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Abstract
The PRC2 complex protein EZH2 is a histone methyltransferase that is known to bind and recruit
DNMT1 to the DNA to modulate DNA methylation. Here, we determined that the pan-HDAC
inhibitor panobinostat (LBH589) treatment depletes DNMT1 and EZH2 protein levels, disrupts the
interaction of DNMT1 with EZH2, as well as de-represses JunB in human acute leukemia cells.
Similar to treatment with the hsp90 inhibitor 17-DMAG, treatment with panobinostat also inhibited
the chaperone association of heat shock protein 90 with DNMT1 and EZH2, which promoted the
proteasomal degradation of DNMT1 and EZH2. Unlike treatment with the DNA methyltransferase
inhibitor decitabine, which demethylates JunB promoter DNA, panobinostat treatment mediated
chromatin alterations in the JunB promoter. Combined treatment with panobinostat and decitabine
caused greater attenuation of DNMT1 and EZH2 levels than either agent alone, which was
accompanied by more JunB de-repression and loss of clonogenic survival of K562 cells. Co-treatment
with panobinostat and decitabine also caused more loss of viability of primary AML but not normal
CD34+ bone marrow progenitor cells. Collectively, these findings indicate that co-treatment with
panobinostat and decitabine targets multiple epigenetic mechanisms to de-repress JunB and exerts
antileukemia activity against human acute myeloid leukemia cells.

INTRODUCTION
Gene silencing and loss of gene function mediated through epigenetic mechanisms collaborates
with genetic mutations and alterations leading to cancer.1–3 As multiprotein complexes,
Polycomb group proteins epigenetically silence gene expression, including tumor suppressor
genes (TSGs).1–3 EZH2 is the catalytic subunit of the polycomb repressive complex 2 (PRC2),
which also includes SUZ12, EED and YY1.1–3 EZH2 acts as a histone lysine methyltransferase
(HKMT), which mediates methylation of lysine (K) 27 on the N-terminal tail of histone H3 to
silence expression of PRC2 target genes involved in lineage differentiation.3–5 EZH2 has also
been recognized as a senescence preventing gene in embryonic fibroblasts, as well as shown
to be abundantly expressed in purified hematopoietic stem cell (HSCs), where it preserves HSC
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potential and prevents exhaustion.6 EZH2 regulates cell proliferation by promoting S phase
entry and G2-M transition, and it is highly expressed in tumor versus normal tissue.7,8 EZH2
mediated cell cycle progression promoted by gene repression also involves histone
deacetylation by HDAC1, with which EZH2 interacts through its PRC2 binding partner EED.
9 EZH2 is overexpressed in a variety of malignancies, including prostate, breast and bladder
cancers with poor prognosis.10–12 Knockdown of EZH2 by siRNA has been demonstrated to
inhibit breast cancer cell proliferation, while pharmacologic inhibition of EZH2 resulted in
apoptosis of breast cancer but not normal cells.10,13 Recently, EZH2 was shown to directly
interact with and regulate the activity of the DNA methyltransferases DNMT1, DNMT3a and
DNMT3b.14,15 DNMTs function to transfer a methyl group from S-adenosyl-methionine to
the 5′ position of cytosine in the CpG dinucleotides in the promoters of genes, thereby
maintaining a consistent pattern of epigenetic gene silencing of TSGs in cancer cells.16–19 The
heritable pattern of cytosine methylation is maintained during DNA replication by DNMT1,
which has a preference for hemi-methylated DNA and is regarded as the primary maintenance
DNMT.17–19 DNA methylation by DNMTs also recruits HDAC activity to the promoters of
silenced genes.20,21 Similar to the PRC2 complex, DNMT1 has a direct interaction with histone
deacetylases HDAC1 and HDAC2.22,23 In acute myeloid leukemia (AML) and chronic
myeloid leukemia (CML), all three DNMTs are overexpressed and may play a significant role
in the pathogenesis of leukemia due to aberrant hypermethylation of TSGs or DNA repair
related genes.24,25 Treatment with the antisense oligonucleotides against DNMT1 was
demonstrated to cause cell cycle arrest in the S-phase of the cell cycle and inhibited DNA
replication with loss of DNMT1 at the replication fork.26,27 Although genes methylated in
cancer cells are packaged with nucleosomes containing the trimethylated K27 on the H3 mark,
gene silenced in cancer by H3K27 trimethylation has been shown to be independent of promoter
DNA methylation.17,28 Consistent with this, DNA methylation and transcriptional silencing
of cancer genes has been shown to persist despite the depletion of EZH2.29

In myeloid leukemia, overexpression of DNMT1 has been associated with promoter
hypermethylation of a number of genes, including JunB.30–33 In AML, promoter
hypermethylation of E cadherin, ERα and p15 have also been reported.34 Inactivation of JunB
expression in stem cells leads to myeloproliferative disorders, and JunB overexpression and
amplification has been associated with failure of differentiation.32,35 JunB deficient
hematopoietic stem cells show concomitant down regulation of p16INK4a and up regulation of
Bcl-2 and Bcl-xL.32 Indeed, JunB methylation and impaired expression was observed in blast
crisis of CML.31 The DNMT1 inhibitor decitabine inhibits hypermethylation of the promoter
DNA of tumor suppressor genes and decreased global methylation, which supports the
rationale for the use of decitabine as a therapeutic agent in the treatment of hematologic
malignancies.36,37 Further, co-treatment with a DNMT1 and HDAC inhibitor has been shown
to synergistically hypomethylate the promoters of TSGs and significantly inhibit tumor growth.
38,39 Previously, while the pan-HDAC inhibitor trichostatin A (TSA) was shown to
downregulate both the mRNA and protein levels of DNMT1 in tumor cells, treatment with
panobinostat (LBH589) was shown to release DNMT1 and HDAC1 from the ERα gene
promoter, suggesting an association between DNMT1 and the HDACs.40,41 In a previous
report, we had demonstrated that panobinostat treatment inhibits HDAC6 and induces
hyperacetylation of the molecular chaperones heat shock protein (hsp) 90, associated with
depletion of EZH2 and other PRC2 components.42–44 This occurred with the concomitant
depletion of the transcription factors HOXA9 and MEIS 1 levels, resulting in loss of clonogenic
survival of human leukemia cells.44 Based on these observations we determined the effects of
panobinostat on the interaction between the EZH2 and PRC2 complex with DNMT1, as well
as on the levels and chaperone association of DNMT1 and EZH2 with hsp 90. Here, we report
that treatment with panobinostat or a geldanamycin analogue hsp90 inhibitor (17-DMAG)
attenuated the levels of DNMT1 with EZH2 by inhibiting their chaperone association with
hsp90 in acute leukemia cells.45 We further determined that, as compared to treatment with
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either agent alone, combined treatment with decitabine (DAC) and panobinostat resulted in
greater depletion of DNMT1 levels, more derepression of JunB, and induced greater loss of
cell viability and clonogenic survival of cultured and primary acute leukemia cells.

MATERIALS AND METHODS
Reagents

Panobinostat (PS) and 17-DMAG were kindly provided by Novartis Pharmaceuticals Inc. (East
Hanover, NJ) and Kosan Biosciences (Hayward, CA), respectively. Decitabine was acquired
from Sigma-Aldrich (St. Louis, MO). Bortezomib was kindly provided by Millennium
Pharmaceuticals (Cambridge, MA). Monoclonal anti-DNMT1 antibody was purchased from
Abcam (Cambridge, MA). Anti-EZH2 monoclonal antibody was purchased from BD
Transduction labs (San Jose, CA). Rat monoclonal anti-hsp90 and rabbit polyclonal anti-hsp70
were purchased from Stressgen (Ann Arbor, MI). Anti-β-actin was purchased from Sigma
Aldrich (St. Louis, MO). Monoclonal anti-JunB was purchased from Santa Cruz
Biotechnologies (Santa Cruz, CA). Monoclonal anti-ubiquitin was purchased from Covance
Biologicals (Berkeley, CA). Suv39H1, Trimethyl-lysine 9 H3 and acetyl H3 were acquired
from Upstate biotechnologies (Charlottesville, VA). Normal mouse IgG and normal rat IgG
were acquired from Santa Cruz (Santa Cruz, CA).

Cell Culture
K562 and LAMA-84 cells were cultured in complete RPMI-1640 medium and incubated at
37°C with 5% CO2 as previously described.46 Growth media was changed every 2–3 days and
cells were maintained at a density of 250,000 cells/mL. Exponentially growing cell cultures
were used for all experiments described below.

Leukemia Blast and Normal CD34+ Hemopoietic Progenitor Cells
Primary acute myeloid leukemia (AML) cells were obtained with informed consent as part of
a clinical protocol approved by the Institutional Review Board of the Medical College of
Georgia. As previously described, peripheral blood samples were collected in heparinized
tubes, or were obtained from leukophoresis units, and mononuclear cells were separated using
Lymphoprep (Axis-Shield, Oslo, Norway), washed once with complete RPMI-1640 media,
resuspended in complete RPMI-1640 and counted to determine the number of cells isolated
prior to their use in the various experiments.47 The purity of the blast population was confirmed
to be 80% or better by morphologic evaluation of cytospun cell preparations stained with
Wright stain. Banked, de-linked, and de-identified donor peripheral blood CD34+ mononuclear
cells procured for recipients who had since died were purified by immunomagnetic beads
conjugated with anti-CD34 antibody prior to use in thecell viability assay (StemCell
Technologies).47

Cell Lysis and Protein Quantitation
Untreated or drug treated cells were centrifuged and the cell pellets were re-suspended in 200
μL of lysis buffer, then centrifuged and protein concentrations determined, as previously
described.46–48

Immunoprecipitation of hsp90, DNMT-1, and EZH2 and immunoblot analysis
Following designated treatments, cells were lysed with the lysis buffer as described above.
Five hundred micrograms of cell lysate was mixed gently with 5 μg of rat monoclonal anti-
Hsp90 or 5μg of mouse monoclonal anti-DNMT1 or 5μg of mouse monoclonal EZH2 and
incubated at 4°C for 1–2 hours on a rotator. Pre-washed protein-G beads were added to the
lysate-antibody mixture and incubated overnight at 4°C on a rotator. The immunoprecipitates
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were washed 4 times with lysis buffer and eluted from the agarose beads by boiling with 6X
SDS sample buffer before SDS-PAGE and Western blot analysis, as previously described.42

Preparation of detergent soluble and insoluble lysates
Following drug treatment with bortezomib (BZ) and panobinostat, cells were separated into
detergent soluble and insoluble fractions as previously described.42 Briefly, cells were lysed
with TNSEV buffer (50 mmol/L Tris-HCl, pH 7.5, 2 mM EDTA, 100 mmol/L NaCl, 1 mmol/
Lsodium orthovanadate, 1% Nonidet P-40 containing 20 μg/mlaprotinin, 20 μg/ml leupeptin,
1 mmol/L PMSF, 25 mmol/L NaF, and 5 mmol/L N-ethylmaleimide). The insoluble fractions
(pellet) were solubilized with SDS buffer (80 mmol/L Tris, pH 6.8, 2% SDS, 100 mmol/L
dithiothreitol, and 10% glycerol). Fifty μg of proteins from the Nonidet P-40-soluble and
insoluble fractionswere separated on 7.5% SDS-polyacrylamide gel and analyzed byWestern
blotting.

SDS-PAGE and Western Blotting
One hundred micrograms of total cell lysate was used for SDS-PAGE. Western blot analyses
of EZH2, DNMT1, hsp70, hsp90, ubiquitin, and JunB were performed on total cell lysates or
immunoprecipitates using specific antisera or monoclonal antibodies, as previously described.
46–48 The expression level of β-actin or α-tubulin was used as the loading control for the
Western blots.

RNA isolation and RT-PCR
RNA was extracted from the cultured cells using the Trizol method (Invitrogen, Carlsbad, CA)
as previously described.44,48 Purified RNA was quantified and reverse-transcribed using
Superscript II according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA). Resulting
cDNAs were used in subsequent PCR reactions for JunB (sequences available upon request).
PCR reactions for β-actin were used as an internal loading control. PCR reactions were carried
out in a gradient Mastercycler (Eppendorf, Westbury, NY) and consisted of a 3-minute
denaturation at 95°C followed by 35 cycles of 95° C (30 sec), 52°C (30 sec) and 72°C (30 sec)
with a final extension at 72°C (10 min). Amplified products were resolved on a 2% agarose
gel and recorded with a UV transilluminator. Horizontal scanning densitometry was performed
with ImageQuant 5.2 and the band intensity of each PCR product was compared to that of β-
actin. For quantitative assessment of DNMT1 and JunB, qPCR was performed with TaqMan
probes against the exon 38–39 boundary for DNMT1 and the exon 1 boundary for JunB.
Expression levels were normalized to a TaqMan probe against GAPDH.

Colony culture assay
Following the designated treatments, cells were harvested and washed twice with 1X PBS and
approximately 300 cells were plated in complete Methocult (StemCell Technologies,
Vancouver, British Columbia) and cultured for 7–10 days at 37°C in a 5% CO2 environment.
Colony growth was measured as a percentage of the control cell colony growth, as previously
described.44

Bisulfite modification and methylation specific PCR
Following treatment with either decitabine or panobinostat, the genomic DNA was isolated
from K562 cells using a DNeasy kit (Qiagen, Valencia, CA). One microgram of genomic DNA
was subjected to bisulfite modification with a kit from Chemicon (Temecula, CA) according
to the manufacturer’s protocol. DNA was eluted in 25 μL of TE Buffer. Methylation-specific
PCR reactions were set up using a Hotmaster mix (Eppendorf, Westbury, NY). Primers were
designed according to within a CpG island of the JunB promoter and consisted of the following
sequences, JunB MF 5′-GATAGGGTTTTTGCGTATAGTTGTC - 3′, JunBMR 5′-
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TATTCCATTTTAATACACATCCGAA - 3′ and JunBUF 5′-
TAGGGTTTTTGTGTATAGTTGTTGG-3′, JunBUR 5′-
CTATTCCATTTTAATACACATCCAAA -3′.49 Primers were also designed against the E-
cadherin and ER alpha promoters and consisted of sequence EcadMF 5′-
TAATTTTAGGTTAGAGGGTTATCGC-3′, EcadMR 5′-
CTCACAAATACTTTACAATTCCGAC-3′, EcadUF 5′-
ATTTTAGGTTAGAGGGTTATTGTGT-3′, EcadUR 5′-
CAAACTCACAAATACTTTACAATTCCA-3′, ERαMF 5′-
TAAATAGAGATATATCGGAGTTTGGTACG-3′, ERαMR 5′-
AACTTAAAATAAACGCGAAAAACGA-3′, ERαUF 5′-
TAAATAGAGATATATTGGAGTTTGGTATGG-3′, and ERαUR 5′-
AACTTAAAATAAACACAAAAAACAAA-3′. Internal loading control primers were
designed to recognize the JunB promoter regardless of methylation status. These primers
consisted of sequence JunBBSF or 5′-GAGTTAGTAGGGAGTTGGGAGTTG-3′ and
JunBBSRev 5′-AACTATTCCATTTTAATACACATCC-3′. PCR reactions were carried out
in an Eppendorf Gradient Mastercycler (Westbury, NY) and consisted of a 95°C hold followed
by a 2-minute denaturation at 95°C and 30 cycles of 95° C (30 sec), 55°C (30 sec) and 72°C
(30 sec) with a final extension at 72°C (10 min). PCR products were resolved on a 2% agarose
gel and visualized with a UV-transilluminator. Horizontal scanning densitometry was
performed with ImageQuant 5.2 and the band intensity of each PCR product was compared to
that of the internal loading control.

Chromatin immunoprecipitation and PCR
K562 cells were treated with panobinostat for 16 hours. Following drug exposure, the
chromatin in the cells was crosslinked with formaldehyde for 10 minutes at 37°C. The
crosslinking reaction was quenched with 1/20 volume of 2.5 M glycine for 5 minutes at room
temperature, then the cells were washed twice for 5 minutes in ice-cold 1X PBS. Cell lysis,
sonication and chromatin immunoprecipitation was performed according to the manufacturer’s
protocol (Upstate Biotechnologies, Charlottesville, VA), and as previously described.48

Primers for the amplification of the JunB promoter were synthesized by IDT (Coralville, IA).
Sequences are available upon request. For quantitative assessment of JunB in the chromatin
immunoprecipitates, a SYBR Green mastermix from Applied Biosystems was used (Foster
City, CA). Relative enrichment was normalized against GAPDH in the input samples.

Statistical analysis
Significant differences between valuesobtained in a population of leukemia cells treated with
differentexperimental conditions were determined using the Student’s t-test.

RESULTS
Panobinostat treatment disrupts the association of DNMT1 and EZH2 with hsp90, leading to
proteasomal degradation of DNMT1 and EZH2

In a previous report we had shown that panobinostat depletes the levels and activity of
EZH2.44 Based on this, and on the reports that EZH2 directly interacts with and regulates the
activity of the DNMT1, we first determined the effects of panobinostat treatment on DNMT1
levels, as well as on the binding of EZH2 to DNMT1. Treatment with panobinostat dose-
dependently reduced the protein levels of DNMT1 and EZH2 in the CML blast crisis (CML-
BC) K562 and LAMA-84 cells (Figure 1A).14 This was accompanied by panobinostat-
mediated decrease in the mRNA levels of DNMT1 in a time and dose dependent manner in
K562 cells (Figure 1B). Similar effects were seen in LAMA84 cells (Supplemental Figure 1A).
In contrast, panobinostat treatment did not lower EZH2 mRNA levels (Supplemental Figure
1B and 1C). We have previously demonstrated that, by inducing hyperacetylation of hsp90,
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pan-HDAC inhibitors can inhibit the chaperone function and association of hsp90 with its client
proteins.42,43 Based on this, we next determined the effects of panobinostat treatment on the
interaction of DNMT1 and EZH2, and whether panobinostat-mediated depletion of DNMT1
and EZH2 was due to inhibition of their chaperone association with hsp90. Figure 1C shows
that exposure to panobinostat disrupted the binding of DNMT1 to EZH2, as well as decreased
the binding of hsp90 to both EZH2 and DNMT1. Similar findings were observed in LAMA84
cells (Supplemental Figure 1D). Exposure intervals as short as 2 to 4 hours to panobinostat
reduced the binding of hsp90 to EZH2 and DNMT1 (Supplemental Figure 1E). This was
associated with increased accumulation of both DNMT1 and EZH2 in the detergent (NP40)
insoluble fraction of the cytosol, suggesting increase in the levels of misfolded DNMT1 and
EZH2 following treatment with panobinostat (Figure 1D). Additionally, co-treatment with the
proteasome inhibitor bortezomib significantly increased the levels of DNMT1 and EZH2 in
the detergent insoluble fraction, as well as restored the levels in the total cell lysates (Figure
1D). Co-treatment with bortezomib did not alter or rescue the levels of AKT or Bcl-xL in
panobinostat treated cells (Figure 1D). Similar findings were observed in panobinostat-treated
LAMA84 leukemia cells (Supplemental Figure 2A). Panobinostat-mediated decline in EZH2
levels was not due to the activity of caspases, since co-treatment with the caspase inhibitor
ZVAD did not restore the levels of EZH2 (Supplemental Figure 2B). Panobinostat treatment
also depleted DNMT1 and EZH2 levels in primary AML cells, which were also restored by
co-treatment with bortezomib (Figure 1E). In these studies, the levels of the hsp90 client protein
c-Raf served as the control protein that is a well recognized hsp90 client protein.42,43

Co-treatment with panobinostat enhances 17-DMAG mediated depletion of DNMT1 and EZH2
in acute leukemia cells

First, to confirm that DNMT1 and EZH2 are hsp90 client proteins, we determined the effects
of the geldanamycin analogue hsp90 inhibitor 17-DMAG on the expression of DNMT1 in the
K562 cells. Treatment with 17-DMAG depleted DNMT1 protein levels, while it concomitantly
induced hsp70 levels (Figure 2A).50 Similar findings were noted, following treatment of
primary leukemia cells with 17-DMAG (Figure 2B). We next determined the effects of 17-
DMAG treatment on the binding of DNMT1 and EZH2 to hsp90. Similar to the results with
LBH589, exposure to 17-DMAG reduced the binding of DNMT1 and EZH2 to hsp90 (Figure
2A), increased the binding to hsp70, as well as attenuated the binding of DNMT1 with EZH2
(Figure 2C). Additionally, co-treatment with bortezomib restored 17-DMAG induced
depletion of DNMT1 and EZH2 (data not shown). We next determined the combined effects
of panobinostat and 17-DMAG on the levels of DNMT1 and EZH2. Notably, co-treatment
with panobinostat significantly increased 17-DMAG mediated depletion of DNMT1 and EZH2
in K562 cells (Figure 2D).

Panobinostat treatment induces JunB and enhances decitabine (DAC)-mediated induction
of JunB

We next determined the effect of panobinostat on the mRNA expression JunB, a gene that is
known to be silenced by promoter hypermethylation in CML cells.31,32 Treatment with
panobinostat dose-dependently up-regulated the mRNA levels of JunB, with 2.67 fold increase
seen following treatment with 100 nmol/L of panobinostat (Figure 3A). JunB mRNA induction
was observed following exposure interval to panobinostat as short as two hours (Figure 3B).
As noted above for panobinostat, treatment with decitabine (DAC) dose-dependently
attenuated DNMT1 protein levels and up-regulated JunB mRNA and protein levels (Figures
3C and 3D). However, exposure to DAC did not lower the levels of EZH2 (Figure 3C). We
next determined the effect of co-treatment with panobinostat and DAC on EZH2, DNMT1 and
JunB levels. Figure 4A demonstrates that as compared to treatment with either agent alone,
co-treatment with DAC and panobinostat caused greater attenuation of the levels of DNMT1
and EZH2 levels, while concomitantly inducing more JunB levels. Combined treatment with
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DAC and panobinostat also had a similar effect on EZH2, DNMT1 and JunB levels in primary
AML blasts (Figure 4B). Consistent with previous reports, sequential treatment with DAC
followed by panobinostat induced more JunB mRNA and protein levels than treatment with
the reverse schedule of administration of panobinostat followed by decitabine (Figure 4C).

Decitabine and panobinostat induce JunB expression through different mechanisms
We next determined the mechanism by which DAC and panobinostat de-repress JunB in K562
cells. As shown in Figure 5A, treatment with as little as 0.5 μmol/L DAC for 16 hours caused
demethylation of the JunB promoter as demonstrated by methylation specific PCR performed
on bisulfite-treated DNA. DAC also demethylated the promoter of the E-cadherin and ERα
genes, which are known to be silenced by methylation in hematologic malignancies (Figure
5A).41 In contrast, although it de-repressed JunB similar to DAC, panobinostat treatment did
not alter the methylation status of JunB in K562 cells (Figure 5B). Panobinostat also did not
affect the methylation status of ERα (Figure 5B) and E-cadherin (not shown). We next
determined whether the panobinostat mediated derepression of JunB was due to chromatin
alterations in the JunB promoter. Figure 5C shows a schematic representation of four regions
in the CpG island of the JunB promoter. To perform ChIP analyses involving these regions in
the JunB promoter, primers sets were tiled: four across the CpG island and one pair 2 kb
upstream of the transcription start site (TSS) in another 80% GC rich region. As demonstrated
in Figure 5D, ChIP analyses of untreated K562 cells confirmed that EZH2, DNMT1 and
Suv39H1 were bound to the JunB promoter in region 3 (−378 to −218 relative to TSS) and
DNMT1 and the histone methyltransferase Suv39H1 were bound to region 5 (−174 to +9
relative to TSS) nearest the transcriptional start site. EZH2 did not bind to region 5 of the JunB
promoter. The repressive histone marks, tri-methlyated lysine 27 and tri-methylated lysine 9
were present in the untreated chromatin of region 3, corresponding to the localization of EZH2
and Suv39H1 (Figure 5D). In contrast, only the tri-methylated lysine 9 mark was detected in
region 5 corresponding to the localization of Suv39H1 to this region (Figure 5D). Treatment
with panobinostat dose-dependently depleted EZH2 and the tri-methlyated lysine 27 mark from
region 3, and DNMT1 and Suv39H1 from region 5 of the JunB promoter (Figure 5D).
Panobinostat-mediated depletion of the trimethylated lysine 9 and lysine 27 marks were also
accompanied by increase in acetylation of histone H3 associated with the JunB promoter
(Figure 5D). These findings clearly show that panobinostat mediated de-repression of JunB is
accompanied by depletion of the repressive chromatin marks but not by demethylation of the
CpG dinucleotides in the promoter DNA of JunB.

Co-treatment with decitabine enhances panobinostat and 17-DMAG-mediated anti-leukemia
activity in cultured and primary leukemia cells

We next determined the effects of DAC alone and in combination with panobinostat or 17-
DMAG on the clonogenic survival of leukemia cells. Treatment with DAC alone for 48 hours
only modestly decreased the colony growth of K562 cells (Figure 6A). Treatment with
panobinostat alone caused more inhibition of colony growth than DAC, whereas co-treatment
with DAC and panobinostat mediated significantly greater loss of clonogenic survival than
either agent alone (p=0.04 and p=0.007, respectively) (Figure 6A). The combined treatment
also induced more apoptosis of K562 cells (data not shown). Treatment with 17-DMAG alone
dose dependently inhibited colony growth of K562 cells (Figure 6B). Co-treatment with DAC
and 17-DMAG also induced greater loss of clonogenic survival of K562 cells than treatment
with either agent alone (p=0.04) (Figure 6C). Additionally, co-treatment with panobinostat and
17-DMAG significantly inhibited more colony growth of K562 cells than either agent alone
(p=0.0001) (Figure 6D). We next determined the anti-leukemia activity of DAC and/or
panobinostat and/or 17-DMAG against primary AML cells from 8 patients and primary CML-
BC cells from 4 patients. Figure 7 demonstrates that treatment with clinically achievable
concentrations of panobinostat > 17-DMAG > DAC mediated significant loss of viability in
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all samples tested. Notably, co-treatment with DAC significantly enhanced panobinostat or
17-DMAG-mediated loss of viability in the primary AML and CML cells (p=0.008 and
p=0.0002; p=0.04 for panobinostat and DAC in CML). Co-treatment with DAC and
panobinostat or 17-DMAG caused significantly lower loss of viability of normal bone marrow
progenitor cells (Figure 7).

Discussion
Findings presented here demonstrate for the first time that both DNMT1 and EZH2 are hsp90
client proteins, and that treatment with pan-HDAC inhibitor panobinostat and the hsp90
inhibitor 17-DMAG disrupt the chaperone association between hsp90 and DNMT1 and EZH2,
promoting their misfolding and depletion by the proteasome. Parenthetically, panobinostat-
induced activities of caspases were not involved in degrading DNMT1 and EZH2. Although
hsp90 is predominantly cytosolic, DNMT1 and EZH2 should now be included in the growing
list of nuclear client proteins of hsp90.51 This highlights the involvement of molecular
chaperones such as hsp90 not only in the DNA damage repair pathway but also in the epigenetic
regulation of gene expression.52 Specifically, by regulating DNMT1 and EZH2, and also
histone deacetylases, panobinostat regulates dual epigenetic mechanisms of DNA methylation
and chromatin modifications through modulating hsp90 chaperone function.43,44 Previous
reports have implicated hsp90 chaperone function and its regulation by panobinostat in the
binding and action of nuclear hormone receptors with their co-activators and co-repressor in
modulating the expression of hormone responsive genes.53 Collectively, these findings suggest
that panobinostat treatment could influence multiple epigenetic mechanisms through its effects
on HDAC and hsp90 functions.

Although the mechanism is not clear, panobinostat treatment also depleted the mRNA levels
of DNMT1. This may further contribute toward panobinostat-mediated overall decline in the
levels of DNMT1 in human leukemia cells. Despite the effect on DNMT1 levels, treatment
with panobinostat had no effect on DNA methylation of JunB promoter. Panobinostat treatment
also did not alter the mRNA levels of EZH2, but significantly depleted the protein levels of
EZH2. We had previously reported that this was accompanied by disruption of the PRC2
complex and decline in the levels of SUZ12 and EED.44 Consistent with this, treatment with
panobinostat markedly reduced the recruitment of EZH2 and DNMT1 to the promoter of JunB,
as well as modified the epigenetic marks on the promoter chromatin of JunB. Specifically,
panobinostat reduced the trimethylated K27 and K9 marks on histone H3. This was associated
with significant de-repression of JunB. Therefore, collectively, panobinostat treatment appears
to mediate its epigenetic effects by modifying lysine acetylation and methylation on histone
proteins and by inhibiting DNMT1 recruitment on gene promoters without modifying promoter
gene methylation. These data are in agreement with a previous report in which panobinostat
was shown to induce expression of epigenetically silenced ERα through alteration of a multi-
protein complex at the ERα promoter rather than through demethylation of the ERα promoter.
41 In contrast, decitabine solely depletes DNMT1 and induces demethylation and de-repression
of genes, e.g., JunB, ERα and E-cadherin. Hence, it is not surprising that the combination of
DAC and panobinostat, by engaging separate and multiple epigenetic mechanisms, de-
represses more JunB than treatment with either agent alone. Based on previous reports which
had documented that JunB inactivation promotes leukemogenesis, accentuated derepression
of JunB due to co-treatment with DAC and panobinostat could explain the loss of clonogenic
survival and cell death of acute leukemia cells.31,32

Previous reports have shown that methylated genes in cancer cells are often packaged in
nucleosomes containing H3 with trimethylated K27, which results from the activity of the
EZH2 containing PRC2 complex recruiting DNMTs to the gene promoters.15 For example,
PRC2 is required for the repression of E-cadherin by the Snail transcription factor.54 PRC2 is
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known to silence Hox and other differentiation program genes, thereby promoting self renewal
of embryonic stem (ES) cells or of the cancer stem cells.3,43 Permanent silencing of tumor
suppressors by acquisition of DNA methylation through DNMTs could be a specific feature
of leukemogenesis.2,5 It appears that in cancer cells, the DNA methylome undergoes
characteristic changes including genome wide loss of methylation and aberrant local gain of
methylation, resulting in loss of TSG function.19,21 However, in addition to silencing due to
DNA methylation, PRC2 may also be involved in down regulation of INK4A-ARF locus.7,
55 Taken together, a picture of the epigenetic landscape in cancer is emerging that contains
silenced genes that have a repressive trimethylated histone H3K27 mark and/or DNA
methylation of TSGs.28,29 This is consistent with the observations, that selective down
regulation of EZH2 restored the expression of trimethylated H3K27 marked genes, without
affecting promoter DNA methylation or de-repressing genes silenced by DNA
hypermethylation.28 The repressive trimethylated histone H3K27 along with trimethylated
H3K4 mark represents the ‘bivalent mark’, which is a feature of the ‘bivalent domains’ in the
silenced differentiation genes in ES and cancer stem cells.2,5 Thus, panobinostat treatment
could erase the bivalent mark and de-repress the silenced differentiation genes in cancer stem
cells. By depleting EZH2 levels and disrupting the PRC2 complex, as well as attenuating the
DNMT1 levels, panobinostat treatment could also subsequently disrupt the localization of the
PRC1 complex containing BMI1 and RING1 which contribute to the epigenetic silencing of
differentiation genes in ES and cancer stem cells.3,5,56 Recently, activation of the ES cell
transcriptional program by c-Myc has also been demonstrated to pathologic self-renewal
characteristic in cancer stem cells.57 Whether panobinostat treatment alone or in combination
with DAC also affects this program, remains to be elucidated.

Our data demonstrating greater de-repression of JunB and superior antileukemia efficacy of
the combination of DAC and panobinostat are in agreement with previous reports showing
robust re-expression of silenced genes when their promoters are de-methylated prior to HDAC
inhibition.37,38 Increased anti-leukemia activity has also been demonstrated following
treatment with the combination of DNMT and HDAC inhibitors.58 Recently, the combination
of decitabine and valproic acid was reported to induce clinical responses in patients with
advanced leukemia.59 In our studies, although co-treatment with DAC and panobinostat
mediated greater loss of survival than either agent alone, how much of this is mediated by more
pronounced attenuation of EZH2 and de-repression of JunB is not clear and remains to be
established. It is noteworthy that induction of JunB in patients has been used as a prognostic
marker for predicting clinical response to imatinib treatment in CML, and patients with
increased JunB expression following treatment have been shown as more likely to achieve a
clinical response than those with lower junB expression.60 Genetic or pharmacologic inhibition
of EZH2 has also been shown to inhibit growth of transformed cells.10,13,61 Additionally, co-
treatment with the HDAC inhibitor trichostatin A with pharmacologic inhibition of EZH2 has
been shown to result in massive apoptosis of transformed cells.62 It should be noted that pan-
HDAC inhibitors, such as panobinostat, induce apoptosis of acute leukemia cells through
epigenetic and a variety of other mechanisms.63–65 Therefore, epigenetic targeting and de-
repression of silenced genes is likely to be mechanistically only partially responsible for the
enhanced antileukemia efficacy of the combination of DAC and panobinostat. Nevertheless,
because of the relevance of the activity of EZH2 and PRC2 for the survival and self-renewal
of leukemia stem cells, the combined epigenetic therapy with DAC and panobinostat represents
an attractive strategy for the treatment of acute leukemia, especially in the minimal residual
disease state.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Panobinostat depletes DNMT1 and disrupts its binding to EZH2 and hsp90.
A. Western blot of DNMT1 and EZH2 in K562 and LAMA84 following 24 hours treatment
with the indicated doses of panobinostat (PS). The levels of β-actin served as the loading
control. B. K562 cells were treated with the indicated concentrations of panobinostat for 16
hours. Alternatively, cells were treated with 100 nmol/L of panobinostat for the indicated times.
Total RNA was isolated and qPCR was performed for DNMT1. The relative quantity (RQ) of
DNMT1 mRNA expression was normalized against expression of GAPDH. C. K562 cells were
treated with the indicated doses of panobinostat for 8 hours and DNMT1 (left panel), EZH2
(right panel), and hsp90 (bottom panel) were immunoprecipitated from the cell lysates. The
immunoprecipitates were immunoblotted for hsp90, EZH2, and DNMT1. D. K562 cells were
treated with 100 nmol/L of panobinostat and/or 100 nmol/L of bortezomib (BZ) for 8 hours.
Following treatment, total cell lysates or NP-40 detergent insoluble fractions were
immunoblotted for DNMT1, EZH2 and c-Raf, AKT and Bcl-xL. The levels of β-actin served
as the loading control. E. Primary AML cells were treated with 100 nmol/L of panobinostat
and/or 100 nmol/L of bortezomib for 8 hours. Following treatment, total cell lysates were
immunoblotted for DNMT1, EZH2, and c-Raf. The levels of β-actin in the lysates served as
the loading control.
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Figure 2. 17-DMAG depletes the levels of DNMT1 and EZH2 by inhibiting their chaperone
association hsp90 in acute leukemia cells.
A. K562 cells were treated with the indicated does of 17-DMAG for 8 hours and hsp90 was
immunoprecipitated. Immunoblot analysis was performed for DNMT1, EZH2 and hsp90 on
the immunoprecipitates. Alternatively, K562 cells were treated with the indicated
concentrations of 17-DMAG for 24 hours and immunoblot analysis was done for DNMT1,
EZH2 and hsp70. The expression levels of β-actin in the lysates served as the loading control.
B. Primary acute leukemia cells were treated with the indicated concentrations of 17-DMAG
for 24 hours. Total cell lysates were harvested and immunoblot analysis was performed for
DNMT1, EZH2 hsp90 and hsp70. The levels of β-actin in the lysates served as the loading
control. C. K562 cells were treated with the indicated doses of 17-DMAG for 8 hours and
DNMT1 (top panel) and EZH2 (bottom panel) were immunoprecipitated. Immunoblot analysis
was performed for EZH2 and DNMT1 in the immunoprecipitates. D. K562 cells were treated
with the indicated concentrations of panobinostat and 17-DMAG for 24 hours. Immunoblot
analysis was performed for DNMT1, EZH2 and hsp70. The expression levels of α-tubulin in
the lysates served as the loading control.
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Figure 3. Panobinostat induces JunB mRNA in a dose and time dependent manner.
A. K562 cells were treated with the indicated concentrations of panobinostat for 16 hours. Total
RNA was isolated and RT-PCR was performed for JunB mRNA expression. A β-actin specific
PCR reaction and expression levels served as the loading control. B. K562 cells were treated
with 100 nmol/L of panobinostat for the indicated times. Following this, RT-PCR analysis was
performed for JunB mRNA expression. A β-actin specific PCR reaction and expression levels
served as the loading control. C. K562 cells were treated with the indicated concentrations of
decitabine (DAC) for 24 hours. Following this, total cell lysates were harvested and
immunoblot analysis was performed for DNMT1, EZH2, and JunB. The levels of β-actin in
the lysates served as the loading control. D. K562 cells were treated with the indicated
concentrations of decitabine (DAC) for 16 hours. Following this, total RNA were isolated and
RT-PCR analysis was performed for JunB mRNA expression. A β-actin specific PCR reaction
and expression served as the loading control.

Fiskus et al. Page 16

Cancer Biol Ther. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Co-treatment with decitabine and panobinostat enhances DNMT1 depletion and JunB
induction.
A. K562 cells were treated with the indicated concentrations of DAC and panobinostat for 24
hours. Immunoblot analysis was performed for DNMT1, EZH2, hsp70, and JunB on the total
cell lysates. The expression levels of β-actin in the cell lysates served as the loading control.
B. Primary acute leukemia cells were treated with the indicated concentrations of DAC and
panobinostat for 24 hours. Immunoblot analysis was performed for DNMT1, EZH2 and JunB
on the total cell lysates. The levels of β-actin in the cell lysates served as the loading control.
C. K562 cells were treated with 20 nmol/L of panobinostat and 1 μmol/L of decitabine in the
manner indicated for 24 hours. Following this, total RNA were isolated and qPCR analysis
was performed for exon 1 of JunB mRNA. Expression of JunB mRNA was normalized against
GAPDH. Alternatively, Western blot analysis was performed for JunB on the total cell lysates.
The expression levels of β-actin in the lysates served as the loading control.
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Figure 5. Decitabine and panobinostat alter the JunB promoter through different mechanisms.
A–B. K562 cells were treated with the indicated doses of DAC or panobinostat for 16 hours.
Genomic DNA was isolated and bisulfite modified. PCR analysis was performed for the JunB,
ERα, and E-cadherin promoters using primer sets for methylated and unmethylated DNA.
Internal control primers for the amplification of bisulfite modified DNA regardless of
methylation status were used to ensure equal loading. C. Schematic representation of the JunB
promoter and CpG island with relative locations of primer sets used for ChIP PCR. D. K562
cells were treated with the indicated concentrations of panobinostat for 16 hours. Chromatin
immunoprecipitations were performed with antibodies to DNMT1, SUV39H1, EZH2,
3MeK27 Histone H3, 3MeK9 Histone H3, and Acetyl H3. Normal mouse IgG was used as a
control. PCR products were obtained for region 3 and region 5 on the chromatin
immunoprecipitates. Quantitative assessment of the chromatin immunoprecipitates was also
determined by qPCR. The bar graphs represent fold enrichment of the chromatin in each region
of the promoter relative to the input chromatin.
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Figure 6. Co-treatment with decitabine and panobinostat, or 17-DMAG inhibits clonogenic survival
greater than treatment with the single agents alone.
A. K562 cells were treated with the indicated doses of DAC and/or panobinostat for 48 hours.
Following treatment the cells were washed and plated in methocult media for 7 days. (*)
represents values significantly less than those following treatment with either agent alone at
the indicated concentrations (p=0.04 and p=0.007, respectively). B–C. K562 cells were treated
with the indicated doses of DAC and/or 17-DMAG for 48 hours. The cells were washed and
plated as before. (*) represents values significantly less than those following treatment with
either agent alone at the indicated concentrations (p=0.04). D. K562 cells were treated with
the indicated concentrations of panobinostat and/or 17-DMAG for 48 hours. Following
treatment the cells were washed and plated in methocult media for 7 days.
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Figure 7. Co-treatment with panobinostat and decitabine exerts superior anti-leukemic activity
against primary AML and CML cells than treatment with either agent alone
Peripheral blood or bone marrow from 8 AML, 4 CML-BC and 2 normal CD34+ patients were
treated with the indicated doses of 17-DMAG or panobinostat and DAC for 48 hours. Then,
the percentages of non-viable cells for each drug alone or drug combination were determined
by trypan blue uptake in a hemocytometer. Values represent the percentage of non-viable cells
from each condition as compared to the untreated cells.
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