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Background: Eradication of primary human 
leukemia cells represents a major challenge.  
Therapies have not substantially changed in over 
30 years. 
Results: Using normal vs. leukemia specimens 
enriched for primitive cells, we document aberrant 
regulation of glutathione metabolism. 
Conclusion: Aberrant glutathione metabolism is 
an intrinsic property of human leukemia cells. 
Significance: Interventions based on modulation 
of glutathione metabolism represent a powerful 
means to improve therapy.  
 
 
ABSTRACT 

The development of strategies to eradicate 
primary human acute myelogenous leukemia 
(AML) cells is a major challenge to the 
leukemia research field.  In particular, 
primitive leukemia cells, often termed leukemia 
stem cells (LSCs), are typically refractory to 
many forms of therapy.  To investigate 
improved strategies for targeting of human 
AML cells we compared the molecular 
mechanisms regulating oxidative state in 
primitive (CD34+) leukemic vs. normal 
specimens.  Our data indicate that CD34+ 

AML cells have elevated expression of multiple 
glutathione pathway regulatory proteins, 
presumably as a mechanism to compensate for 
increased oxidative stress in leukemic cells.  
Consistent with this observation, CD34+ AML 
cells have lower levels of reduced glutathione 
and increased levels of oxidized glutathione 
compared to normal CD34+ cells.  These 
findings led us to hypothesize that AML cells 
will be hypersensitive to inhibition of 
glutathione metabolism.  To test this premise, 
we identified compounds such as parthenolide 
(PTL) or piperlongumine (PLM) that induce 
almost complete glutathione depletion and 
severe cell death in CD34+ AML cells.   
Importantly, these compounds only induce 
limited and transient glutathione depletion as 
well as significantly less toxicity in normal 
CD34+ cells.  We further determined that PTL 
perturbs glutathione homeostasis by a 
multifactorial mechanism, which includes 
inhibiting key glutathione metabolic enzymes 
(GCLC and GPX1), as well as direct depletion 
of glutathione.  These findings demonstrate that 
primitive leukemia cells are uniquely sensitive 
to agents that target aberrant glutathione 
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metabolism, an intrinsic property of primary 
human AML cells. 

 
 
 
INTRODUCTION 

A major challenge in developing effective anti-
cancer agents is to identify tumor-specific 
properties that are sufficiently selective to achieve 
eradication of malignant cells with minimal 
toxicity to normal tissues.  While numerous 
“targeted” strategies have been proposed in recent 
years, many of these approaches fail to show 
sufficient activity against the broad range of cell 
types commonly encountered in primary human 
tumors (1).  While the reasons behind these 
observations are complex, it appears likely that 
genetic, epigenetic and cellular heterogeneity is a 
significant factor underlying the limitations of 
targeted agents (2).  Consequently, therapies 
focused on fundamental physiological properties, 
e.g. mitochondrial characteristics, which may be 
shared irrespective of intra-tumoral heterogeneity 
may be of great value in achieving optimal 
therapeutic results (3).  Such common properties 
must also be sufficiently tumor-specific to permit 
an adequate therapeutic index.     

Of the cellular properties known to differ in 
cancer vs. normal cells, redox state is perhaps the 
most prevalent.  An altered redox balance has been 
reported for many forms of cancer, and 
presumably reflects a plausible therapeutic target 
(4).   Notably, most conventional forms of 
chemotherapy employ drugs that induce cellular 
oxidative stress (5), suggesting that tumor cells 
may be preferentially sensitive to at least some 
conditions in which response to oxidative insult is 
required.  However, the relative contribution of 
redox perturbation to tumor cell death and the 
mechanisms by which such agents may function in 
a tumor-specific fashion are not well understood.  
Thus, to better understand the underlying biology 
of oxidative state, and the properties that make 
cells susceptible to redox perturbation, we 
evaluated the characteristics of primary human 
hematopoietic cells derived from patients with 
acute myelogenous leukemia (AML) in 
comparison to normal controls. 

The major mechanisms controlling cellular 
oxidative balance involve the glutathione system, 
thioredoxin proteins (TXNs), catalase (CAT), and 
superoxide dismutases (SODs).  As 

comprehensively reviewed elsewhere (6,7), and 
illustrated in our diagram shown as Figure 1A, 
glutathione is created by a process that begins with 
ligation of glutamate to cysteine to make gamma-
glutamylcysteine.  This rate-limiting step of 
glutathione biosynthesis is catalyzed by the 
glutamate-cysteine ligase holoenzyme, which is 
composed of a catalytic (GCLC) and modulator 
subunit (GCLM).  Gamma-glutamylcysteine is 
subsequently ligated to glycine by glutathione 
synthetase (GSS) to produce the reduced form of 
glutathione (GSH).  GSH then functions in three 
major roles: 1) to reduce H2O2 to H2O via the 
action of glutathione peroxidase (GPXs); 2) to 
detoxify harmful intrinsic and/or extrinsic 
electrophiles such as 4-hydroxynonenal (4-HNE), 
a process that is catalyzed by glutathione 
transferases (GSTs); 3) to participate in protein s-
glutathionylation process, a redox-mediated 
protein regulation mechanism (6).  TXN regulates 
protein functions via a cysteine thiol-disulfide 
exchange mechanism mediated by its redox-active 
CXXC motif (8). CAT reduces H2O2 to H2O and 
O2 (9). Finally, SOD1 and SOD2 are important for 
destroying superoxide radicals (O2

−) in cytoplasm 
and mitochondria, respectively (10).    
 Our studies have focused on the relative status 
of these mechanisms in primitive (CD34+) 
primary leukemia and normal cell types. Our 
findings indicate the intrinsic balance of 
glutathione, TXN, CAT, and SOD is aberrant in 
human leukemia populations.  Leukemic cells 
show major changes in the relative abundance of 
enzymes that are required for glutathione 
biosynthesis and homeostasis, as well as abnormal 
levels of reduced and oxidized glutathione species.  
To explore the consequences of this unique 
biological condition with regard to therapeutic 
challenge, we examined how various agents 
modulate glutathione homeostasis in malignant 
and normal tissue.  Our findings indicate agents 
such as parthenolide (PTL) and piperlongumine 
(PLM) have a dramatic inhibitory effect on the 
leukemic glutathione system, while only a limited 
and transient perturbation in normal cells.  This 
preferential effect is strongly linked to their 
selective toxicity towards leukemia and other 
cancer cell types.  Importantly, we have previously 
shown that PTL effectively eradicates AML stem 
and progenitor populations (11), cells that are 
typically resistant/refractory to conventional 
chemotherapy (12,13).  Thus, we propose that 
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therapeutic targeting of glutathione metabolism 
represents a potentially powerful strategy to 
induce selective toxicity towards a broad range of 
primary leukemia cells, including malignant stem 
and progenitor populations. 
 
 
EXPERIMENTAL PROCEDURES 
Human specimens – Normal bone marrow was 
obtained from volunteer donors who gave 
informed consent on a Research Subjects Review 
Board approved protocol at the University of 
Rochester Medical Center. AML specimens were 
obtained from apheresis product, peripheral blood, 
or bone marrow of patients who gave informed 
consent for sample procurement on the University 
of Rochester tissue procurement protocol. Clinical 
information of AML specimens is detailed in 
Table 1. FAB subtype information was determined 
by flow-based analysis. Total bone marrow 
mononuclear cells were isolated by standard Ficoll 
procedures (GE Healthcare, Piscataway, NJ), cryo-
preserved in freezing medium Cryostor CS10 
(BioLife Solutions), and stored in liquid nitrogen. 
Total mononuclear cells were further enriched for 
CD34 positive cells using MACS CD34 
enrichment kit (Miltenyi Biotec, Auburn, CA) and 
standard procedure. Enrichment purity was 
measured by flow cytometry-based quantification 
of cells stained positive for CD34 antigen. 

Cell lysates and western blot – NBM or AML 
cells were counted and lysed at 20 million per ml 
in RIPA buffer (50mM Tris-HCl (pH7.4), 150mM 
NaCl, 1% Deoxycholic acid, 1% Triton X-100, 
0.25mM EDTA, 5mM NaF) with freshly added 
protease inhibitors (1mM PMSF, 1XPIC (Roche), 
0.1mM Na3O4). Protein concentration was 
determined by Bradford assay (Bio-Rad). Cell 
lysates were probed with primary antibodies 
against SOD1 (Santa Cruz), SOD2 (Upstate), CAT 
(Calbiochem), GCLC (Calbiochem), GCLM 
(Abcam), GSS (Abcam), GPX1 (Calbiochem), 
GSR (Calbiochem), GSTP1 (Abcam), TXN (Santa 
Cruz), HO-1 (Stressgene), CASPASE-3 (Cell 
Signaling), PARP (Cell Signaling), ACTIN (Santa 
Cruz), IKKB (Cell Signaling), SLC7A11 (Novus) 
and GAPDH (Santa Cruz), followed by HRP-
conjugated secondary antibodies (Santa Cruz). 
Chemo-luminescence was detected using the 
automated Gel Doc XR+ system and the Image 
Lab software (Bio-Rad Laboratories) or X-ray 
films (Thermo).  

 Quantitative Real-Time PCR –Total mRNA 
was isolated with the RNeasy plus mini-kit 
(Qiagen) according to manufacturer’s instructions. 
mRNA purity and quantity were determined with 
NanoDrop (Thermo). mRNA samples were 
reverse transcribed into cDNA using the iScript 
One-Step RT-PCR Kit (Bio-Rad). Quantitative 
Real-Time PCR was performed with 
LightCycler480 real-time PCR (Roche) using 
LightCycler 480 SYBR Green I Master Mix 
reagent (Roche). To determine relative mRNA 
expression in CD34+ AML vs. CD34+ NBM 
specimens, expression of each gene was first 
internally normalized to the mean expression of 
HPRT1, GUSB and TBP. Average expression of 
each gene in CD34+ NBM (n=4) cells was set to 1, 
and the relative expression of each gene in each 
specimen was calculated accordingly. To 
determine sh-RNA mediated knock-down 
efficiency, expression of each gene was first 
internally normalized to GAPDH and then used for 
comparison. Primer sequences for Q-RT-PCR: 
SOD1-F: 5'-AGGCCCCTTAACTCATCT-3', 
SOD1-R: 5'-
CTACAGGTACTTTAAAGCAACTCT-3'; 
SOD2-F: 5'-
AAGGGAGATGTTACAGCCCAGATA-3', 
SOD2-R: 5'-
TCCAGAAAATGCTATGATTGATATGAC-3'; 
CAT-F: 5'-TTTCCCAGGAAGATCCTGAC -3', 
CAT-R: 5'-ACCTTGGTGAGATCGAATGG  -3'; 
GCLC-F: 5'-TTGAGGCCAACATGCGAAA-3', 
GCLC-R: 5'-
AGGACAGCCTAATCTGGGAAATG-3'; 
GCLM-F: 5'-
GGCACAGGTAAAACCAAATAGTAAC-3', 
GCLM-R: 5'-
CAAATTGTTTAGCAAATGCAGTCA-3'; GSS-
F: 5'-AGCGTGCCATAGAGAATGAG-3', GSS-
R: 5'-ATCCCGGAAGTAAACCACAG-3'; 
GPX1-F: 5'-CCCTCTGAGGCACCACGGT -3', 
GPX1-R: 5'-TAAGCGCGGTGGCGTCGT-3'; 
GSR-F: 5'-CAGTGGGACTCACGGAAGAT-3', 
GSR-R: 5'-TTCACTGCAACAGCAAAACC-3'; 
GSTP1-F: 5'-CTGGTGGACATGGTGAATGAC-
3', GSTP1-R: 5'-
CGCCTCATAGTTGGTGTAGATGA-3'; TXN-F: 
5'-GTATTCCAACGTGATATTCCTTGAAG-3', 
TXN-R: 5'-GCTTTTCCTTATTGGCTCCAG-3'; 
GAPDH-F: 5'-TGCACCACCAACTGCTTAGC-3', 
GAPDH-R: 5'-
GGCATGGACTGTGGTCATGAG-3'; TBP-F: 5'-



Targeting aberrant glutathione metabolism in AML	  

	  4	  

GAGCTGTGATGTGAAGTTTCC-3', TBP-R: 5'-
TCTGGGTTTGATCATTCTGTAG-3'; GUSB-F: 
5'-GAAAATATGTGGTTGGAGAGCTCATT-3', 
GUSB-R: 5'-CCGAGTGAAGATCCCCTTTTTA-
3'; HPRT1-F: 5'-
TGAGGATTTGGAAAGGGTGT-3', HPRT1-R: 
5'-GAGCACACAGAGGGCTACAA-3'. 
 Glutathione measurements – Glutathione 
quantification is based on the principle that 
reduced glutathione (GSH) and 5,5′-dithiobis-(2-
nitrobenzoic) acid (DTNB) can react and produce 
free TNB molecules that emit at 412nm. Therefore, 
the amount of GSH is directly proportional to the 
rate of TNB production over time. The original 
method is detailed here (14). Briefly, glutathione 
samples were prepared by lysing NBM and AML 
cells in freshly made glutathione assay lysis buffer 
(16mM KH2PO4, 82mM K2HPO4, 5mM EDTA, 
0.1% Triton X-100, 6 mg/ml sulfosalicylic acid). 
Supernatants were collected and used for three 
measurements: 1) Amount of total glutathione 
(GSH+GSSG) by measuring the rate of TNB 
production over time; 2) Amount of oxidized 
glutathione (GSSG) by first derivatizing GSH with 
2-vinylpyridine (sigma) and then measuring the 
rate of TNB production over time; 3) 
Quantification of total protein with Bradford assay 
(Bio-Rad). After completing these three 
measurements, GSH level is determined using 
following formula: [GSH]=[Total glutathione]-
2X[GSSG]. Glutathione level is expressed as nano 
mole per mg total protein.  
 Glutathione turnover rate – NBM and AML 
cells were cultured in DMEM-based serum free 
media supplemented with 6x13C,2x15N-L-cystine 
(Cambridge Isotope, CNLM-4244) to a final 
concentration of 100uM.  Overtime, cells were 
collected, quickly washed with ice cold PBS, and 
pellets were slap frozen and stored in -80 freezer. 
For glutathione extraction, cell pellets were 
extracted three consecutive times with a -20 
degree 50:50 mix of 100% Methanol & TBA 
solution (10mM tribuytlamine, 15 mM acetic acid 
in 97:3 (water:methanol)).  The resulting 
supernatants were combined in a single tube, 
transferred to HPLC sample vials and analyzed 
with reverse-phase liquid chromatography (LC) 
coupled to a triple-quadrupole mass spectrometer 
running in negative mode (Thermo Quantum 
Ultra).  Specific chromatography conditions and 
mass spectrometry parameters were as described 
previously (15). Glutathione was measured 

utilizing an MRM scan in negative mode specific 
for a 306 to 143 transition with a collision energy 
of 17 eV.  Labeled glutathione was quantified 
using additional MRM scans specific for the 
extent of 13C &15N-labeling.  The dominant 
labeled glutathione isoform that accumulated had 
+4 m/z ratio, i.e. an MRM scan of 310 to 147. The 
resulting metabolite signal intensities were 
analyzed by the Xcalibar software (Thermo 
Electron Corporation).  
 Cell culture and drug treatments – Isolated 
CD34+ normal bone marrow, CD34+, or bulk 
primary human AML cells were cultured and/or 
treated at 1 million per ml in IMDM-based serum 
free media. For drug treatments, cells were pre-
incubated in the media for 1 hour before the 
addition of drugs, and the treatment time was 24 
hours. PTL (Parthenolide, Biomol) and PLM 
(Piperlongumine, Tocris) were dissolved in 100% 
DMSO to make a 200mM stock solution and 
stored in aliquots at -20 degree. For treatment, 
200mM stock solution as first diluted with 100% 
DMSO to 10mM, and then diluted with sterile 
PBS to 1mM before treating cells at indicated 
concentrations. Ara-C (Cytarabine, Sigma) was 
diluted in PBS to 1mM concentration before use. 
IDA (Idarubicin, pfizer) was diluted in PBS to 
100uM before use.  
 Cell viability – After treatment, PTL, PLM, 
Ara-C, or IDA-treated cells were washed with ice-
cold FACS buffer (PBS with 0.4% FBS) and 
stained at 4 degree in Annexin-V binding buffer 
(10 mM HEPES/NaOH pH 7.4; 140 mM NaCl; 
2.5 mM CaCl2) containing Annexin-V-FITC and 
DAPI. Stained cells were analyzed immediately by 
flow cytometry. Viable cells were scored as 
Annexin-V-negative and DAPI-negative. For drug 
synergy studies, treated cells were first stained at 4 
degree for 30 minutes with anti-CD34-PE (Becton 
Dickson) antibody before staining with apoptotic 
markers. A high throughput sampler (HTS, Becton 
Dickson) was used to allow automated sampling 
processes.  
 Competitive binding assay and targets 
identification – Methods were slightly modified 
from our previous study (16). Briefly, isolated 
CD34+ AML cells were resuspended in IMDM-
based serum free media, and split into 3 groups. 
Group A is treated with DMSO control for the first 
hour and 20uM biotin for the second hour; Group 
B is treated with DMSO control for the first hour 
and 20uM MMB-biotin for the second hour; 



Targeting aberrant glutathione metabolism in AML	  

	  5	  

Group C is treated with 20uM PTL for the first 
hour and 20uM MMB-biotin for the second hour. 
After the treatments were finished, cells were 
washed with PBS, and lysed in Buffer F (10 mM 
Tris–HCl pH 7.5, 50 mM NaCl, 30 mM sodium 
pyrophosphate, 50 mM NaF, 5 uM ZnCl2, 1% 
Triton X-100) with freshly added proteinase 
inhibitors (1 mM PMSF, 1× PIC, 0.1 mM 
Na3OV4). About 5% of lysates were saved as 
input control, and the rest lysates were incubated 
with streptavidin (SA) beads (Thermo) at 4 degree 
for 2 hours to pull down binding targets of PTL. 
After incubation, beads were sequentially washed 
one time with PBS, three times with high salt wash 
buffer (500 mM NaCl in 0.1 M pH 5.0 NaOAc), 
three times with low pH wash buffer (0.1 M pH 
2.8 glycine–HCl), and one last time in 1× PBS. 
After the wash steps, the SA beads were boiled for 
10 min in 2× SDS–PAGE sample buffer to elute 
down all pull-down products. For LC/MS based 
identification of PTL targets, isolated CD34+ 
AML cells were treated with 20uM biotin or 20uM 
MMB-biotin for 2 hours, and then lysed and 
incubated with SA beads to pull down PTL 
binding targets as described above. On-bead 
trypsin digestion was performed to release peptide 
fragments of PTL-binding targets. The digestion 
products were then analyzed by nanospray LC-
MS/MS, using C13 reverse-phase liquid 
chromatography resin (Michrom), custom packed 
5 cm x 75µm fused silica column, which was 
coupled in-line to an ion trap mass spectrometer 
(Finnigan LTQ, Thermo  Scientific). MS/MS-
acquired data were searched against human amino 
acid sequences within the NCBI protein database, 
using MASCOT software (Matrix Science). 
 Modeling of PTL-targets binding events – The 
molecular model of GCLC and GPX1 were built 
with Modeller 9v7 (17) based on the templates 
PDB: 3IG5 and PDB: 2F8A, respectively, while 
The GCLM model combines the aligned portions 
from two templates, PDB: 1MZR (18) and PDB: 
1R38 (19). Several loop regions in the models 
without any template were built and refined with 
the ab initio loop module of Modeller. A 
heterodimer model of GCLC-GCLM complex was 
constructed with the protein-protein docking 
program ClusPro (20), with a restraint to position 
Cys194 of GCLC and Cys553 of GCLM adjacent 
to each other. The covalent docking of PTL onto 
the targeted Cysteines was performed with Prime 

software (version 9.3, Schrodinger, LLC, New 
York, NY, 2012). 
 Knock down and over-expression studies – 
The coding sequences of GCLC (NM_001498.2) 
and GPX1 (NM_000581.2) are targeted by 
following shRNA sequences: sh-GCLC #A: 5’-
TGAAAGTGCTTCAAGGGTAAT-3’; sh-GCLC 
#B: 5’- GTCATCAATGTACCAATATTT-3’; sh-
GPX1 #A: 5’- CCGCTTCCAGACCATTGACAT-
3’; sh-GPX1 #B: 5’-
GGTTCGAGCCCAACTTCATGC-3’. These 
shRNA sequences were constructed into pLKO.1-
GFP vector, which contains a human U6 promoter 
to drive shRNA expression and an IRES-GFP to 
label shRNA-expressing cells. GCLC over-
expression plasmid was constructed by cloning 
GCLC cDNA into pLVX-EF1a-IRES-mCherry 
vector (Clonetech, CA). pLVX vector contains an 
EF1a promoter to drive GCLC expression and 
IRES-mCherry to label over-expressing cells. The 
detailed methods for generating lentiviral particles, 
and infecting AML cells are described here (21). 
Briefly, each knock-down or over-expression 
construct was co-transfected with pPax2 (provides 
packaging proteins) and pMD2.G (provides VSV-
g envelope protein) plasmids into 293TN (System 
Bioscience) cells to produce lentiviral particles 
that were used to infect AML cell line M9-ENL 
cells. 3-5 days post infection, if needed, GFP-
positive or mCherry-positive M9-ENL cells were 
sorted on FACS Aria cell sorter (Becton Dickson) 
for subsequent experiments.  

In vivo competitive engraftment assay – M9-
ENL cells were infected with lentiviruses 
containing sh-GCLC, sh-GPX1, or sh-scramble 
sequences. At 72-96 hours post infection, these 
cells are used to inject immune-deficient NSG 
mice.  Immediately before injection, we 
determined the GFP+% at day 0. At 11 days post 
injection, we sacrificed all groups of mice, 
harvested their bone marrow cells, and quantified 
the percentage of GFP+ cells within cells that were 
stained positive for human CD45 surface antigen.  
A ratio of GFP+ cells at day 11 relative to day 0 
was calculated for each group. This ratio indicates 
the relative in vivo engraftment potential of M9-
ENL cells expressing each shRNA. 
 Identification of genes correlated to PTL 
resistance – High-throughput screening of PTL 
sensitivity in cell lines is carried out according to 
following procedures: A total of 307 human 
cancer cell lines were obtained from the American 
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Type Culture Collection (ATCC), the Deutsche 
Sammlung von Mikroorganismen und Zellkulturen 
GmbH (DSMZ), the Japanese Collection of 
Research Bioresources (JCRB), or the European 
Collection of Cell Cultures (ECACC). Cells were 
grown in RPMI medium 1640 or DMEM/F12 
growth medium (GIBCO–Invitrogen) 
supplemented with 5% FBS and maintained at 
37°C in a humidified atmosphere at 5% CO2. 
Cells were seeded at ≈15% confluence in 96-well 
microplates (BD Biosciences) in medium 
supplemented with 5% FBS. After overnight 
incubation, cells were treated with three 
concentrations of PTL (100 nM, 1 uM and 10 uM) 
by using a Caliper Sciclone ALH3000 
multichannel liquid-handling workstation (Caliper 
Life Sciences). After 72 h, cells were fixed in 4% 
formaldehyde in PBS and stained in a 1:5,000 
solution of the fluorescent nucleic acid stain 
Syto60 (Molecular Probes). Quantitation of 
fluorescence was carried out at excitation and 
emission wavelengths of 630 and 695 nM 
respectively by using the SpectraMax M5 plate 
reader (Molecular Devices). The mean of triplicate 
values for each drug concentration was compared 
with untreated wells, and a ratio was calculated 
(viability ratio). 32 cell lines with a viability ratio 
(Treated/Untreated cell number) of less than 0.75 
after treatment with 1 uM of PTL for 3 days were 
designated as sensitive group, while 26 cells lines 
with a viability ratio of more than 0.75 after 
treatment with 10 uM of PTL were designated as 
resistant group. Comparative whole-genome 
expression profiling was performed on untreated 
cells using Affymetrix U133 X3P Microarrays. 
Expression data were normalized using GCRMA 
(22). The PAM algorithm was used to generate a 
gene expression signature to differentiate PTL 
sensitive from PTL resistant cell lines (23). Out of 
the 58 cell lines (32 sensitive and 26 resistant) 
corresponding to these criteria half were randomly 
selected (13 insensitive, 16 sensitive) to be used as 
a training set and the other half as a test set for the 
PAM analysis. 
 Combination index calculation – Combination 
index (CI) was calculated by Calcusyn software 
(Biosoft). Briefly, viability of cells treated 24 
hours with each drug alone or dual drug 
combinations at various dose combinations were 
determined by flow cytometry. The results were 
input into Calcusyn software which applies a 
Chou-Talalay method to calculate the CI value for 

each specific dose combo. CI<1, =1, and >1 
indicates synergism, additive effect, and 
antagonism, respectively (24).  
 Statistics – Unless otherwise indicated, 
statistical analyses were performed using two-
tailed (non-directional), type three (unequal 
variance) student’s t-test. For statistical 
comparisons between glutathione levels and 
glutathione turnover rates in NBM vs. AML cells 
(Figure 2A, B, C, D, G), the two-sided Mann-
Whitney U test was used.  
 
 
RESULTS 

Primitive primary human AML cells 
differentially express genes required for control 
of redox state – Extensive previous studies have 
demonstrated that more primitive hematopoietic 
stem and progenitor cells reside within a small 
subset of bone marrow cells expressing the CD34 
surface antigen (25).  In addition, it has been 
demonstrated that primitive AML cells also 
generally express CD34 and are more resistant to 
conventional chemotherapy (12,13).  Thus, in 
order to focus our studies specifically on the most 
critical subpopulations, we isolated CD34+ cells 
from AML patients (Table 1) and normal bone 
marrow (NBM) donors for studies presented in 
this manuscript [please note: we did not attempt to 
isolate more purified populations of stem cells, 
due to recent reports indicating substantial inter-
patient variability in the cell surface phenotype of 
AML stem cells] (26,27).  

To investigate differences in the antioxidant 
machinery of primary AML vs. normal 
hematopoietic cells, we compared protein 
expression of all major antioxidant genes.  
Because recent studies have demonstrated many 
conventionally used “house-keeping” genes are 
differentially expressed in cancer vs. normal 
tissues (28,29), and we consistently found 
GAPDH protein level differs significantly in 
CD34+ AML vs. CD34+ NBM cells (data not 
shown), we chose to compare protein expression 
of antioxidant genes from the same number of 
cells or the same amount of protein lysates.  As 
shown in Figure 1B, probing the lysates from 
equal numbers of CD34+ AML (n=9) and NBM 
cells (n=4) revealed comparable levels of SOD1 
protein expression.  However, SOD2 and CAT 
protein expression appeared to be down-regulated 
in about half of AML specimens examined, 
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suggesting SOD and/or CAT functions are 
compromised in some AML specimens.  In 
contrast, we found that the majority of AML 
specimens had up-regulated protein expression of 
glutathione pathway components including GCLC, 
GCLM, and GSS, which are required for 
glutathione biosynthesis, and GPX1 and GSR, 
which are involved in glutathione homeostasis.  In 
addition, GSTP1 protein which is known to be 
over-expressed in several hematopoietic 
malignances including childhood acute 
lymphoblastic leukemia (30) and chronic 
lymphoblastic leukemia (31) was also up-
regulated in our cohort of primary AML 
specimens.  Lastly, TXN protein was up-regulated 
in a majority of AML patients as well.  To exclude 
the possibility that the differences described above 
were due to a higher protein yield in leukemic vs. 
normal specimens, we also compared the 
expression of these anti-oxidant genes within 
equal amounts of total protein from each specimen. 
The results consistently demonstrated a global up-
regulation of glutathione pathway components in 
CD34+ AML specimens (data not shown). 

To gain further insight on the differential 
expression of redox genes, we compared their 
mRNA expression as well.  We used mean 
expression of HPRT1, GUSB, and TBP as 
reference to internally normalize the expression of 
each gene within each specimen. Average 
expression of each gene in CD34+ NBM (n=4) 
cells was set to 1, and the relative expression of 
each gene in each specimen was calculated 
accordingly.  Shown in Figure 1C, in 9 out of 10 
genes examined (except for GCLM), mRNA 
levels between AML and NBM cells mirrored the 
direction of differences we observed at the protein 
level.  For example, CD34+ AML cells have 
significantly down-regulated expression of SOD2 
(0.16 fold, p=0.046), and up-regulated expression 
of GSS (1.22 fold, p=0.041), GPX1 (3.42 fold, 
p=0.016) and TXN (1.27 fold, p=0.041) mRNA 
(Figure 1C), consistent with the differences we 
observed in our western blot analysis (Figure 1B).  
For many genes the degree of difference at the 
protein level surpasses the differences in mRNA 
expression, suggesting redox genes may be 
regulated at both the transcriptional and 
translational level.  Importantly, of the 6 genes 
directly involved in glutathione biosynthesis and 
homeostasis (GCLC, GCLM, GSS, GPX1, GSR 
and GSTP1), 5 had elevated mRNA and protein 

expression in the AML specimens, indicating a 
global up-regulation of the glutathione pathway in 
CD34+ primary AML cells.  
 Primary human AML cells have aberrant 
glutathione metabolism – To directly compare 
glutathione pathway activity in primary human 
AML and normal cells, we quantified the amount 
of reduced (GSH) and oxidized (GSSG) 
glutathione in isolated CD34+ NBM (n=4) and 
CD34+ AML (n=11) cells.  Our results show that, 
compared to CD34+ NBM cells, GSH level is 
significantly lower and GSSG level is generally 
higher in CD34+ AML cells (Figure 2A, B). As a 
result, CD34+ AML cells have significantly less 
total glutathione (sum of GSH and GSSG) as well 
as a significantly decreased GSH to GSSG ratio 
(Figure 2C, D).  These data indicate an aberrant 
glutathione homeostasis in CD34+ primary AML 
cells. 

We next compared glutathione turnover rate in 
CD34+ AML and CD34+ NBM cells. CD34+ 
AML and NBM cells were isolated and cultured in 
media with isotope-labeled cystine (13C15N-
Cystine).  We measured newly synthesized 
glutathione (13C15N-glutathione) as percentage of 
total glutathione over time in each cell type 
(Figure 2E).  Over half of the AML specimens 
tested had a greater glutathione turnover at all time 
points compared to CD34+ NBM specimens 
(Figure 2F, G).  In particular, after 8 hours, the 
percentage of newly synthesized glutathione is 
significantly higher in CD34+ AML cells 
comparing to CD34+ NBM cells (Figure 2H).  
These data indicate glutathione turnover rate is 
higher in AML specimens, suggesting glutathione 
synthesis and consumption are elevated in AML 
cells.  

Primitive human AML cells are differentially 
sensitive to agents that deplete glutathione – The 
aberrant glutathione metabolism documented in 
Figure 1 and 2 suggests that AML cells might be 
“addicted” to glutathione metabolism therefore 
more vulnerable to glutathione pathway inhibition. 
Consequently, we investigated the activity of 
several experimental agents that are predicted to 
modulate glutathione metabolism.  We first 
studied parthenolide (PTL), which contains an 
active alpha, beta-unsaturated-gamma-lactone 
group (Figure 3B, red circular area) that should 
readily react with the free thiol group of 
glutathione.  Indeed, PTL induced a dose-
dependent decrease of cellular glutathione within 2 
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hours of treatment in primary AML cells (n=3, 
Figure 3A).  We then compared CD34+ cells from 
AML patients (n=5) and NBM donors (n=5) 
treated with 7.5uM PTL to determine the change 
of total glutathione as a function of time.  All 
CD34+ AML specimens experienced >95% of 
maximal glutathione depletion after 4 hours of 
PTL treatment (red lines, Figure 3B).  However, 
normal CD34+ cells treated with a same dose of 
PTL responded with only 60-80% maximal 
glutathione depletion at 4 hours, followed by a 
robust rebound of cellular glutathione (up to 100% 
of untreated state) between 4-10 hours (black lines, 
Figure 3B).  These data indicate glutathione 
homeostasis in AML cells is more vulnerable to 
PTL treatment.  Importantly, this vulnerability 
correlates directly with cytotoxicity.  Consistent 
with our previous findings (11), 7.5uM PTL 
treatment induced significantly more cell death in 
CD34+ AML cells than CD34+ NBM cells 
(Figure 3C).  Taken together, these results suggest 
aberrant glutathione metabolism in AML cells 
might render AML cells to be hypersensitive to 
further inhibition of glutathione pathway activities.  

Severe and sustained depletion of the cellular 
glutathione pool is known to induce oxidative 
stress and stimulate apoptosis (32,33).  We 
observed the induction of anti-oxidant defenses 
such as heme oxygenase 1 (HO-1) at 4 hours 
following PTL treatment (Figure 3D), the point at 
which glutathione depletion reaches maximal 
(Figure 3B).  Onset of apoptosis pathway activity 
as indicated by cleavage of Caspase-3 and PARP 
began at 4 hours, and maximized at 6 hours 
(Figure 3D).  Importantly, PTL-induced reduction 
of glutathione clearly occurs before the onset of 
apoptosis (Figure 3B), indicating that glutathione 
loss precedes apoptosis and is not a non-specific 
downstream consequence of apoptotic 
mechanisms. 

To expand our studies beyond PTL, we also 
investigated piperlongumine (PLM), a compound 
with a potentially similar mechanism-of-action. 
PLM was selected for two reasons: 1) It contains 
two functional alkene (olefin) groups that are 
adjacent to each of its ketone groups, indicating 
that PLM should be a potent electrophile, with 
chemical activities similar to PTL (34) (red 
circular areas, Figure 3E);  2) A recent study 
reported PLM displays selective toxicity towards 
many types of cancer cells, an activity associated 
with induction of ROS, although its mechanism of 

selectivity is not well understood (35).  Notably, 
the toxicity of PLM to hematopoietic malignancies 
has not been reported up to date.   

We first confirmed the ability of PLM to 
deplete cellular glutathione in a dose-dependent 
manner. At a 10uM dose, PLM achieved a very 
similar degree of glutathione depletion as PTL at 
7.5uM (data not shown).  Consequently, we 
treated CD34+ AML (n=3) and CD34+ NBM cells 
(n=2) with 10uM PLM and monitored the change 
of cellular glutathione over time.  Similar to the 
activity of PTL, we observed that a 4 hour 
treatment with PLM induced a >90% maximal 
glutathione depletion in leukemic cells, but only 
~60% maximal glutathione depletion in CD34+ 
NBM cells (Figure 3E).  Importantly, consistent 
with its selective toxicity to many other cancer 
types (35), 24 hours treatment with 10uM PLM 
strongly induced cell death in CD34+ AML cells, 
but only limited toxicity in CD34+ NBM cells 
(Figure 3F).  Lastly, while PLM treatment in 
CD34+ AML cells induces severe glutathione 
depletion as soon as 2 hours, PARP and Caspase-3 
cleavage were only evident at around 6 hours post 
PLM treatment (data not shown), again indicating 
that glutathione depletion precedes the onset of 
cell death. 

Overall, these data demonstrate CD34+ 
primary AML cells are more sensitive to agents 
depleting glutathione.  In addition, the differential 
response of CD34+ AML vs. NBM cells further 
indicate an intrinsic difference between 
mechanisms regulating the glutathione pathway in 
leukemic and normal cells.  
 Parthenolide directly binds to and interferes 
with multiple glutathione pathway components – 
To further investigate how PTL affects cellular 
glutathione metabolism, we employed more 
detailed analyses using biochemical and genetic 
approaches. Reactive cysteine sites are known to 
be important for enzymatic function of many 
glutathione pathway components including GCLC, 
GCLM and GPX1 (7,36-40). Given the fact that 
agents like PTL contain active moieties that 
readily react with accessible cysteines containing 
free thiol groups, we reasoned that this class of 
agents should further inhibit glutathione pathway 
activities by directly binding to and interfering 
with enzymes that regulate this pathway.  To test 
this premise, we employed a biotinylated analogue 
of PTL for biochemical studies. As we have 
previously described, PTL can be converted to the 
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stereoisomer melampomagnolide B (MMB), as a 
first step in the chemical process of adding a biotin 
moiety (Figure 4A).  Importantly, MMB-biotin 
retains the biological activity of PTL, albeit at a 
slightly reduced potency due to steric hindrance of 
the biotin moiety.  Using MMB-biotin, we 
previously performed pull-down experiments and 
identified known binding partners of PTL, such as 
IKK-beta and the NF-kB p65 (16).  Here we 
employed an analogous strategy to investigate 
interactions of PTL with regulators of the 
glutathione pathway.  CD34+ primary human 
AML cells were treated with MMB-biotin, lysed, 
and then incubated with streptavidin beads to 
purify all protein targets of PTL.  Subsequent 
studies using liquid-phase-mass-spectrometry 
(LC-MS/MS) identified GCLC and GPX1 as 
direct binding targets of PTL along with 
antioxidant protein TXN (Figure 4C, chart).  

To test the specificity of binding events 
between PTL and its protein targets, we carried 
out a competitive binding assay.  As outlined in 
Figure 4B, CD34+ primary AML cells were 
pretreated with or without PTL followed by 
MMB-biotin treatment.  Lysates were made from 
each treatment group and then passed over a 
streptavidin column to enrich for proteins that are 
directly bound by MMB-biotin.  This 
methodology allowed us to identify specific 
binding targets of PTL.  Using this approach, we 
successfully pulled down GCLC, GCLM, GPX1, 
and TXN proteins from cells that were treated with 
MMB-biotin (Figure 4C, lane 5).  Importantly, a 
pretreatment with PTL competed the binding of 
MMB-biotin to GCLC, GCLM, GPX1, and TXN, 
indicating that these interactions were specific 
(Figure 4C, lane 6).  IKK-beta, a known binding 
target of PTL was used as a positive control for 
our assay (41).  

To gain insights into these binding events at the 
molecular level and to predict their functional 
consequences, we built structures of the human 
GCLC/GCLM complex and GPX1 protein based 
on available crystal structures of their homologous 
proteins, and subsequently modeled docking 
events of PTL to accessible cysteines (Figure 4D, 
E).  Our results show there are multiple cysteines 
in GCLC, GCLM, and GPX1 proteins that are 
available for PTL binding.  In general, these 
binding events could result in protein instability or 
specific enzyme activity loss.  For example, Cys 
249 of GCLC is evolutionarily conserved and 

resides near the glutamate-binding site (37).  
Therefore, this binding event would potentially 
interfere with the enzymatic function of GCLC 
(Figure 4D, green box).  In addition, PTL readily 
forms covalent bonds with Cys 553 of GCLC and 
Cys 193, 194 of GCLM (Figure 4D red box), 
which have been proposed to be involved in inter-
subunit disulfide bond formation between GCLC 
and GCLM (38,39).  Formation of the GCLC and 
GCLM heterodimer is important for the 
holoenzyme activity of GCL (7), suggesting such 
binding events could disrupt GCL holoenzyme 
formation and consequently diminish its activity.  
In the case of GPX1, selenocysteine Se-Cys 49 is 
known as the active center of glutathione 
peroxidase (42).  Therefore, binding between PTL 
and Se-Cys 49 of GPX1 could potentially impair 
GPX1 enzymatic function as well (Figure 4E). 

To directly study the functional consequence of 
binding events between PTL and its targets, we 
measured the expression of proteins following 
PTL treatment.  We found that GCLC protein 
level decreased in all primary AML specimens 
(n=3) as well as in the leukemic cell line M9-ENL 
cells (43) (Figure 4F).  GPX1 protein level also 
decreased in most cases as well (Figure 4F).  
Together, these data demonstrate that PTL targets 
glutathione pathway by directly depleting 
glutathione (Figure 3A) and interfering with 
critical glutathione pathway components GCLC 
and GPX1 (Figure 4C-F).  
 Targeting glutathione pathway is important 
for the anti-leukemia activity of PTL – PTL is 
known as an anti-cancer compound with multiple 
mechanisms-of-action (44-46), therefore we 
sought to determine whether targeting the 
glutathione pathway is important in the context of 
its overall anti-leukemia activity.  We first tested 
whether genetic approaches that inhibit 
glutathione metabolism could impair leukemic cell 
growth and survival.  To this end, we employed 
shRNA-based targeting of GCLC and GPX1 in the 
AML cell line M9-ENL cells. Sequences targeting 
each gene were constructed into a lentiviral vector 
that expresses GFP to mark shRNA-expressing 
cells (GFP+).  At 72-96 hours post lentiviral 
infection, GFP+ M9-ENL cells were sorted at 
~95% purity for subsequent analyses.  Shown in 
Figure 5A and 5B, for both GCLC and GPX1, two 
independent shRNA sequences induced efficient 
reduction of both mRNA and protein.  As a result, 
the viability of M9-ENL cells lacking the 
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expression of GCLC or GPX1 were both 
significantly lower compared to scramble control 
cells after 48 hours of in vitro culture (Figure 5C).  
We also counted the number of cells at 24 and 48 
hours in culture, and found that all sh-GCLC and 
sh-GPX1 clones grew much slower compared to 
control cells (Figure 5D).  These data demonstrate 
that glutathione pathway inhibition reduces the 
viability and growth of leukemic cells in vitro.  

We next wanted to measure the impact of 
glutathione pathway inhibition to leukemic cell 
growth in vivo using a competitive engraftment 
assay.  As outlined in the diagram of Figure 5E, 
we infected M9-ENL cells with lentiviruses 
containing sh-GCLC, sh-GPX1, or sh-scramble 
sequences.  At 72-96 hours post infection, these 
cells were used to inject immune-deficient NSG 
(NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice.  
Immediately before injection, we determined the 
percentage of GFP+ cells (GFP+%) at day 0 and 
found all groups were between 45-65% except for 
sh-GPX1 #B (less than 10%, was not used for 
subsequent experiments).  After 11 days of in vivo 
engraftment, we sacrificed all groups of mice, 
harvested their bone marrow cells, and quantified 
the percentage of GFP+ cells at day 11.  Because 
the cells used for initial injection contain a mixture 
of shRNA-expressing (GFP+) and wild type (GFP-
) cells that will compete with each other to engraft 
in identical in vivo environment, a ratio of GFP+% 
at day 11 relative to day 0 could be calculated to 
indicate the relative in vivo engraftment potential 
of M9-ENL cells expressing each shRNA.  As 
shown in Figure 5E, this ratio is significantly 
smaller for all sh-GCLC and sh-GPX1 clones 
compared to sh-SCR control (Figure 5E).  These 
data indicate that glutathione pathway activity is 
directly relevant for leukemic cell growth in vivo. 
 Together, these knock-down studies 
demonstrate glutathione pathway inhibition alone 
is harmful to leukemic cells both in vitro and in 
vivo.  In addition, loss-of-function of GCLC or 
GPX1 can impair leukemic cell survival and 
growth.  Because PTL shows activities that mirror 
these knock-down studies—PTL inhibits multiple 
glutathione pathway components including GCLC 
and GPX1 (Figure 4)—we propose that PTL-
induced glutathione pathway inhibition is an 
important component of its anti-leukemia activity.  
 Cellular glutathione pathway activity 
determines parthenolide sensitivity – To further 
test if targeting the glutathione pathway is 

important for the anti-leukemia activity of PTL, 
we measured the sensitivity of leukemic cells with 
decreased or increased glutathione pathway 
functions to PTL treatment.  Shown in Figure 5F, 
we observed all sh-GCLC and sh-GPX1 clones 
demonstrated significantly increased sensitivity to 
PTL treatment in vitro.  Moreover, when we over-
expressed the rate-limiting step enzyme GCLC in 
M9-ENL cells (Figure 5G), we dramatically 
increased the resistance of leukemic cells to PTL 
treatment (Figure 5H).   Similar data were 
observed upon treatment with PLM as well (data 
not shown).  

To extend this analysis beyond leukemic cell 
types, we correlated relative PTL sensitivity with 
the global gene expression profile of 307 solid 
tumor cell lines (multiple histologies) to determine 
gene functions that are associated with PTL 
resistance (Supplemental Table 1).  This study 
identified GPX2, a gastrointestinal glutathione 
peroxidase (presumably the solid tumor equivalent 
of GPX1), as the top ranked gene associated with 
PTL resistance.  In addition, GCLC and SLC7A11 
(a subunit of the cystine transporter upstream of 
glutathione biosynthesis) were correlated with 
PTL resistance as well. These findings suggest 
solid tumor cell lines with elevated glutathione 
pathway activity will be more resistant to PTL.  
This is consistent with the results of our genetic 
studies in leukemic cells (Figure 5F, H). Together, 
they indicate glutathione pathway activity is a 
critical determinant of PTL toxicity in AML cells, 
as well as other solid tumor types—a conclusion 
that strongly supports the hypothesis that targeting 
glutathione pathway is central to the anti-leukemia 
activity of PTL.  
 Parthenolide and piperlongumine represent a 
novel class of anti-leukemic agents – Our 
findings of aberrant glutathione metabolism in 
CD34+ primary AML cells as well the abilities of 
PTL-like agents in targeting the glutathione 
pathway raised the possibility that PTL-like agents 
may represent a fundamentally different type of 
drug relative to the agents typically employed for 
leukemia therapy.  To investigate this issue in 
more detail, we first performed side-by-side 
efficacy test of PTL and PLM in comparison to the 
front line AML drug cytarabine (Ara-C) and the 
anthracycline idarubicin (IDA).   Shown in Figure 
6A and B, when 9 primary human AML 
specimens were treated with Ara-C or IDA, 
CD34+ populations in more than half of the 
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specimens displayed a significant level of 
resistance (Figure 6A, B).  This is presumably due 
to the fact that CD34+ AML cells are enriched for 
more quiescent stem and progenitor cells, and are 
relatively more resistant to chemotherapy (12,13).  
In contrast, 7.5uM PTL, which is well tolerated by 
CD34+ NBM cells, showed 75-95% toxicity to 7 
out of 9 specimens tested (Figure 6C).  We 
observed similar results when this group of AML 
cells was treated with PLM, where 10uM PLM 
induced 60-95% toxicity to 7 out of 9 specimens 
(Figure 6D).   These findings are noteworthy in 
that conventional agents, like PTL/PLM, are also 
known to induce oxidative stress (5), however as 
clearly shown in Figure 6, they are markedly less 
active towards CD34+ AML cells.  This 
observation prompted us to investigate the 
mechanisms controlling oxidative stress induction 
in more detail and to ask whether the differential 
toxicity of PTL/PLM is correlated to their ability 
to modulate glutathione pathway activities.  To 
this end, we treated AML specimens with each 
drug and monitored the change of glutathione 
following treatment.  As shown in Figure 6E, in 
striking contrast to PTL and PLM, treatment with 
Ara-C and IDA did not significantly change total 
glutathione level in CD34+ AML cells.  This 
finding was also verified in the M9-ENL cell line.  
When M9-ENL cells were treated with each drug 
at doses that resulted in comparable cell death 
(Figure 6F), PTL and PLM induced dramatic 
glutathione depletion, but Ara-C and IDA had 
little to no effect on cellular glutathione contents 
(Figure 6G).  Together, these data clearly indicate 
PTL and PLM possess a unique ability to inhibit 
the cellular glutathione system and are effective 
against CD34+ primary human AML cells, 
thereby representing a class of anti-leukemic 
agents that function by a distinctly different 
mechanism-of-action in comparison to standard 
chemotherapy agents. 
 Toxicity of PTL in combination with 
conventional anti-leukemic agents cytarabine 
and idarubicin – Our findings of aberrant 
glutathione metabolism in CD34+ primary AML 
cells as well the abilities of PTL-like agents in 
targeting the glutathione pathway raised the 
possibility that combining PTL-like agents with 
conventional drugs might be a beneficial strategy.  
Thus, we tested whether combinations of such 
agents could act to synergistically induce AML 
cell death.  Three primary AML specimens were 

treated with either Ara-C or IDA alone or in 
combination with PTL. The toxicity of each drug 
combination is presented in Figure 7A (PTL + 
Ara-C) and 7B (PTL + IDA).  In all AML 
specimens tested, addition of PTL was beneficial 
in terms of overall cytotoxic activity.  Notably, a 
modest dose of PTL (5uM) combined with a sub-
optimal dose of Ara-C (5uM) or IDA (60nM) 
resulted in 82%-93% cell death in all specimens 
tested (red bars, Figure 7A, B).  To better quantify 
the effect of PTL with Ara-C or IDA, we 
calculated the potential synergy of each drug 
combination, where the combination index score 
(CI) indicates synergism (0.4 < CI < 0.6), 
moderate synergism (0.6 < CI < 0.8), slight 
synergism (0.8 < CI < 0.9), additivity (CI > 0.9), 
or antagonism (CI > 1.1).  The results of this 
analysis were converted into a heat map format to 
better illustrate the data (Figure 7C).  We found 
that the PTL and Ara-C combination displayed 
strong to slight synergism in all three AML 
specimens tested, although a different dose 
combination was required to achieve maximum 
synergy for each AML.  In the case of the PTL and 
IDA, the combination showed synergy in one 
specimen (CD34+ AML2), with additive effects in 
two additional specimens (CD34+ AML 7, and 8).  
Together these results suggest agents like PTL can 
be combined with conventional chemotherapy to 
target more resistant CD34+ primary AML cells.  
 
 
DISCUSSION 

AML is a highly heterogeneous disease with 
multiple types of oncogenic mutations in each 
individual patient.  The role of each mutation as 
driver or passenger mutation, as well the interplay 
between various mutations remain poorly 
understood (2).  These issues have made the 
search for “targeted” therapies for leukemia a 
particularly challenging endeavor.  As an 
alternative, analysis of more broadly conserved 
physiological properties may represent an 
attractive strategy for developing novel anti-
leukemia agents.  Here, by comparing CD34+ 
NBM and AML cells, we identified aberrant 
glutathione metabolism as a unique and potentially 
useful property for targeting of primitive (CD34+) 
primary AML cells.  

Our identification of the increased expression 
of glutathione metabolic enzymes in AML cells 
reflects several important intrinsic biological 
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differences between primary AML and NBM cells.  
1) A recent study found an increased basal level of 
nuclear Nrf2 protein in many primary AML 
specimens (47).  This is a transcription factor 
activating the expression of many antioxidant 
enzymes including the critical components of 
glutathione pathway such as GCLC, GCLM, GSS, 
GPX1, GSR, as well as TXN and GSTs.  
Consistently, our study found up-regulated 
expression of almost all of these enzymes in 
CD34+ AML cells (Figure 1B, C), suggesting that 
increased Nrf2 activity in AML cells is potentially 
responsible for the elevated expression of these 
genes.  2) We previously demonstrated that 
primitive AML cells display constitutively active 
NF-kB signaling (13), which is known to regulate 
the expression of several antioxidant genes 
including GCLC (48) and GSTP1 (49). This 
observation suggests a link between up-regulated 
expression of GCLC and GSTP1 and elevated NF-
kB signaling in primary AML cells.  

Our study also found decreased levels of 
reduced glutathione GSH and increased levels of 
oxidized glutathione GSSG in CD34+ AML cells.  
Interestingly, freshly isolated primary chronic 
lymphoblastic leukemia (CLL) cells also show a 
decreased GSH pool compared to normal tissue 
counterparts (50), suggesting decreased GSH 
content might be a common property of primary 
hematopoietic malignant tissues.  We propose that 
the decreased GSH level is due to higher 
consumption of GSH in several processes required 
for cancer cell survival including: 1) reduction of 
ROS species such as H2O2, 2) proper S-
glutathionylation of the proteome in response to 
oxidative stress, and 3) detoxification of increased 
production of lipid peroxides.  Notably, GSH is 
particularly important in reducing hydrogen 
peroxide generated in mitochondria (51), and 
recent studies identified AML cells as having 
increased mitochondria mass and oxygen 
consumption rates (3), suggesting a link between 
GSH deficiency and abnormal mitochondria 
functions in leukemia.  In addition, a significantly 
decreased GSH to GSSG ratio further indicates 
aberrant glutathione homeostasis in AML cells, 
since the GSH to GSSG ratio is a critical 
determinant of intracellular redox potential (52).  
Consistent with this premise, enzymes such as 
GPX1, GSR, and GSTP1, which are required for 
the function of GSH in these processes are all up-

regulated in CD34+ AML cells, presumably as a 
survival mechanism (Figure 1B, C).  

Oxidative stress has been characterized as a 
common property of AML (53).  Moreover, 
studies show that increased oxidative stress 
appears to be a key event during leukemic 
transformation induced by FLT3-ITD, one of the 
most frequent oncogenic driver mutations in AML 
(54).  In the current study, we identified an 
aberrant steady state pool of glutathione and 
global up-regulation of glutathione pathway 
proteins in AML.  These data suggest that CD34+ 
primary AML cells have increased its glutathione 
metabolic enzyme expression to compensate for 
the loss of glutathione, presumably as a 
mechanism to manage increased oxidative stress 
induced by oncogenic transformation events.  We 
propose that this unique property of CD34+ 
primary AML cells can be exploited by a class of 
agents such as PTL and PLM to achieve their 
preferential toxicity towards leukemic cell 
glutathione homeostasis and cell survival. 

We observed, within 6 hours of PTL or PLM 
treatment, glutathione levels drop faster and to a 
lower degree in CD34+ AML cells compared to 
CD34+ NBM cells (Figure 3).  This effect is likely 
due to a smaller steady state pool of glutathione in 
AML cells (Figure 2), which make them more 
susceptible to PTL/PLM-mediated direct 
glutathione depletion.  Between 6 to 10 hours, 
glutathione levels robustly rebound in CD34+ 
NBM cells, presumably a cyto-protective anti-
oxidant response of normal cells.  However, 
glutathione levels in CD34+ AML cells generally 
stayed low, suggesting these cells are less able to 
efficiently up-regulate anti-oxidant functions 
(Figure 3).  We think this is likely because PTL 
also targets glutathione metabolism enzymes 
GCLC and GPX1 and induces their degradation 
(Figure 4), therefore inhibiting glutathione 
recovery.  Importantly, GCLC and GPX1 are both 
significantly up-regulated in AML cells, 
suggesting high protein levels are required for 
their function in AML cell glutathione 
homeostasis.  Thus, PTL-induced GCLC and 
GPX1 degradation events are potentially more 
stressful to AML cells.  Consistent with this 
premise, PTL or PLM treatment induced a 
significantly higher degree of cell death in AML 
compared to normal cells (Figure 3). 

Our studies indicate PTL and PLM represent a 
unique class of anti-leukemia agents that act to 
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perturb multiple glutathione pathway components.  
However, it is important to note that glutathione 
inhibition is not the sole activity of PTL/PLM.  
Another well-known activity of PTL is inhibition 
of NF-kB signaling which is constitutively active 
in primitive primary AML cells (13).  In addition, 
toxicity of PTL to other cancer tissues might be 
attributed to inhibition of epigenetic regulators 
HDAC1 and DNMT1 (55,56) and suppression of 
STAT-3 activity (57), which are frequently 
elevated in cancer cells.  Nonetheless, our genetic 
studies showed knock-down of GCLC or GPX1 as 
individual perturbation impaired the growth of 
leukemic cells in vitro (Figure 5C, D) and in vivo 
(Figure 5E).  These data clearly demonstrate that 
glutathione pathway inhibition alone strongly 
affects the health of leukemic cells, and therefore 
highlights the importance of targeting glutathione 
metabolism as a central component of PTL/PLM’s 
anti-leukemia activity.  Notably, loss-of-function 
of either GCLC or GPX1 alone did not completely 
recapitulate the dramatic toxicity of PTL/PLM.  
We postulate that the drugs are more effective 
because they can simultaneously target both 
GCLC and GPX1, and also directly deplete 
glutathione, thereby providing a much more 
effective overall inhibition of glutathione 
metabolism.  Further, genetic manipulations 
require a gene transfer and selection process that is 
kinetically much slower than drug treatments.  
This slower process may allow cells to switch to 
an alternative mechanism for survival.  For 
example, recent studies have shown that in certain 
cancer types, other anti-oxidant systems such as 
thioredoxin (TXN) system can be employed by 
cells as a compensatory mechanism to combat the 
stress from glutathione pathway inhibition (58).  
Interestingly, TXN is also a direct binding target 
of PTL (Figure 4C), a factor which may contribute 
to the potency of PTL.  The importance of 
glutathione pathway inhibition in the anti-
leukemia activity of PTL/PLM is further supported 
by the fact that knock-down of GCLC or GPX1 
sensitized AML cells to PTL/PLM treatment, and 
over-expressing the rate-limiting enzyme GCLC 
vastly de-sensitized AML cells to PTL/PLM 
treatment (Figure 5F-H).  

PTL and PLM are clearly distinct from 
standard AML chemotherapy agents like 
cytarabine and anthracyclines which do not affect 
cellular glutathione and have limited toxicity 
towards CD34+ population of AML cells (Figure 

6).  CD34+ AML cells are enriched for leukemia 
stem and progenitor cells, and are regarded as a 
critical sub-population to target for improved 
therapy. Hence, simultaneous eradication of both 
AML stem cells, as well as bulk disease, are 
regarded as important objectives towards 
achieving better clinical outcomes.  To this end, 
we tested the combined effect of PTL with Ara-C 
(clinically known as cytarabine) or idarubicin 
(IDA), and found that PTL can substantially 
increase the activity of both agents towards 
CD34+ AML cells (Figure 7).  This observation is 
important because it indicates that transient 
suppression of glutathione is sufficient to augment 
the activities of conventional drugs, indicating that 
PTL and related agents may be useful as adjuvants 
to current chemotherapy. 

  
Lastly, despite the fact that PTL and PLM seem 

to be quite different in their chemical backbone, as 
noted above, they both share similar active 
moieties that make them potent electrophiles.  
Interestingly, using a gene expression profile from 
PTL treated AML cells, we previously identified 
other electrophiles such as 4-hydroxynonenal and 
15-delta-prostaglandin J2 as potent anti-leukemia 
agents (59).  In addition, a recent screen of 
303,282 compounds also identified an electrophile 
as its lead compound that selectively eradicates 
BJ-ELR (HRASG12V transformed) cells but spares 
untransformed parental BJ fibroblasts (60).  Both 
PTL and PLM were also reported to have strong 
preferential toxicity towards BJ-ELR cells, with 
only limited toxicity to control cells (34).  These 
data suggest certain types of electrophiles might 
be employing a similar mechanism to achieve their 
selective toxicity to cancer cells. We reason this 
mechanism is linked to an aberrant glutathione 
metabolism acquired during oncogenic 
transformation.  In addition, PLM has been shown 
to have selective toxicity towards many different 
types of cancer cell lines (35), suggesting the 
mechanism of PLM-derived selectivity in primary 
AML cells described in the current study might be 
also relevant to many other types of cancer.  

Taken together, our findings along with recent 
data from others indicate that primitive (CD34+) 
primary AML cells have acquired aberrant 
glutathione metabolism and are selectively 
eradicated by agents that target glutathione 
pathway. Moreover, aberrant glutathione 
metabolism might be common to many cancer 
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types, and specific classes of electrophilic 
compounds represent powerful means by which to 

target unique physiological properties of cancer 
cells and augment therapeutic regimens.  
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TABLE LEGENDS 
 
TABLE 1. Clinical information of primary human AML specimens. 
N/A indicates information not available. 
 
 
 
FIGURE LEGENDS 
 
FIGURE 1. Primitive primary human AML cells differentially express genes required for control 
of redox state.  
(A) Schematic diagram showing major antioxidant machineries required for control of redox state. (B) 
Expression of major antioxidant proteins in freshly isolated primary human CD34+ NBM (n=4) and 
CD34+ AML (n=9) specimens. Lysates from equal number of cells (100K) were loaded in each lane. 
Total amount of protein was quantified and presented as microgram (ug) protein per lane. (C) Relative 
mRNA expression of major antioxidant genes in freshly isolated primary human CD34+ NBM (n=4) and 
CD34+ AML (n=9) specimens. Mean expression of HPRT1, GUSB, and TBP was used as reference to 
internally normalize the expression of each gene within each specimen. Average expression of each gene 
in CD34+ NBM (n=4) cells was set to 1, and the relative expression of each gene in each specimen was 
calculated accordingly and presented as dot plot. Mean ± SEM of each group is presented. * indicates a 
significant difference.   
  
FIGURE 2. Primary human AML cells have aberrant glutathione metabolism.  
Amount of reduced (GSH) (A), oxidized (GSSG) (B), total glutathione (sum of GSH+GSSG) (C), and 
GSH to GSSG ratio (D) in each specimen.  Measurement of glutathione turnover rate (E).  Time-
dependent increase of newly synthesized glutathione (13C15N-glutathione) as percentage of total 
glutathione in CD34+ AML cells (n=5) (F) and CD34+ NBM cells (n=3) (G).  (H) Glutathione turnover 
at 8 hours post culturing CD34+ NBM (n=3) or CD34+ AML (n=5) cells in media with 13C15N-labeled 
Cystine.  In A, B, C, D and H, each dot represents the value of each specimen. Median ± IQR (Inter-
Quartile Range) of each group is presented as error bar. * indicates a significant difference. 
 
FIGURE 3. Primitive human AML cells are differentially sensitive to agents that deplete 
glutathione.  
(A) PTL-induced dose-dependent glutathione depletion in primary human AML cells (n=3). (B) Structure 
of PTL and PTL-induced cellular glutathione level change as a function of time. Red lines indicate 
changes in CD34+ AML cells (n=5) and AML cell line M9-ENL cells. Black lines indicate changes in 
CD34+ NBM cells (n=5). (C) Percentage of viable cells after being cultured with 7.5uM PTL for 24 
hours. (D) Western blot showing 7.5uM PTL induced protein expression change of oxidative stress and 
apoptosis markers. (E) Structure of PLM and PLM-induced cellular glutathione level change as a function 
of time. Red lines indicate changes in CD34+ AML cells (n=3) and AML cell line M9-ENL cells. Black 
lines indicate changes in CD34+ NBM cells (n=2). (F) Percentage of viable cells after being cultured with 
10uM PLM for 24 hours. In C and F, Mean ± SD of each group is presented as bar graph.  ***p<0.0005, 
*p<0.05.  
 
FIGURE 4. Parthenolide directly binds to and interferes with multiple glutathione pathway 
components.  
(A) Chemical structure of MMB-biotin. Dashed box outlines intact structure of MMB, a stereoisomer of 
PTL. (B) Competitive binding assay. (C) Antioxidant proteins identified as PTL binding targets via 
competitive binding assay. Input and pull-down products from AML cells treated with biotin (lane 1, 4), 
MMB-biotin (lane 2, 5), or PTL followed by MMB-biotin (lane 3, 6). Pull-down products from MMB-
biotin treated AML cells were also subjected to LC-MS/MS analysis, and the results were presented in the 
chart for comparison. “+”  and “/” signs indicate positive and negative results, respectively. Numbers of 
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peptides recognized by LC-MS/MS were listed as well. (D, E) Covalent docking results of PTL to 
GCLC/GCLM holoenzyme complex (D) and GPX1 (E). The L-glutamate binding site of GCLC is 
enlarged in green box, and the heterodimer interface of GCLC/GCLM complex is in red box. The 
cysteines covalently attached with PTL are shown as surface representations, while the PTL structure is 
shown as thick sticks. (F) Western blots showing time-dependent GCLC and GPX1 protein expression in 
primary human AML cells (n=3) and M9-ENL cells treated with 7.5uM PTL.  
 
FIGURE 5. Targeting glutathione pathway is important for the anti-leukemia activity of PTL. 
Knock down of GCLC (A) and GPX1 (B) in M9-ENL cells. (C) Percentage of viable cells after 48 hours 
culture in vitro. (D) Number of cells at 24 and 48 hours culture in vitro. (E) Procedure and results of in 
vivo competitive engraftment assay. (F) Percentage of viable cells treated with indicated doses of PTL for 
24 hours. (G) Over-expression of GCLC in M9-ENL cells. (H) Percentage of viable cells treated with 
indicated doses of PTL for 24 hours.  Error bars represent mean ± SD of triplicates. “C” indicates control 
used for statistical comparison, * p<0.05, ***p<0.0005. 
 
FIGURE 6. Parthenolide and Piperlongumine represent a novel class of anti-leukemic agents.  
Viability of CD34+ AML cells (n=9) treated 24 hours with increasing doses of Ara-C (A), IDA (B), PTL 
(C) or PLM (D). (E) Representative graph showing cellular glutathione level change over time in CD34+ 
AML cells treated with Ara-C, IDA, PTL or PLM. (F) Viability of M9-ENL cells treated 24 hours with 
Ara-C, IDA, PTL or PLM at indicated doses. (G) Cellular glutathione level change over time in M9-ENL 
cells treated with Ara-C, IDA, PTL or PLM. In A, B, C, D and F, mean ± SD of triplicates is presented 
for each data point. In F, ***p<0.0005. 
 
FIGURE 7. Toxicity of PTL in combination with conventional anti-leukemic agents.  
Viability of CD34+ AML cells treated with PTL + Ara-C (A) or PTL + IDA (B) at various dose 
combinations. Mean of triplicates is presented. Numbers indicate mean viability. In A, viability of cells 
treated with 5uM PTL alone, 5uM Ara-C alone, and 5uM PTL + 5uM Ara-C combination are highlighted 
as red bars. In B, viability of cells treated with 5uM PTL alone, 60nM IDA alone, and 5uM PTL + 60nM 
IDA combination are highlighted as red bars as well. (C) Heat map showing the degree of synergy for 
each drug combination at fixed dose combo in each AML specimen. Synergism is determined by the 
combination index (CI) calculated by Calcusyn software. Color key for each category is presented at the 
top of graph: synergism (0.4 < CI < 0.6), moderate synergism (0.6 < CI < 0.8), slight synergism (0.8 < CI 
< 0.9), additive or none (CI > 0.9).  
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Specimen FAB Diagnosis Cytogenetics Mutations 
AML 1 M4 N/A monosomy 7 N/A 
AML 2 M4  antecedent MDS monosomy 7, 11q23+ MLL+ 
AML 3 M4 N/A N/A N/A 
AML 4 M1 De novo AML t(16;21) None 
AML 5 M1 De novo AML Normal FLT3-ITD 
AML 6 M2  De novo AML Normal N/A 
AML 7 M5 N/A N/A N/A 
AML 8 M1 N/A N/A N/A 
AML 9 M1 Relapsed AML del4q21, del5q13, t(7;22), t(11;16), -13, -17, -18 None 
AML 10 M1 Relapsed AML Normal FLT3-ITD, NPM1+ 
AML 11 M4 De novo AML Normal FLT3-ITD 
AML 12 M2 De novo AML 45,X,-Y,t(8;21)(q22;q22) AML1/ETO+ 
AML 13 M5 De novo AML N/A N/A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
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a b s t r a c t

Melampomagnolide B has been identified as a new antileukemic sesquiterpene. A biotin-conjugated
derivative of melampomagnolide B was designed and synthesized in order to elucidate its mechanism
of action. A study of the biochemical interactions of the biotin probe suggests that melampomagnolide
B derives its remarkable selectivity for leukemic cells over normal hematopoietic cells from its unique
ability to exploit biochemical differences between the two cell types.
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1. Introduction

Thepast several years have seen a surge of interest in the antican-
cer properties of sesquiterpene lactones. A germacrenolide, parthe-
nolide (PTL, 1, Fig. 1) has been noted for its remarkable antileukemic
properties.1 Initial efforts pertaining to the biomechanistic study of
parthenolide and its analogs revealed that they seem to promote
apoptosis by inhibiting the activity of the NF-jB transcription factor
complex, and thereby down-regulating anti-apoptotic genes under
NF-jB control.2–7Wehave recently demonstrated that parthenolide
induces robust apoptosis of primary acute myeloid leukemic (AML)
cells.8,9 Inparticular, parthenolide causes cell death inAMLstemand
progenitor cells in vitro, with minimal toxicity towards normal
hematopoietic cells. The apoptosis induced by parthenolide is not
solely due to NF-jB inhibition, but rather arises from a broad set of
biological responses, which likely include activation of p53 and an
increase in reactive oxygen species. Parthenolide has also been the
source of several novel antileukemic compounds arising from our
program over the past decade. We successfully overcame the poor
water-solubility of parthenolide by adding amines to the exocyclic
olefin of the enone function of 1, thereby rendering the resulting
compounds water-soluble.10,11 Such adducts showed retention of
antileukemicproperties of parthenolide; inparticular, thedimethyl-
amine-adduct of parthenolide (DMAPT, LC-1, 2, Fig. 1), which has

progressed to phase-I clinical trials in the United Kingdom for the
treatment of AML, ALL, and CLL.10

We now report on the identification of melampomagnolide B
(MMB, 3, Fig. 1), a melampolide originally isolated from Magnolia
grandiflora,12 as a new antileukemic sesquiterpene with properties
similar to parthenolide. MMB was synthesized utilizing a modifica-
tion of themethod of Macias et al.13 via selenium oxide oxidation of
the C10 methyl group of PTL, which also results in concomitant
conversion of the geometry of the C9–C10 double bond from trans
to cis. This compound is of great interest to us for two reasons. First,
the anti-leukemia activity of MMB is excellent, and indistinguish-
able from PTL. Second, as a functionalized analog of PTL, the MMB
molecule allows the synthesis of conjugated analogs that retain bio-
logical activity. For example, as a laboratory tool,wecreatedabiotin-
ylated analog of MMB via conjugation at the allylic hydroxyl group,
and used this reagent to identify MMB target proteins in AML cells.
This approach has proven to be extremely useful in better under-
standing the underlyingmechanisms bywhich anti-leukemia activ-
ity is achieved. Thus, as a basis for the further development of this

0968-0896/$ - see front matter ! 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010.12.045
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Figure 1. Structures of PTL (1), DMAPT (2), and MMB (3).
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