
Increased anti-leukemic activity of decitabine via AR-42-induced
upregulation of miR-29b: A novel epigenetic-targeting approach
in acute myeloid leukemia

Alice Mims1,*, Alison R. Walker1,*, Xiaomeng Huang2, Jin Sun1, Hongyan Wang1,3,
Ramasamy Santhanam1, Adrienne M. Dorrance1, Chris Walker1, Pia Hoellerbauer1,
Somayeh S. Tarighat4, Kenneth K. Chan1,3, Rebecca B. Klisovic1, Danilo Perrotti4,5,
Michael A. Caligiuri1, John C. Byrd1, Ching-Shih Chen3, L. James Lee2, Samson Jacob3,
Krzysztof Mrózek1, Clara D. Bloomfield1, William Blum1, Ramiro Garzon1, Sebastian
Schwind1,**, and Guido Marcucci1,5,**

1Department of Internal Medicine, The Ohio State University and The Ohio State University
Comprehensive Cancer Center
2NSF Nanoscale Science and Engineering Center, The Ohio State University
3Division of Pharmaceutics and Pharmaceutical Chemistry, College of Pharmacy, The Ohio State
University
4Department of Molecular, Cellular, and Developmental Biology, The Ohio State University and
The Ohio State University Comprehensive Cancer Center
5Department of Microbiology, Virology, Immunology, and Medical Genetics, Division of Human
Cancer Genetics and The Ohio State University Comprehensive Cancer Center

Abstract
Histone deacetylase (HDAC) inhibitors either alone or in combination with hypomethylating
agents have limited clinical effect in acute myeloid leukemia (AML). Previously we demonstrated
that AML patients with higher miR-29b expression had better response to the hypomethylating
agent decitabine. Therefore, an increase in miR-29b expression preceding decitabine treatment
may provide a therapeutic advantage. We previously showed that miR-29b expression is
suppressed by a repressor complex that includes HDACs. Thus, HDAC inhibition may increase
miR-29b expression. We hypothesized that priming AML cells with the novel HDAC inhibitor
(HDACI) AR-42 would result in increased response to decitabine treatment via upregulation of
miR-29b. Here we show that AR-42 is a potent HDACI in AML, increasing miR-29b levels and
leading to downregulation of known miR-29b targets (i.e., SP1, DNMT1, DNMT3A, and
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DNMT3B). We then demonstrated that the sequential administration of AR-42 followed by
decitabine resulted in a stronger anti-leukemic activity in vitro and in vivo than decitabine
followed by AR-42 or either drug alone. These preclinical results with AR-42 priming before
decitabine administration represents a promising, novel treatment approach and a paradigm shift
with regard to the combination of epigenetic-targeting compounds in AML, where decitabine has
been traditionally given before HDAC inhibitors.
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INTRODUCTION
The prognosis for the majority of patients with acute myeloid leukemia (AML) receiving
standard chemotherapy is poor, novel treatment strategies are needed.1–3 Aberrant promoter
DNA hypermethylation and histone deacetylation are reversible processes implicated in
myeloid leukemogenesis, and each are targetable by hypomethylating agents (e.g.
decitabine) and histone deacetylase (HDAC) inhibitors (HDACIs), respectively.4–7 Different
from other hematologic malignancies such as cutaneous T-cell lymphoma, HDACIs as
single agents have resulted in limited clinical activity in AML and combination therapy with
hypomethylating agents has not consistently led to a significantly improved response.4,8–11

Possible explanations for this may be related to differences in pharmacologic potency, rapid
metabolism, and/or off-target activity (e.g. acetylation of non-histone substrates) of available
HDACIs.12–14

Structural aspects of HDACIs that allow for access to the Zn2+ cation in the catalytic pocket
of the HDAC enzyme are determinants of inhibitor activity. Researchers at The Ohio State
University (OSU) synthesized a new class of HDACIs that are structurally optimized to
improve access to the catalytic pocket. These new compounds have been shown to inhibit
enzyme activity and cancer cell proliferation even at nanomolar concentrations.14 Among
these new compounds, AR-42, has been proven to be active in non-Hodgkin lymphoma
(NHL) and multiple myeloma (MM) and is in Phase I clinical trials.15–17 However, AR-42
activity in AML has not yet been investigated.

Altered expression of microRNAs (miRs), small non-coding RNA molecules, has been
shown to contribute to the pathogenesis of various human cancers, including AML.18,19

miR-29b, that negatively modulates the expression of genes encoding the transcriptional
activator SP1 and DNA methyltransferases (DNMT1, DNMT3A and DNMT3B), is
downregulated in AML.20–22 We and others showed that lower pretreatment levels of
miR-29b may be associated with worse prognosis18 and inferior response to the
hypomethylating agent decitabine in older (age ≥ 60 years) AML patients.7

Expression of miR-29b is partly regulated by an SP1/NFκB transcriptional complex, which
binds to a miR-29b enhancer region, recruits HDACs and decreases miR-29b expression.22

Thus, here we hypothesized that the inhibition of HDAC activity could disrupt the binding
of this complex, increase miR-29b expression and in turn induce an improved response to
decitabine.
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MATERIALS AND METHODS
Cell lines, AML patient samples and cell culture

Kasumi-1 (CRL-2724) and NB4 (ACC 207) cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA) and German Collection of Microorganisms and
Cell Culture (DSMZ, Braunschweig, Germany), respectively. Murine FDC-P1 cells were
purchased from ATCC and retrovirally transduced to express the oncogenic D816V KIT
mutation (FDC-P1-KITmut) as previously described.22 Kasumi-1, NB4, and FDC-P1-KITmut

cells were cultured as previously described.20–22 These cell lines were chosen because of a
low baseline expression of miR-29b.20,22 Primary AML blasts from apheresis samples
collected from 10 patients with de novo disease were obtained from the OSU Leukemia
Tissue Bank. Cytogenetic analysis was available for nine of the ten patients (Supplemental
Table 1). Samples from the patients 1–2 and 6–10 were used to conduct HDAC inhibition
studies, while the patient samples 3–10 were used for miR expression and patients 3–5 were
used for gene and protein expression studies. All patients provided written informed consent
according to the Declaration of Helsinki to store and use their tissue for discovery studies
according to the OSU institutional guidelines under protocols approved by the OSU
Institutional Review Board. The patient samples were cultured as previously described.22

HDAC activity inhibition assay
Nuclear extracts of Kasumi-1 and NB4 cell lines and patient AML blasts were prepared
using the Nuclear Extract Kit following the manufacturer’s protocol (Active Motif,
Carlsbad, CA). The effects of 100 nM and 1 μM of AR-42 on HDAC activity were
investigated using the Histone Deacetylase Assay Kit according to the manufacturer’s
protocol (Upstate, Lake Placid, NY). Doses of AR-42 were chosen based on previous
studies in hematological malignancies.15,17

Gene and microRNA expression
RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) and quantified using the
NanoDrop 2000 Spectrophotometer (Thermo Scientific, Walthan, MA). For both primary
miR and messenger RNA (mRNA) gene expression, RNA was reverse transcribed into
complementary-DNA using SuperScript III First Strand Synthesis (Invitrogen) according to
the manufacturer’s recommendations. Real-Time PCR was performed using a 7900HT Fast
Real-Time System (Applied Biosystems, Carlsbad, CA). Primer pairs and probes used were
human DNMT1, DNMT3A, DNMT3B, SP1, 18S, and primary-miR-29b-1, as well as mouse
Dnmt1, Dnmt3a, Dnmt3b, Sp1, and 18S purchased from Applied Biosystems. Taqman
Universal PCR master Mix was purchased from Applied Biosystems. The expression of
human and murine 18S were used as internal controls for both mRNA and miR expression.

Western blotting
Whole cell lysates were run on SDS-PAGE Ready Gel Precast Gels (Bio-rad, Hercules, CA)
and transferred to nitrocellulose membrane as previously described.22 Immunoblotting was
performed with rabbit anti-acetylated Histone H3 (06–599, Upstate), rabbit anti-acetylated
Histone H4 (06–866, Upstate), rabbit anti-DNMT3A (sc-20703, Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-SP1 (sc-59, Santa Cruz), goat anti-β-actin (sc-1616, Santa
Cruz), rabbit anti-DNMT1 (ab87656, Abcam, Cambridge, MA), and mouse anti-DNMT3B
(ab16304, Abcam).

Cell proliferation assay
Kasumi-1, NB4 and FDC-P1-KITmut cells were seeded in 96-well plates and were treated
for 72 hours with vehicle, AR-42 (0.3 μM) alone, AR-42 (0.3 μM) followed by decitabine
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(0.5 μM) after 24 hours [AR-42→decitabine], decitabine (0.5 μM) followed by AR-42 (0.3
μM) after 24 hours [decitabine→AR-42] or decitabine (0.5 μM) alone. After 72 hours, MTS
reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-
tetrazolium, inner salt; Promega, Madison, WI] was added to each well. Patient primary
blasts were seeded in 96-well plates and were treated for 48 hours with vehicle, AR-42 (3
nM, 10 nM, 30 nM, 100 nM, 300 nM or 1 μM) or valproic acid (VPA); 600 μM or 2400
μM). After 48 hours, MTS reagent was added to each well. Plates were incubated according
to the manufacturer’s protocol. The absorbance at 495 nM was measured in a Multiskan
Spectrum plate reader (Thermo Electron Corporation, Vantaa, Finland). After adjustment for
background interference by accounting for wavelength variation secondary to media, data in
triplicate from three independent experiments were normalized to the readings from
untreated cells.

Leukemogenesis in NOD/SCID mice
Four to six-week-old NOD/SCID mice (The Jackson Laboratory, Bar Harbor, ME) were
intravenously injected through a tail vein with 5×106 cells of FDC-P1 cells harboring
D816V KITmut. After engraftment, cell-injected mice were treated with either vehicle alone,
decitabine intraperitoneally (0.4 mg/kg/d for 4 days in weeks 1 and 3), AR-42 by oral
gavage (75 mg/kg/d for 2 days in weeks 1 and 3), decitabine for 4 days followed by AR-42
for 2 days on weeks 1 and 3 (doses for both drugs the same as above) or AR-42 for 2 days
followed by decitabine for 4 days for weeks 1 and 3 (doses for both drugs the same as
above). Spleen samples were harvested from the treated mice and processed for RNA and
cDNA. Real-Time PCR was performed on all samples with murine primer/probes used for
all genes and primary-miR-29b-1 as described above. These studies were performed in
accordance with OSU institutional guidelines for animal care and under protocols approved
by the OSU Institutional Animal Care and Use Committee.

Statistical Methods
Data were represented as mean ± standard deviations (SD) of at least three independent
experiments and analyzed by the 2-tailed Student’s t-test. The means and SD were
calculated and displayed in bar graphs as the height and the corresponding error bar,
respectively. Mouse survival was calculated using the Kaplan-Meier method, and survival
curves were compared by log-rank test. A P<0.05 was considered statistically significant.

RESULTS
AR-42 inhibits HDAC activity in AML

We first assessed the HDAC inhibitory activity of AR-42 on AML cells. Kasumi-1 and NB4
cells were treated with 100 nM and 1 μM AR-42, and HDAC enzymatic activity was
measured after 24 hours. HDAC activity was reduced 82% (±1.8% SD; P<0.01) and 90%
(±0.4%; P<0.01) in Kasumi-1 cells and 85% (±6.9%; P<0.01) and 90% (±3.2%; P<0.01) in
NB4 cells following exposure to 100 nM and 1 μM AR-42, respectively (Figure 1a). The
doses of AR-42 were chosen based on previous studies in hematological malignancies.15,17

The degree of inhibition of HDAC activity caused by AR-42 treatment was comparable to
the degree of inhibition achieved by treatment with the hydroxamate analog of AR-42,
Trichostatin A (TSA), a known potent HDACI often used as a control for HDACI inhibition
assays.23 In Kasumi-1, concentrations of 100 nM of TSA reduced the HDAC activity by
83%, and 1 μM of TSA reduced the HDAC activity by 88%. In NB4, similar results were
demonstrated (Figure 1a). The decrease in HDAC enzymatic activity in cells treated with
AR-42 also led to an increase in histone acetylation. Concentrations of AR-42 as low as 30
nM induced histone H3 and H4 acetylation in both the Kasumi-1 and NB4 cell lines at 48
hours (Figure 1b).
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The HDAC inhibition activity of AR-42 was also demonstrated in AML patient blasts. In
these primary cells, we observed a dose dependent effect of HDAC activity inhibition
following AR-42 treatment for 24 hours (Figure 1c). Treatment with 1 μM AR-42 reduced
the total HDAC activity by 78% (±11%; P<0.01) compared to vehicle, similar to the degree
of inhibition (76% ±5.6%) observed with 1 μM TSA. H3 and H4 histone acetylation was
also observed in primary blasts following AR-42 treatment at 300 nM and 1 μM
concentrations (Figure 1d).

We also tested 600 μM and 2400 μM VPA,24 a known HDACI, 24 as a control in both AML
cell lines and additional primary patient samples (n=5) and showed that acetylation of H3
and H4 histone increased in a similar dose dependent fashion with both compounds
(Supplemental Figure 1). Interestingly, similar to Stapnes et al24 we observed an anti-
proliferative effect of the HDACIs, at higher concentrations (i.e., >100 nM AR-42 and 2400
μM VPA), and a more heterogenous response at lower concentrations (i.e., <100 nM AR-42
and 600 μM VPA; Supplemental Figure 2).

AR-42 upregulates miR-29b expression
We next treated Kasumi-1, NB4 and the murine FDC-P1-KITmut cell lines with AR-42 and
determined the effect on miR-29b expression. These cell lines were chosen because of their
low levels of endogenous miR-29b.20,22 Compared with vehicle-treated control cells,
miR-29b expression was found to be upregulated 4-fold (±0.93; P<0.01) in Kasumi-1 cells,
5-fold (±1.18; P<0.05) in NB4 cells and 14-fold (±1.63; P<0.01) in FDC-P1-KITmut cells
(Figure 2a) after 24 hours treatment with 1 μM of AR-42. These results were confirmed in
leukemic blasts from eight primary AML patients. Treatment with 1 μM AR-42 increased
miR-29b expression 6.5-fold (±2.4; P<0.05) at 24 hours compared with vehicle-treated
control blasts (Figure 2b). miR-29b upregulation was also observed with 2400 μM VPA
both in Kasumi-1 and NB4 cell lines as well as in primary patient blasts. While in the cell
lines, VPA-induced increased in miR-29b was similar to that observed with AR-42
(Supplemental Figure 3), in primary blasts the VPA-induced increased in miR-29b was 2.5-
fold (±0.17) seemingly lower than that induced by AR-42 [6.5-fold (±2.4); Figure 2b].

AR-42 downregulates the miR-29b targets DNMT1, DNMT3A, DNMT3B and SP1
It is known that miR-29b downregulates DNMT3A, DNMT3B and SP1 directly, and
reduces expression of DNMT1 indirectly by targeting its transcription factor SP1.21 Thus,
we assessed the RNA expression levels of DNMT1, DNMT3A, DNMT3B, and SP1
following AR-42 treatment. We compared the Kasumi-1 and NB4 cells treated with 1 μM
AR-42 with vehicle-treated controls and observed, respectively, a reduction of DNMT1 by
80% (±7.2%; P<0.01) and 96% (±1.1%; P<0.01), DNMT3A by 95% (±0.6%; P<0.01) and
94% (±0.5%; P<0.01), DNMT3B by 78% (±10.7%; P<0.05) and 90% (±3%; P<0.05), and
SP1 by 53% (±0.3%; P<0.05) and 82% (±2%; P<0.05) after 24 hours (Figures 3a and 3b).
Similar results were also obtained using the murine FDC-P1-KITmut cell line treated with 1
μM AR-42, which resulted in a reduction of Dnmt1 by 63% (±0.5%; P<0.05), Dnmt3a by
40% (±2% P<0.2), Dnmt3b by 61% (±1.9%; P<0.05) and Sp1 by 73% (±0.2%; P<0.05;
Figure 3b). These results were also confirmed at the protein level and although Dnmt3a by
RNA was not statistically significant, western blotting confirms the downregulation.
DNMT1, DNMT3A, DNMT3B, and SP1 proteins were downregulated at 24 hours
following 1 μM AR-42 treatment in Kasumi-1, NB4 and FDC-P1-KITmut cell lines
compared with vehicle-treated controls (Figure 3b). These findings were then validated in
primary patient blasts (n=3). Twenty-four hours after treatment with 1 μM AR-42, mRNA
levels were found to have a reduction of 81% (±5.8%; P<0.01) in DNMT1, 80% (±13%;
P<0.01) in DNMT3A, 75% (±7.6%; P<0.01) in DNMT3B and 50% (±13%; P<0.05) in SP1
when compared with vehicle-treated controls (Figure 3c). Likewise, the DNMT1,
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DNMT3A, DNMT3B, and SP1 proteins were downregulated in all three patient samples
following 1 μM AR-42 treatment compared with vehicle-treated controls (Figure 3d).

Increased anti-leukemic activity: AR-42 followed by decitabine
We have previously shown that AML patients with higher expression of miR-29b had better
clinical response to decitabine.7 Therefore, we hypothesized that an AR-42-induced increase
in miR-29b expression might result in increased anti-leukemic activity of decitabine. We
compared the anti-leukemic activity of AR-42 followed by decitabine with that of both
AR-42 and decitabine as single agents, and decitabine followed by AR-42 in Kasumi-1,
NB4 and FDC-P1-KITmut cells. The cells were treated for 72 hours with vehicle, AR-42 (0.3
μM) alone, AR-42 (0.3 μM) followed by decitabine (0.5 μM) after 24 hours
[AR-42→decitabine], decitabine (0.5 μM) followed by AR-42 (0.3 μM) after 24 hours
[decitabine→AR-42] or decitabine (0.5 μM) alone. The lowest cell viability was observed
in AR-42→decitabine group in all three cell lines (Figure 4a). Kasumi-1 cells treated with
AR-42→decitabine were significantly less viable than those treated with decitabine alone
(17% vs 91%; P<0.01), AR-42 alone (17% vs 40%; P<0.01), and decitabine→AR-42 (17%
vs 34%; P<0.01; Figure 4a). Similar observations were made for NB4 cells
[AR-42→decitabine vs decitabine alone: 59% vs 99% (P<0.01); AR-42→decitabine vs
AR-42 alone: 59% vs 87% (P<0.05); and AR-42→decitabine vs decitabine→AR-42: 59%
vs 75% (P<0.05)]. We also found similar changes in the FDC-P1-KITmut cells
[AR-42→decitabine vs decitabine alone: 52% vs 100% (P<0.01); AR-42→decitabine vs
AR-42 alone: 52% vs 90% (P<0.05); and AR-42→decitabine vs decitabine→AR-42: 51%
vs 90% (P<0.05)].

Next we validated our in vitro findings in an in vivo AML mouse model. NOD/SCID mice
engrafted with FDC-P1-KITmut cells developed AML-like disease22 and then were treated
with either vehicle (n=7), decitabine alone at 0.4 mg/kg/d intraperitoneally for 4 days in
weeks 1 and 3 (n=7), AR-42 alone at 75 mg/kg/d by oral gavage for 2 days in weeks 1 and 3
(n=10),15 decitabine for 4 days followed by AR-42 for 2 days at aforementioned doses
(n=10), or AR-42 for 2 days followed by decitabine for 4 days at aforementioned doses for
both drugs (n=17). To evaluate whether AR-42 increased miR-29b expression and
downregulated miR-29b targets in vivo, five mice from each group were sacrificed 12 hours
after two doses of AR-42 and compared with vehicle-treated control. RNA was extracted
from spleen cells and miR-29b as well as Dnmt1, Dnmt3a, Dnmt3b, and Sp1 expression was
analyzed. We found that miR-29b expression was upregulated 20-fold (±5.4) in the mice
treated with AR-42 as compared with those treated with vehicle (P<0.01; Figure 5a). Dnmt1
(72.7%, ±7.4%; P<0.01), Dnmt3a (65.6%, ±8.8%; P<0.05), Dnmt3b (93.5% ±0.8%;
P<0.01), and Sp1 (74.6%, ±6%; P<0.05) were found to be reduced in the AR-42 treated
mice compared with vehicle-treated controls (Figure 5b). We also observed a significantly
longer survival for mice treated with AR-42→decitabine, compared to vehicle treatment
(P<0.001), decitabine alone (P<0.001), AR-42 alone (P<0.01) or decitabine→AR-42
(P<0.001; Figure 5a). Indeed by day 60, all of the mice died of disease with the exception of
those treated with AR-42→decitabine, among which, 59% (10 of 17) were still alive at this
time point (Figure 5c).

DISCUSSION
We previously showed that miR-29b has tumor suppressor activity in AML by targeting a
variety of genes, including regulators of DNA methylation.20–22 Furthermore, we reported
that AML patients with higher pretreatment levels of miR-29b had a better response to
decitabine therapy.7 Thus, here we sought to demonstrate an increase in anti-leukemic
activity of decitabine by first increasing miR-29b expression. As miR-29b is repressed by an
SP1/NFκB/HDAC silencing complex in AML,22 we hypothesized that treatment with a
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HDAC inhibitor would increase the expression of this miR in AML cells. Indeed, Sampath
et al24 recently found an upregulation of miR-29b following HDAC inhibition in chronic
lymphocytic leukemia, suggesting that the expression of this miR is targetable
pharmacologically and that epigenetic deregulation of miR-29b may also occur in
malignancies other than AML.

To prove that HDAC inhibition resulted in miR-29b upregulation in AML, we elected to test
AR-42, a novel HDAC inhibitor developed at our institution. The advantage of using AR-42
was its significantly higher HDAC inhibitory potency relative to other HDAC inhibitors’ in
vitro and in vivo cancer models.26 Furthermore, AR-42 has also been well-tolerated in phase
I clinical trials in patients with MM and NHL, with thrombocytopenia and fatigue as the
most common adverse events. These side effects are similar to those observed with other
HDACIs, which have been also associated with neurologic, gastrointestinal and cardiac
adverse effects.27,28 We first demonstrated that AR-42 inhibits HDAC enzyme activity and
induced histone acetylation in AML cells at concentrations in the nanomolar to micromolar
ranges. We also tested the antileukemia activity of the compound. Patient samples
seemingly exhibited different susceptibility to AR-42 similar to results previously reported
by Stapnes, et al24 for VPA despite the different assays and the time-point of analysis
utilized in the two studies. AML patients represent a very heterogeneous population with
different susceptibilities to HDACIs. Studies of cytogenetic, molecular and in-vitro growth
characteristics of primary blasts associated with HDACI response may provide insight into
how to best select AML patients that are more likely to be responsive to this class of
compounds.24,29

Next we showed that miR-29b expression increased upon treatment with AR-42 in AML
cell lines and AML patient primary blasts. Upregulation of miR-29b induced by AR-42
treatment also resulted in a concurrent downregulation of the known miR-29b targets
DNMT1, DNMT3A and DNMT3B and SP1. Others have also reported on the effect of
HDAC inhibition on DNA methyltransferase expression.30,31 Xiong et al.30 showed that
HDAC inhibition decreased DNMT3B mRNA stability in human endometrial cells, and
Zhou et al.31 showed that HDAC inhibition decreased DNMT1 expression in breast cancer
cells, but neither of these reports included a clear proposed mechanism for their results.

Both DNA hypermethylation and histone acetylation have been shown to contribute to
tumor suppressor gene silencing in AML. The combination of HDAC inhibitors with
decitabine has resulted in synergistic effects on apoptosis, DNA hypomethylation and gene
re-expression in vitro32 and this combination therapy has been performed to achieve
synergism. However, it has been recommended that HDACIs be administered before or
concurrently with decitabine due to their ability to induce expression of p21 and other
inhibitors of the cell cycle.33 Interfering with the cell cycle may decrease the activity of
decitabine, as it is necessary for the active metabolite decitabine-trisphosphate to be
incorporated into the nascent DNA in order to inhibit DNMT activity, induce DNA
hypomethylation and gene re-expression.34 To date, treatment with HDACIs given
following or concurrently with decitabine has demonstrated anti-leukemic activity in AML,
but with a relatively low range of clinical response.4,8–11 In a phase I clinical study
conducted by our group, we also did not observe additional clinical benefit following the
addition of VPA to decitabine (concurrent) although dose escalation of VPA was limited due
to the development of neurologic toxicity.11 In a phase I clinical trial of the HDACI
vorinostat, administered either concomitantly or following decitabine in patients with AML
or myelodysplastic syndrome (MDS), the overall response rate (ORR) was 41% with the
concomitant schedule and 21% with the sequential schedule.35 Thus the synergism of post-
or concurrent administration of HDACIs with DNA hypomethylating agents demonstrated
in preclinical models, could not be fully recapitulated in vivo.
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In a phase II clinical trial reported by our group, we recently reported the results of low dose
(20 mg/m2/day × 10 days) decitabine as a single agent in untreated elderly AML.7 We
showed relatively low toxicity, a complete remission rate of 47%, an ORR of 64%, and a
median overall survival duration of approximately one year. The median pretreatment
miR-29b expression level in responders was 2.3 times higher (i.e. more than double) than
the median baseline miR-29b levels in nonresponders, suggesting relevance for this miR as a
predictive marker for response to decitabine treatment. In contrast to our data, Yang et al.
reported a lack of an association of miR-29b levels with clinical response in patients treated
with the azanucleoside 5-azacitidine.36 However, only 10% of 5-azacitidine is reduced to
decitabine and incorporated into DNA for hypomethylating activity, while the remaining
90% is incorporated into the RNA. Furthermore, we recently showed that 5-azacitidine
limits its own conversion to decitabine by downregulating ribonucleotide reductase.37

Therefore, these two compounds, although both members of the same class of drugs
(azanucleosides), may impact leukemia through different mechanisms, and high miR-29b
levels may improve response to decitabine but not to 5-azacitidine in AML.

We demonstrated here that an increase of miR-29b expression by AR-42 improved the anti-
leukemia activity of decitabine. We showed that sequential treatment of AR-42 followed by
decitabine decreased cell viability significantly more than each agent alone or the previously
recommended sequence of decitabine followed by AR-42. This was validated in a murine
AML model where mice treated with AR-42 followed by decitabine survived significantly
longer than those treated with single agent therapy or decitabine followed by AR-42. One
possible explanation for the better activity of AR-42 followed by decitabine may relate to
miR-29b targeting DNMT expression. With decreased amounts of DNMT enzyme present,
decitabine may more effectively inhibit the activity of the remaining DNMTs resulting in
improved treatment response. Indeed, we previously reported that patients with DNMT3A
mutations had improved response to decitabine.38 Thus it is possible that a clinical benefit
from treatment with decitabine may be derived for AML patients from low DNMT3A
activity, either due to loss-of-function mutations or due to low gene expression. Another
possibility may be that the lower levels of SP1 induced by increased miR-29b expression
result in decreased transcription of genes known to contribute to AML leukemogenesis such
as mutated and/or upregulated receptor tyrosine kinases (i.e., FLT3 and KIT) as we have
previously demonstrated.22,39

Collectively our data support the notion that AR-42 is a potent HDACI that is able to
increase miR-29b expression and improve clinical response to decitabine in in vivo
preclinical models. Based on these preclinical findings, clinical trials utilizing AR-42 as a
priming agent for decitabine treatment in patients with AML are under development.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AR-42 treatment inhibits HDAC activity in AML. (a) HDAC activity in Kasumi-1 and NB4
cells at 24 hours after treatment with vehicle, AR-42 or TSA. (b) Increased histone
acetylation in Kasumi-1 and NB4 and cells 48 hours after AR-42 treatment. (c) HDAC
activity in primary AML patient blasts 24 hours after treatment with AR-42 (n=2; patients
no.1 and no.2). (d) Increased histone acetylation in primary patient blasts 48 hours after
AR-42 treatment (patients no.1 and no.2 as indicated).

Mims et al. Page 12

Leukemia. Author manuscript; available in PMC 2013 September 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
miR-29b expression increases following AR-42 treatment. (a) in Kasumi-1, NB4, and FDC-
P1-KITmut cells, 24 hours after treatment with 1 μM AR-42. (b) in eight primary AML
patient samples (patients nos. 3–10) at 24 hours after treatment with 1 μM AR-42 and 2400
μM VPA.
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Figure 3.
Expression of the miR-29b targets DNMT1, DNMT3A, DNMT3B and SP1 decreases
following AR-42 treatment. (a,b) Kasumi-1, NB4, and FDC-P1-KITmut cells treated with 1
μM AR-42 for 24 hours DNMT1, DNMT3A, DNMT3B and SP1, decreases on both mRNA
and protein level. (c,d) Primary patient blasts were treated with 1 μM AR-42 for 24 hours
with decrease of DNMT1, DNMT3A, DNMT3B and SP1 on both mRNA (n=3) and protein
level (patients as indicated).
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Figure 4.
AR-42 followed by decitabine has the strongest activity on cell viability. Kasumi-1, NB4,
and FDC-P1-KITmut cells treated with vehicle, decitabine 0.5 μM for 72 hours, decitabine
0.5 μM for 72 hours with AR-42 0.3 μM added at 24 hours, AR-42 0.3 μM for 72 hours, or
AR-42 0.3 μM for 72 hours with decitabine 0.5 μM added at 24 hours. Cells treated with
AR-42 followed by decitabine showed lowest cell viability.
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Figure 5.
Priming with AR-42 upregulates miR-29b and increases survival in murine models. (a)
miR-29b levels were upregulated 20-fold in AR-42 treatment versus vehicle treatment
group. (b) Dnmt1, Dnmt3a, Dnmt3b, and Sp1 were downregulated in AR-42 versus vehicle
treatment group. (c) Overall survival. FDC-P1-KITmut cells injected into NOD/SCID mice
showed 10 of 17 mice with survival at 60 days in AR-42 followed by decitabine group
compared with no survival in mouse groups with decitabine treatment alone, decitabine
followed by AR-42, or AR-42 treatment alone.
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