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Background
Despite incremental improvements in outcomes for patients with acute lymphoblastic
leukemia, significant numbers of patients still die from this disease. Mammalian target of
rapamycin inhibitors have shown potential in vitro and in vivo as therapeutic agents against a
range of tumors including acute lymphoblastic leukemia. 

Design and Methods
Flow cytometry was used to evaluate drug-induced cell death in acute lymphoblastic leukemia
cell lines and patients’ samples. Human xenografts in immunocompromised mice were used to
assess the in vivo effects of selected combinations. Pharmacological inhibitors and lentiviral
small interfering ribonucleic acid knock-down of p53 were used to investigate the mechanism
of cell killing involved. 

Results
Synergistic interactions between RAD001 and cytotoxic agents were demonstrated in vitro and
in vivo, with increased caspase-dependent killing. RAD001 suppressed p53 and p21 responses,
while suppression of p53 did not prevent killing, indicating p53 independence. RAD001 and
cytotoxic agents activated the JUN N-terminal kinase pathway and the combination further
increased JUN N-terminal kinase activation. JUN N-terminal kinase inhibition reduced syner-
gistic cell killing by cytotoxic agents and RAD001 in pre-B acute lymphoblastic leukemia cell
lines and patients’ samples. 
Bortezomib and MG132, which activate the JUN N-terminal kinase pathway, also synergized
with RAD001 in killing pre-B acute lymphoblastic leukemia cells. Killing was greater when
RAD001 was combined with proteasome inhibitors than with cytotoxic drugs. 

Conclusions
These observations suggest that combining mammalian target of rapamycin inhibitors with
conventional chemotherapy or selected novel agents has the potential to improve clinical
responses in patients with pre-B acute lymphoblastic leukemia.

Key words: acute lymphoblastic leukemia, proteasome inhibitors, RAD001, mTOR inhibitors,
JNK.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most com-
mon malignancy in children, and although the majority of
patients respond well to treatment, up to 20% of children
will relapse and ultimately have a poor prognosis.1 The
majority of adult patients relapse following treatment, with
the survival rate at 5 years being less than 12%.2
Chemotherapeutic agents remain the foundation of induc-
tion, consolidation and salvage therapy for both children
and adults with ALL. Increasing the efficacy of current
treatments by the addition of new agents is a reasonable
strategy for improving patients’ outcomes. 
Inhibitors of the mammalian target of rapamycin

(mTOR) have recently emerged as potential therapeutic
agents for a number of cancers including hematologic
malignancies.3-8 mTOR plays a pivotal role in signaling
pathways controlling cell proliferation and survival.9
mTOR inhibitors have significant anti-tumor activity as
single agents in vitro and in experimental mouse models of
ALL.6,10-13 Furthermore, positive interactions have been
demonstrated between mTOR inhibitors and standard
chemotherapeutics including vincristine, doxorubicin and
methotrexate,3,13-15 as well as newer growth factor receptor
or tyrosine kinase inhibitors with anti-cancer agents target-
ing growth factor pathways.16 Indeed we have demonstrat-
ed that the survival of mice receiving vincristine and
RAD001 is enhanced, while Teachey et al. found similar
results with the combination of methotrexate and CCI-
779.13,15 There is, however, considerable variation between
studies regarding which agents produce synergistic or addi-
tive effects when combined with particular mTOR
inhibitors, indicating that further clarification of effective
combinations is required. 
The response to DNA damage and cellular stress result-

ing from exposure to chemotherapeutic agents is character-
ized by induction of p53, which is a key regulator of apop-
tosis, cell cycle arrest and DNA repair.17 Induction of p53
increases the expression of pro-apoptotic proteins, such as
Puma18 and Bax,19 and the cell cycle regulator p21.20 The fate
of the cell in response to chemotherapy or radiation-
induced stress is dependent upon the balance between sig-
nals promoting apoptosis and those initiating DNA repair.
Alterations in expression of p21 and p53 can change the
balance of signal transduction, favoring or inhibiting apop-
tosis.21,22 The reported inhibition of p21 expression by
rapamycin suggests that mTOR inhibitors may disrupt this
balance.23
Standard chemotherapeutic agents, as well as a number

of newer agents including proteasome inhibitors, also initi-
ate apoptosis through activation of mitogen-activated pro-
tein kinase pathways, particularly the JUN N-terminal
kinase (JNK) pathway.17,24 The JNK pathway is particularly
important for the induction of p53-independent apoptosis
by these agents.25 Rapamycin is also known to result in sus-
tained activation of the JNK pathway, suggesting that this
pathway may be important for interactions between
mTOR inhibitors and chemotherapeutic agents.26
Proteasome inhibitors are a promising new class of agents,
currently used to treat a number of hematologic malignan-
cies including myeloma.27 Although no objective responses
were seen in children with ALL when bortezomib was
used as a single agent,28 it is possible that better responses
may occur when this proteasome inhibitor is combined
with other agents. 

In this study, we examined interactions between the
mTOR inhibitor RAD001, standard chemotherapeutic
agents, and the proteasome inhibitors bortezomib and
MG132 in ALL cells. 

Design and Methods

Cells
Human precursor-B ALL cell lines were obtained as follows:

NALM6 from the Deutsche Sammlung Von Mikroorganismen und
Zellkulturen Gmbh (DSMZ; Braunschweig, Germany), Reh from the
American Type Culture Collection (ATCC; Manassas, VA, USA)
and LK-63, as a gift, from Professor Andrew Boyd (Queensland
Institute of Medical Research, Brisbane, QLD, Australia). Cells
were maintained in RPMI medium containing 10% fetal calf serum
(complete medium) as previously described.29 Patients’ samples
were obtained following informed consent from patients at
Westmead Hospital (Sydney, NSW, Australia), with approval from
the Sydney West Area Health Service Human Research Ethics
Committee. Details of the patients’ samples have been published
previously and are provided in Online Supplementary Table S1.13,30,31

Cells from all samples except 1901 were expanded on stroma to
provide sufficient material for the study. 

Antibodies and reagents
RAD001 (everolimus) was kindly provided by Novartis (Basel,

Switzerland). The pan-caspase inhibitor ZVAD-FMK was pur-
chased from Becton Dickinson (North Ryde, NSW, Australia). The
JNK inhibitor SP600125, and the proteasome inhibitor MG132
were purchased from Merck (Melbourne, Vic, Australia). The pro-
teasome inhibitor bortezomib (Velcade™) was purchased from
Millennium Pharmaceuticals (Cambridge, MA, USA), etoposide
phosphate from Bristol-Myers-Squibb (Rydalmere, NSW,
Australia) and vincristine sulphate and doxorubicin from Pfizer
(Melrose Park, NSW, Australia). Ionizing radiation was delivered
using an X-ray irradiator (XRAD320, Precision X-Ray, Inc. East
Haven, CT, USA) at a dose rate of 0.91 Gy/min. 7-amino-
actinomycin D (7-AAD), 10x annexin V binding buffer, 10x
perm/wash buffer, annexin V-fluorescein isothiocyanate (FITC)
and streptavidin-allophycocyanin were obtained from Becton
Dickinson and annexin V alexa fluor 647 from Invitrogen (Grand
Island, NY, USA). The following antibodies to human antigens
were purchased: mouse anti-Bcl2-FITC and active caspase-3 FITC
or biotin (Becton Dickinson); mouse anti-p53-FITC, p21-FITC,
p53, p21 (Calbiochem, Boronia, VIC, Australia); rabbit anti-c-Jun
(Ser73), Bax, Puma and XIAP (Cell Signaling Technologies Boston,
MA, USA).

Flow cytometry
Viability was assessed using annexin V and 7-AAD staining as

previously described, except that the propidium iodide was
replaced by 0.25 μg/mL 7-AAD.32 Intracellular staining was per-
formed on cells fixed in ice cold 70% ethanol and blocked in
perm/wash (BD) buffer containing 10% human AB serum for 1 h.
Cells were labeled for 1 h with appropriate primary antibodies, or
isotype control antibody, at room temperature in the dark. Cells
were subsequently washed and resuspended in 500 μL phosphate-
buffered saline for analysis by flow cytometry. If required cells
were incubated with species-specific, fluorophore-conjugated sec-
ondary antibodies for 45 min in the dark at room temperature.
Cells were analyzed by flow cytometry using a FACSCalibur flow
cytometer.
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Lentiviral transduction
Lentiviral transduction was performed with Institutional

Biosafety Committee approval. Lentiviral particles containing p53,
or luciferase, short hairpin (sh) RNA expression vectors (pSIH-HI-
coGFP), were generously provided by Dr Helen Rizos (Westmead
Millennium Institute, Sydney, Australia).33 Cells (1¥106/mL) were
transduced in RPMI containing 10% fetal calf serum, 8 μg/mL
polybrene and either luciferase (2.5¥106 viral particles/mL) or p53
(0.8¥106 viral particles/mL) shRNA-expressing viral particles for 48
h. Viral particles were removed and the cells cultured in complete
medium in triplicate for a further 24 h in the absence or presence
of vincristine. Successfully transduced cells were identified by
expression of green fluorescent protein (GFP). 

In vivo studies
In vivo studies were performed as previously described.13

Briefly sub-lethally irradiated NOD/SCID mice were engrafted
with ALL xenograft 1345 and treatment commenced when 1%
ALL cells were detected in the blood and continued for 4 weeks.
RAD001 was administered thrice weekly by gavage at a dose of
5 mg/kg, dexamethasone from Monday-Friday by intraperi-
toneal injection at a dose of 15 mg/kg and etoposide at a dose of
8 mg/kg by weekly intraperitoneal injections. ALL was moni-
tored by weekly tail vein bleeds and animals sacrificed according
to humane measures of declining health in line with animal
ethics committee approval of the study. All animals had exten-
sive ALL at the time of sacrifice.

Statistical analysis
Normalization, averages and standard deviations were deter-

mined using Microsoft Excel. Fold change analysis of mean fluo-
rescence intensity was employed to determine the significance of
changes in target antigen expression. Graphical representation of
the square root of the mean was used to determine whether rela-
tionships between agents tested were antagonistic, synergistic or
additive. The data were also compared with estimated marginal
means generated by syntax-based univariate analysis of variance,
using SPSS graduate pack statistics. Syntax-based univariate analy-
sis of variance was also used to determine the statistical signifi-
cance (P<0.05) of variance observed with single agent and combi-
nation treatments. In vivo studies were analyzed using a Mantel-
Cox log-rank test.

Results

RAD001 causes dose-dependent synergistic killing 
of pre-B acute lymphoblastic leukemia cells when 
combined with ionizing radiation or chemotherapy agents

mTOR inhibitors have been previously reported to syn-
ergize with several chemotherapeutic agents.12,14 We
examined the ability of RAD001 to enhance the cytotoxic
effects of ionizing radiation, by flow cytometry using
annexin V and 7-AAD staining (Figure 1A). Radiation and
cytotoxic agents were titrated and suboptimal concentra-
tions selected to facilitate the demonstration of interactive
effects. While 2 μM RAD001 had no effect, higher doses
significantly increased the cytotoxicity of ionizing radia-
tion on pre-B ALL cell lines (Figure 1B and D). In contrast,
we were unable to detect synergy between dexametha-
sone and RAD001 (Figure 1D). Plots of the square root
transformation of the mean viability and univariate analy-
sis of variance statistics demonstrated a clear synergistic
interaction between 16 μM, but not 2 μM, RAD001 and

irradiation (Figure 1C). Similarly, 16 μM RAD001
enhanced the efficacy of the chemotherapeutic agent vin-
cristine. This was demonstrated by a greater than 1 log
reduction in the IC50 of this drug in NALM6 and LK63 cells
and a greater than 2.7-fold reduction in REH cells when
the effect of 16 μM RAD001 alone had been corrected for
(Figure 2A). Synergy was also observed with several
chemotherapeutic agents including etoposide and doxoru-
bicin (Figure 2B left panels and Online Supplementary Figure

Synergistic killing by RAD001 and cytotoxic agents
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Figure 1. RAD001 synergizes with radiation in a dose-dependent
manner to increase ALL cell death. (A) Representative flow cytome-
try dot plots showing the analysis used to determine cell viability.
The viability of the LK63 cells in the examples provided is shown in
the lower right corner of each dot plot. ALL cells negative for annex-
in V and 7-AAD were considered viable. (B) LK63 cells were treated
with the indicated concentrations of RAD001 for 24 h with or with-
out exposure to 5 Gy of ionizing radiation and analyzed as in (A).
Between two and six replicates were examined at each point and
the mean and standard deviation are shown. (C) Data obtained in
(B) were square root transformed. Divergent lines represent agonis-
tic, parallel lines additive, and convergent lines antagonistic relation-
ships. (D) NALM6, REH and LK63 cells were treated with 16 μM
RAD001 and/or the indicated dose of ionizing radiation or 40
ng/mL of dexamethasone. The mean and standard deviation of trip-
licate determinations are shown. *P<0.05 compared to 16 μM
RAD001 or ionizing radiation indicating an agonistic interaction.
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S1). This synergistic effect was also observed when using
samples from patients with ALL. Despite the heterogene-
ity in cytogenetics and sensitivity to individual agents, sta-
tistical significance was reached with at least two agents
in all samples tested (Figure 2B, right panels and Online
Supplementary Figure S1). As we had previously demon-
strated for vincristine,13 the combination of the
chemotherapeutic agent etoposide and RAD001 further
increased the survival of mice with ALL  (Figure 2C), while
the combination of dexamethasone and RAD001 was no
more effective than RAD001 alone.

Combination therapy results in caspase-dependent cell
death 
Radiation or 16 μM RAD001 alone induced little activation

of caspase-3, but when combined, caspase-3 activation was
marked (Figure 3A). The pan-caspase inhibitor Z-VAD-FMK
(20 μM) completely prevented the activation of caspase-3 in
response to the combination of agents (Figure 3B). This dose
of Z-VAD-FMK completely prevented the increased killing
observed when 16 μM RAD001 was combined with radia-
tion or chemotherapeutic agents (Figure 3C and Online
Supplementary Figure S2). This indicates that the synergistic
killing by 16 μM RAD001 and radiation or chemotherapy
occurs through caspase-dependent apoptosis. 

Synergistic cell death is independent of p53 responses
p53 plays a fundamental role in the response of cells to

stress, including apoptosis and cell cycle arrest following
exposure to chemotherapeutic agents.17 The pre-B ALL cell
lines NALM6, REH and LK63 showed up-regulation of both
p53 and p21 expression after exposure to various cytotoxic
agents including vincristine, etoposide and doxorubicin, or to
ionizing radiation (Table 1). Rapamycin and its derivatives are
reported to reduce p21 expression.23,24 Despite having little
effect on p53 or p21 expression when used as a single agent,
16 μM RAD001 completely suppressed the up-regulation of
p53, and reduced that of p21, after exposure to chemothera-
peutic agents (Table 1). This, and the absence of increased p53
expression in pre-B ALL cells exposed to 16 µM RAD001,
strongly suggests that the synergistic effects of RAD001 on
chemotherapy-induced cell death are independent of p53
responses. The p53 inhibitor, pifithrin-α,35 did not affect the
viability of pre-B ALL cells exposed to vincristine, also sug-
gesting that cell death is independent of p53 function (Figure
3D). To further support this point TP53 gene silencing exper-
iments were undertaken using a lentivirus to introduce p53
shRNA-GFP and luciferase shRNA-GFP into NALM6 cells.
The induction of p53 in response to vincristine was complete-
ly prevented by the introduction of p53 shRNA (Figure 3E).
To determine whether p53 was required for vincristine-
induced cell death, the induction of apoptosis was assessed in
p53 shRNA-transduced cells using caspase-3 activation.
Apoptosis was minimal in cells transduced with luciferase
shRNA-GFP or p53 shRNA-GFP. However vincristine-
induced activation of caspase-3 was not affected by the pres-
ence of p53 shRNA (Figure 3F). This suggests that apoptosis
in this model is independent of p53. 

Activation of JNK plays a significant role in the 
synergistic effects of RAD001 on chemotherapy 
and radiation-induced cytotoxicity 
The prolonged activation of mitogen-activated protein

kinases, particularly JNK, is known to be involved in cell
death responses to a range of stimuli including cytotoxic
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Figure 2. Synergistic killing of ALL cells by 16 μM RAD001 and
chemotherapeutic agents. (A) NALM6, LK63 and REH cells were
treated with the indicated concentrations of vincristine in the pres-
ence (RAD001) or absence (Control) of 16 μM RAD001 and
assessed for viability after 24 h. The data are corrected for the via-
bility in the absence of vincristine for each series (i.e. no drug for the
Control series and 16 μM RAD001 alone for the RAD001 series).
The IC50 value for vincristine for each series is indicated on the
graphs. (B) NALM6, REH and LK63 cells (left panels) or indicated
patients’ samples (right panels) were either untreated or exposed to
RAD001, indicated chemotherapeutic agents, or the combination of
RAD001 and indicated chemotherapeutic agents for 24 h.  Drug
concentrations were as follows: vincristine (0.6 nM), etoposide (100
mM), doxorubicin (10 mM) and RAD001 (16 μM), except for
patients’ samples 2032, 1345 and 2070 where 14 μM RAD001 was
used. Cell viability was assessed by flow cytometry, and cells nega-
tive for annexin V and 7-AAD staining were considered viable. The
mean±SD of triplicate determinations is shown. Error bars denote
the standard deviation of the mean. *Indicates a significant syner-
gistic interaction between RAD001 and the indicated therapeutic
agent (P<0.05). (C) NOD/SCID mice engrafted with a xenograft from
patient 1345 were treated with placebo only (P/P), placebo and
RAD001 (P/R), placebo and dexamethasone (P/D), placebo and
etoposide (P/E), RAD001 and dexamethasone (R/D) or RAD001
and etoposide (R/E). Kaplan-Meier plots of the survival of the mice
are shown. The time indicated is from the commencement of treat-
ment and the arrow indicates the completion of treatment. The P
value indicates a significant increase in survival of mice receiving
RAD001 and etoposide compared to those receiving RAD001 alone. 
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agents.17,24 Both 16 μM RAD001 and vincristine significant-
ly activated JNK signaling as demonstrated by elevated
expression and phosphorylation of c-Jun. The combina-
tion of these agents resulted in the greatest JNK activity
(Figure 4A). To determine the role of JNK activation in the
synergistic effects of RAD001, pre-B ALL cell lines were
either untreated or exposed to radiation or chemotherapy,
16 μM RAD001 or combination therapy in the presence or
absence of the JNK inhibitor SP600125. Although JNK
inhibition did not influence cell death resulting from treat-
ment with the single agents, the synergistic killing
observed with combination therapy was significantly
reduced by JNK inhibition in all cell lines tested (Figure 4
and Online Supplementary Figure S3). This suggests that a
threshold level of JNK activation may be required before it
significantly contributes to cell death. While the inhibition
of synergistic killing was statistically significant, it was not
complete. This indicates that, while JNK activation is a

significant contributor to the mechanism that underpins
synergistic killing, additional factors are involved. 

Proteasome inhibitors bortezomib and MG132 
also synergize with RAD001 to kill pre-B acute 
lymphoblastic leukemia cells
To determine whether activation of JNK signaling pro-

vides a general mechanism to enhance the effects of
RAD001 in pre-B ALL cells, the effect of proteasome
inhibitors was examined. Proteasome inhibitors are
potent activators of the JNK pathway, mediating JNK-
dependent apoptosis.24,36 Bortezomib induced JNK activa-
tion in ALL cells as expected (data not shown) and this acti-
vation was required for optimal killing by this agent
(Online Supplementary Figure S4A). RAD001 synergized
with bortezomib (Figure 5A) and MG132 (Figure 5B), not
only at the 16 μM dose required for interaction with cyto-
toxic agents, but also at significantly lower doses (Online

Synergistic killing by RAD001 and cytotoxic agents
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Figure 3. Synergistic cell death was caspase-dependent and p53-independent. (A) NALM6 and REH cells were either untreated, treated with
16 μM RAD001, exposed to indicated doses of ionizing radiation or both RAD001 and ionizing radiation for 24 h. Cells were labeled for
cleaved caspase-3 and analyzed by flow cytometry. Representative graphs from duplicate determinations are shown. (B) REH cells were
treated with 16 μM RAD001 and 2.5 Gy of ionizing radiation in the presence or absence of the pan-caspase inhibitor ZVAD-FMK (20 μM).
Cells were labeled and data shown as for (A). (C) NALM6 cells were either untreated or exposed to 1 Gy of ionizing radiation (IR) or the indi-
cated chemotherapeutic agents, 16 μM RAD001 or the combination of RAD001 and radiation or chemotherapeutic agents in the absence
or presence of 20 μM ZVAD-FMK for 24 h. Chemotherapeutic agents were used at the following concentrations: 10 μM doxorubicin (Dox) or
100 nM etoposide (Etop). Cells negative for annexin V and 7-AAD staining by flow cytometry were considered viable. The mean±SD of trip-
licate determinations are shown. † Indicates a significant synergistic interaction between RAD001 and the cytotoxic agent (P<0.05).
*Indicates a significant reversal of the synergistic killing (P<0.05). (D) NALM6, REH and LK63 cells were untreated or exposed to 10 nM vin-
cristine, in the absence or presence of the p53 inhibitor pifithrin (25 μM) for 12 h. Cells were analyzed by flow cytometry, and those negative
for annexin V and 7-AAD staining were considered viable. The mean±SD of triplicate determinations is shown. (E) NALM6 cells were trans-
duced with lentiviral constructs containing either luciferase shRNA-GFP (Control) or p53 shRNA-GFP and treated with vehicle or 5 nM vin-
cristine. Cells were labeled for p53 and analyzed by flow cytometry using GFP to identify successfully transduced cells. The mean±SD of
duplicate determinations is shown. *Indicates a significant suppression of p53 induction in response to vincristine. (F) NALM6 cells were
transduced with p53 shRNA-GFP or luciferase shRNA-GFP and treated with 5 nM vincristine or vehicle for 12 h. Cells were labeled for cleaved
caspase-3 and analyzed by flow cytometry, the percentage of cells lacking cleaved caspase-3 is shown. §P<0.05 compared to the equivalently
treated luciferase shRNA-GFP cells. 
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Figure 4. Synergistic cell death was partially mediated by activation
of the JNK pathway. (A) Mean fluorescence intensity of flow cytomet-
ric analysis of c-Jun phosphorylated Ser73 in ALL cell lines treated
with cytotoxic agents with or without the addition of 16 μM RAD001.
*P<0.05 compared to cells treated with RAD001 or vincristine as
single agents. (B) NALM6, REH and LK63 cells were untreated or
exposed to 0.6 nM vincristine or 100 nM etoposide with or without
the addition of 16 μM RAD001 in the absence or presence of 5 μM
SP600125 for 24 h. Cells were analyzed by flow cytometry and cells
lacking annexin V and 7-AAD staining were considered viable. The
mean±SD of triplicate determinations is shown. †Indicates a signifi-
cant synergistic interaction between the chemotherapeutic agent
and RAD001 (P<0.05) *Indicates a significant reversal of the syner-
gistic interaction by SP600125 (P<0.05). 

Figure 5. Proteasome inhibitors synergize with RAD001. Indicated
cell lines (A and B) were untreated or exposed to 20 nM bortezomib
(A) or 500 nM MG132 (B) in the presence or absence of 16 μM
RAD001 for 24 h. Cells were analyzed by flow cytometry, and those
negative for annexin V and 7-AAD staining were considered viable.
The mean±SD of triplicate determinations is shown. *Indicates a
synergistic interaction between the two agents being tested
(P<0.05). (C) Indicated patients’ samples were treated as for (A)
except that RAD001 was used at 8 μM and bortezomib at 10 nM.
The mean±SD of triplicate determinations normalized to control is
shown. *Indicates a synergistic interaction between the two agents
being tested (P<0.05).

Table 1. RAD001 suppresses expression of p53 and p21 induced by cytotoxic agents.
Agent                                          Cell Line                       Control                          RAD001                        Agent                      RAD001 + Agent

p53
Irradiation 1G y                                  NALM6                           3.59±0.01                             3.49±0.25                         4.23±0.12                              3.99±0.08*
Irradiation 2.5 Gy                                  REH                              4.01±0.22                             3.87±0.15                         5.31±0.02                              4.22±0.02*
Vincristine 10 nM                               NALM6                           5.51±0.11                             6.32±0.78                       10.61±0.13..                            5.94±0.07*
                                                                  REH                              5.08±0.02                             4.31±0.44                         8.45±0.16                              5.06±0.57*
                                                                  LK63                             11.28±0.10                           11.11±0.05                       13.82±0.13                             9.42±0.02*
Doxorubicin 50 nM                           NALM6                           5.06±0.14                             4.22±0.68                         9.86±0.16                              5.34±0.94*
Etoposide 500 nM                             NALM6                           5.06±0.14                             4.22±0.68                         8.45±0.08                              5.93±0.67*
                                                                  REH                              8.19±0.25                             5.50±0.54                         9.71±0.13                              5.54±0.26*

p21
Vincristine 10 nM                               NALM6                          30.47±0.59                           30.17±3.95                       84.21±2.23                            59.58±1.17*
                                                                  REH                              2.93±0.13                             3.09±0.05                         4.41±0.09                              3.17±0.27*
Doxorubicin 50 nM                              REH                              2.93±0.13                             3.09±0.05                         4.24±0.30                              3.12±0.02*
                                                                  LK63                              3.38±0.04                             3.25±0.07                         7.36±0.04                              4.70±0.17*
Etoposide 500 nM                                REH                              2.93±0.13                             3.09±0.05                         5.25±0.02                              4.32±0.03*
                                                                  LK63                              3.38±0.04                             3.25±0.07                         6.77±0.04                              5.59±0.32*

Mean fluorescence intensity from flow cytometric analysis of p53 and p21 expression in ALL cell lines treated with cytotoxic agents with or without the addition of 16 µM RAD001.
*P<0.05 compared to the cytotoxic agent alone. 
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Supplementary Figure S4B). Similar results were obtained
using lower doses of RAD001 and bortezomib in patients’
samples (Figure 5B). 

Discussion

The poor outcomes of patients with relapsed pre-B
ALL37 make novel approaches to therapy necessary. Recent
studies indicate that synergy between mTOR inhibitors
and chemotherapeutic agents can be achieved in ALL.3,6,13,15
Here, we have confirmed that RAD001 can act synergisti-
cally with a broad range of chemotherapeutic agents and
ionizing radiation. Unlike in previous studies, we did not
observe a synergistic interaction with dexamethasone.38-40
The most likely explanation for this difference is that T-
ALL and Burkitt’s lymphoma cell lines were used as
opposed to the B-cell progenitor lines in this study. Indeed
REH cells, which are dexamethasone-resistant, were not
sensitized by rapamycin in the study by Wei et al., consis-
tent with our findings.
The low micromolar concentrations of RAD0001

required in this study to enhance cell death with conven-
tional chemotherapeutic drugs and irradiation are about
10-fold higher than the concentration of RAD001 required
to inhibit the proliferation of pre-B ALL cell lines such as a
NALM6 in our laboratory (unpublished data), or the high
nanomolar concentrations of rapamycin shown to affect
pre-B ALL.6 However, we have demonstrated, using an
immunodeficient mouse model and a thrice weekly oral
gavage regimen, that low micromolar plasma concentra-
tions of RAD001 are achievable in these animals, and are
capable of inhibiting molecular targets of mTOR in
xenografted human ALL cells, to produce significant anti-
leukemic effects.13 This is the same scheduling as used in
this study. Although trough plasma levels of RAD0001 in
humans given doses of 10 mg have been reported to be in
the nanomolar range,41 peak levels may be more important
for antileukemic activity, and have not been clearly
defined in human pharmacokinetic studies. Dosing regi-
mens of up to 70 mg of RAD001 per week, or 10 mg/kg
daily, have been used in cancer clinical trials, comparable
with doses administered to mice, and are tolerated, thus
enabling exploration of RAD001 in clinical trials with
selected chemotherapy drugs.
Identifying the mechanism underpinning synergistic

killing will facilitate the logical selection of agents to com-
bine with RAD001 to increase tumor cell death in
response to chemotherapy. We have previously demon-
strated that RAD001 alone does not induce apoptosis in
vivo, despite prolonging survival.13 However, cell cycle
arrest was observed, as was the induction of autophagy.
Autophagy has the potential to reduce cell death by
removing damaged organelles and providing essential
nutrients, but it has also been suggested that excessive
autophagy can result in cell death.42 Since RAD001 treat-
ment resulted in the long-term survival of some mice with
ALL, cell death must be occurring in vivo. Whether
autophagy contributes to RAD001-induced cell death of
ALL cells remains to be determined. We found that syner-
gistic killing by 16 μM RAD001 and chemotherapy was
via caspase-dependent apoptosis. Key regulators of DNA
damage and stress responses include p53 and p21, the lat-
ter inducing G1 cell cycle arrest and DNA repair.43 RAD001
potently inhibited up-regulation of p53 expression, and

reduced p21, in response to chemotherapy and ionizing
radiation. However, using pharmacological and genetic
inhibition of p53 induction, we demonstrated that p53
does not play a major role in chemotherapy-induced death
in ALL cells. Unlike in many other malignancies, p53
mutations are rare in newly diagnosed ALL.44 In the con-
text of patients with relapsed disease, in whom complex
cytogenetic abnormalities include loss of p53,45,46 the abili-
ty to kill pre-B ALL cells independently of p53 activation
may prove beneficial. While many cytotoxic agents,
including vincristine, are known to induce p53 expression
in many cell types,47 the importance of p53 induction in
subsequent apoptosis is less clear, with p53-dependent
and -independent mechanisms having been reported,
including in ALL cells.48-51
mTOR signaling and JNK pathways form an important

link in the signal transduction that leads to apoptosis, with
suppression of PI-3K signaling being required for JNK-
mediated apoptosis.52 In addition, mTOR inhibition is
associated with increased JNK pathway activation.26 JNK
can enhance apoptotic responses to genotoxic stress,53
with inhibition of JNK being protective.54 In ALL cells, syn-
ergistic killing by the Bcl-2 inhibitor ABT-737 and the
cytotoxic retinoid N-(4-hydroxyphenyl)retinamide
involved JNK signaling.55 Furthermore, suppression of
AKT resulted in caspase-dependent apoptosis that was
partially mediated by signaling through the JNK pathway
in multi-drug resistant T ALL cells.56
The observation that inhibition of JNK led to significant

protection from chemotherapy-induced death in pre-B
ALL cells provides strong evidence of an inverse relation-
ship between the activation of JNK and chemosensitivity,
and indirectly supports JNK activation as a strategy to
enhance death by chemotherapy. To determine whether
JNK activation could have general applicability for
enhancing the efficacy of RAD001 we examined the
impact of proteasome inhibitors, which mediate cell death
through the JNK pathway.24,36 Bortezomib potently
induced JNK activation (data not shown) with a significant
proportion of subsequent cell death being JNK-dependent.
This observation is consistent with those of studies in
other malignancies,57,58 and confirms that JNK activation
can contribute significantly to cell death in pre-B ALL cells
under certain conditions. The findings support JNK activa-
tion as a strategy to enhance cell death by chemotherapeu-
tic agents in pre-B ALL. RAD001 synergized with borte-
zomib or MG132 to significantly enhance pre-B ALL cell
death. The synergy between RAD001 and bortezomib
indicates a potentially novel strategy for patients with
chemoresistant pre-B ALL. Further evaluation of this strat-
egy, including in an in vivo model, is warranted.
In conclusion, we demonstrated that, at sufficiently high

doses, RAD001 synergized with a range of chemothera-
peutic agents and ionizing radiation to kill pre-B ALL cells.
Synergistic killing was mediated by caspase-dependent
apoptosis and was partially dependent on JNK signaling.
These finding are important for the further development
of mTOR inhibitors as therapeutic agents for the treat-
ment of ALL and their optimal incorporation into clinical
use. The identification of synergistic killing by combining
RAD001 with a broad range of chemotherapeutic agents
has important implications for the design of novel proto-
cols for the treatment of ALL. RAD001 may be an impor-
tant agent for patients in whom current treatments fail and
has the potential to enhance outcomes for patients receiv-
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ing first-line induction and consolidation therapy in pre-B
ALL. Finally the common factor in the synergy between
RAD001 and cytotoxic agents, and proteasome inhibitors
is activation of JNK signaling. This suggests that develop-
ing agents that activate JNK signaling may be a useful ther-
apeutic strategy. Clinical trials of RAD001 in ALL patients
with relapsed disease will be required to further evaluate
the potential of this strategy. 
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