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Abstract

Most patients with acute myelogenous leukemia (AML) relapse and die of their disease. 

Increasing evidence indicates that AML relapse is driven by the inability to eradicate leukemia 
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stem cells (LSC). Thus, it is imperative to identify novel therapies that can ablate LSCs. Using an 

in silico gene expression-based screen for compounds evoking transcriptional effects similar to the 

previously described anti-LSC agent parthenolide, we identified AR-42 (OSU-HDAC42), a novel 

histone deacetylase inhibitor that is structurally similar to phenylbutyrate, but with improved 

activity at submicromolar concentrations. Here, we report that AR-42 induces NF-κB inhibition, 

disrupts the ability of Hsp90 to stabilize its oncogenic clients, and causes potent and specific cell 

death of LSCs but not normal hematopoietic stem and progenitor cells. Unlike parthenolide, the 

caspasedependent apoptosis caused by AR-42 occurs without activation of Nrf-2-driven 

cytoprotective pathways. As AR-42 is already being tested in early clinical trials, we expect that 

our results can be extended to the clinic.

Introduction

Acute myelogenous leukemia (AML) blasts comprise a heterogenous population of 

malignant cells, a minor subset of which have the ability to give rise to leukemia in 

immunodeficient mice (1, 2). This rare population of cells is known as leukemia stem cells 

(LSC) or leukemia-initiating cells. In patients with AML, the frequency of LSCs strongly 

correlates with adverse clinical outcome (3–5). Indeed, gene expression signatures for LSCs, 

defined by phenotype or ability to engraft in immunodeficient mice, have been correlated 

with poor prognosis (6, 7).

LSCs are usually found in a quiescent state, which confers resistance to conventional AML 

chemotherapeutics, most of which are cell cycle specific (8, 9). Thus, even those patients 

who achieve complete remission are destined to relapse and succumb to their disease. This 

fundamental treatment failure suggests that the LSC compartment is not effectively 

eradicated by the currently available treatments and that novel compounds targeting LSCs 

specifically are essential to improve clinical outcomes in patients with AML.

We have previously reported that the transcription factor NF-κB represents a therapeutic 

target in AML as it is constitutively activated in bulk, progenitor, and LSCs but not in 

normal hematopoietic stem cells (HSC; refs. 10). To date, different strategies that involve 

NF-κB inhibition have been shown to selectively induce cell death in LSCs without harming 

their normal counterparts (9–13). Among them is the plant-derived compound parthenolide 

(12), for which antileukemic activity for blast, stem, and progenitor cells has been 

demonstrated. However, parthenolide has poor solubility and bioavailability, which limits its 

clinical utility (14). Parthenolide analogues with improved pharmacologic properties are 

under development (9).

Considering parthenolide as a prototype of drugs that are active against LSCs, we recently 

sought to identify novel compounds with parthenolide-like properties using an in silico 

screen of the publicly available gene expression microarray data using the gene expression 

signature of parthenolide as a probe (13). Importantly, in silico approaches also revealed that 

treatment of LSCs with parthenolide elicited cytoprotective responses driven by activation 

of the PI3K/mTOR pathway and Nrf2 transcription targets. These, in turn, caused Nrf2-

mediated activation of antioxidant response genes, such as HMOX1, that could ultimately 

lead to decreased antileukemic efficacy. Indeed, pharmacologic inhibition of the Nrf2 
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cytoprotective response with mTOR/PI3K inhibitors improved therapeutic response of 

parthenolide in mice (15, 16). Here, we demonstrate the potent anti-LSC activity of AR-42 

(OSU-HDAC42) as suggested by further gene expression–based in silico screens (17, 18).

AR-42 has been reported to be a member of a novel class of HDAC inhibitors structurally 

similar to phenylbutyrate, but with improved pharmacologic activity in the submicromolar 

concentrations (18–20). This compound is 26% orally bioavailable (21) and demonstrates 

significant antitumor properties (17). Early clinical trials with AR-42 are ongoing in both 

solid tumors and hematologic malignancies.

Consistent with the similarities to parthenolide suggested by in silico data, we found that 

AR-42 demonstrates the ability to potently suppress NF-κB activation in bulk, stem, and 

progenitor AML. AR-42–mediated apoptosis results in the activation of caspase-8 and 

PARP cleavage. Notably, in contrast to parthenolide, AR-42 does not activate Nrf2-

controlled cytoprotective responses. Finally, we found that AR-42 can induce inhibition of 

Hsp90, as determined by the degradation of client proteins such as FLT-3. These findings 

provide a strong scientific rationale for further exploration of AR-42 as a potential LSC-

targeted therapeutic agent.

Materials and Methods

Cell isolation and culture

Primary human AML cells (Table 1) were obtained from volunteer donors with informed 

consent under Weill Medical College of Cornell University (WCMC; New York, NY) 

Institutional review board approval. Mononuclear cells were isolated from the samples using 

Ficoll-Paque (Pharmacia Biotech) density gradient separation. Cells were cryopreserved in 

CryoStor CS-10 (Stem Cell Technologies). Cells were cultured in serum-free medium (22) 

supplemented with cytokines (50 ng/mL rhFLT-3 ligand, 50 ng/mL rhSCF, 20 ng/mL rhIL3, 

20 ng/mL rhIL6) for 1 hour before the addition of drugs. HL-60 (purchased 9/2010, ATCC), 

KG-1 (purchased 9/2010; ATCC), TF-1 (purchased 9/2010; ATCC), THP-1 (purchased 

9/2010; ATCC), Kasumi-1 (purchased 4/2011; ATCC), TUR (purchased 1/2010; ATCC), 

U937 (purchased 12/2009; ATCC), and MOLM-13 [a kind gift from G. Chiosis (Memorial 

Sloan-Kettering Cancer Center, MSKCC); 7/2010, 2/2014 authenticated; Biosynthesis]. Cell 

lines were cultured in Iscove's modified Dulbecco's medium (Life Technologies) 

supplemented with 10% to 20% FBS according to culture conditions indicated by the ATCC 

and 1% penicillin/streptomycin (Pen/Strep; Life Technologies). Parthenolide was obtained 

from Biomol and AR-42 was provided by ARNO Therapeutics.

Flow cytometry

Apoptosis assays were performed as described previously (10). Briefly, after 24 to 48 hours 

of treatment, primary cells were stained for the surface antibodies CD34-allophycocyanin 

(APC), CD38-phycoerythrin with cyanin-7 (PECy7), CD123-phycoerythin (PE), and CD45-

allophycocyanin-Hilite.7-BD (APC-H7; Becton Dickinson,) for 15 minutes. Cells were 

washed in cold PBS and resuspended in 200 μL of Annexin-V buffer (0.01mol/L HEPES/

NaOH, 0.14 mol/L NaCl, 2.5 mmol/L CaCl2) containing Annexin-V-FITC or Annexin-V-
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PE (Becton Dickinson) and 7-aminoactinomycin (7-AAD, Life Technologies). Cells were 

incubated at room temperature for 15 minutes then analyzed on a BDLSRII flow cytometer 

using the high throughput attachment. To analyze human cell engraftment in the NOD/SCID 

xenotransplant model, bone marrow cells were blocked with the anti-Fc receptor antibody 

2.4G2 and 25% human serum and later labeled with anti-human CD45-PE and anti-mouse 

CD45-FITC antibodies (Becton Dickinson). For reactive oxygen species (ROS) detection, 

the cells after treatment were incubated with 5 mmol/L CellROX Green Reagent (Life 

Technologies). The staining for CD117 was performed on MV4–11 cells after treatment 

with AR-42 or HSP90i using anti-human CD117-PE antibody (Becton Dickinson). Specific 

active caspase-3 antibody was used according to the manufacturer's protocols (BD 

Pharmingen).

Microarray gene expression profiling

AML cell lines (MOLM-13 and THP-1 cells) and CD34+ AML cells from two patients were 

exposed to 0.25 μmol/L AR-42 for 6 hours alongside vehicle-treated controls. AR-42 gene 

expression profiles were captured using Illumina BeadChip HT12v4 chips (Illumina, Inc.) 

and analyzed using R/BioConductor (23). Gene expression values were determined and 

quantile normalization was performed using the beadarray package (24). Parthenolide gene 

expression profiles are deposited in Gene Expression Omnibus (GEO) accession number 

GSE7538.

Comparison of AR-42 and parthenolide gene expression profiles

Similarity of the AR-42 gene expression profile to the parthenolide gene expression profile 

was determined using GSEA software obtained from the Broad Institute (Cambridge, MA; 

ref. 25). Gene perturbations resulting from AR-42 exposure of AML cells were compared 

against the 150 gene signatures reported previously (13), collapsing both Illumina and 

Affymetrix identifiers to gene symbols to facilitate this comparison. Gene sets consisting of 

genes either upregulated or downregulated by parthenolide were compared with the AR-42 

signature using GSEAPreranked analysis with 1,000 permutations.

Pathway and network analysis

Following quantile normalization, differentially expressed genes were determined using 

Limma followed by Benjamini–Hochberg adjustment of P values to control the false 

discovery rate (26, 27). Overrepresented pathways among differentially expressed genes 

were determined using DAVID pathway analysis (28) and the BioConductor packages, 

ReactomePA (29) and cluster-Profiler (30). ClusterProfiler networks were exported to 

GraphML format, using igraph (31) and visualized using CytoScape 2.8.1 with the 

GraphMLReader plugin (32).

Methylcellulose colony-forming assay

Primary AML cells were cultured as above for 24 hours in the presence or absence of 

AR-42. Cells were plated at 50,000 cells/mL in Methocult GFH4534 (Stem Cell 

Technologies) supplemented with 3 U/mL erythropoietin and 50 ng/mL G-CSF. Colonies 

were scored after 10 to 14 days of culture.
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NOD/SCID mouse assays

NOD/SCID mice were sublethally irradiated with 270 rad using a RadSource-2000 X-ray 

irradiator before transplantation. Cells to be assayed were injected via tail vein (5-10 million 

cells) in a final volume of 0.2 mL of PBS with 0.5% FBS. After 6 to 8 weeks, the animals 

were sacrificed, and bone marrow was analyzed for the presence of human cells by flow 

cytometry. All animal studies were performed under WCMC Institutional Animal Care and 

Use Committee approved protocol.

Immunoblots

Cells were prepared and analyzed as previously described (15). Blots were probed with 

antibodies specific for either heme oxygenase 1 (Millipore), cleaved caspase-8, cleaved 

PARP, phospho-NF-κBp65 (Ser536), phospho-p70-S6-Kinase (Thr389), phospho-p44/42 

MAPK (Erk1/2; Thr202/Tyr204; Cell Signaling Technology), HSP90α/β (F-8), FLT-3/

FLT-2 (Santa Cruz Biotechnology), or β-actin (Sigma).

Immunoprecipitation of histone H3

Cell lysates were incubated with Histone H3 antibody for 1 hour at 4°C. Washed protein 

A/G-agarose beads were added to the cell lysate and antibody mixture and incubated 

overnight at 4°C. Immunoprecipitates were washed three times, and proteins were eluted 

with SDS sample loading buffer. The immunoblotting was performed with antibodies 

against histone-H3 (Santa Cruz Biotechnology), and acetylated lysine (Cell Signaling 

Technology).

Quantitative reverse transcription PCR

Total RNA was extracted from cultured cell lines or isolated CD34+/CD38–, CD34+/CD38+, 

and CD34– populations. RNA extraction was performed using the RNeasy Mini Kit 

(Qiagen) according to the manufacturer's instructions. Quantitative reverse-transcription 

PCR (qPCR) was assessed by TaqMan RNA-to Ct 1-Step Kit using the StepOnePlus Real-

Time PCR System (Applied Biosystems). HMOX1 was assayed using probe 

Hs01110250_m1, GCLM using Hs00157694_m1, NQO1 using Hs02512143_s1, NFKB1 

using Hs00765730_m1, HSP70 using Hs00359163_s1, GAPDH using Hs02758991_g1, 

BCL2 using Hs00608023_m1, MYB using Hs00920556_m1, TNFSF13B using 

Hs00198106_m1, PLAU using Hs01547054_m1, CDK6 using Hs01026371_m1, ECH1 

using Hs01061992_g1, BCL11A using Hs01093197_m1, TGIF2 using Hs00904994_g1, 

LMO2 using Hs00153473_m1, KIT using Hs00174029_m1, STIP1 using hs00428979_m1, 

SQSTM1 using hs00177654_m1, HSPA1B using Hs01040501_sH, MAP1LC3 using 

hs01076567_g1. All probes were obtained from Applied Biosystems (Life Technologies).

Measurement of NF-κb p65 and Nrf2 activities

NF-κB- and Nrf2-binding activity assays were performed according to the manufacturer's 

instructions (TransAM NF-κB p65 Chemi or TransAM Nrf2; Active Motif) using nuclear 

extracts prepared from cells either untreated or treated for 6 hours with 7.5 μmol/L 

parthenolide or 1 μmol/L AR-42.
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Analysis of intracellular thiol levels

Cellular thiol levels were evaluated with mBBr (Life Techologies). mBBr was prepared as a 

5 mmol/L solution in 100% ethanol and stored at −20°C. After treatment, cells were labeled 

with 50 μmol/L mBBr for 15 minutes at 37°C in PBS. After labeling, cells were washed 

with PBS and resuspended in FACS buffer (0.5% FBS in PBS) containing 1 μg/mL of 7-

AAD (Life Technologies).

Statistical analysis

Statistical analyses and graphs were performed using GraphPad Prism software (GraphPad 

Software). For statistical analysis, the data were log transformed and analyzed by one-way 

ANOVA followed by the Tukey post hoc test. For two-group comparisons, significance was 

determined by paired t tests.

Results

Gene expression-based in silico screen reveals similarity between parthenolide and AR-42

We previously reported the ability to use the transcriptional perturbations arising from 

parthenolide exposure of CD34+ AML as a means of identifying potential parthenolide-like 

compounds using data in the GEO (13). AR-42 (GSM197171) was identified as a 

parthenolide-like compound among the top hits upon subsequently querying 23,129 records 

in the GEO. This public gene expression profile captured gene expression changes 

modulated by AR-42 following a 6-hour challenge with acid-induced stress in the human 

SEG-1 esophageal adenocarcinoma cell line (33). To investigate the similarity of 

transcriptional changes evoked by AR-42 to that of transcriptional changes evoked by 

parthenolide in AML, we exposed CD34+ primary AML cells and AML cell lines 

(MOLM-13 and THP-1 cells) to 0.25 μmol/L AR-42 for 6 hours alongside vehicle-treated 

controls, and captured transcriptional profiles on the Illumina HumanHT12v4 BeadChips. 

This profiling approach revealed profound pre- versus posttreatment transcriptional changes 

affecting 988 genes. Thus, we compared the similarity of the AR-42-induced transcriptional 

changes to the parthenolide gene signature used to interrogate GEO (33). As expected, gene-

set enrichment analysis (GSEA; ref. 25) demonstrated significant similarities between the 

patterns of gene expression changes evoked by AR-42 and parthenolide for both upregulated 

(P < 0.01) and downregulated (P < 0.05) genes (Fig. 1A). To confirm that AR-42 

demonstrates an HDAC inhibitor activity, we performed GSEA and biochemical analysis 

indicating the expected similarity to other HDAC inhibitors such as SAHA and trichostatin 

A at the transcriptional level (GSEA) and the functional level (immunoprecipitation studies 

of histone H3 demonstrating increased acetylated lysine with AR-42 treatment; 

Supplementary Fig. S1A and S1B). Leading-edge analysis of the GSEA results identified a 

subset of 22 downregulated and 19 upregulated genes common between AR-42 and 

parthenolide, including genes encoding Hsp70 (HSPA1A and HSPA1B) and c-Kit (KIT; Fig. 

1B). A qPCR analysis of 10 of these genes confirmed the same pattern of up- and 

downregulation, validating the similarity (Supplementary Fig. S1C). Pathway analysis of the 

AR-42 gene signature indicated the ability of AR-42 to perturb pathways relating to NF-κB, 

as previously noted for parthenolide (ref. 12; Supplementary Tables S1–S4; for gene list see 

Supplementary Table S5). Taken together, the in silico screen identified AR-42 as a 
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parthenolide-like antileukemic agent with a common gene expression signature that 

indicated NF-κB inhibitory activity. Given the similarities suggested by gene signature 

analysis, we proceeded to compare the functional similarities between parthenolide and 

AR-42 and assessed its anti-AML efficacy.

AR-42 is a potent antileukemic agent

To determine the ability of AR-42 to kill leukemia cells, we first tested AR-42 in a panel of 

9 phenotypically and molecularly distinct AML cell lines, including KG-1, Kasumi-1, 

HL-60, MOLM-13, MV4–11, U937, TUR, THP-1 and TF-1. AR-42 induced cell death in all 

cell lines tested, with a mean LD50 of 0.478 μmol/L (n = 8). THP-1 cells did not effectively 

respond to treatment with increasing concentrations up to 5 μmol/L of AR-42 

(Supplementary Fig. S2, top; Table 2). In contrast, the activity of parthenolide was not as 

robust against the same panel of cell lines at similar concentrations (average LD50 >10 

μmol/L; P < 0.001; Kolmogorov–Smirnov test; Supplementary Fig. S2, bottom). In addition, 

AR-42 activity was also assessed in 15 primary AML samples (Table 1) and compared with 

commonly used chemotherapy drugs, such as cytarabine. The samples included specimens 

with known DNMT3A, TET2, and FLT3 mutational status (Fig. 2). We found that the 

response of primary blasts to cytarabine was variable. For example, blasts with poor 

prognosis DNMT3A and TET2 mutations were more resistant to cytarabine (Fig. 2 middle; 

for e.g., AML2, AML7; refs. 6, 34). Cytarabine treatment produced a median viability of 

55% across these samples at a concentration of 5 μmol/L, with minimal change at 10 μmol/L 

concentration (44%) at 48 hours. Furthermore, parthenolide treatment resulted in a median 

viability of 26% at a concentration of 10 μmol/L. Interestingly, 3 of 4 TET2 mutant primary 

AML samples tested were also relatively resistant to parthenolide (Fig. 2, bottom). In 

contrast, AR-42 induced cell death in 14 of 15 primary AML samples tested, independent of 

their genotype, at a mean LD50 of 0.810 μmol/L (Fig. 2, top; Table 2). The single primary 

AML sample (AML8) with an incomplete response to AR-42 (40% cell death at 5 μmol/L 

AR-42) was also resistant to parthenolide. The median viability for the primary AML 

samples was 25% at 1.25 μmol/L of AR-42. Together, these data indicate that AR-42 has a 

potent antileukemic activity, as suggested by the transcriptionbased screen.

AR-42 demonstrates activity against leukemia stem cells

Since the in silico screen suggested AR-42 as a parthenolide-like compound, we also 

investigated the ability of AR-42 to ablate leukemia stem and progenitor cells as described 

for parthenolide (12). Indeed, treatment with AR-42 resulted in decreased viability of 

phenotypically defined LSCs (CD34+CD38– CD123+; Fig. 3A and B, left). In contrast, as 

previously reported by us and others (11, 35), LSCs were not effectively killed by cytarabine 

(Fig. 3B, right). In addition, these phenotypically defined LSC populations were not 

sensitive to doxorubicin (not shown). Consistently, functional assays confirmed the activity 

of AR-42 against leukemia stem and progenitor cells. Primary AML cells exposed to 0.25 

μmol/L AR-42 had decreased colony-forming ability (Fig. 3C). Also, treatment of CD34+ 

cord blood cells with AR-42 had minimal effect on myeloid and erythroid colony formation 

(Fig. 3D), suggesting that AR-42 does not inhibit normal hematopoietic progenitors. 

Furthermore, primary AML cells pretreated with 0.25 μmol/L AR-42 significantly decreased 
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engraftment into immunodeficient mice (Fig. 3E), demonstrating the ability of AR-42 to 

target LSCs, as does parthenolide (12).

To determine the effect of AR-42 in AML cells from an animal model, we used PU.1 

hypomorphic (URE Δ/Δ)mice for which LSC and pre-LSC populations have already been 

well characterized (36, 37). The animals develop an aggressive, transplantable AML with 

100% penetrance [referred to as “PU.1 knockdown (KD) leukemia”; ref. 37). We tested the 

effect of AR-42 in URE Δ/Δ leukemia cells and found that growth and colony-forming ability 

of URE Δ/Δ leukemia cells was markedly inhibited by AR-42, whereas there were no 

significant effect observed with cytarabine (Fig. 3F and G). Importantly, treatment with 

AR-42 resulted in a complete loss of the replating ability of UREΔ/Δ leukemia cells (Fig. 

3H). These results demonstrate that AR-42 has potent antileukemic activity in PU.1 

hypomorphic (UREΔ/Δ) mouse leukemia cells. Taken together, we have demonstrated that 

as predicted by the in silico screen, AR-42 is a parthenolide-like compound that can ablate 

blast, stem, and progenitor cells (9, 12).

AR-42 inhibits NF-κB

Analysis of the AR-42 gene expression signature suggested the likelihood of AR-42–

mediated NF-κB inhibition (Supplementary Table S1 and S3). Thus, we evaluated the effect 

of AR-42 on NF-κB activity using an ELISA-based binding assay and gene expression 

assays for NF-κB transcriptional targets. Indeed, AR-42 inhibited NF-κB–binding activity at 

concentrations <1 μmol/L using cell lines (Fig. 4A) and downregulated the expression of 

known NF-κB target genes such as NFKB1, BCL2, MYB, PLAU, CDK6, and TNFSF13B 

(refs. 38–43; Fig. 4B). This activity was also observed, as expected, for parthenolide-treated 

cells. These data support that AR-42, like parthenolide (9, 12), is, able to inhibit NF-κB 

pathways as predicted by the in silico screen.

AR-42 does not induce ROS or activate Nrf2 cytoprotective responses

We have previously reported that parthenolide and parthenolide-like compounds induce 

ROS, resulting in the activation of the transcription factor nuclear factor (erythroid-derived 

2)-like 2(NFE2L2), also known as Nrf2 (9, 12, 13, 15). Nrf2 modulates the expression of 

genes involved in the regulation of oxidative stress. Thus, we evaluated the ability of AR-42 

to induce oxidative stress and deplete thiols using flow cytometry assays with the 

fluorogenic probe CellROX and mBBr, respectively. We found that unlike parthenolide, 

AR-42 does not induce the production of ROS (Fig. 4C). In addition, the thiol depletion 

assay also shows that AR-42 exposure, unlike parthenolide, does not deplete thiols 

(Supplementary Fig. S3). Consistent with these data, the antileukemic activity of AR-42 

could not be prevented by pretreatment with the anti-oxidant N-acetylcysteine (NAC), which 

has been shown for parthenolide (refs. 9, 12; Fig. 4D and Supplementary Fig. S3). In 

addition, we evaluated Nrf2 activation after treatment with AR-42 or parthenolide, using 

DNA-binding assays and qPCR for Nrf2 target genes, such as HMOX1, NQO1 [NAD(P)H 

dehydrogenase (quinone) 1], and GCLM (glutamate-cysteine ligase regulatory subunit; ref. 

15). As shown in Fig. 4E and F, AR-42 does not activate Nrf2, or Nrf2 target genes, 

consistent with the absence of ROS production. Consistently, we found that AR-42 did not 

induce heme oxygenase 1 protein expression as reported for parthenolide (Fig. 4G and 
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Supplementary Fig. S4). The absence of the activation of Nrf2 target genes was corroborated 

in FACS-purified stem/progenitor populations from primary AML samples, showing that 

AR-42 treatment does not result in the transcriptional activation of HMOX1 (Fig. 4H). 

Taken together, these data demonstrate that AR-42, unlike parthenolide, does not induce 

ROS.

AR-42 activates caspase cascades

To determine the events involved in AR-42 induction of cell death in AML cells, we 

performed immunoblots to assess the induction of caspase cascades. We found cleaved 

PARP and cleaved caspase-8 at 6 hours of AR-42 treatment (1 μmol/L) concomitant with 

the decrease in phospho-p65 (Fig. 5A). Furthermore, we also found activation of caspase-3 

by flow cytometry upon treatment with AR-42 (Fig. 5B). Together, these data demonstrate 

that AR-42 triggers caspase activation cascades in AML cells. Taken together, our data 

demonstrate that AR-42 treatment results in the activation of proapoptotic responses driven 

by caspase cleavage.

AR-42 displays a HSP90 inhibitory activity

AR-42 has been shown to inhibit the interaction of Hsp90 with client proteins in canine mast 

cells (44). Consistent with this report, we observed that HSPA1A encoding for one of Hsp70 

isoforms was upregulated by both AR-42 and parthenolide (Fig. 1B). This transcriptional 

induction of Hsp70 has been reported as a consequence of HSP90 inhibition (45). Thus, we 

performed qPCR in purified stem and progenitor populations for HSPA1A after 6 hours of 

treatment with AR-42 or parthenolide. We corroborated the upregulation of HSP70 gene 

expression in all AML subpopulations (Fig. 5C). Furthermore, we evaluated whether AR-42 

treatment disrupted the stability of known HSP90 client proteins such as FLT-3, AKT 

signaling pathway, and c-Kit (46–48). We found that AR-42 treatment resulted in the 

degradation of FLT-3 and pp70S6K, unlike parthenolide (Fig. 5D). In addition, AR-42, like 

the HSP90i PU-H71, resulted in HSP70 upregulation (Fig. 5E) and the degradation of FLT-3 

and c-Kit (Fig. 5F and G), thus suggesting that AR-42 can inhibit HSP90 in AML cells as 

observed in canine mast cells (44). Importantly, c-Kit itself was also found to be 

downregulated at the transcriptional level by AR-42 and parthenolide (Fig. 1B). This 

observation is also consistent with a previous report that AR-42 can disrupt aberrant c-Kit 

expression (49).

Discussion

The goal of ablating cancer stem cells to prevent disease recurrence remains a significant 

therapeutic obstacle in numerous malignancies, including AML. We have previously shown 

that parthenolide, or its water-soluble analogue DMAPT, efficiently ablates AML at the 

bulk, stem, and progenitor level (9). Furthermore, we have shown that in silico approaches 

can be exploited to accelerate the identification of anti-LSC drugs with features similar to 

parthenolide (13). Specifically, using in silico screens, we identified two agents (celastrol 

and 4-hydroxy-nonenal; 4-HNE) as parthenolide-like agents. Both compounds, like 

parthenolide, were capable of inhibiting NF-κB and activating Nrf2 by upregulating ROS 

(12). Despite their efficacy, we more recently noted that the activation of Nrf2-regulated 
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detoxifying enzymes could elicit a cytoprotective response in AML cells (15). We later 

showed that by abrogating such responses the LSC sensitivity of AML cells to parthenolide 

can be increased (15, 16). In this report, transcriptional profiling of drug-induced gene 

perturbations identified that AR-42 exerts many similar effects to parthenolide (Fig. 1), but 

fails to induce ROS and transcriptional activation of Nrf2.

We first evaluated the sensitivity of different AML cell lines and primary AML samples to 

AR-42. The sensitivity of cells to parthenolide and cytarabine were also evaluated 

(Supplementary Fig. S2A and Fig. 2). Overall, most AML cell lines and primary AML 

samples were sensitive to AR-42 treatment, displaying LD50 in the submicromolar range 

(Table 2). AR-42 was able to induce cell death in most primary AML samples tested 

independent of their genetic aberrations, whereas parthenolide appeared to be less effective 

in TET2-mutant AML samples. We show that AR-42, in addition to killing AML blasts, can 

decrease viability of phenotypically defined LSCs (CD34+CD38–CD123+; ref. 50) at 

submicromolar concentrations in contrast to cytarabine, which fails to eliminate LSCs (Fig. 

3A and B). Importantly, we demonstrated the ability of AR-42 to target progenitor and stem 

cell population using xenotransplants and colony-forming assays. We found that treatment 

with AR-42 decreased AML colony formation and AML engraftment in immunodeficient 

mice (Fig. 3C and E). AR-42 had a minimal effect in normal myeloid colony formation (Fig. 

3D), suggesting lower toxicity against normal hematopoietic progenitors. AR-42 was also 

effective in decreasing the colony formation of UREΔ/Δ AML cells, unlike cytarabine (Fig. 

3F, G and H).

Since AR-42 was identified by the in silico screen as a parthenolide-like compound, we 

examined the molecular effects of AR-42 in AML cells shared with parthenolide. 

Parthenolide is a potent inhibitor of NF-κB (known to be constitutively activated in AML) 

(9, 10, 12). We demonstrated that AR-42, like parthenolide, is capable of inhibiting NF-κB 

using DNA-binding assays and gene expression assays for known NF-κB target genes (Fig. 

4A and B). Parthenolide is also known to activate ROS and Nrf2-regulated detoxifying 

enzymes (15). We demonstrated that, unlike parthenolide, AR-42 does not induce ROS and 

its antileukemic activity is not blocked by NAC (Fig. 4C and D). Furthermore, AR-42 

treatment does not increase Nrf2-binding activity or activate its transcriptional targets (Fig. 

4E to 4H). Thus, among the commonalities of parthenolide and AR-42 is the ability to 

inhibit certain NF-κB target genes that are known to be important survival effectors such as 

BCL2, a novel activity for this HDAC inhibitor. However, AR-42 retains HDAC inhibitory 

activity producing varied transcriptional effects as revealed by both GSEA and 

immunoprecipitation assays (Supplementary Fig. S1). As such, a range of other gene 

expression alterations occur with AR-42 treatment.

To elucidate the cell death mechanisms evoked by AR-42, we evaluated the activation of 

caspases. We demonstrated that AR-42 induced cleavage of caspase-3, caspase-8, and PARP 

(Fig.5A and B). Furthermore, AR-42 has been described to block HSP90 interaction with its 

client proteins in canine mast cells (44). Consistently, we have also observed that its gene 

expression signature is also consistent with a HSP90 inhibitory activity (increased 

expression of HSP70; Fig. 1B; ref. 45). We found that AR-42 upregulated HSP70 and 
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resulted in the degradation of known AML client proteins (Fig. 5C–G). Taken together, we 

found that AR-42 can also inhibit HSP90 in AML as observed in canine mast cells (44).

In summary, we identified AR-42 as a novel agent that can ablate AML cells at the bulk, 

stem, and progenitor cell level using in silico approaches. Our studies revealed an 

undescribed NF-κB inhibitory activity for AR-42. Furthermore, AR-42 did not induce ROS 

or activated Nrf2 transcriptional targets such as heme oxygenase I. Finally, we confirmed 

that in AML cells AR-42 displays an Hsp90 inhibitory activity as observed in canine mast 

cells (44). AR-42 is currently in clinical trial for patients with AML in combination with 

decitabine (clinical trials.gov, NCT0179891).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
AR-42 can evoke parthenolide-like transcriptional perturbations. A, GSEA indicates 

similarity between AR-42 and parthenolide for genes both upregulated (top) and 

downregulated (bottom) by parthenolide. Vertical lines represent instances of a gene 

reported to be upregulated (top) and downregulated (bottom) by parthenolide on a rank-

ordered list of AR-42–induced fold changes. B, heatmap of parthenolide upregulated and 

downregulated leading-edge genes in the AR-42 gene signature. Downregulation of KIT and 

upregulation of HSP70 occur.
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Figure 2. 
AR-42 demonstrates activity against different primary AML samples bearing different 

genetic mutations in contrast to cytarabine (Ara-C) and parthenolide. Dose–response curves 

were generated after 48 hours of treatment with either AR-42 (top), cytarabine (Ara-C; 

middle), or parthenolide (parthenolide; bottom). Graphs are represented as percent viability 

relative to untreated control versus concentration (μmol/L). Each line represents a primary 

AML specimen. Viability was measured by flow cytometry using Annexin-V/7-AAD 

staining. FLT3-ITD–positive AML (AML1, 4, 8, 11, 12, 14, and 15); TET2-mutant AML 

(AML 5, 8, 9, and 13), DNMT3 mutant (AML 4, 11, 12, and 14).
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Figure 3. 
AR-42 demonstrates activity against LSCs. A, gating strategy for flow cytometry analyses 

for primary AML cells. B, percent viability in LSC subpopulations from primary AML 

samples after 48 hours of treatment with either cytarabine (Ara-C) or AR-42. Graphs are 

represented as percent viability relative to untreated control versus log concentration 

(μmol/L). Each line represents a primary AMLspecimen. C, colony-forming units (CFU) of 

primary human AML cells treated with AR-42 (0.25 μmol/L) relative to control represented 

as a percentage. D, CFU for human CD34+ cord blood (CB) cells treated with AR-42 at the 

indicated concentrations relative to control represented as percentage. Dark bars, erythroid 
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colonies; white bars, myeloid colonies. Error bars, SEM. E, percent of bone marrow 

engraftment for NOD/SCID mice transplanted with AML cells after 18 hours of culture with 

or without AR-42 treatment. Each circle represents a single animal analyzed at 6 weeks after 

transplantation. Mean engraftment is indicated by the horizontal bars. ***, P < 0.001; ****, 

P < 0.0001. F, AR-42 is highly effective at inhibiting growth UREΔ/Δ AML cells. Cell 

viability in suspension culture upon treatment with two different concentrations of AR-42 

and cytarabine is equally effective at killing AML cells but at 10-fold lower concentrations 

of AR-42 in comparison with cytarabine. G, AR-42 has a very profound effect on the 

clonogenicity of UREΔ/Δ AML cells and completely suppresses their serial replating 

capacity in vitro (H).

Guzman et al. Page 18

Mol Cancer Ther. Author manuscript; available in PMC 2015 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
AR-42 inhibits NF-κb and does not activate Nrf2. A, NF-κb binding activity evaluated by 

DNA binding ELISA 6 hours after treatment with either AR-42 or parthenolide. B, gene 

expression analysis for NF-κb target genes: NFKB1, BCL2, MYB, TNSF13B, PLAU, and 

CDK6 in primary AML cells. Log10 fold change in expression shown. C, flow cytometry 

histograms for intracellular ROS using CellRox staining 6 hours after treatment with AR-42 

or parthenolide, ± NAC. D, percent viability of MV4-11 cells after 48 hours of treatment 

with AR-42 or parthenolide (PTL) in the presence or absence of NAC. Graphs indicate the 

percent viability relative to untreated control. Viability was evaluated by flow cytometry 

using annexin V/7-AAD staining. ***, P < 0.001. E, Nrf2-binding activity evaluated using a 
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DNA-binding ELISA 6 hours after treatment with either AR-42 or parthenolide. F, gene 

expression analysis for Nrf2 target genes: HMOX-1, NQO1, and GCLM in primary AML 

cells. Log10 fold change in expression shown. G, mmunoblot for HMOX-1 or β-actin after 6 

hours of treatment with either AR-42 or parthenolide. H, gene expression analysis for 

HMOX-1 in purified primary AML populations after 6 hours of treatment with AR-42. 

Log10 fold change in expression shown.
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Figure 5. 
AR-42 activates caspase cascades and inhibits HSP90. A, immunoblot for MV4-11 cells 

after 6 hours of treatment with AR-42 (1 μmol/L) or parthenolide (7.5 μmol/L). Blot was 

probed for cleaved PARP, cleaved caspase-8, phospho-p65, and β-actin antibodies. B, fold 

change in expression of active caspase-3 in primary AML cells after 6 hours of treatment 

with the indicated concentrations of AR-42 or parthenolide relative to control. Active 

caspase-3 was evaluated by flow cytometry. Error bars, SEM. **, P < 0.01; ****, P < 

0.0001, significance evaluated by one-way ANOVA. C, gene expression analysis for 
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HSPA1A in purified primary AML populations after 6 hours of treatment with AR-42. Log 

fold change in expression shown. D, immunoblot for MV4-11 cells after treatment with (1 

μmol/L) AR-42 or (7.5 μmol/L) parthenolide. Blot was probed for FLT-3, p-P70S6K, and 

HSP90 antibodies. Total p70S6K and β-actin are shown as the loading control. See 

Supplementary Fig. S5 for quantification. E, immunoblot analysis of HSP70 in MOLM-13 

cells after 6 hours of treatment with (1 μmol/L) AR-42 or (0.25 μmol/L) PU-H71 (HSP90i). 

β-Actin is shown as the loading control. See Supplementary Fig. S5 for quantification. F, 

immunoblot for MV4-11 cells after 24 hours of treatment with AR-42 (1 μmol/L) or PU-

H71 (HSP90i; 0.25 μmol/L). Blot was probed for FLT-3 and (β-actin antibodies. G, 

percentage of CD117+ cells 6 hours after treatment with (1 μmol/L) AR-42 or (0.25 μmol/L) 

HSP90i.
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Table 1
Clinical characteristics of the primary AML specimens tested

Sample Sample information FLT3-ITD Other mutations

AML1 N/A Positive

AML2 M4; normal cytogenetics; relapsed Positive DNMT3A

AML3 N/A Positive

AML4 M2; normal cytogenetics; de novo Positive DNMT3A

AML5 MDS progression to AML Positive DNMT3A

AML6 N/A Negative

AML7 N/A Negative TET2

AML8 N/A Negative TET2

AML9 N/A Negative

AML10 inv16 (p13.1q22) (5)/47idem, +22[15]; relapsed AML Positive

AML11 Normal cytogenetics Negative TET2

AML12 N/A Positive DNMT3A

AML13 N/A Negative

AML14 N/A Negative

AML15 Refractory Positive

Abbreviation: N/A, not available.
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Table 2
LD50 values for AR-42–treated AML cell lines and primary AML specimens

Estimated LD50 (μmol/L)

AML cell lines

 HL-60 0.531

 Kasumi-1 0.417

 KG-1 0.453

 MOLM13 0.594

 MV4-11 0.344

 TF-1 0.410

 THP-1 NA

 TUR 0.945

 U937 0.606

Primary AML samples

 AML1 0.731

 AML2 0.303

 AML3 <0.25a

 AML4 0.415

 AML5 0.594

 AML6 0.303

 AML7 0.328

 AML8 >5a

 AML9 0.656

 AML10 0.758

 AML11 0.664

 AML12 0.566

 AML13 0.479

 AML14 0.829

 AML15 0.660

a
Not computable within the concentrations evaluated.
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