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Summary
Interactions between the nuclear factor (NF)-κB inhibitor parthenolide and the pan-histone
deacetylase inhibitors (HDACIs) vorinostat and LBH589 were investigated in human acute
myeloid leukaemia (AML) cells, including primary AML blasts. Co-administration of
parthenolide blocked HDACI-mediated phosphorylation/activation of IKK and RelA/p65 in
association with increased JNK1 activation in various AML cell types. These events were
accompanied by an increase in apoptosis in multiple AML cell lines (e.g. U937, HL-60, NB4,
MV-4-11, and MOLM-13). Significantly, parthenolide also increased HDACI-mediated cell death
in haematopoietic cells transduced with the MLL-MLLT1 fusion gene, which exhibit certain
leukaemia-initiating cell characteristics, as well as primary AML blasts. Exposure to parthenolide/
HDACI regimens clearly inhibited the growth of AML-colony-forming units but was relatively
sparing toward normal haematopoietic progenitors. Notably, blockade of JNK signaling by either
pharmacological inhibitors or genetic means (e.g., dominant-negative JNK1 or JNK1 shRNA)
diminished parthenolide/HDACI-mediated lethality. Moreover, dominant-negative MKK7, but not
dominant-negative MKK4/SEK1, blocked JNK1 activation and apoptosis induced by
parthenolide/HDACI regimens. Together, these findings indicate that parthenolide potentiates
HDACI lethality in human AML cells through a process involving NF-κB inhibition and
subsequent MKK7-dependent activation of the SAPK/JNK pathway. They also raise the
possibility that this strategy may target leukaemic progenitor cells.
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Introduction
Histone deacetylase inhibitors (HDACIs) represent a class of compounds that modify
chromatin structure and gene expression. In preclinical studies, HDACIs induced apoptosis
in human leukaemia cells (Grant et al, 2007), and in recent clinical trials the pan-HDACI
vorinostat has shown activity in certain types of lymphoma (e.g., cutaneous T-cell
lymphoma) (Grant et al, 2007) and acute leukaemia (Garcia-Manero et al, 2008a). HDACs
also regulate the acetylation of diverse non-histone proteins (Marks, 2007), events which
may contribute to HDACI lethality (Bolden et al, 2006). Such findings provide a rationale
for exploring novel therapeutic strategies combining other signal transduction modulators
with HDACIs.

Nuclear factor (NF)-κB is composed of homo- and heterodimers of five members of the Rel
family including RelA (p65), RelB, c-Rel, NF-κB1 (p50 and its precursor p105), NF-κB2
(p52 and its precursor p100). The NF-κB family represents transcription factors implicated
in diverse cellular activities, including inflammatory responses, survival, growth, and
differentiation, among others (Baud & Karin, 2009). In human acute myelogenous
leukaemia (AML) and myelodysplastic syndrome (MDS), nuclear NF-κB (RelA-p50) is
generally constitutively expressed in primary leukaemic blasts as well as CD34+ leukaemia
stem cells (LSCs) (Bueso-Ramos et al, 2004;Guzman et al, 2001). On the other hand,
interruption of the NF-κB signaling pathway (e.g., via inhibition of IκB kinaseβ [IKKβ])
kills or chemosensitizes AML and MDS tumour cells and LSCs (Guzman et al,
2002;Guzman et al, 2005;Frelin et al, 2005). Interestingly, recent reports indicate that
constitutive NF-κB activation is associated with mutations in FLT3 (Grosjean-Raillard et al,
2008) and NPM1 (nucleophosmin) (Cilloni et al, 2008) in AML and MDS, the most specific
and frequent mutational events in AML. Moreover, FLT3 inhibition disrupts physical
interactions between IKKβ and FLT3, leading to inhibition of NF-κB and selective killing of
primary CD34+ AML and MDS cells versus normal CD34+ cells (Grosjean-Raillard et al,
2008). RelA-p50 heterodimer, the most abundant form of NF-κB, is retained in the
cytoplasm by binding to IκBα. Upon stimulation by diverse stimuli, the family of IκB
kinases (IKKs), particularly IKKβ, is activated, which phosphorylate IκBα, leading to
ubiquitination and proteasomal degradation. Following release from IκBα, RelA-p50
translocates to the nucleus, binds to gene promoter regions, and triggers transcription of
various genes (Baud & Karin, 2009). Alternatively, recent findings have highlighted post-
translational modifications in the regulation of NF-κB activation (Perkins, 2006).
Specifically, both RelA phosphorylation and acetylation have been associated with enhanced
nuclear import, DNA binding and transactivation (Chen et al, 2001). Treatment with
HDACIs leads to enhanced RelA acetylation and activation (Liu et al, 2006;Chen et al,
2001;Dai et al, 2005a), whereas blockade of these events promotes HDACI lethality in
human leukaemia and other malignant cell types (Dai et al, 2005a;Duan et al, 2007).
However, cell death mechanisms acting downstream of NF-κB inhibition are less clear. In
this context, evidence indicates that in the classical NF-κB model of tumour necrosis factor
α (TNFα)-induced apoptosis, sustained activation of the SAPK/JNK (stress-activated protein
kinase/c-Jun N-terminal kinase) pathway plays an essential role (Kamata et al, 2005).

Parthenolide (PTL) is a sesquiterpene lactone extracted from the herbal medicine Feverfew
(tanacetum parthenium). PTL is a natural NF-κB inhibitor that has shown activity in
preclinical studies involving diverse transformed cell types, including leukaemia cells
(Guzman et al, 2005;Zunino et al, 2007). It also sensitizes transformed cells to various
cytotoxic agents (Patel et al, 2000;Nakshatri et al, 2004). PTL inhibits NF-κB by binding to,
and blocking activation of, IKK (Hehner et al, 1999), and possibly by directly alkylating and
inhibiting RelA at cysteine residues (Garcia-Pineres et al, 2001). PTL may also exert its
anti-neoplastic effects through other mechanisms. For example, PTL inhibits STAT3
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(Sobota et al, 2000), activates JNK (Nakshatri et al, 2004), depletes HDAC1 (Gopal et al,
2007), and triggers reactive oxygen species (ROS) generation/endoplasmic reticulum (ER)
stress (Liu et al, 2009a). Notably, PTL may selectively target primitive leukaemic progenitor
cells that exhibit LSC characteristics (Guzman et al, 2005). Efforts to develop PTL
analogues (e.g., LC-1) as antileukaemic agents are currently underway (Hewamana et al,
2008a;Guzman et al, 2007;Jenkins et al, 2008).

In view of evidence that NF-κB activation opposes HDACI lethality, the possibility arose
that PTL might increase HDACI antileukaemic activity. The purpose of this study was to
determine whether PTL interacts with HDACIs to kill human AML cells and their
progenitors, and to gain insights into mechanisms underlying such interactions. The present
results indicated that PTL markedly increases the anti-leukaemic activity of clinically
relevant HDACIs, including vorinostat and LBH589 (panobinostat) (Giles et al, 2006),
through a mechanism involving attenuation of HDACI-mediated NF-κB activation and
resulting MKK7- rather than MKK4/SEK1-dependent activation of JNK1. They also suggest
that AML progenitor cells may be vulnerable to this strategy. Collectively, these data
provide a rationale for employing PTL or other NF-κB antagonists to enhance HDACI
activity in AML.

Materials and methods
Cells and reagents

U937 (AML, M4-M5 with t[10;11][p13;q14]), HL-60 (acute promyelocytic leukaemia
[APL], M2 with loss and several rearrangements involving chromosome 5), NB4 (APL, M3
with t[15;17]), MV-4-11 (biphenotypic B-AML) were purchased from American Type
Culture Collection (ATCC; Manassas, VA, USA), and MOLM-13 (AML, M5a) from
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ,
Braunschweig, Germany). These cells were maintained in RPMI 1640 medium containing
10% or 20% (for MOLM-13) fetal bovine serum (FBS). MV-4-11 and MOLM-13 cells
harbour FLT3-internal tandem duplication (ITD) mutation and MLL rearrangement. MLL-
ENL cells exhibiting certain leukaemia-initiating cell (L-IC) characteristics were kindly
provided by Dr. John E Dick (University Health Network, Toronto, Ontario, Canada)
(Barabe et al, 2007) and cultured in α-minimum essential medium (MEMα) containing 20%
FBS, 5% human plasma with 10 units/ml Na heparin, 1 × β-ME, 50 ng/ml recombinant
human stem cell factor (SCF), 10 ng/ml interleukin (IL)-3, 5 ng/ml IL-7, 5 ng/ml FLT3L
(R&D Systems, Minneapolis, MN).

The pan-HDAC inhibitors vorinostat (suberoylanilide hydroxamic acid, SAHA) and
LBH589 (panobinostat) were obtained from Merck (Whitehouse Station, NJ, USA) and
Novartis Pharmaceuticals (Basel, Switzerland), respectively. PTL and the SAPK/JNK
activator anisomycin were purchased from Biomol (Plymouth Meeting, PA). JNK inhibitor
VIII (Vivanco et al, 2007) (designated JNKi throughout) was obtained from Calbiochem
(San Diego, CA). All reagents were formulated in dimethyl sulphoxide (DMSO), stored at
−20°C, and subsequently diluted with serum-free RPMI medium prior to use. In all cases,
final DMSO concentrations were less than 0.1%. Recombinant human TNFα was obtained
from R&D Systems (Minneapolis, MN). The cell-permeable JNK1 peptide inhibitor D-
JNK1 and its negative control D-TAT were purchased from Alexis (San Diego, CA).

All experiments were performed in cell lines utilizing logarithmically growing cells (4–
6×105 cells/ml) or in primary samples at density of 1×106 cells/ml. Cells were treated with
PTL for 1 h prior to addition of HDACIs (24 h).
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Patient samples
Bone marrow (BM) or peripheral blood (PB) samples were obtained with informed consent,
in accordance with the Declaration of Helsinki, from patients with AML or non-myeloid
haematological disorder (e.g., iron deficiency) undergoing routine diagnostic procedures
with approval from the institutional review board of Virginia Commonwealth University. In
all AML samples, the percentage of blasts was > 70%. Umbilical cord blood (CB) cells were
obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA, USA)
(Guzman et al, 2005). Mononuclear cells were isolated by Ficoll-Hypaque (Sigma, St Louis,
MO) as previously described (Dai et al, 2005b).

Methylcellulose colony-forming assays
Previously described methylcellulose colony-forming assays were used to assess the effects
of drug treatment on the clonogenic growth of normal and leukaemia cells (Guzman et al,
2005). Briefly, leukaemic blasts or normal CB mononuclear cells were incubated in serum-
free medium for 1 h prior to the addition of drugs. Cells were then exposed to PTL ±
vorinostat for 24 h, washed, and plated at a density of 50,000 cells/ml in Methocult GF
H4534 (1% methylcelluose in Iscove’s modified Eagle medium (IMDM), 30% FBS, 1%
bovine serum albumin (BSA), 10−4M 2-mercaptoethanol, 2mM L-glutamine, 50 ng/ml SCF,
10 ng/ml granulocyte-macrophage colony-stimulating factor, 10 ng/ml IL-3; Stem Cell
Technologies, Vancouver, BC, Canada) supplemented with 3 units/ml of erythropoietin and
50 ng/ml granulocyte colony-stimulating factor (R&D Systems). Colonies, consisting of ≥
50 cells (normal CB granulocyte-macrophage colony-forming units [GM-CFU]) or ≥ 20
cells (leukaemic colony-forming units [L-CFU]) were scored at the end of 10–14 days
incubation. Values for each condition were expressed as a percentage of untreated, control
cell colony formation.

Stable transfection
cDNAs encoding dnJNK1 (JNK1/APF), dnMKK7, or dnSEK1 were kindly provided by the
laboratory of Dr. Stanley Korsmeyer (Dana-Farber Cancer Institute, Boston, MA) and Dr.
Silvio Gutkind (National Institute of Dental and Craniofacial Research, National Institute of
Health, Bethesda, MD, USA), respectively. SureSilencing™ plasmids (neomycin resistance)
encoding shRNA targeting human MAPK8 (shJNK1, CCTGACAAGCAGTTAGATGAA)
or negative control shRNA (shNC, GGAATCTCATTCGATGCATAC) were purchased
from SABioscience (Frederick, MD). Transfections were performed using an Amaxa
Nucleofector device and Cell Line Specific Nucleofector Kits (Amaxa GmbH, Cologne,
Germany) as per the manufacturers’ instructions. Cells were continuously cultured under
selection with G418 (400 μg/ml), and ectopic expression of target proteins or down-
regulation of JNK1 (JNK1 shRNA) was detected by Western blot.

Flow cytometry
The extent of apoptosis was evaluated by flow cytometric analysis utilizing annexin V-
fluorescein isothiocyanate (FITC; BD Pharmingen, San Diego, CA), 7-aminoactinomycin D
(7-AAD; Sigma) or 3,3-dihexyloxacarbocyanine (DiOC6; Molecular Probes Inc., Eugene,
OR) as described previously (Dai et al, 2005b).

Western blot analysis
Samples from either whole-cell pellets or S-100 cytosolic fractions were prepared and
subjected to Western blot analysis as previously described in detail (Dai et al, 2005a). Each
lane was loaded with 30μg of protein; blots were stripped and reprobed with α-tubulin or β-
actin antibodies to ensure equivalent loading and transfer. The primary antibodies included:
IKKβ, RelA/p65, phospho-JNK (Thr183/Tyr185, recognizing p46 JNK1 and p54 JNK2/3),
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phospho-c-Jun (Ser73), JNK (FL, recognizing p46 JNK1 and p54 JNK2/3), cytochrome c,
and AIF (Santa Cruz Biotechnology, Santa Cruz, CA, USA); phospho-IKKα (Ser180)/IKKβ
(Ser181), phospho-RelA/p65 (Ser536), p100/p52, phospho-MKK7 (Ser271/Thr275),
MKK7, phospho-SEK1 (Ser257/Thr261), SEK1, and cleaved caspase-3 (Cell Signaling,
Danvers, MA, USA); caspase-3 (BD PharMingen, San Diego, CA); PARP antibody
(Biomol); nuclear matrix protein p84 (Abcam, Cambridge, MA). Representative
experiments are shown; two additional experiments yielded equivalent results.

NF-κB activity assays
U937 cells were stably transfected with NF-κB TransLucent Reporter Vector (NF-κB/Luc;
Panomics, Redwood City, CA) as previously described (Dai et al, 2005a). Luciferase assays
were performed using a Luciferase Reporter Assay Kit (BD Clontech, Polo Alto, CA).
Relative luciferase activities were normalized to total protein. RelA-specific DNA binding
activity was measured by using Nuclear Extract Kit and TransAM™ NF-κB p65 Chemi Kit
(Active Motif, Carlsbad, CA). For each cell type, wild-type and mutated consensus
oligonucleotides were used as competitors for RelA-DNA binding in order to monitor assay
specificity (Fig S1A). NF-κB activity was expressed as fold increase relative to untreated
controls.

Statistical analysis
For NF-κB activity assays and flow cytometric analysis, values represent the means ± S.D.
for at least three separate experiments performed in triplicate. The significance of
differences between experimental variables was determined by using the Student’s t test.
Analysis of synergism was performed according to Median Dose Effect analysis using the
software program Calcusyn (Biosoft, Ferguson, MO) (Dai et al, 2005b). P values < 0.05
were considered significant.

Results
PTL prevents HDACI-induced activation of the canonical NF-κB pathway

Previous studies have shown that exposure of U937 cells to HDACIs triggers cytoprotective
NF-κB activation (Dai et al, 2005a). We therefore examined whether this phenomenon
occurs in other human AML cell types, including those harbouring the FLT3-ITD mutation.
Exposure to marginally toxic concentrations of the pan-HDACIs vorinostat (0.5–1.5 μM) or
LBH589 (3–15 nM) increased IKK and RelA/p65 phosphorylation in multiple types of
human AML cells that exhibited varied basal levels of NF-κB activity (Fig S1A), including
U937, HL-60, NB4, MV-4-11 (FLT3-ITD), and MLL-ENL, as well as primary AML blasts
(Fig 1A and Fig S1B). These events were associated with increased nuclear translocation of
RelA/p65 (Fig S1C) and RelA/p65-DNA binding activity (Fig 1B). Interestingly, PTL alone
modestly increased IKK phosphorylation in certain cell lines (e.g., U937, Fig 1A), possibly
reflecting a compensatory response to NF-κB inhibition. Importantly, co-administration of
PTL (3–7.5 μM) diminished HDACI-induced IKK and RelA/p65 phosphorylation (Fig 1A
and Fig S1B), as well as nuclear translocation (Fig S1C) and RelA/p65-DNA binding (Fig
1B) in diverse AML cell types. In these experiments, treatment with TNFα, a classical
activator of the canonical NF-κB pathway, was used as a positive control. These results were
further confirmed by NF-κB luciferase assays using U937 cells stably transfected with an
NF-κB luciferase reporter gene (Fig S1D, P < 0.05 and P < 0.01 for 5 μM and 7.5μM of
PTL, respectively). No major changes were observed in total IKK or RelA protein levels. In
contrast, HDACIs did not promote processing of p100 into p52 (Fig S1E), a marker
reflecting activation of the non-canonical NF-κB pathway (Yao et al, 2009). However,
HDACIs, similar to TNFα (Yao et al, 2009), increased expression of p100 in AML cells, an
event diminished by PTL co-administration (Fig S1E). Because p100 is an NF-κB
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downstream target (Lu et al, 2009), these phenomena may reflect changes in NF-κB activity
induced by HDACIs alone or with PTL. Collectively, these findings indicate that PTL
effectively blocks HDACI-mediated activation of NF-κB via the RelA/p65-mediated
canonical NF-κB pathway in various continuously cultured AML cell lines as well as
primary human AML blasts, independently of their basal NF-κB activity.

PTL synergistically potentiates HDACI-induced apoptosis in various human AML cell lines
The biological consequences of PTL-mediated interruption of NF-κB activation in human
AML cells exposed to HDACIs were then examined. AML cell lines were exposed (24 h) to
various concentrations of vorinostat (0.5–3 μM) or LBH589 (5–30 nM for U937, HL-60,
and NB4; 2.5–15 nM for MV-4-11 and MLL-ENL) in the presence or absence of PTL (3–
7.5 μM). As shown in Fig S2A, cells exhibited diverse sensitivities to HDACIs. In general,
cells bearing fusion (e.g., MLL-ENL) or mutant (e.g., MV-4-11 and MOLM-13, FLT3-ITD)
proteins were more sensitive than cells without these genetic backgrounds (e.g., U937 and
NB4, but not HL-60). Nevertheless, co-administration of PTL significantly potentiated
HDACI lethality over a broad concentration range, particularly at subtoxic doses (Fig 2A; P
< 0.001 versus HDACI alone, and Fig S2A and S2B). Furthermore, co-administration of
PTL with either HDACI increased mitochondrial injury (manifested by loss of
mitochondrial membrane potential/Δψm; data not shown), as well as cytochrome c and AIF
release (Fig S2C), and caspase-3 activation (Fig 2B and Fig S2D). Median dose-effect
analysis of apoptosis induction performed in multiple AML cell lines, in which PTL/
HDACIs were administered at fixed concentration ratios, yielded Combination Index (C.I.)
values less than 1.0, reflecting synergistic interactions (Fig 2C and Fig S2E). Together, these
findings indicate that PTL-mediated inhibition of HDACI-induced NF-κB activation is
accompanied by an increase in mitochondrial injury, caspase activation, and apoptosis in
various human AML cell lines, including those harbouring FLT3-ITD.

PTL enhances HDACI lethality in primary AML blasts
To determine whether these findings could be extended to primary AML samples, parallel
studies were performed using primary AML specimens obtained from unselected patients
with AML (French-American-British classification M2 phenotype). All samples consisted of
> 70% blasts, as shown in a representative Giemsa-Wright stained cytospin specimen (Fig
S3A). Primary AML samples were treated ex vivo with 1.5 μM vorinostat or 10 nM LBH589
± 4 μM PTL for 24 h. Although primary samples obtained from eight AML patients
displayed differential sensitivity to HDACI or PTL alone, in each case, combined treatment
resulted in a clear increase in lethality compared to the effects of agents administered
individually, determined by annexin V/PI (Patients 1–4, Fig S3A), 7AAD (Patients 5–8,
Supplemental Fig S4A) and/or DiOC6 (Patients 5–6, Supplemental Fig S4B) staining and
flow cytometric analysis. Results were confirmed by Western blot analysis to monitor
increased caspase-3 activation and PARP cleavage in primary AML samples co-exposed to
HDACIs and PTL (Fig 3B). In addition, Giemsa-Wright staining exhibited classical
morphology of apoptosis in AML blasts following co-treatment with PTL and HDACIs (Fig
3A). Immunohistochemical staining of primary AML samples demonstrated that co-
exposure to PTL and HDACIs increased the number of cells expressing activated caspase-3
(Fig S3B). Interestingly, parallel treatment of non-malignant bone marrow mononuclear
cells with identical concentrations of these agents alone or in combination produced minimal
toxicity (Fig S4A and S4B). Notably, 24-h exposure of three bone marrow blast specimens
(Patients 9–11) to PTL (2.0 μM) or vorinostat (1.0 μM) had modest effects (~25% reduction
relative to untreated controls) on the colony-forming capacity (L-CFU) of AML samples,
whereas combined treatment resulted in a large decline in L-CFU (Fig 3C, ~75% reduction).
In contrast, co-administration of PTL did not result in a further reduction in GM-CFU from
normal cord blood (CB) samples exposed to vorinostat (Fig 3C). These findings indicate that

Dai et al. Page 6

Br J Haematol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interactions between PTL and HDACIs (e.g., vorinostat and LBH589) occur in primary
AML blasts and raise the possibility that, as in the case of PTL alone (Guzman et al, 2005),
normal haematopoietic cells may be less susceptible to this strategy than their leukaemic
counterparts.

PTL interacts with HDACIs to induce apoptosis in MLL-ENL cells displaying leukaemia-
initiating cell (L-IC) characteristics

Given evidence that PTL targets human LSCs (Guzman et al, 2005), interactions between
PTL and HDACIs were then examined in MLL-ENL cells, generated by retrovirally
transducing a lineage-depleted fraction of human umbilical CB enriched for stem/progenitor
cells (Lin–CB) with the MLL-MLLT1 (previously MLL-ENL) fusion gene (the product of
t[11;19]), and which have recently been shown to display L-IC characteristics in
immunodeficient mice (Barabe et al, 2007). Co-exposure of MLL-ENL cells to various
concentrations of either vorinostat (e.g., 0.5–3 μM) or LBH589 (e.g., 2.5–15 nM) in
conjunction with PTL (3 μM) resulted in a significant increase in annexin V+ apoptotic cells
(Fig 3A and Fig S2A). Western blot analysis revealed that co-treatment of MLL-ENL cells
with PTL and HDACIs increased caspase-3 activation and PARP degradation (Fig 3B).
Together, these results indicate that regimens that combined PTL with HDACIs effectively
killed MLL-ENL cells, which exhibit certain L-IC features.

Co-treatment with PTL and HDACI induces activation of SAPK/JNK
In view of evidence linking lethal actions of NF-κB inhibition to activation of the stress-
related JNK pathway (Tang et al, 2001;De Smaele et al, 2001), JNK signaling was
examined in various human AML cells exposed to PTL ± vorinostat or LBH589. Whereas
PTL or either of the HDACIs administered individually had modest effects, co-
administration of PTL with HDACIs resulted in increased phosphorylation of JNK
(specifically p46 JNK1 rather than p54 JNK2/3) or its substrate c-Jun in AML cell lines
(U937, HL-60, and NB4), as well as those bearing FLT3-ITD (MV-4-11 and MOLM-13;
Fig 4A and Fig S5A). Notably, similar results were also observed in MLL-ENL cells and
primary AML specimens (Fig 4A and Fig S5A). These findings raise the possibility that, in
association with interference with NF-κB activation, PTL/HDACI-mediated lethality toward
human AML cells may involve activation of the SAPK/JNK signaling pathway.

SAPK/JNK activation plays a functional role in PTL/HDACI-mediated lethality
To investigate the functional significance of SAPK/JNK activation in potentiation of
HDACI lethality by PTL, U937 cells were stably transfected with a dominant-negative
JNK1 (JNK1/APF) construct (Yamamoto et al, 1999) (Fig 4B, inset). Ectopic expression of
JNK1/APF blocked JNK signaling in response to the classical JNK activators TNFα and
anisomycin, manifested by diminished c-Jun phosphorylation (Fig S5B). In accord with
these findings, co-exposure to PTL and vorinostat or LBH589 failed to activate JNK
signaling in JNK1/APF cells (Fig 4C). Notably, stable transfection with JNK1/APF
significantly abrogated the lethality of PTL/vorinostat or/LBH589 regimens (P < 0.01 vs
empty vector (EV) controls; Fig 4B), a phenomenon confirmed by diminished PARP
cleavage in JNK1/APF cells following combination treatments (Fig 4C). To validate results
obtained with the dominant-negative JNK1 approach, JNK1 (p46) was knocked down in
U937 cells by stable transfection with a construct encoding JNK1 shRNA (shJNK1). As
shown in Fig 5A, down-regulation of JNK1 by shRNA prevented c-Jun phosphorylation
induced by either TNFα or co-treatment with PTL and vorinostat or LBH589, accompanied
by diminished caspase-3 activation and PARP cleavage (Fig 5A), as well as apoptosis (Fig
5B and Fig S5C, P < 0.01). Consistent with these findings using genetic approaches, similar
phenomena were also observed in other AML cell lines when a pharmacological JNK
inhibitor (JNKi) (Vivanco et al, 2007) was employed. As shown in Fig 5C (HL-60,
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MV-4-11 and MLL-ENL) and Fig S5D (NB4 and MOLM-13), administration of JNKi
clearly diminished c-Jun phosphorylation and lethality (i.e., cleavage of caspase-3 or
PARP). The latter was also manifested by annexin V staining and flow cytometric analysis
(Fig S6A, P < 0.05). Notably, blockade of JNK activation, reflected by diminished c-Jun
phosphorylation, by either JNKi or a specific JNK peptide inhibitor D-JNK1, but not a
negative control peptide D-TAT, prevented PARP cleavage (Fig 5D) and lethality (annexin
V+; Fig S6A and S6B, P < 0.05) of the PTL/vorinostat or/LBH589 regimens in primary
AML specimens. Together, these findings argue that activation of SAPK/JNK signaling
plays a significant functional role in PTL/HDACI lethality in various human AML cell
types.

MKK7 but not SEK1 is required for PTL/HDACI-induced SAPK/JNK activation and
apoptosis

The roles of MKK7 and MKK4/SEK1, the major upstream JNK kinases, in SAPK/JNK
activation and lethality mediated by PTL/HDACI regimens were then examined. Co-
exposure to PTL and vorinostat or LBH589 resulted in a modest but discernible increase in
MKK7 phosphorylation in various AML cells e.g., U937, HL-60, NB4, and MV-4-11, as
well as MLL-ENL cells and primary AML samples (Fig 6A and Fig S6C), compared to
treatment with individual agents. To examine the functional role of MKK7, U937 cells were
stably transfected with dominant-negative MKK7 (dnMKK7; Fig 6B). Consistent with
previous findings (Tournier et al, 2001), ectopic expression of dnMKK7 blocked
phosphorylation of JNK1 (p46) and c-Jun in response to TNFα, and to a lesser extent,
anisomycin (Fig S5B). These events were associated with abrogation of TNFα-induced
apoptosis in dnMKK7 cells, and partial but significant protection of these cells from
anisomycin lethality (data not shown). Notably, as in the case of JNK1/APF and JNK1
shRNA, stable transfection with dnMKK7 also diminished PTL/vorinostat or/LBH589-
mediated PARP cleavage and lethality (annexin V+, P < 0.01 vs EV controls), associated
with attenuation of JNK1 (p46) phosphorylation in response to combined treatments (Fig
6B).

Parallel studies were then performed to define the role of SEK1 in SAPK/JNK activation
and lethality mediated by PTL/HDACI regimens. As shown in Fig 6A, co-exposure to PTL
and vorinostat or LBH589 did not increase SEK1 phosphorylation in AML cells (e.g., U937
and HL-60). As reported previously (Tournier et al, 2001), ectopic expression of dnSEK1
(Fig 6C) partially attenuated anisomycin-induced phosphorylation of JNK or c-Jun, but had
no effect on TNFα responses (Supplemental Fig S5B). Consistent with these findings,
dnSEK1 partially but significantly protected cells from anisomycin-mediated lethality, but
failed to do so in cells treated with TNFα (data not shown). In contrast to results obtained in
dnMKK7 cells, stable transfection with dnSEK1 did not block JNK1 (p46) phosphorylation
triggered by PTL/vorinostat or/LBH589 (Fig 6C). Furthermore, dnSEK1 also failed to
prevent PARP degradation and apoptosis (annexin V+, P > 0.05 vs EV controls) induced by
PTL/HDACI regimens (Fig 6C). Collectively, these findings indicate that in human AML
cells, PTL inhibits HDACI-induced NF-κB activation, and promotes SAPK/JNK activation
as well as apoptosis via an MKK7- rather than SEK1-dependent mechanism.

Discussion
The dependence of malignant haematopoietic cells on NF-κB for survival provides a
rationale for developing agents that interrupt this pathway. The natural NF- κB inhibitor
PTL and its analogue LC-1 have been shown to be active, either singly or in combination
with conventional agents, against malignant human haematopoietic cells including AML
(Guzman et al, 2001;Jenkins et al, 2008), chronic lymphocytic leukaemia (Hewamana et al,
2008a;Hewamana et al, 2008b), pre-B leukaemia (Zunino et al, 2007), and myeloma
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(Suvannasankha et al, 2008). However, while it is uncertain whether monotherapy involving
NF-κB antagonists will be effective in cancer treatment, employing such agents to enhance
the anticancer activity of conventional or novel agents represents a rational strategy. In light
of preclinical findings documenting HDACI-mediated anti-leukaemic activity (Vrana et al,
1999), as well as emerging evidence of a role for such agents in the treatment of AML
(Garcia-Manero et al, 2008a), the finding that PTL potentiates HDACI (e.g., vorinostat and
LBH589/panobinostat) lethality in various types of human AML cells including those
harbouring FLT3-ITD mutations as well as primary blasts, takes on added significance.

PTL and its analog LC-1 selectively target leukaemia progenitor cells, including those
exhibiting LSC characteristics, while exerting relatively modest toxicity toward their normal
haematopoietic counterparts (Guzman et al, 2005;Guzman et al, 2007). Notably, combined
PTL/vorinostat treatment, as observed in the case of PTL alone, also inhibited colony-
forming capacity (L-CFU) of AML specimens to a greater extent than normal myeloid
progenitors (GM-CFU). It is possible that the greater sensitivity of transformed versus
normal cells to HDACIs (Ungerstedt et al, 2005) may also contribute to this differential
effect. Significantly, PTL/HDACI regimens were effective in killing MLL-ENL cells, which
display certain L-IC features, e.g., generation of leukaemias of both myeloid and lymphoid
lineages in vivo (Barabe et al, 2007). Interestingly, interactions in MLL-ENL cells as well as
AML cell lines bearing FLT3-ITD required relatively low concentrations of vorinostat
(0.5μM) or LBH589 (3–5nM). This phenomenon may stem from the increased sensitivity of
leukaemia cells bearing fusion or mutant oncoproteins to HDACIs, as previously observed
in the case of cells expressing Bcr/Abl (Nimmanapalli et al, 2003) or FLT3 mutants (George
et al, 2005), reflecting dependence upon chaperone protein function for maintenance and
stability of these proteins (Yang et al, 2007).

Interactions between PTL and HDACIs were closely associated with interruption of IKK/
RelA-mediated NF-κB activation. Previous studies have demonstrated that HDACIs activate
NF-κB in various cell types, including leukaemia cells (Chen et al, 2001;Liu et al, 2006;Dai
et al, 2005a). Significantly, interference with NF-κB activation by genetic means e.g.,
transfection of cells with an IκBα “super-repressor” or RelA siRNA lowers the threshold for
HDACI-induced apoptosis (Dai et al, 2005a;Duan et al, 2007). Thus, NF-κB activation by
HDACIs may serve as a cytoprotective mechanism limiting the lethality of these agents.
Consistent with these findings, PTL inhibited HDACI-mediated phosphorylation of both
IKK and RelA (e.g., on serine 536), an event that facilitates RelA acetylation and
transcriptional activity (Chen et al, 2005), and attenuated NF-κB activation. Such findings
support the notion that PTL potentiates HDACI lethality across a broad spectrum of human
AML cell types, at least in part, by blocking a putatively cytoprotective NF-κB activation
response to HDACIs. However, PTL lethality may stem from multiple effects (e.g., ROS
generation/ER stress (Liu et al, 2009a), depletion of HDAC1 (Gopal et al, 2007), or
inhibition of DNA methylation by alkylating DNMT1 (Liu et al, 2009b), among others).
Consequently, the possibility that additional mechanisms may contribute to PTL/HDACI
interactions cannot be excluded. Finally, although different human AML cell types exhibited
varied basal (unstimulated) NF-κB activity, which may reflect disparate dependencies on
this pathway for their survival, the present findings suggest that blockade of HDACI-
stimulated (rather than basal) NF-κB activation by PTL triggers apoptosis across a broad
spectrum of AML cell types, most likely independently of their basal NF-κB activation
status.

The present findings indicate that activation of SAPK/JNK plays a functional role in PTL-
mediated potentiation of HDACI lethality in human AML cells including those bearing
FLT3-ITD, MLL-ENL cells and primary blasts. Previous studies have implicated JNK
activation in PTL-mediated potentiation of TRAIL or TNFα lethality (Nakshatri et al,
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2004;Zhang et al, 2004). PTL/HDACI-induced JNK activation appears to be closely
associated with NF-κB inactivation. In this context, complex cross-talk exists between NF-
κB inactivation and JNK activation through several possible mechanisms (Tang et al,
2001;Kamata et al, 2005). Notably, TNFα-induced NF-κB activation leads to upregulation
of GADD45β and c-FLIPL, which directly bind to and inhibit MKK7 (Papa et al,
2004;Nakajima et al, 2006). Such findings suggest that NF-κB inactivation-mediated JNK
activation may stem from kinases upstream of JNK. The kinases responsible for JNK
activation appear to be stimulus-dependent (Wang et al, 2007). The major kinases upstream
of JNK identified to date are SEK1 (MKK4), which is primarily activated in response to
environmental stresses, and MKK7, which is required for both stress- and cytokine-related
JNK signaling (Tournier et al, 2001). It has been demonstrated that SEK1 and MKK7
exhibit distinct biochemical properties in vitro and serve nonredundant functions in vivo
(Weston & Davis, 2002), while cooperation between SEK1 and MKK7 is required for full
JNK activation in some circumstances (Tournier et al, 2001). In the present setting, co-
exposure to PTL and vorinostat or LBH589 increased phosphorylation of MKK7 rather than
SEK1, and transfection of AML cells with dnMKK7, but not dnSEK1, abrogated PTL/
HDACI-induced JNK activation and apoptosis. These findings argue that MKK7 is the
kinase most likely responsible for PTL/HDACI-mediated JNK activation, analogous to the
case of TNFα (Tournier et al, 2001). In the latter model, sustained JNK activation and
lethality represents an important consequence of inhibition of TNFα-induced NF-κB
activation. Analogously, the present observations support the view that PTL potentiates
HDACI lethality by promoting JNK activation through an MKK7-dependent but SEK1-
independent process, in all likelihood resulting from interruption of NF-κB activation.

In summary, the present findings indicate that the NF-κB inhibitor PTL markedly increases
the antileukaemic activity of the clinically relevant pan-HDACIs vorinostat and LBH589
through the MKK7-dependent induction of SAPK/JNK activation and apoptosis. Moreover,
such interactions occur in AML cells with or without FLT3-ITD mutations, suggesting that
this strategy may act independently of or bypass signaling pathways mediated by the FLT3
receptor. Furthermore, PTL/HDACI regimens are active against primary AML specimens as
well as MLL-ENL cells displaying L-IC features, and may also target leukaemic versus
normal progenitors. In view of emerging interest in HDACIs (Garcia-Manero et al, 2008a,
b) as well as parthenolide analogues (e.g., LC-1) (Guzman et al, 2007;Jenkins et al, 2008) in
leukaemia therapy, the finding that such agents interact synergistically and in a mechanistic-
based manner in human AML cells provides an attractive rationale for such a combination
strategy. The ultimate clinical utility of this approach will depend upon several factors,
particularly the availability of a clinically relevant PTL analog. In this regard, the recent
development of LC-1, a bioavailable analog of PTL (Hewamana et al, 2008a;Guzman et al,
2007), which has recently entered Phase I testing in humans, should help to address these
issues. Demonstration of similar interactions between HDACIs (e.g., vorinostat or LBH589/
panobinostat) and the clinically relevant form of parthenolide (LC-1) will be important for
the future translation of these findings into the clinic. Finally, the preceding findings also
raise the possibility that monitoring JNK activation in leukaemic cells may represent a
rational response determinant in this setting.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PTL opposes HDACI-mediated NF-κB activation in various human AML cell types
(A) Various AML cells were exposed (24 h) to PTL (U937 and HL-60, 5 μM and 7.5 μM;
MV-4-11, 5 μM; primary AML, 4 μM; MLL-ENL, 3μM) ± vorinostat (V, U937 and primary
AML/Patient 1, 1.5 μM; HL-60, 1 μM; MV-4-11 and MLL-ENL, 0.5μM) or LBH589 (L,
U937, 15 nM; primary AML/Patient 1, 10nM; HL-60, 5 nM; MLL-ENL, 4 nM; MV-4-11, 3
nM). In parallel, cells were treated with 10 ng/ml TNFα for 30 min as positive controls.
Western blot analysis was performed to monitor expression of total and phosphorylated/
activated IKKα/IKKβ (Ser180/Ser181) and RelA/p65 (Ser536). (B) AML cells were treated
(16 h) as described in panel 1A, nuclear extracts were prepared and subjected to a RelA/p65-
specific NF-κB-DNA binding assay (* P < 0.05 and ** P < 0.01 versus vorinostat or
LBH589 alone). RLU = relative light unit.
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Figure 2. PTL interacts synergistically with HDACIs to induce apoptosis in multiple human
AML cell lines
(A) AML cell lines (U937, HL-60, and MV-4-11) were exposed (24 h) to PTL ± vorinostat
or LBH589 as described in Fig 1A, after which the percentage of apoptotic (Annexin V+)
cells was determined by flow cytometry (** P < 0.001 versus each agent alone). (B)
Alternatively, Western blot analysis was performed to monitor caspases-3 cleavage/
activation. CF indicates cleavage fragments. (C) Median Dose Effect analyses was
performed to determine status of interactions between PTL (U937 and HL-60, 5–8 μM) and
vorinostat (V, U937, 1.67–2.67 μM; HL-60, 1–1.6 μM) or LBH589 (L, U937, 16.67–26.67
nM; HL-60, 5–8 nM) administered (24 h) at the fixed concentration ratios as indicated.
Combination indices (C.I.) were calculated for each Fractional Effect; C.I. values < 1.0
correspond to synergism.
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Figure 3. PTL potentiates HDACI lethality in primary AML blasts and MLL-ENL leukaemia
cells
(A) Primary AML samples from 4 patients with AML were exposed to vorinostat (V, 1.5
μM) or LBH589 (L, 10 nM) in the presence or absence of 4 μM PTL for 24 h. MLL-ENL
were incubated (24 h) with 0.5 μM vorinostat (V) or 4 nM LBH589 (L) ± 3 μM PTL. After
treatment, apoptosis was monitored by flow cytometry. Cells in the right quadrants indicate
early (lower quadrants, annexin V+/PI−) and late (upper quadrants, annexin V+/PI+)
apoptotic cells respectively, whereas cells in the upper left quadrants (annexin V−/PI+)
reflect necrotic cells. Values indicate the percentage of annexin V+ cells (** P < 0.01 versus
vorinostat or LBH589 alone). (B) Primary AML samples (Patient 1) and MLL-ENL cells
were treated as described in Fig 3A, after which Western blot analysis was performed to
monitor caspase-3 cleavage/activation and PARP degradation. CF indicates cleavage
fragments. (C) AML blasts from bone marrow samples of 3 patients with AML (Patients 9–
11) were exposed (24 h) to 1 μM vorinostat (V) ± 2 μM PTL, after which a methylcellulose
colony-forming assay was performed to determine leukaemic colony formation (L-CFU) of
AML samples. Parallel studies were performed using 3 normal cord blood (CB)
mononuclear cell samples to monitor normal GM-CFU.
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Figure 4. Attenuation of PTL/HDACI-mediated JNK activation by dominant-negative JNK1
diminishes the lethality of this regimen
(A) Various AML cell types were exposed (24 h) to PTL ± vorinostat or LBH589 as
described in Fig 1A. After drug treatment, Western blot analysis was performed to monitor
phosphorylation/activation of JNK (Thr183/Tyr185, JNK1, p46; JNK2/3, p54) and its
substrate c-Jun (Ser73). The density of blots for both total (p46) and phosphorylated JNK1
(p-p46) was quantified by determining integrated density. Values reflect the ratio (p-p46
versus total p46) of changes between untreated and drug-treated cells respectively. (B)
Western blot analysis demonstrating ectopic expression of FLAG-JNK1/APF in U937 cells
stably transfected with dominant-negative JNK1 (JNK1/APF, inset). EV = empty vector.
Cells were exposed to vorinostat (V, 1.5 μM) or LBH589 (L, 20 nM) ± PTL (7.5μM), after
which apoptosis was monitored by annexin V/PI staining using flow cytometry (** P < 0.01
compared with same treatment in EV cells). (C) Alternatively, c-Jun phosphorylation
(Ser73) and PARP degradation were monitored by Western blot analysis.
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Figure 5. JNK1 shRNA and pharmacological JNK inhibitors interrupt JNK signaling and
attenuate apoptosis in human AML cells
(A) U937 cells were stably transfected with a construct encoding JNK1 shRNA or negative
control shRNA (shNC). Cells were then co-exposed (24 h) to vorinostat (V, 1.5 μM) or
LBH589 (L, 15 nM) with PTL (7.5 μM), after which Western blot analysis was performed to
examine expression of JNK (JNK1, p46; JNK2/3, p54) and phospho-c-Jun (Ser73), as well
as caspase-3 cleavage/activation and PARP degradation. In parallel, cells were incubated
with 10 ng/ml TNFα for 30 min as control. (B) Alternatively, flow cytometry was performed
to monitor apoptosis (Annexin V+, ** P < 0.01 versus the same treatment in shNC cells).
Roughly identical results were obtained in another clone of JNK1 shRNA cells (Fig S5C).
(C) Various AML cell types as indicated were co-exposed (24 h) to vorinostat (V, HL-60, 1
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μM; MV-4-11 and MLL-ENL, 0.5 μM;) or LBH589 (L, HL-60, 5 nM; MV-4-11, 3 nM;
MLL-ENL, 4 nM) with PTL (HL-60, 7.5 μM; MV-4-11, 5 μM; MLL-ENL, 3 μM) in the
absence or presence of a specific JNK inhibitor (JNKi, 5 μM). (D) Primary AML samples
were incubated with 1.5 μM vorinostat or 10 nM LBH-589 + 4 μM PTL in the absence or
presence of JNKi (5 umol/l), or in the presence of either a specific JNK peptide inhibitor (D-
JNK1, 1 μM) or a negative control peptide (D-TAT, 1 μM). After drug treatment, Western
blot analysis was performed to monitor c-Jun phosphorylation (Ser73), caspase-3 cleavage/
activation, and/or PARP degradation. CF indicates cleavage fragments.
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Figure 6. Dominant-negative MKK7 rather than SEK1 diminishes PTL/HDACI-mediated JNK
activation and lethality in human leukaemia cells
(A) U937 and HL-60 were treated (24 h) as described in Fig 1A, after which Western blot
analysis was performed to monitor expression of total and phosphorylated/activated MKK7
(Ser271/Thr275) and SEK1 (Ser257/Thr261). The density of blots for both total and
phosphorylated MKK7 was quantified by determining integrated density and values reflect
the ratio (phospho-MKK7 versus total MKK7) of changes between untreated and drug-
treated cells respectively. (B–C) U937 cells were stably transfected with either dominant-
negative MKK7 (dnMKK7) or SEK1 (dnSEK1), as well as their empty-vectors (EV), and
Western blot analysis performed to demonstrate ectopic expression of HA- tagged dnMKK7
or dnSEK1 respectively. Cells were then treated (24 h) with vorinostat (1.5 μM) or LBH589
(20 nM) in the presence or absence of PTL (7.5 μM), after which JNK phosphorylation and
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PARP degradation were monitored by Western blot analysis. CF indicates cleavage
fragments. Alternatively, flow cytometry was performed to monitor annexin V+ apoptotic
cells (** P < 0.01 and ns = no significant difference, compared with same treatment in EV
cells).
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