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Lysosomal disruption preferentially targets 
acute myeloid leukemia cells and progenitors
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Despite efforts to understand and treat acute myeloid leukemia (AML), there remains a need for more com-
prehensive therapies to prevent AML-associated relapses. To identify new therapeutic strategies for AML, 
we screened a library of on- and off-patent drugs and identified the antimalarial agent mefloquine as a com-
pound that selectively kills AML cells and AML stem cells in a panel of leukemia cell lines and in mice. Using 
a yeast genome-wide functional screen for mefloquine sensitizers, we identified genes associated with the 
yeast vacuole, the homolog of the mammalian lysosome. Consistent with this, we determined that mefloquine 
disrupts lysosomes, directly permeabilizes the lysosome membrane, and releases cathepsins into the cytosol. 
Knockdown of the lysosomal membrane proteins LAMP1 and LAMP2 resulted in decreased cell viability, as 
did treatment of AML cells with known lysosome disrupters. Highlighting a potential therapeutic rationale 
for this strategy, leukemic cells had significantly larger lysosomes compared with normal cells, and leukemia-
initiating cells overexpressed lysosomal biogenesis genes. These results demonstrate that lysosomal disruption 
preferentially targets AML cells and AML progenitor cells, providing a rationale for testing lysosomal disrup-
tion as a novel therapeutic strategy for AML.

Introduction
Despite advances in our understanding of many aspects of the 
molecular basis and treatment of human acute myeloid leukemia 
(AML), relapse rates remain high (1). One factor that may account 
for these clinical problems is the presence of leukemia-initiating 
cells (LICs) within the bulk AML population (2, 3) that are resis-
tant to conventional chemotherapy agents. This suggests that the 
identification of therapeutic strategies that target all AML com-
partments while sparing normal hematopoietic cells will be impor-
tant in order to improve the outcomes of AML patients.

One therapeutic strategy is to target the cell’s protein degrada-
tion machinery. The 26S proteasome, along with the lysosome, 
constitutes the cell’s protein degradation/recycling machin-
ery (4–6). The biological role of the proteasome has been well 
described, and proteasome inhibitors are used clinically for 
the treatment of multiple myeloma and mantle cell lymphoma 
(7–9). While the utility of targeting the proteasome has been 

previously reported, the impact of disrupting lysosomes has 
not been fully elucidated. Lysosomes are acidic organelles, typi-
cally 50–100 nm in diameter, produced by the Golgi appara-
tus. They sequester hydrolases, lipases, and proteases (10–12) 
that control protein degradation, cholesterol biosynthesis, and 
organelle recycling. Unregulated release of lysosomal hydrolases 
and proteases into the cytosol triggers caspase-independent cell 
death (13–17). Here, we report that the antileukemic effects of 
lysosome disruption derive from increased lysosomal size and 
biogenesis in AML.

Results
Identification of the antimalarial mefloquine from an initial screen of 
compounds cytotoxic to leukemic cells in vitro. To identify known com-
pounds with antileukemic activity, we compiled a library of 100 
on- and off-patent drugs, focusing on antimicrobials and meta-
bolic regulators with wide therapeutic windows. We screened 
this library in a dose-response manner (72-hour incubation) on a 
panel of leukemia cell lines and measured cell growth and viabil-
ity using the MTS assay. Previously we reported on the treatment 
of leukemia cells with ivermectin, the most potent compound 
identified from this screen (18).
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Mefloquine is the second-most-active drug identified, based on a 
ranking of drug EC50s (Figure 1, A and B). Subsequent testing of the 
effect of mefloquine on another 10 human and mouse leukemia 
cell lines showed that in 8 of 10, mefloquine reduced growth and 
viability with EC50s less than 8 μM (Table 1). Mefloquine-induced 
cell death was confirmed by Annexin V and propidium iodide 
(PI) staining, and cell death increased with prolonged incuba-
tion with the drug (Supplemental Figure 1A; supplemental mate-
rial available online with this article; doi:10.1172/JCI64180DS1). 
In contrast to its effects on leukemia cells, mefloquine was less 
cytotoxic to normal murine bone marrow mononuclear cells  

(EC50 31.8 ± 5.4 μM) and murine monocyte-derived normal den-
dritic cells (EC50 17. 6 ± 2.7 μM) (Figure 1C). Quinoline-derived 
compounds can induce differentiation (19, 20), and mefloquine 
was recently reported to induce differentiation in human pluripo-
tent stem cells (21). However, mefloquine did not induce differen-
tiation of TEX leukemia cells (Supplemental Figure 1B).

Mefloquine kills primary human AML cells more effectively than normal 
human hematopoietic cells. We next compared the ability of meflo-
quine to kill cells from primary human AML samples (Supplemen-
tal Table 1) and normal human hematopoietic cells, following 30 
and 48 hours of exposure in culture (n = 9 AML, n = 5 normal at 

Figure 1
Mefloquine exhibits cytotoxicity against AML cells in vitro. (A) High-throughput screen of 100 known drugs (each represented by a diamond) in OCI-
AML2 leukemia cells, ranked by EC50 value. (B) (R)- and (S)-mefloquine. (C) Effect of mefloquine treatment (24 hours) on mouse monocyte-derived 
dendritic cells, mouse bone marrow mononuclear cells, and MDAY-D2 mouse leukemia cells. Data represent the mean percent viability ± SD  
(Annexin V/PI staining) compared with vehicle-treated controls from 3 independent experiments. (D) Effect of mefloquine treatment (left panel,  
30 hours; right panel, 48 hours) on viability (Annexin V/PI staining) of normal human hematopoietic cells (n = 9) and primary human AML samples 
(n = 17). EC50 values for each sample, calculated using the median effect method (see Methods). *P < 0.05; **P < 0.01; ***P < 0.005. Top bracket 
indicates comparison between mefloquine sensitive AML and normal samples. Line indicates comparison between all AML and normal samples. 
(E) Effect of mefloquine treatment (10 μM) on colony forming potential of normal human hematopoietic samples (n = 3) and primary human AML 
cells (n = 4). Data represent the mean percent inhibition of colony formation ± SD compared with untreated cells. (F) Effect of mefloquine pre-
treatment (10 μM, 24 hours) on the engraftment of normal and leukemic cells. Data represent the percent engraftment of human CD45+CD33+ 
cells in mouse femurs. Each data point represents a single mouse.
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30 hours; n = 11 AML, n = 6 normal at 48 hours). Mefloquine was 
preferentially cytotoxic to the primary AML cells, compared with 
normal hematopoietic cells (Figure 1D and Supplemental Figure 
1, C and D). In addition, mefloquine was preferentially cytotoxic 
to AML progenitor cells, compared with normal hematopoietic 
progenitors (Supplemental Figure 1E). As we observed with AML 
cell lines (Supplemental Figure 1A), longer exposures increased 
the toxicity of mefloquine to both AML (Supplemental Figure 1C) 
and normal cells, but the selectivity for AML cells continued to be 
manifest (Figure 1D and Supplemental Figure 1D). A subgroup of 
AML samples appeared particularly sensitive to mefloquine, but 
this was not obviously associated with differences in cytogenetic 
risk or other overt clinical characteristics (Supplemental Table 1).

We next assessed the effects of mefloquine on functionally 
defined subsets of primitive human AML and normal cell pop-
ulations, using established assays (2, 3, 22). Pre-treatment with 
mefloquine reduced the subsequent clonogenic growth of primary 
human AML cells, but had less effect on the clonogenic growth 
of normal human hematopoietic cells (Figure 1E). Pre-treatment 
with mefloquine also reduced the ability of primary human AML 
cells to repopulate the marrow of NOD/SCID mice following 
intrafemoral transplantation (Figure 1F). In contrast, the same 
pre-treatment protocol did not alter the repopulating activity of 
normal cord blood cells (Figure 1F). Thus, mefloquine effectively 
targets all populations of leukemic cells, including the LICs, with 
reduced toxicity on normal hematopoietic cells.

A combinatorial high-throughput screen identifies mefloquine as an inducer 
of ROS. Mefloquine is currently used in the treatment and prophy-
laxis of malaria (23, 24), but its mechanism of action as an antima-
larial has not been fully elucidated. To determine the mechanism 
underlying the toxic effect of mefloquine on AML cells, we per-
formed a combination chemical screen, reasoning that compounds 
that synergize with mefloquine might induce common cell death 
pathways. For this screen, we chose TEX leukemia cells (25), which 
were derived by overexpressing the TLS-ERG oncogene in primary 
cord blood cells. Accordingly, we treated aliquots of TEX cells with 
increasing concentrations of mefloquine in combination with 
increasing concentrations of an expanded library of on-patent and 
off-patent drugs (n = 552). From this screen, we identified and vali-
dated 18 compounds that synergized with mefloquine as defined 
by an excess over Bliss additivism (EOBA; ref. 26) statistic greater 
than 2 SDs above the mean for the library of drugs (ref. 26, Table 2, 

and Supplemental Figure 2, A and B). In these assays, higher EOBA 
values indicate greater synergy with the drug combination. These 
18 compounds were from diverse therapeutic classes with diverse 
mechanisms of action. However, strikingly, 10 of these, including 
the artemisinin class of antimalarials (27, 28), proved to be com-
pounds that are known to increase the production of ROS. Another 
6 had no reported effect on ROS, and the remaining 2 had been 
reported to not increase ROS production (refs. 29–34 and Table 2).

We therefore assessed the effects of mefloquine on ROS genera-
tion in TEX and OCI-AML2 cells. Twenty-four-hour treatment 
with mefloquine increased ROS production at concentrations that 
induced cell death in previous experiments (Figure 2A). Increased 
ROS production was also observed in primary AML patient sam-
ples that were sensitive to mefloquine-induced cell death, but not 
in AML cells that were insensitive to mefloquine and also not in 
normal hematopoietic cells (Figure 2B and Supplemental Figure 
2C). We also evaluated ROS production using the combination of 
mefloquine and the artemisinin class of antimalarials, the most 
synergistic combinations from our screen. Consistent with pre-
vious reports (35), artesunate and artenimol increased ROS pro-
duction in TEX and OCI-AML2 cells (Supplemental Figure 2D). 
Synergistic combinations of mefloquine and artenimol or artesu-
nate also synergistically increased ROS production (Figure 2C).  
Co-treatment with the ROS scavenger α-tocopherol, known to 
inhibit lysosomal lipid-mediated ROS production (36), inhibited 
ROS production (Supplemental Figure 2E) and abrogated meflo-
quine-induced cell death (Figure 2D) at doses of mefloquine that 
led to >50% cell death. Conversely, N-acetyl-l-cysteine (NAC), a 
ROS scavenger that acts through inhibition of thiol redox–medi-
ated ROS production (36), had no effect on ROS or cell viability 
after mefloquine treatment (Supplemental Figure 2E and Figure 
2D). These data suggested that mefloquine-mediated ROS could 
be associated with changes in lysosomal stability.

Table 1
Mefloquine sensitivity for a panel of leukemia cell lines

Cell line EC50 (μM) 95% CI
HL60 4.02 2.58–6.25
MDAY-D2 4.23 3.41–5.05
KG1A 5.00 4.80–5.21
OCI-AML2 5.59 3.99–7.84
TEX 5.79 4.36–7.58
NB4 6.04 5.37–6.78
K562 7.85 6.26–9.85
OCI-M2 7.94 7.54–8.37
U937 9.17 4.97–16.89
THP1 11.40 7.12–18.26

EC50 and 95% CI values were calculated from cell growth and viability 
data from 3 independent experiments, using the median-effect method.

Table 2
List of compounds synergistic with mefloquine

Drug name Synergy  ROS  Ref. 
 score producer?
Artenimol 21.42 Yes Supplemental Figure 2C
Saqinavir base 18.33 Yes 37
Artemisinin 18.17 Yes 38
Artesunate 13.49 Yes Supplemental Figure 2C
Saquinavir  13.41 Yes 37 
 mesylate
Clotrimazole 11.43 No 36
Rifabutin 10.58 Not reported 
Manidipine  9.98 Not reported  
 dihydrochloride
Lopinavir 9.76 Yes 37
Ritonavir 8.73 Yes 37
Amantadine HC1 5.45 No 35
Rifaximin 4.89 Not reported 
Acetylspiramycin 4.30 Not reported 
Tiamulin hydrogen  3.94 Yes 34 
 fumarate
Atazanavir 3.18 Yes 37
Colistin sulphate 2.93 Not reported 
Imatinib mesylate 2.53 Yes 33
Vandetanib 2.14 Not reported 

 



research article

318 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 1   January 2013

Haploinsufficiency profiling in Saccharomyces cerevisiae identifies the 
yeast vacuole and lysosome as the targets of mefloquine. To explore further 
the mechanism of mefloquine’s antileukemic activity, we used hap-
loinsufficiency profiling (HIP), a well-validated chemical genom-
ics platform developed in Saccharomyces cerevisiae (37–39). The HIP 
assay allows an unbiased quantitative measure of the relative drug 
sensitivity of all approximately 6,000 yeast proteins in a single in 
vivo assay, resulting in a rank-ordered list of the most likely protein 
targets, pathways, and/or processes. Gene set enrichment analysis 
(GSEA; ref. 40) demonstrated that gene deletion strains associated 
with sensitivity to mefloquine are significantly enriched for genes 
involved with vacuolar processes, the yeast parallel of mammalian 
lysosome functions (Figure 3A and Supplemental Table 3). Spe-
cifically, there is significant enrichment of vacuolar localization 
and processing, endosome transport, and Golgi vesicle transport 
(Supplemental Table 3). These processes share a number of genes 
(indicated by the connecting edges in Figure 3A), highlighting the 
fact that these processes are interrelated. Notably, vacuolar protein 
sorting genes help drive the enrichment of all the most signifi-
cantly enriched processes (see the “Leading edge genes” column for 
all processes with FDR of 0 in Supplemental Table 3 and ref. 40). 
Taken together, these data provide a rationale for examining the 
effect of mefloquine on the mammalian lysosome.

Since in this case, the putative target is a member of a tightly 
regulated large complex wherein all genes act in concert, no single 

protein is predicted to represent a unique mefloquine target, con-
sistent with our previous observations (37). As negative controls, 
we compared the mefloquine results to antimicrobials with known 
mechanisms of action unrelated to the lysosome, including tige-
cycline, chloramphenicol, linezolid, flubendazole, clioquinol, and 
ciclopirox olamine (ref. 41, Supplemental Figure 3, A–C, and Sup-
plemental Tables 4–6). These compounds showed most significant 
enrichment in mitochondrial function (tigecycline, chlorapheni-
col, linezolid), the SWR1 complex (flubendazole), proteasome 
function (clioquinol), and regulation of cellular pH (ciclopirox 
olamine), respectively. While vacuole functions were found to be 
enriched in the clioquinol and ciclopirox olamine datasets, these 
enrichments were less significant and thus are more likely to indi-
cate putative secondary effects. Taken together, the results of the 
yeast genomic screen suggest that mefloquine specifically targets 
lysosomal function. This finding is consistent with mefloquine’s 
known ability to preferentially accumulate in lysosomes of the 
malarial parasite (42).

Mefloquine disrupts AML lysosomes. To determine whether the 
selective toxicity of mefloquine on human AML cells was medi-
ated by lysosome disruption, we isolated lysosomes from TEX, 
OCI-AML2, and HL-60 cells, as well as cells from mefloquine-
sensitive primary AML patient samples. Purity of the lysosomal 
fractions was confirmed by immunoblotting for the lysosomal 
membrane protein LAMP1 and the mitochondrial protein COX II  

Figure 2
Mefloquine synergizes with ROS-producing compounds that target the lysosome. (A) TEX (left panel) and OCI-AML2 (right panel) cells were treat-
ed with mefloquine (5 and 10 μM) or vehicle control for 24 hours and ROS levels measured using 5-(and-6)-carboxy-2′7′-dichlorodihydrofluorescein 
diacetate (carboxy-H2DCFDA) staining. Data represent the mean ± SD fold increase in ROS compared with vehicle control–treated cells from 3 
replicates in a representative experiment. (B) Four primary AML samples (left panel: samples 1–3 sensitive to mefloquine; sample 4 insensitive 
to mefloquine; see Supplemental Figure 2B) and 2 normal PBSC samples (right panel) were treated with mefloquine for 24 hours and ROS levels 
measured using carboxy-H2DCFDA staining and flow cytometry (*P < 0.05). (C) Heat maps demonstrating the induction of ROS, measured as in 
A, in TEX leukemia cells treated with combinations of mefloquine and artesunate or artenimol, as indicated. EOBA score is as defined in Supple-
mental Methods. (D) TEX cells were treated with mefloquine (8 μM) for 48 hours alone or in combination with the ROS scavengers α-tocopherol 
(3 mM) and NAC (10 mM). After incubation, cell viability was measured by Annexin V/PI staining. Data represent the mean ± SD fold increase in 
ROS production compared with vehicle control–treated cells from 3 replicates in a representative experiment (there was significant protection 
against mefloquine-mediated cell death after scavenger treatment: P < 0.05).
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Figure 3
Mefloquine disrupts lysosomes. (A) Biological processes and protein complexes associated with sensitivity to mefloquine. Each node represents 
a process/complex significantly enriched among genes associated with mefloquine sensitivity (FDR ≤ 0.01). Node size is proportional to signifi-
cance of enrichment (i.e., proportional to –log10[FDR value]). The width of edges (represented by gray lines on the diamond) is proportional to 
level of gene overlap between two connected categories. Edges are not shown where overlap coefficient is less than 0.5. Node color shows clus-
ter membership, where clustering is based on the level of overlap between categories and groups together related categories. (B) Cathepsin B  
release from isolated lysosomes after mefloquine treatment (20 μM, 90 minutes). Data represent mean cathepsin B release ± SD for vehicle- 
and mefloquine-treated samples. *P < 0.05, **P < 0.01. (C) Cathepsin L release from isolated lysosomes after mefloquine treatment (20 μM,  
90 minutes). Data represent mean cathepsin L release ± SD for vehicle- and mefloquine-treated samples. *P < 0.05, **P < 0.01. (D) Citrate syn-
thase release from mitochondria isolated from OCI-AML2 cells and treated with mefloquine. (E) Cathepsin B release from lysosomes isolated 
from TEX cells and treated with tigecycline. Data represent mean cathepsin B release ± SD. (F) Cathepsin B release from lysosomes isolated 
from OCI-AML2 cells and treated with tigecycline. Data represent mean cathepsin B release ± SD.
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(Supplemental Figure 3D), and by demonstrating a more than 
5-fold enrichment for the lysosomal enzyme acid phosphatase. 
Mefloquine directly disrupted lysosomes isolated from AML cell 
lines and primary AML patients’ samples, in a dose-dependent 
manner, as measured by release of cathepsins B and L (Figure 3, 
B and C, and Supplemental Figure 3E). The effects of mefloquine 
were specific to lysosomes, as mefloquine treatment did not dis-
rupt isolated mitochondria (Figure 3D). Finally, lysosome dis-
ruption was not a general feature of cell death, as the unrelated 
antimicrobial, tigecycline, did not disrupt isolated lysosomes at 
cytotoxic concentrations (Figure 3, E and F, and ref. 41).

We also evaluated the effects of mefloquine on the integrity of 
lysosomes in intact AML cells treated in vitro. In a dose-depen-
dent manner, mefloquine disrupted lysosomes in TEX leukemia 
cells and mefloquine-sensitive cells from AML patients, but not 
normal hematopoietic cells, mefloquine-insensitive primary AML 
cells, or THP1 cells, as early as 6 hours after treatment. This was 
demonstrated by transmission electron microscopy (TEM) analy-
sis and staining with LysoTracker or acridine orange (Figure 4,  

A and B, and Supplemental Figure 4, A–E). Likewise, using 
immunofluorescence microscopy, we found that cathepsin B 
was present in the cytoplasm of mefloquine-treated AML cells 
in large aggregates (Figure 4C), consistent with lysosome disrup-
tion (43–45). In contrast, the unrelated antimicrobials tigecycline, 
ivermectin, and ciclopirox olamine had no effect on lysosomal 
integrity despite their ability to induce cell death, consistent with 
their different modes of action and with the outcome of the yeast 
genomic screen (refs. 18, 41, 46, and Supplemental Figure 4, F–K). 
Of note, lysosome disruption preceded increased ROS generation 
(Supplemental Figure 4E) and was not inhibited by ROS scaven-
gers (Supplemental Figure 4L). Also consistent with a mechanism 
of cell death related to lysosome disruption was the finding that 
mefloquine-mediated cell death was independent of caspase-3 
activation (Supplemental Figure 4M). In addition, inhibition of 
lysosomal cathepsins by co-treatment with the vacuolar ATPase 
inhibitor bafilomycin A1 protected against mefloquine-mediated 
cell death (Figure 4D). In contrast, inhibition of single cathepsins, 
e.g., cathepsin D, was insufficient to inhibit mefloquine-mediated 

Figure 4
Mefloquine disrupts lysosomes in leukemia cells. (A) Left panel: TEM analysis of lysosomes in TEX cells treated for 24 hours with mefloquine  
(10 μM). Data represent mean percent intact lysosomes ± SD relative to control-treated cells. Middle and right panels: Quantification of LysoTracker 
and acridine orange uptake in TEX cells treated for 24 hours with mefloquine (10 μM). Results (mean ± SD of 3 replicates in a representative experi-
ment) represent the percent lysosomal integrity relative to control cells. (B) Lysosome integrity, measured by LysoTracker and acridine orange uptake, 
after treatment with mefloquine (10 μM) for 24 hours in cells from insensitive (sample 1, EC50 >12 μM) or sensitive AML samples (samples 2–6, EC50 
5–8 μM) and normal human hematopoietic cells (n = 3). Results (mean ± SD of 3 replicates in a representative experiment) represent the percent 
lysosomal integrity relative to control cells. *P < 0.05. (C) Cathepsin B release after mefloquine (10 μM) treatment shown by immunofluorescence 
microscopy. Representative fields (×80 objective magnification) are shown. Arrow indicates an aggregate of cathepsin B activity. Scale bars: 5 μm. 
(D) TEX cells were treated with 8 μM mefloquine alone or in combination with bafilomycin A1 (900 nM) for 24 hours, and cell viability was determined 
by Annexin V/PI. Results (mean ± SD of 3 replicates in a representative experiment) represent viability compared with controls.
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cell death (Supplemental Figure 4N), consistent with mefloquine 
releasing multiple cathepsins into the cytosol. Taken together, 
these data point to mefloquine-mediated lysosomal disruption as 
the cellular mechanism underlying antileukemic action.

Effects of mefloquine enantiomers and analogs on lysosome integrity and 
cell viability. Mefloquine is a racemic mixture of 4 diastereomers 
(Figure 5A). Therefore, we assessed the effects of (–) and (+)-eryth-
ro and threo forms of mefloqine on the viability of leukemia cells  

(Figure 5B) as well as lysosome disruption in intact cells (Figure 5C).  
The (–) and (+)-erythro forms of mefloquine were more potent 
than the threo forms in both assays (Figure 5, B and C, and Sup-
plemental Figure 5, A and B). Of note, clinical-grade mefloquine, 
as well as our commercial supply, contain very little of the threo 
forms (refs. 47, 48, and data not shown). We also examined the 
efficacy of 6 compounds structurally related to mefloquine that 
have previously been shown to have antimalarial activity (Supple-

Figure 5
Characterization of mefloquine diastereomers’ effects on cell viability and lysosome integrity. (A) Chemical structures of mefloquine diastereo-
mers. (B) OCI-AML2 cells were treated with increasing concentrations of the indicated mefloquine diastereomer for 48 hours. After incubation, cell 
viability was measured by MTS. Relative viability was calculated in comparison to the vehicle-treated controls. Data represent the mean percent 
viability ± SD from 3 replicates in a representative experiment. (C) OCI-AML2 cells were treated with increasing concentrations of the indicated 
mefloquine diastereomer for 24 hours. After incubation, lysosome integrity was measured by LysoTracker staining and flow cytometry. Relative 
lysosome integrity was calculated in comparison to the vehicle-treated control cells. Data represent the mean percent lysosome integrity ± SD 
from 3 replicates in a representative experiment.



research article

322 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 1   January 2013

Figure 6
Genetic and chemical strategies to disrupt lysosomes have antileukemia effects. (A) Left: Mean ± SD change in LAMP1 mRNA compared with 
untransduced controls after shRNA-mediated knockdown of LAMP1 (*P < 0.05). Right: LAMP1 and actin protein expression after shRNA-mediat-
ed knockdown. Molecular weights (kDa) are indicated. (B) Left: Mean ± SD change in LAMP2 mRNA compared with untransduced controls after 
shRNA-mediated knockdown of LAMP2 (*P < 0.05). Right: LAMP2 protein expression in isolated lysosomes after shRNA-mediated knockdown. 
Molecular weights (kDa) are indicated. Asterisk indicates nonspecific band. Equal protein loading was confirmed by Ponceau S staining. (C) Num-
ber of viable OCI-AML2 cells by trypan blue staining after shRNA-mediated knockdown of LAMP1, LAMP2, or control sequences. Data represent 
mean ± SD number of viable cells from 4 replicates in a representative experiment. (D) Mean ± SD lysosome integrity (acridine orange staining), 
ROS production (carboxy-H2DCFDA staining), and sensitivity to 8 μM mefloquine (MTS assay) after shRNA-mediated knockdown of LAMP1. 
Mean ± SD lysosome integrity (24 hours, LysoTracker staining) (E) and viability (48 hours, Annexin V staining) (F) in OCI-AML2 cells treated with 
LeuLeuOMe. (G) Mean ± SD lysosome integrity (LysoTracker staining) in TEX cells treated for 16 hours with 5 μM artesunate or artenimol. (H) 
Mean ± SD percent inhibition of clonogenic growth of primary AML and normal hematopoietic cells pretreated with 5 μM artesunate for 48 hours 
and then plated in clonogenic growth assays (*P < 0.05).
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Figure 7
AML cells have increased lysosomal mass compared with normal hematopoietic cells. (A) Lysosome size (nm2) and number were quantified by 
TEM in AML cells and primary AML and normal samples. Data represent mean ± SEM (left panel) (*P < 0.05; **P < 0.01; ***P < 0.001). The arrow 
indicates a CD34+ AML sample. (B) Ordered heat maps illustrating expression of lysosome biogenesis genes in functionally defined bulk AML 
cells (CD34+ cells from 6 samples, CD34–CD38+ cells from 12 samples, and CD34–CD38– cells from 11 samples) versus normal CD34+ cord 
blood–derived HSCs (n = 3 samples). Data are derived from the dataset GSE30377, archived in the GEO database. Genes are rank ordered by 
fold change and significance. (C) Ordered heat maps illustrating expression of a subset of lysosome biogenesis genes in functionally defined 
LIC-enriched cell populations (CD34+CD38– cells from 13 samples and CD34+CD38+ cells from 6 samples, as indicated) versus HSCs (n = 3 
samples). Up and Down indicated upregulated and downregulated, respectively. (D) Expression of lysosomal cathepsins in functionally defined 
bulk AML cells (as in B) versus normal CD34+ cord blood–derived HSCs (n = 3 samples). (E) Expression of lysosomal cathepsins in functionally 
defined LIC-enriched cell populations (as in C) versus HSCs (n = 3 samples).
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as well as isolated lysosomes, increased ROS production, and 
reduced the viability of TEX and OCI-AML2 leukemia cell lines 
(Figure 6, E–G, and Supplemental Figure 9B; compare with Sup-
plemental Figure 2, A and D, and Supplemental Figure 9A). THP1 
and U937 cells were sensitive to LeuLeuOMe-mediated lysosome 
disruption and cell death (Supplemental Figure 7, E and F, and 
Supplemental Figure 8, E and F), suggesting a mechanism of 
lysosome-mediated cell death different from that of mefloquine. 
Furthermore, artesunate preferentially reduced the clonogenic 
growth of primary AML cells compared with normal hematopoi-
etic cells (Figure 6H). Overall, results from our genetic and chemi-
cal experiments validate lysosomal disruption as a novel and plau-
sible therapeutic strategy for AML.

Lysosome size is increased in AML. To investigate the basis of the 
differential sensitivity of leukemic cells and normal hematopoi-
etic cells to lysosomal disruption, we assessed the characteristics of 
lysosomes in the two types of cells. TEM revealed that lysosomes 
are larger in primary human AML cells, including the CD34+ AML 
cells, as well as in AML cell lines, in comparison to the lysosomes 
found in normal human CD34+ hematopoietic cells (Figure 7A 
and Supplemental Figure 10A). Although larger in size, the num-
ber of lysosomes per cell did not differ significantly between AML 
and normal cells (Figure 7A).

Additionally, we confirmed that the previously reported 
lysosomal biogenesis signature genes (54), as well as cathepsin 
mRNA, are overexpressed in primary bulk human AML cells, as 
well as the CD34+CD38– and CD34+CD38+ subsets enriched in 
LICs, as compared with the same primitive phenotype of normal 
human hematopoietic cells (refs. 55–57, Figure 7, B–E, and Sup-
plemental Figure 10, B–D). Taken together, these results indi-
cate a mechanism that could explain the observed differential 
activity of lysosome disruption in leukemic and normal human 
hematopoietic cells.

Finally, mefloquine-sensitive primary AML cells, including 
CD34+ human AML cells, had higher cathepsin B enzymatic activ-
ity compared with insensitive AML cells and normal hematopoiet-
ic cells (P < 0.001; Figure 8A). Likewise, uptake of the LysoTracker 
dye was significantly higher in mefloquine-sensitive primary AML 
cells, including the CD34+ subset of these, as compared with both 
normal CD34+ hematopoietic cells and the cells in mefloquine-
insensitive AML samples (P < 0.01; Figure 8B). Thus, these differ-
ences might help to identify subsets of AML patients most likely 
to respond to lysosome disrupters.

mental Table 7 and ref. 49). None of these compounds induced cell 
death or disrupted lysosomes in leukemia cells at concentrations 
up to 15 μM (Supplemental Figure 5, C and D).

Lysosome disruption as a therapeutic strategy in leukemia. To further 
explore the potential antileukemic effect of lysosomal disrup-
tion, we asked whether genetic strategies could mimic the effects 
obtained with mefloquine. LAMP1 and LAMP2 are the predomi-
nant lysosomal membrane proteins and function, in part, to main-
tain the integrity of the lysosomal membrane in malignant cells 
(10–12, 50, 51). We thus asked whether lentiviral vector–mediated 
shRNA knockdown of LAMP1 and LAMP2 would also target leu-
kemic cells. Effective knockdown of both gene transcripts and 
proteins was confirmed by quantitative real-time RT-PCR and 
immunoblotting, using two independent shRNAs for each gene 
(Figure 6, A and B). Compared with control, shRNA knockdown 
of LAMP1, or to a lesser extent LAMP2, also reduced the growth 
and viability of OCI-AML2 leukemia cells (Figure 6C). LAMP1 
knockdown was associated with decreased lysosome integrity, 
increased ROS production, decreased cell viability, and increased 
sensitivity to mefloquine (Figure 6D). Similar effects of LAMP1 
knockdown on lysosome integrity and cell viability were observed 
in TEX leukemia cells (Supplemental Figure 6). Also, THP1 and 
U937 cells, which were less sensitive to mefloquine treatment 
(Table 1 and Supplemental Figure 4D), exhibited lesser effects on 
lysosome integrity and cell proliferation after LAMP1 knockdown, 
compared with OCI-AML2 cells (Supplemental Figure 7, A–D, and 
Supplemental Figure 8, A–D).

As a further test of a lysosome-based mechanism of action, we 
treated leukemia cell lines with l-leucine-leucine-methyl ester 
(LeuLeuOMe), artesunate, and artenimol, all of which are report-
ed to disrupt lysosomes when added to intact cells (35, 52, 53).  
Treatment with these agents disrupted lysosomes in intact cells 

Figure 8
Increased cathepsin B enzymatic activity and LysoTracker uptake dis-
tinguish mefloquine-sensitive from mefloquine-insensitive primary AML 
patient samples. (A) Cell extracts from normal CD34+ cells or primary 
(1) AML samples (n = 5) were treated with 0.2% Triton X to disrupt the 
lysosomal membranes. The cathepsin B substrate 1 mM Z-Arg-Arg-
7-amido-4-methylcoumarin hydrochloride (1 mM) was added and incu-
bated for 1 hour at 37°C. The resulting fluorescence was measured. 
Data represent the mean fold change in cathepsin B release ± SD, 
compared with the normal sample (set at 1.00); ***P < 0.001. Arrows 
indicate CD34+ AML samples. (B) Relative lysosomal mass of normal 
hematopoietic cells (n = 3 samples), primary AML cells insensitive to 
mefloquine (EC50 >15 μM; n = 3), and primary AML cells sensitive to 
mefloquine (EC50 <8 μM; n = 5) were measured using LysoTracker 
staining and flow cytometry. Data represent the mean relative increase 
in LysoTracker uptake of 3 replicates for a single sample. Arrows indi-
cate CD34+ AML samples.
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also exhibited lysosomal disruption, consistent with our in vitro 
findings (Figure 9E).

We then transplanted sublethally irradiated NOD/SCID mice 
intrafemorally with primary human AML cells and later evaluated 
the effects of a 4.5-week course of mefloquine starting 2.5 weeks 
after transplantation (10 mice per group). Mefloquine treatment 
significantly reduced the level of leukemic cells compared with 
control mice when these were assessed at the end of the treat-
ment period (Figure 9F), and no evidence of toxicity (body weight, 
appearance, or behavior of the mice) was noted.

Mefloquine demonstrates antitumor activity on leukemic cells growing 
in xenografted mice. Given the antileukemic activity displayed by 
mefloquine in vitro, we next evaluated the effect of oral meflo-
quine on mouse and human leukemia cells growing in trans-
planted immunodeficient mice. Mouse MDAY-D2 cells and 
human OCI-AML2 or K562 cells were transplanted subcutane-
ously into NOD/SCID mice and treatment started 7 days later 
when tumors were already palpable (10 mice per group). Com-
pared with vehicle control, mefloquine reduced tumor growth 
in all 3 models (Figure 9, A–D). Mefloquine-responsive tumors 

Figure 9
Mefloquine demonstrates therapeutic efficacy on AML cells growing in vivo. Sublethally irradiated SCID mice were injected subcutaneously with 
(A and B) OCI-AML2 or (C) K562 human leukemia cells or (D) MDAY-D2 mouse leukemia cells. Once tumors were palpable, mice were treated 
with 50 mg/kg mefloquine or vehicle control daily by oral gavage (n = 10 per condition). Tumor weight was measured at time of sacrifice. (E) 
Lysosome integrity (LysoTracker staining) in single-cell suspensions derived from control and mefloquine-treated OCI-AML2–derived tumors 
generated in xenografted mice. (F) Primary AML samples (2 × 106 cells) were injected intrafemorally into sublethally irradiated NOD/SCID mice 
(n = 20) and allowed to repopulate the mice for 2.5 weeks, as described in Methods. After this period, mice (n = 10 per treatment condition) were 
treated with 100 mg/kg/d by oral gavage for an additional 4.5 weeks and then sacrificed. Bone marrow from the non-injected femurs was collected; 
stained with anti-human antibodies to cell surface markers CD45, CD33, and CD19; and analyzed by flow cytometry. Data represent the percent 
CD45+ CD33+ CD19– human AML cells present in non-injected femurs. Serum bilirubin (G), alkaline phosphatase (H), aspartate transaminase (I), 
creatine kinase (J), creatinine (K), and mouse body weight (L) in vehicle- and mefloquine-treated mice (50 mg/kg × 21 days) (for serum markers 
of liver and kidney function, n = 3 per treatment condition; for body weight, n = 6 for controls and n = 5 for mefloquine-treated mice).
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Our results are also in agreement with prior reports showing 
increased cathepsin expression (67) and lysosomal mass (50) 
upon oncogene-mediated transformation. Prior studies indi-
cated that increased lysosomal biogenesis can lead to increases 
in lysosomal volume (54). In addition, Ono et al. (68) previously 
suggested that an increased lysosomal volume would render cells 
more sensitive to death after lysosome disruption with blue light 
irradiation, although the mechanism was unclear. These find-
ings taken together with those we now report provide a strong 
rationale for therapeutically targeting the lysosome in AML, as 
larger lysosomes may be more sensitive to disruption. Further 
support for this idea comes from our results indicating that the 
cells in mefloquine-sensitive AML samples also had a signifi-
cantly increased lysosomal mass, as measured by LysoTracker dye 
uptake, as compared with cells in either mefloquine-insensitive 
samples or normal hematopoietic sources. Thus, increased lyso-
somal size or mass may be a predictive biomarker of sensitivity to 
lysosomal disruption in human AML.

Currently, it is unclear why AML cells have increased lysosom-
al mass and biogenesis. Given the role of lysosomes in macro-
molecule and organelle recycling, they may function to increase 
levels of amino acids and nucleotides necessary for cell prolifer-
ation. Indeed, a recent report indicated that intracellular levels 
of amino acids can regulate the expression of TFEB, a transcrip-
tion factor responsible for activation of lysosomal biogenesis 
pathways (54, 69–71). In addition, increased lysosomal mass in 
AML may be necessary to provide a source of fatty acids for 
these cells. Recently, it was demonstrated that AML cells have 
higher reliance on fatty acids for their energy supply, and AML 
cells and their most primitive elements have increased rates of 
fatty acid oxidation (72).

In summary, a combined approach using small-molecule and 
yeast mutant screens with in vitro and in vivo functional studies 
of AML has identified lysosome disruption as a novel and prom-
ising therapeutic strategy for human AML. Investigation of the 
mechanistic basis of the selective sensitivity of primary human 
AML cells to agents that disrupt lysosomes revealed increased 
lysosomal size and biogenesis in bulk AML cells and subsets 
enriched in AML stem cells. Thus, in spite of the genetic and 
biological heterogeneity of AML, some common biological fea-
tures may remain accessible to selective targeting and potential 
therapeutic exploitation.

Methods
Detailed experimental procedures are available in the Supplemental Methods 
and Supplemental Table 2.

Primary cells. Fresh peripheral blood samples were obtained from con-
senting AML patients and the mononuclear cells fractionated by Ficoll sep-
aration. Similarly, primary normal hematopoietic mononuclear cells were 
obtained from healthy consenting volunteers donating mobilized periph-
eral blood stem cells (PBSCs) for transplantation into allogeneic recipients. 
Primary cells were cultured at 37°C and 5% CO2 in IMDM supplemented 
with 10% FBS and appropriate antibiotics.

Assessment of anticancer activity in mouse models of leukemia. MDAY-D2 mouse 
leukemia cells and human K562 or OCI-AML2 leukemia cells (2.5 × 105)  
were injected subcutaneously into the flanks of sublethally irradiated  
(3.5 Gy) NOD/SCID mice (Ontario Cancer Institute, Toronto, Ontario, 
Canada). Four (OCI-AML2), 5 (MDAY-D2), or 7 (K562) days after injec-
tion, once tumors were palpable, mice were treated with mefloquine  
(50 mg/kg/d) by oral gavage in water or vehicle control (n = 10 per group). 

To evaluate in greater detail the potential effects of mefloquine 
on normal tissues at the dose that produced these antileukemic 
effects, we treated otherwise untreated SCID mice with meflo-
quine for 21 days. No effects on body weight, appearance, or 
behavior were confirmed, and there were also no gross changes in 
the organs at necropsy or by histologic evaluation (Supplemental 
Figure 11). There were also no alterations in serum levels of liver or 
muscle/cardiac enzymes, nor were there alterations in renal func-
tion (Figure 9, G–L, and Supplemental Figure 12). Thus, in vivo, 
mefloquine disrupts lysosomes and inhibits the in vivo growth of 
leukemia cells without significant toxicity to normal host tissues.

Discussion
Here we report that mefloquine, a quinoline approved for the 
treatment and prevention of malaria (23, 24), has toxicity for 
human AML cells including AML progenitors, while sparing nor-
mal human hematopoietic cells treated with the same doses. Fur-
thermore, we show that the antileukemic effects of mefloquine are 
mediated through disruption of lysosomes, a previously unappre-
ciated mechanism of action of this drug.

In the treatment of mild-moderate Plasmodium falciparum malaria, 
patients receive a single oral dose of up to 1,250 mg mefloquine, 
which is usually sufficient to eradicate the parasite (24). However, 
in regions where mefloquine-resistant malaria is prevalent, patients 
have received higher doses, up to 25 mg/kg, of drug without signifi-
cant toxicity (58). In addition, serum concentrations of mefloquine 
up to 5 μM have been reported in individuals receiving 250 mg 
weekly for malaria prophylaxis (59, 60). Thus, antileukemia con-
centrations of mefloquine may be pharmacologically achievable.

Although mefloquine is known to accumulate in the lysosomes 
of the malarial parasite (42), its mechanism of action as an anti-
malarial is unclear. Therefore, this work may also inform about 
the mechanism of action of mefloquine in malaria, as it may also 
selectively disrupt the lysosomes of the malarial parasite. While 
we demonstrated that mefloquine disrupts lysosomes and our 
yeast study strongly suggests that an intact lysosome is required 
for resistance to mefloquine, future studies to identify its direct 
binding target(s) in the lysosomes of leukemia cells and possibly 
the malarial vacuole will be of major interest.

Autophagy is a lysosome-mediated process of cellular autodi-
gestion that, in times of nutrient deprivation, enables the cell to 
recycle raw materials for macromolecular and organellar biosyn-
thesis. Both inhibiting and promoting autophagy can lead to cell 
death in cancer (ref. 61 and reviewed in ref. 62). The antimalarial 
chloroquine is structurally similar to mefloquine and inhibits 
the degradation of autophagy targets in the autophagolysosome. 
Through this mechanism, chloroquine can induce cell death and 
sensitize cells to chemotherapy (including imatinib mesylate in 
chronic myeloid leukemia; refs. 63–66) and radiation. However, as 
it involves induction of lysosome disruption, the mechanism of 
action of mefloquine appears distinct from that of chloroquine 
and other inhibitors of autophagy.

LAMP1 and LAMP2 are the predominant proteins in the lyso-
somal membrane, accounting for approximately 50% of the pro-
tein mass contained therein (14–16). Previous studies have dem-
onstrated that knockdown of LAMP1 or LAMP2 disrupts the 
integrity of lysosomes in malignant cells but not in non-trans-
formed cells (50). Consistent with this finding, we observed that 
knockdown of LAMP proteins decreases the proliferation of leu-
kemic cells, and also decreases lysosome integrity.
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Institute animal ethics review board.
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Tumor volume (tumor length × width2 × 0.5236) was measured 3 times a 
week using calipers. Fourteen (MDAY-D2), 15 (OCI-AML2), or 17 (K562) 
days after injection of cells, mice were sacrificed, tumors excised, and the 
volume and mass of the tumors measured.

To assess mefloquine in mouse models of primary AML and cord blood–
derived HSC engraftment, a frozen aliquot of AML cells or cord blood cells 
was thawed and counted. Cord blood–derived HSCs were purified using 
anti–human CD34 antibody (Human CD34 Selection Kit, Stemcell Tech-
nologies). Cells were resuspended in PBS, and 1 × 106 to 2 × 106 viable 
trypan blue–negative cells were injected into the marrow of the right femur 
of 10-week-old female NOD/SCID mice that had been irradiated 24 hours 
previously with 208 cGy from a 137Cs source. The mice were also injected 
with 200 μg anti–mouse CD122. Two and a half weeks after injection of the 
human AML cells, mice were treated with mefloquine (100 mg/kg by i.p. 
injection) daily or the vehicle as a control (n = 10 per group) for 4.5 weeks. 
Mice were then sacrificed, and the cells were flushed from the femurs. 
Engraftment of human AML into the marrow was assessed by enumer-
ating the percentage of human CD45+CD33+CD19– cells by flow cytom-
etry using the BD FACSCalibur flow cytometer. Data were analyzed with 
FlowJo version 8.8 (TreeStar).

Statistics. Statistical tests were conducted, unless otherwise indicated, 
using GraphPad Prism version 4 (GraphPad Software) and Microsoft 
Excel. For statistical comparisons in cell culture assays, a 2-tailed Stu-
dent’s t test (2-population) or 1-way ANOVA (multi-population) was 
applied as appropriate. For statistical comparisons in data derived from 
animal studies or human patient samples, the Mann-Whitney U test was 
applied for 2-population comparisons, and the Kruskal-Wallis test, with 
the Dunns post-test, was applied for 3-population comparisons. Signifi-
cance cutoffs of P < 0.05 were applied in all instances. Drug EC50s were 
calculated using the median effect method (33), with the CalcuSyn ver-
sion 2.0 software package (Biosoft).
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