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a b s t r a c t

3-Deazaneplanocin A (DZNep), an epigenetic anticancer drug, leads to the indirect suppression of S-aden-
osyl methionine-dependent cellular methylations by inhibiting S-adenosyl homocystein (AdoHcy) hydro-
lase. Although it is well known that DZNep targets the degradation of EZH2 protein, H3K27me3 HMTase,
there are still uncertainties about the regulation of other types of HMTases during cell death. In this
study, we describe that SETDB1 gene expression was regulated by DZNep treatment in human lung can-
cer cells. We confirm that DZNep induced growth inhibition and increased the dead cell population of
lung cancer cells. DZNep treatment affected histone methylations, including H3K27me3 and H3K9me3,
but not H3K4me3. Reduced levels of H3K27me3 and H3K9me3 were related with the decreased EZH2
and SETDB1 proteins. Real time PCR analysis showed that SETDB1 gene expression was decreased by
DZNep treatment, but no effect was observed for EZH2 gene expression. We cloned the promoter region
of SETDB1 and SUV39H1 genes, and performed luciferase assays. The promoter activity of SETDB1 gene
was down regulated by DZNep treatment, whereas no effect on SUV39H1 promoter activity was
observed. In conclusion, we suggest that DZNep regulates not only on H3K27me3 HMTase EZH2, but also
H3K9 HMTase SETDB1 gene expression at the transcription level, implicating that the mechanism of
action of DZNep targets multiple HMTases during the death of lung cancer cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Therapy targeting epigenetic machinery has been recently
developed with the goal of curing various tumors. 3-Deazanepla-
nocin A (DZNep) is the cyclopentanyl analog of 3-deazaadenosine,
and leads to the indirect suppression of S-adenosyl methionine-
dependent cellular methylation by inhibiting S-adenosyl homocys-
teine (AdoHcy) hydrolase [1]. The potential use of DZNep exerts a
variety of biological effects, such as gene activation, cellular differ-
entiation, immunological modulation, cell death and antiviral
activity [2–4].

The epigenetic implication of DZNep was discovered to inhibit
H3K27me3 (trimethylation of histone H3 at lysine 27) and to in-
duce apoptosis in cancer cells [5]. DZNep targets a decrease of
EZH2 (enhancer of zeste homolog 2) protein level, which is respon-
sible for H3K27me3, as a HMTase component of polycomb repres-
sor complex 2 (PRC2) [6]. PRC2 complex contains SUZ12
(suppressor of zeste 12), and EED (embryonic ectoderm develop-
ment) as well as EZH2, and DZNep treatment depleted the PRC2
component proteins through degradation [7]. Overexpression of
EZH2 has been associated with a number of cancers, including mel-
anoma, lymphoma, and breast and prostate cancers [8–10]. PRC2
complex plays an important role during development by regulating
gene silencing [11]. EZH2 Knock down or DZNep treatment reacti-
vates TXNIP, inhibits thioredoxin activity, and increases reactive
oxygen species (ROS), leading to apoptosis in acute myeloid leuke-
mia (AML) [6]. DZNep also increases apoptosis associated genes,
like FBXO32, p16, p21 and p27 mRNA level, the altered expression
of which is correlated with EZH2 depletion [12,13]. The anticancer
effect of DZNep was also confirmed in breast cancer, hepatocelluar
carcinoma, and lung cancers [14–16].

However, considering that DZNep is an AdoHcy hydrolase
inhibitor, which leads to the indirect inhibition of S-adenosyl-
methionine (AdoMet) – dependent reactions, it is surprising that
the effects of DZNep on cancer cells were found to be relatively
specific to EZH2. DZNep also inhibits H4K20 methylation, but does
not affect H3K9 methylation during cell death of breast cancer cells
[5]. A recent report suggested that DZNep also caused a global
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decrease in most histone modifications in MCF7 cells, but not
H3K9me3 and H3K37me3, implicating that DZNep is effective in
decreasing histone modifications with both repressive and active
chromatin markers, in a non-selective manner [8,17]. Therefore,
the molecular mechanisms of DZNep might be more expansive
than our current knowledge base.

In this study, we aim to examine the possibility that DZNep reg-
ulates other types of histone methylations during cell death. Final-
ly, we found that DZNep might be non-selective to EZH2, but affect
the expression of H3K9me3-HMTases, SETDB1.
2. Materials and methods

2.1. Cell, DZNep, antibodies

H1299, H460 and A549 (human lung epithelial carcinoma) cell
lines were obtained from KCB (Korean Cell bank), and were cul-
tured in RPMI 1640 in a humidified incubator at 37 �C. DZNep
was purchased from Santa Cruz (Santa Cruz, CA) and was dissolved
as 10 mM in DMSO and stored at �20 �C until further use. Antibod-
ies were purchased from the following companies; EZH2 (Abcam,
ab3748), SETDB1 (Abcam, ab12317), SUV39H1 (Upstate, 05-615),
H3K4me3 (Upstate, 07-745), H3K9me3 (Abcam, ab8898),
H3K27me3 (Upstate, 07-449), and ß-actin (Sigma–aldrich, A5441).
2.2. MTT assay

Growth inhibitory effect was measured using an MTT (di-
methyl thiozolyl-20,50-diphenyl-2-H-tetrazolium bromide) assay.
MTT was purchased from Sigma–Aldrich, and was dissolved in
Fig. 1. Growth inhibitory effect of DZNep in human lung cancer cells. (A) Cells were trea
(B) Cells were treated with 10 lM DZNep for 48 h, and were stained with propidium iod
cells. ⁄p > 0.05, ⁄⁄p > 0.001.
phosphate-buffered saline (PBS) after filtration through a
0.2 lm filter. Cells were seeded at 2000 cells/well in 96-well
plates. The next day, cells were treated with various concentra-
tions of DZNep, and were incubated in MTT solution for 2 h at
37 �C. MTT solution was then carefully removed and replaced
with 100 ll of DMSO to dissolve formazan crystals. Absorbance
was measured using a microplate reader (Bio-Rad, Hercules,
CA) at a wavelength of 570 nm. This experiment was conducted
in triplicate.
2.3. FACS analysis

Cells were seeded at 2 � 105 cells at 60 mm dishes, and treated
with 10 lM DZNep. After 24 h, cells were harvested, and fixed with
70% ethanol. The fixed cells were stained with 50 lg/ml propidium
iodide (PI; Sigma–aldrich) containing 10 lg/ml RNase. DNA con-
tent was measured using a FACScan flow cytometer (Becton Dick-
inson, Mountain view, CA), and the cell cycles were analyzed using
CellQuest 3.1 DNA analysis software.
2.4. Histone extraction

Histone proteins were extracted from the nuclear extract as
previously described [18]. Briefly, an equal volume of cold 0.2 M
H2SO4 was added to nuclei, and the supernatant was then collected
by centrifugation at 12,000 rpm for 15 min at 4 �C, and was added
to 100% trichloro acetic acid (TCA). Histones were precipitated, and
were washed with 0.05 M HCl. After centrifugation, the histone
pellet was dried at room temperature, and was used for western
blot analysis.
ted for 48 h with 1, 5, 10, 20 or 50 lM DZNep. The cells were assayed by MTT assay.
ide and subjected to FACS analysis. The graph showed the percentage of G0 and G1



Fig. 2. Down regulation of H3K27me3 and H3K9me3 by DZNep treatment. (A) H1299 cells were plated on the coverslips and treated with 10 lM DZNep for 24 h. Cells were
immunostained with H3K27me3, H3K9me3, or H3K4me3 antibody (green) and were then counterstained with DAPI (blue). (B) Histone proteins were extracted at the
indicated times after 10 lM DZNep treatment. The lysates were subjected to western blot analyses using the indicated histone antibodies. (For interpretation of color in Fig. 2,
the reader is referred to the web version of this article.)

J.-K. Lee, K.-C. Kim / Biochemical and Biophysical Research Communications 438 (2013) 647–652 649
2.5. Western blot analysis

Cells were lysed for 30 min at 4 �C in lysis buffer (10 mM Tris–
HCl, pH 8.0, containing 140 mM NaCl, 1 mM EDTA, 0.1% sodium
deoxycholate, 1% Igepal CA-630, 0.1% SDS) supplemented with
Complete Mini protease inhibitor cocktail tablets (Roche, Indianap-
olis, IN). Total protein was quantified using the bicinchoninic acid
(BCA) assay. Protein lysates were resolved in acrylamide gel and
were transferred to a PVDF membrane (Millipore cooperation).
Membranes were blocked with 5% skim milk for 1 h at room tem-
perature. After washing, the membranes were incubated with
appropriate primary antibodies. Membranes were washed and
then incubated with the appropriate secondary antibodies for 1 h
at room temperature. The proteins were detected using an Amer-
sham ECL Plus kit (Animal Genetics, Inc.) according to the manu-
facturer’s instruction.
2.6. Immunostaining

Cells were cultured on glass coverslips, and were treated with
DZNep for 24 h. The coverslips were fixed with 4% paraformalde-
hyde and permeabilized with 0.1% Triton-X 100. The coverslips
were blocked with 5% skim milk and were then incubated with pri-
mary antibodies for 3 h at room temperature. After washing, the
coverslips were incubated with AlexaFluor488-conjugated goat
anti-mouse or goat anti-rabbit secondary antibodies. Nuclei were
briefly stained with 0.5 lg/ml DAPI (40,60-diamidino-2-phenylin-
dole hydrochloride), washed with PBS, mounted, and examined
using confocal microscopy.
2.7. Real-time PCR

Total RNA was extracted by Trizol reagent. Approximately 1–
2 lg of total RNA was used to make cDNA using Superscript II re-
verse transcriptase (Life technologies Inc., Gatithersburg, MD).
Quantitative real-time RT-PCR was performed using an ABI Prism
7000 RT-PCR thermocycler (Applied Biosystems, Carlsbad, CA).
PCR reactions were performed with 10 pM of each primer and
10 ll SYBR Green Supermix in a total volume of 20 ll. Dissociation
was performed according to a melting program. The threshold cy-
cle (Ct) was calculated for each gene using the associated Sequence
Detection software. GAPDH was used as an endogenous control for
normalization. Gene expression was defined from the threshold cy-
cle (Ct), and relative expression levels were calculated by using the
2-DDCt method. The primers sets were as follows: EZH2 (S) 50-
GGA CGG CTC CTC TAA CCA TG-30 (AS) 50-TGC TTG GTG TTG CAC
TGT GC-30 SETDB1 (S) 50-TTA ACA CAG GCC CTG AAT TTC T-30

(AS) 50-TAC CCC TGT GGG TAG ACA CTC T-30 SUV39H1 (S) 50-GCG
TAT CCT CAA GCA GTT CC-30 (AS) 50-CTA CAG TGA TGC GTC CCA
G-30 GAPDH (S) 50-GTA TTG GGC GCC TGG TCA C-30 (AS) 50-CTC
CTG GAA GAT GGT GAT GG-3’.

2.8. Luciferase assay

Approximately 2 kb promoter regions of SETDB1 and SUV39H1
genomic sequences were identified from Ensembl Genome
Browser (http://www.ensembl.org/index.html) and were cloned
into the pGL3-Luc vector. The promoter construct was transfected
into H1299 cells on a 60 mm plate, using 5 ll Lipofectamine 2000
(Invitrogen, Carlsbad, CA). The cells were also co-transfected with
the ß-gal plasmid to normalize for transfection efficiency. Total cell
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lysates were prepared from cells 24 h post-transfection using 1X
Passive Lysis Buffer (Promega, Carlsbad, CA), and were then as-
sessed for firefly luciferase activity. Luminescence was monitored
using a Glomax 96 microplate luminometer (Promega, Fitchburg,
WI).

3. Results

3.1. Increased cell death by DZNep in human lung cancer cells

MTT assays were used to screen the effective concentration of
DZNep on H1299, A549, and H460 human lung cancer cells. The
cells were treated in 96-well plates for 48 h with DMSO or DZNep
at concentrations of 1 lM, 5 lM, 10 lM, 20 lM or 50 lM. DZNep
induced a growth inhibitory effect in dose dependent manners in
human lung cancer cells (Fig. 1A). As the growth inhibitory effect
of DZNep was reliably detected from treatment of 5 lM and IC50

was approximately 10 lM, we used a concentration of 10 lM for
further studies. To examine whether DZNep affected cell cycle
phases, we also performed FACS analysis. We could not find dis-
Fig. 3. Down regulation of EZH2 and SETDB1 proteins by DZNep treatment. (A) After DZ
blot analysis was performed to examine the expression of EZH2, SETDB1, or SUV39H1.
during the indicated times. Total RNA was extracted, and was used for cDNA synthes
SUV39H1. The gene expression pattern was compared with GAPDH expression.
tinct cell cycle arrest by treatment with 10 lM DZNep in lung can-
cer cells. Instead, DZNep resulted in a slight increase in the
accumulation of sub-G1 phase of the cell cycle (Fig. 1B). These ef-
fects were more severe in A549 cells than in H1299 or H460 cells.
This result implicated that DZNep induces growth inhibition and
cell death in a dose-dependent manner in human lung cancer cells.

3.2. Effect of DZNep on H3K9me3

To examine the plausible regulation of DZNep on several types
of histone methylations, we screened the levels of mono-, di-, or
tri-methylations of H3K4 or H3K9, as well as H3K27me3. Immuno-
staining analysis showed that the level of H3K27me3 was
decreased by treatment of DZNep in H1299 cells. It was detected
as a dispersed pattern of H3K9me3 in control H1299 cells.
Surprisingly, H3K9me3 was decreased in the nucleus of DZNep
treated cells, as well as being detected as distinct dotted pattern.
However, H3K4me3 was not changed (Fig. 2A). We also performed
immunostaining on mono- and di- methylations of H3K9 and
H3K4, but could not detect any decreased methylation of those
Nep treatment, total protein lysates were extracted at the indicated times. Western
b-actin was used as the loading control. (B) Cells were treated with 10 lM DZNep
is. Real time PCR was performed to examine the expression of EZH2, SETDB1, or



Fig. 4. Down regulation of promoter activity of SETDB1 gene by DZNep treatment. Putative promoter regions of (A) SETDB1 and (B) SUV39H1 genes were clone into pGL3-Luc
vector. The plasmids were transfected into H1299 cells for 12 h, and were followed by DZNep treatment for a further 12 h. Luminescence was monitored using a Glomax 96
microplate luminometer.
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(data not shown). We treated DZNep for 60 h, and performed wes-
tern blot analysis to clarify the decreased H3K9me3. H3K27me3
was decreased from 12 to 60 h after DZNep treatment. H3K9me3
showed the same decreased pattern with H3K27me3 (Fig. 2B).
Therefore, this result implicates that epigenetic targets of DZNep
are diverse on histone methylations, and H3K9me3 might be a tar-
get for DZNep in human lung cancer cells.

3.3. Regulation of DZNep on SETDB1

We analyzed whether DZNep affects the protein level of
H3K9me3 related HMTases. There are at least two reported
H3K9me3 HMTases, SETDB1 and SUV39H1, which contribute to
heterochromatin formation and gene silencing by interacting with
other proteins [19,20]. SETDB1 or EZH2 were not changed at 12 h,
but disappeared at 60 h (Fig. 3A). The protein level of SUV39H1 had
no change in DZNep treatment. To investigate whether decreased
protein levels of SETDB1 or EZH2 resulted from transcriptional le-
vel, we performed quantitative real time-PCR analysis. DZNep
treatment has no effect on EZH2 expression up to 60 h in all cells.
However, DZNep distinctly reduced SETDB1 gene expression at
12 h, and SETDB1 gene was continuously decreased for 60 h, com-
pared to the gene expression of EZH2 (Fig. 3B). SUV39H1 gene
expression was not changed by DZNep treatment in H1299 and
H460 cells. This result implicates that the decreased SETDB1 pro-
tein by DZNep resulted in transcriptional regulation.

3.4. Down regulation of promoter activity SETDB1 gene by DZNep

To confirm whether DZNep affect the promoter activity of SET-
DB1 gene, we identified the putative SETDB1 promoter region
using the Ensembl genome browser (http://www.ensembl.org)
website, and cloned approximately 2 Kb upstream of transcrip-
tional start site into pGL3-Luc vector. After the reporter plasmid
was transfected into H1299 cells, we treated DZNep for 12 h. SET-
DB1 promoter activity was increased 25-fold, but this increase was
halved by DZNep treatment (Fig. 4A). We also cloned the putative
promoter region of SUV39H1 gene and performed luciferase assay.
SUV39H1 promoter activity was increased 6-fold, which was
relatively little activation compared to SETDB1 promoter activity
(Fig. 4B). In addition, DZNep has no change on SUV39H1 promoter
activity. This result consistently implicates that DZNep treatment
regulates the promoter activity of SETDB1 gene.
4. Discussion

DZNep indirectly inhibits cellular methylation by limiting the
available methyl donor groups [21]. The anticancer effect of DZNep
is exerted by inhibiting histone methyltransferases or affecting the
capping of mRNA in mediating under-methylation of mRNAs [22].
In this study, DZNep treatment induced cell death in human lung
cancer cells, although there was a difference on the extent of the
inhibitory effect, depending on cell types. The decreased levels of
H3K27me3 and EZH2 protein were consistent with previous re-
ports of groups, indicating that the depletion of EZH2 is achieved
via proteolytic degradation [5]. In addition, the methylation level
of H3K9me3 was also shown to be reduced by DZNep treatment
in this study. Miranda et al. suggested that DZNep globally inhibits
both repressive and active histone methylation markers on H3K27,
H3K9, H3K20, and H3K4, although they did not show decreased
H3K9me3 in their analysis [8]. Our novel data show that SETDB1
was reduced by DZNep treatment, among H3K9me3 HMTases.
Although we do not have a plausible answer to this discrepancy
with previous other reports, this might be due to the complexity
of DZNep action shown in various human cancer cells types. Inter-
estingly, SETDB1 seems to be regulated at the transcription level by
DZNep, implicating a possible novel function of DZNep, in regulat-
ing the gene expression of some HMTases.

SETDB1 is a KAP-1-associated HMTase in two hybrid screening,
and contributes to the HP1-mediated silencing of euchromatic
genes [20]. SETDB1 also enhances accessibility onto damaged sites
of repair factors during DNA damage double strand break DNA
repair [23]. SETDB1 is up-regulated in immortalized bronchoepi-
thelial cells, and increased levels of SETDB1 result in the transcrip-
tional dysregulation of target genes [24]. Although the exact
mechanism of DZNep is still under investigated in terms of gene
expression regulation, the possibility exists that many factors
may form a repressive complex at the promoter regions of SETDB1
gene. Recently, it is reported that EZH2 produces microRNA to max-
imize oncogenic functions, and requires further HMTase activity
[25]. We can postulate that depletion of EZH2 by DZNep treatment
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induces a down-regulation of SETDB1 at the transcription level by
micro RNA network. It was also reported that DZNep activates a no-
vel transcript that is located further downstream from the pro-
moter containing a CpG island, such as KRT7 [8]. This implicates
that DZNep might be repressed or activated by affecting gene
expression machinery. As in the case of EZH2, SETDB1-mediated
H3K9me3 participates in transcription repression pathways via
chromatin remodeling [26].

There are some evidences that H3K9me3 might be an important
factor in damaged DNA [23]. H3K9me3 is reduced by anticancer
drugs, such as cisplatin or doxorubicin, implicating that
H3K9me3 mediates multidrug resistance and spreading of the
anticancer effect [27,28]. This study showed that DZNep downreg-
ulates H3K9me3 and H3K27me3, which are typical methylation
types shown in repressive chromatin structures. These repressive
marks contribute to heterochromatin formation, and therefore,
are indispensable for fundamental cellular processes, including
gene silencing [29]. A cooperative decreased level of both
H3K9me3 by SETDB1 and H3K27me3 by EZH2 is likely linked to
chromatin relaxation in DZNep treatment conditions and the pro-
motion of cell death.

In conclusion, DZNep targets H3K9 HMTase-SETDB1 gene at the
transcription level, as well as H3K27 HMTase-EZH2 at the post-
translational level. Therefore, DZNep inhibits multiple repressive
chromatin markers to induce cell death.
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