treatment of Myc-driven lymphomas that over-
express this prosurvival molecule.

The transcription factor Myc plays a pivotal role in controlling
cell growth, proliferation, differentiation, and apoptosis. Up

to 70% of human tumors exhibit deregulated expression of the
Myc oncoprotein or one of its close relatives (1). Myc-driven
lymphomas, typified by Burkitt’s lymphoma in which the c-myc
gene is deregulated by chromosome translocation to Ig gene loci
(2), but which also include a subset of highly aggressive diffuse
large cell lymphomas (3, 4), characteristically display high rates
of proliferation and apoptosis. Whereas some are exquisitely
sensitive to chemotherapeutics, others display intrinsic or ac-
quired resistance (5).

It is now well recognized that treatment resistance can be
acquired via perturbations in the p53-regulated pathway (6) and
in the stress-induced apoptosis pathway that is regulated by the
Bcl-2 protein family (7). In normal cells, stress signals activate
BH3-only proteins, distant relatives of Bcl-2 that bind to and
neutralize Bcl-2 and its anti-apoptotic relatives (Bcl-xL, Bcl-w,
Mcl-1, and A1), thereby releasing restraints on proapoptotic
proteins Bax and Bak (8). In tumor cells, the normal controls are
often perturbed because Bcl-2 is elevated or activation of
BH3-only genes is compromised. Mutations up-regulating Bcl-2
include the t (14, 18) chromosome translocation in follicular
lymphoma (9) or the down-regulation of miR-15a and miR-16–1
microRNAs in chronic lymphocytic leukemias (10). Genetic
lesions crippling BH3-only proteins include the following: for
Noxa and Puma, functional inactivation of their key regulator
p53, which occurs in �50% of human tumors (6); for Noxa,
mutation and silencing (diffuse large B-cell lymphoma cell lines)

(11); and for Bim, homozygous deletion (mantle cell lympho-
mas) (11, 12), promoter methylation (Burkitt’s lymphoma and
diffuse large B-cell lymphomas) (11), and amplification of the
miR-17–92 locus (13).

Small molecules recently developed as BH3 mimetics by
Abbott Laboratories have shown promising preclinical single
agent activity in multiple hematopoietic tumor-derived cell lines
or primary tumor samples, including leukemias, lymphomas, and
myeloma (14–20). Like the BH3-only proteins, ABT-737 and an
orally available compound in the same class, ABT-263 (21),
induce apoptosis by antagonizing prosurvival Bcl-2 proteins.
ABT-737 and ABT-263 directly bind to and neutralize Bcl-2,
Bcl-xL, and Bcl-w but do not appreciably bind to Mcl-1 or A1,
thereby mimicking the BH3-only protein Bad (14, 22, 23).
Because these drugs act downstream of p53 and upstream of
Bcl-2 and its closest homologs, they can potentially obviate the
chemoresistance mediated by p53 mutations or overexpression
of Bcl-2, Bcl-xL, or Bcl-w. However, because cell killing requires
inactivation of most, if not all, prosurvival Bcl-2 relatives (22),
ABT-737 and ABT-263 are not efficacious for cells harboring
significant levels of Mcl-1 or A1 (15, 21, 23, 24).

Much has been learned about the biology of Myc-driven
cancers through the study of lymphomas arising in E�-myc
transgenic mice (25, 26), in which overexpression of c-myc in the
B cell compartment is driven by the Ig heavy chain enhancer
(E�), modeling human Burkitt’s lymphoma (2). E�-myc trans-
genic mice are also invaluable for evaluating treatment strate-
gies. Multiple primary E�-myc-driven lymphomas carrying ei-
ther spontaneous or introduced mutations can be readily
expanded by transplantation into syngeneic mice for in vitro and
in vivo treatment studies (27). Given the need to identify new
therapies for aggressive Myc-driven lymphomas that have failed
standard therapies, and the knowledge that defective apoptosis
in these tumors is commonly associated with chemoresistance
(5), we have evaluated the impact of ABT-737 in immunocom-
petent mice bearing E�-myc lymphomas (25, 26) or E�-myc
lymphomas overexpressing Bcl-2 (28).

Results
To evaluate the sensitivity of Myc-driven lymphomas to ABT-
737, we collected primary tumors from C57BL/6 E�-myc trans-
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genic mice (hereafter myc mice) (25, 26) and from bitransgenic
C57BL/6 E�-myc/E�-bcl-2–22 mice (hereafter myc/bcl-2 mice)
(28). All of the myc/bcl-2 tumors had a lymphomyeloid progen-
itor phenotype, as previously reported for tumors arising in a
mixed genetic background (28, 29), whereas the myc lymphomas
had a pre-B or IgM� B cell phenotype (26). Each primary (T0)
tumor was expanded by injection into multiple nonirradiated
C57BL/6 recipients and the tumors arising in the transplant
recipients (T1) were pooled and cryopreserved for analysis.

Mice were transplanted with (T1) lymphoma cells on day 0 and
treatment was commenced on day 4 with a 14-day course of
either ABT-737 (75 mg/kg/d) or the vehicle alone. Surprisingly,
as a single agent, ABT-737 was ineffectual for treating myc
lymphomas. It did not enhance survival of mice bearing any of
the 6 pre-B or 6 B myc lymphomas tested (Fig. 1A) or reduce
their tumor burden (supporting information (SI) Table S1).
Consistent with this finding, these myc lymphomas were also
resistant to ABT-737 in vitro (Fig. S1 A).

In sharp contrast, ABT-737 treatment significantly prolonged
the survival of mice transplanted with each of 3 independent

myc/bcl-2 lymphomas (Fig. 1B and Fig. S2), despite the high
levels of Bcl-2 they express (see below). All eventually suc-
cumbed to the disease, however, and autopsy revealed dissem-
inated lymphoma, with elevated white blood cell counts, spleno-
megaly and lymphadenopathy (Table S1, data not shown).

To explore the basis for this marked difference in sensitivity
to treatment, a panel of five myc/bcl-2 and eight myc tumors were
analyzed for expression of Bcl-2 family proteins. Western blots
(Fig. 2 and Fig. S3A, data not shown) revealed, as expected, high
levels of transgenic human Bcl-2 protein in each of the myc/bcl-2
tumors. Of note, all of the myc tumors had higher levels of
prosurvival Mcl-1 than the myc/bcl-2 tumors and most also
expressed more Bcl-xL. Expression of most proapoptotic pro-
teins, however, was comparable, with the exception of elevated
Puma in the myc/bcl-2 lymphomas. Noxa protein was not assess-
able, because of the lack of a suitable antibody, but noxa
transcripts were higher in myc/bcl-2 than myc tumors, as were
puma transcripts (Fig. S4).

Thus, apart from high transgenic Bcl-2, the most striking
differences in the expression of the Bcl-2 protein family were the

Fig. 1. Response of Myc-driven lymphomas to ABT-737 in vivo. (A) Kaplan–
Meier survival curves of mice transplanted (day 0) with myc lymphomas and
treated, from d4–17 (bar), with ABT-737 (75 mg/kg/d; n � 36, solid lines) or the
vehicle (n � 36; dotted lines). Survival data were pooled from 6 pre-B (AH15,
AH66, AI18, AI71, AG36, and AF44; Upper) or 6 B cell (AF47, AH29, AF40, AH54,
AF52, and AH21; Lower) myc lymphomas. (B) Survival of mice bearing myc/
bcl-2 lymphomas (#9, 12, and 16). Data were pooled from three lymphomas
(Fig. S2); for each lymphoma, six mice were treated with either ABT-737 or the
vehicle control. p values (log rank analysis) for vehicle vs. ABT-737 treatment
are indicated.

Fig. 2. Expression of Bcl-2 family members in myc/bcl-2 and myc tumors.
Western blot analysis of Bcl-2 family proteins in lymphomatous lymph nodes
of transplant recipients. �-actin served as loading control. *, endogenous
mouse Ig light chain present in B-cell tumors.
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lower level of prosurvival Mcl-1 and the higher level of proapo-
ptotic Puma (and probably Noxa) in the myc/bcl-2 tumors. We
surmise that the lower levels of Mcl-1 in the myc/bcl-2 tumors
could account for their greater sensitivity to ABT-737 because
reducing Mcl-1 enhances the responsiveness of several cell lines
to ABT-737 (23, 30). Conversely, we found that increasing Mcl-1
increased the resistance of myc/bcl-2 lymphomas to ABT-737,
but increasing Bcl-2 did not (23).

Response to Genotoxic Therapy. Genotoxic agents activate p53
thereby inducing expression of Noxa (31) and Puma (32, 33).
Because both of these BH3-only proteins bind to and inactivate
Mcl-1 (22), we hypothesized that the combination of ABT-737
with a genotoxic agent should prove efficacious (23). We chose
to test cyclophosphamide, an agent central for the treatment of
patients with Burkitt’s lymphoma (5).

We evaluated the efficacy of a single high dose of cyclophos-
phamide (200 or 300 mg/kg, equivalent to 667 mg/m2 and 1,000
mg/m2, respectively, close to the maximal tolerated dose) for
treatment of 10 myc and 5 myc/bcl-2 lymphomas (Fig. 3 and
Table S2). In this study, treatment of transplant recipients was
initiated when lymphoma was detectable by palpation (enlarged
spleen and/or lymph nodes), usually 14 days after tumor inoc-
ulation. Treatment with cyclophosphamide significantly pro-
longed the survival of most mice transplanted with myc lym-
phomas (Fig. 3A). Overall, the median survival was 98 days for
treated mice, compared with only three days for the vehicle-
treated control cohort (Table S2). Five of the 10 tumors were

particularly responsive (Group 2, Fig. S5), with most tumor-
inoculated mice still surviving when the experiment was termi-
nated at 200 days.

In contrast, the myc/bcl-2 lymphomas showed a uniformly
poor response to cyclophosphamide; none of the treated mice
survived beyond 60 days (Fig. 3B) and the median survival was
only 32 days compared with 12 days for vehicle-treated controls
(Table S2). These results suggest that high levels of Bcl-2
overwhelm the therapeutic potential of cyclophosphamide, as
reported previously (7).

Promising Responses to Combination Therapy. Given the poor
response of lymphomas over-expressing Bcl-2 to cyclophospha-
mide as a single agent, we then embarked on combination studies
with ABT-737 and cyclophosphamide. An initial dose-finding
study (data not shown) established a safe regimen for in vivo
treatment. For two myc/bcl-2 tumors (#9 and 16), the combi-
nation of ABT-737 and a low dose of cyclophosphamide (50
mg/kg, equivalent to 175 mg/m2) was highly efficacious; all
tumor-transplanted mice receiving this treatment remained
healthy when the experiment was terminated at day 150 (green
lines in Fig. 4A). This was a significantly better outcome than for
those treated with ABT-737 alone (blue lines) or cyclophosph-
amide alone (red line), even at a much higher dose of the latter
(orange line). The third tumor, myc/bcl-2 #12, was more resis-
tant to combination therapy although, even so, two of six mice
survived out to day 150 (Fig. 4A). Of note, this tumor was also
the most resistant to high-dose cyclophosphamide as a single
agent.

We also chose four myc lymphomas for combination studies
from the cohort shown to be more resistant to high-dose cyclo-
phosphamide as a single agent (Group 1 in Fig. S5). Mice trans-
planted with two of these tumors survived longer when treated
with the combination of ABT-737 and a low dose of cyclophos-
phamide (green line) than with either agent alone (Fig. 4B) but
in only one case (AH15) was the combination therapy signifi-
cantly better than treatment with high dose cyclophosphamide.

We postulated that the failure of certain tumors to respond to
combination therapy might be because of lesions in the DNA
damage response and, consequently, failure to neutralize Mcl-1
by up-regulation of noxa and puma. To assess this, we performed
real-time quantitative PCR on tumor cells treated in vitro with
�-irradiation (Fig. 4C) or etoposide (Fig. S6). Notably, noxa and
puma transcripts increased more in the responsive myc/bcl-2
tumors (#9 and 16), than in the relatively resistant tumor (#12).
Likewise, DNA damage provoked greater noxa and puma in-
duction in the most sensitive myc lymphoma (AH15), than in the
other three tumors (AI71, AH21, and AF47).

Long-Term Disease-Free Survival. The survival data (Fig. 4A)
suggested that treatment with ABT-737 plus low dose cyclo-
phosphamide had very effectively reduced the tumor burden for
most mice transplanted with myc/bcl-2 lymphomas (6/6 lym-
phoma # 9; 6/6 lymphoma #16; and 2/6 lymphoma #12). To test
this directly, long-term survivors were killed at day 150 for
autopsy and a full histologic analysis. Strikingly, none of the 14
survivors had any macroscopic or microscopic evidence of
disease and their peripheral blood and bone marrow appeared
normal (Fig. 5A and Table S3). Furthermore, no human Bcl-2
protein was detectable by flow cytometry in the bone marrow or
blood (green curves in Fig. S7) and the human bcl-2 transgene
was undetectable by PCR in 6/6 myc/bcl-2 #9 tumors analyzed
(Fig. 5C).

In contrast, only four of the 18 mice treated with high dose
cyclophosphamide survived out to day 150 and only three of
these were disease-free (Table S3 and Fig. S7). The fourth, the
sole myc/bcl-2 #9 survivor, displayed clear signs of recurrent
disease. It had an enlarged spleen and liver, tumor masses in the

Fig. 3. Response of Myc-driven lymphomas to cyclophosphamide. (A)
Kaplan–Meier plots indicating survival of mice bearing 10 independent myc
lymphomas after treatment with a single (300 mg/kg ip) dose of cyclophos-
phamide (AF40, AG36, AH29, AH44, AH66, AF47, AH15, AH21, AI18, and AI71).
P value (log rank analysis) for vehicle vs. cyclophosphamide is indicated.
Treatment was initiated when tumors were palpable and survival is indicated
from day of treatment (arrow, day 0). Overall median survival (time elapsed
from day of treatment until 50% of the mice remained alive) with treatment
was 98 days versus 3 days without (Table S2). (B) Survival of mice with five
independent myc/bcl-2 lymphomas (#9, 10, 12, 16, and 30) treated similarly
with cyclophosphamide. Median survival with treatment was 32 days and 12
days without (Table S2). P value as for A.
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Fig. 4. Combination therapy with cyclophosphamide and ABT-737. Groups of mice transplanted with the myc/bcl-2 (A) or myc (B) lymphomas were treated with
ABT-737 (75 mg/kg/d for 14 days; blue line) or vehicle (black), or with ABT-737 plus low-dose cyclophosphamide (50 mg/kg day 5 and day 9; green), or with
low-dose cyclophosphamide alone (red) (n � 6 per arm). Another cohort received a single high dose of cyclophosphamide (300 mg/kg day 5; orange).
Kaplan–Meier plots indicate survival; P values (log rank analysis) are indicated for low-dose cyclophosphamide (50 mg/kg) versus ABT-737 combined with
low-dose cyclophosphamide. (C) noxa and puma are induced by DNA damage in sensitive lymphomas. Real-time qPCR for bim, puma, noxa, and p21 (positive
control) using RNA from the indicated lymphomas 3-h after �-irradiation (500 rad); negative control: p53-null myc lymphomas. Expression is normalized to that
of �-actin and is expressed as the increase relative to untreated cells; results are means � SEM of 2–4 independent experiments.
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peritoneum, lymphoblast infiltration of the blood and bone
marrow (Fig. 5B), and readily detectable human Bcl-2 protein
(Fig. S7A) and human bcl-2 DNA (Fig. 5C).

Discussion
For most adult patients with aggressive Myc-driven B cell
lymphomas, intensive combination chemotherapy is curative (5).
However, in the significant minority of patients who relapse,
subsequent intensive salvage chemotherapy rarely results in
durable survival (34), and new therapeutic approaches are
therefore required. Our data in an immunocompetent mouse
model of aggressive Myc-driven lymphoma provide clear evi-
dence that BH3 mimetic drugs warrant clinical evaluation in this
setting, particularly in combination with chemotherapy.

A surprising initial finding was that transplantable myc lym-
phoid tumors (both pre-B and B) were resistant to ABT-737 as
a single agent (Fig. 1 A and Fig. S1). These tumors expressed
Bcl-2 and Bcl-xL (Fig. 2) but inhibition of these prosurvival
proteins by ABT-737 was insufficient to trigger apoptosis. Their
significant expression of Mcl-1 (Fig. 2), which is not targeted by
ABT-737 (21, 23), may well explain these findings. In sharp
contrast, the myc/bcl-2 tumors, which expressed less Mcl-1 but
high Bcl-2 displayed single agent sensitivity to ABT-737 (Fig. 1B

and Fig. S2). Using a conditional bcl-2 transgene, Letai et al. (35)
have previously reported that Bcl-2 is required for maintenance
of myc/bcl-2 lymphoid tumors. The myc/bcl-2 tumors express
more Puma than the myc lymphomas (Fig. 2 and Fig. S3A) and
presumably this potent BH3-only protein (22) plays a role in
triggering apoptosis once ABT-737 binds to and neutralizes
Bcl-2 (Bcl-xL and Bcl-w). Interestingly, nonmalignant pre-B and
B cells from healthy young myc/bcl-2 mice also have lower Mcl-1
and higher Puma levels than their counterparts from myc mice
(Fig. S3B), suggesting that this expression signature correlates
with high Bcl-2 expression rather than differentiation stage. In
many different cell types, high Bcl-2 correlates with sensitivity to
ABT-737 (e.g., 19, 21).

As a single agent, ABT-737 was unable to eradicate the
myc/bcl-2 tumor cells, because all of the treated mice eventually
succumbed to the disease (Fig. 1B, Fig. S2, and Table S1).
Because genotoxic agents induce BH3-only proteins Noxa and
Puma, which are natural antagonists for Mcl-1, we sought to
enhance the response to ABT-737 by combining it with chemo-
therapy. As a single agent, cyclophosphamide provided only
modest efficacy, even at a high dose (Figs. 3B and 4A). When
combined with ABT-737, however, low dose cyclophosphamide
was curative in all mice transplanted with 2 of 3 independent
myc/bcl-2 lymphomas (Figs. 4A and 5). Whereas these responsive
lymphomas displayed robust induction of noxa and puma after
genotoxic stress, a more resistant tumor (#12) displayed mini-
mal response (Fig. 4C and Fig. S6). Thus, we infer that cure of
these highly resistant tumors requires neutralization of Mcl-1 as
well as the ABT-737 targets.

Importantly, even though ABT-737 showed no activity against
any of the myc pre-B and B lymphomas, it did synergise with low
dose cyclophosphamide to produce a complete remission for 6/6
mice transplanted with one tumor (AH15) (Fig. 4B). Again, the
most responsive tumor displayed robust induction of noxa and
puma in response to genotoxic stress. Taken together, our results
suggest that effective therapy for a Myc-driven tumor will require
neutralization of most if not all prosurvival proteins expressed by
the tumor.

Our data complement and extend a recent study of ABT-263,
an orally available compound in the same class as ABT-737, for
treating aggressive human B lymphoid tumor cell lines in a
murine immuno-compromised xenograft model (21). In that
study, two tumor-derived cell lines (DoHH2 to model diffuse
large B cell lymphoma and GRANTA-519 to model mantle cell
lymphoma) expressing high levels of Bcl-2 responded to ABT-
263 and the response was significantly enhanced when combined
with a standard therapy for non-Hodgkin’s lymphoma. Our data
in immunocompetent mice with myc/bcl-2 lymphomas not only
confirm the benefits of combining Bad-like BH3 mimetics with
chemotherapy, but also illustrate that these benefits may be
achievable with lower doses of cytotoxic drugs and that high rates
of complete tumor elimination are possible.

Tse et al. (21) also found that OPM-2 human myeloma cells,
which express high levels of Mcl-1, did not respond in the
xenograft model to treatment with ABT-263. Nevertheless,
ABT-263 significantly enhanced the response to bortezomib,
which was shown in vitro to induce Noxa, thereby inactivating
Mcl-1. This finding is analogous to our data for myc tumors,
which were unresponsive to ABT-737 as a single agent in vivo but
could respond to ABT-737 plus cyclophosphamide, if able to
induce noxa and puma in response to genotoxic stress.

From these findings we draw several conclusions regarding the
possible utility of BH3 mimetics for treating aggressive myc
driven lymphomas. First, for tumors that are dependent on Bcl-2
for survival, ABT-737 could well have significant single agent
activity, even when genotoxic responses are impaired. Second,
consistent with other observations (23, 24, 30), ABT-737 prob-
ably will be ineffective as a single agent for tumors in which Mcl-1

Fig. 5. Long-term disease-free survival. Mice autopsied at day 150 comprised
12 mice that had been transplanted with myc/bcl-2 lymphomas #9 and #16 and
treated with ABT-737 plus low-dose cyclophosphamide, and the sole surviving
myc/bcl-2 #9-transplanted mouse treated with high-dose cyclophosphamide.
(A) All mice treated with combination therapy appeared macroscopically and
microscopically normal (representative shown). (B) The mouse treated with
high-dose cyclophosphamide had an enlarged spleen (S), enlarged liver (L),
and peritoneal tumor mass (T) (Left); and prominent lymphoblasts in the
blood (Center) and bone marrow (Right). Blood films were stained with
Wrights’ stain and sternal sections with H&E; magnification �400. (C) Human
bcl-2 transgene was not detectable by PCR in the spleen (S) of six survivors (#9)
that received combination therapy but readily seen in the spleen (S) and lymph
node from the survivor treated with high-dose cyclophosphamide. p53 -
loading control.
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is expressed at significant levels. Third, the combination of
chemotherapy and ABT-737 should be highly effective and
potentially curative provided the DNA damage response is
sufficiently intact to induce adequate levels of Noxa and Puma.
For tumors with lesions in the DNA damage response, an
alternative therapeutic that down-regulates and/or inactivates
Mcl-1 in a p53-independent fashion could be used to synergise
with ABT-737.

Materials and Methods
For studies with ABT-737, 6- to 8-week-old wild-type male mice were injected
(i.p.) on day 0 with 1–3 � 106 T1 lymphoma cells and treatment was initiated
on day 4 with i.p. (ip) injections of ABT-737 (Abbott Laboratories; 75 mg/kg in
30% propylene glycol, 5% Tween 80, 3.3% dextrose in water pH 4, 1% DMSO)
administered daily for 14 days. For studies testing cyclophosphamide as a
single agent (Fig. 3), mice were injected (i.v.) on day 0 with 1–3 � 106 T1
lymphoma cells and regularly checked until tumors were palpable (usually day
14), whereupon they were injected (ip) with water alone or with cyclophos-
phamide (Sigma; � 300 mg/kg in water; 2–13 recipients per tumor). For
combination studies (Fig. 4), mice were transplanted on day 0, then injected

daily from day 4 with either vehicle alone or ABT-737 (75 mg/kg), each cohort
also receiving either cyclophosphamide (ip, 50 mg/kg, equivalent to 175
mg/m2) or saline on days 5 and 9. A fifth cohort was given a dose of cyclo-
phosphamide (300 mg/kg, equivalent to 1000 mg/m2) on day 5. The mice were
culled when deemed unwell (lethargy, tremor, hindleg paralysis, �5% weight
loss, palpable tumor) by animal husbandry staff who were blinded to the
experiment. All mouse experiments were performed in accordance with
guidelines administered by the Institutional Animal Ethics Committee. Details
of mice, immunoblotting, real-time qPCR and genomic PCR analysis are pro-
vided within the SI Materials and Methods; see also Tables S4 and S5.
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