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Paclitaxel (PTX) is a chemotherapeutic drug which induces tubulin stability and regulates expression of
death related genes in human cancer cells. Its anticancer mechanism is well known, however its effects
on chromatin remodeling factors are poorly understood. In this study, we examine if PTX affects expres-
sion of SETDB1 HMTase during cell death. PTX induces cell death via G2/M arrest in human lung cancer
cells. PTX treatment induces the p53 protein, but down-regulates expression of SETDB1 at the transcrip-
tional level as well as the protein level. SETDB1 promoter activity is increased to approximately 30-fold in
normal condition, but the activity is significantly inhibited in the PTX treated group. In addition, p53
transfection inhibits SETDB1 promoter activity. The p53 protein directly binds to proximal region of
the SETDB1 promoter, and H3K9me3 occupancy in this region also increased in the presence of p53.
Immunoprecipitation experiment showed interaction of p53 and SUV39H1, suggesting that association
of p53 and SUV39H1 is responsible for increased H3K9me3 occupancy and transcription repression of
SETDB1. This result demonstrates that PTX down-regulates SETDB1 gene expression in a p53 dependent
manner, and p53 might participate in heterochromatic repression on the promoter regions of SETDB1.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cancer is caused by epigenetic changes as well as genetic alter-
ation in a single cell. Many critical pathways causing cancer have
been studied, and chemotherapeutic drugs targeting these path-
ways are used to cure cancers [1,2]. Although their action mecha-
nisms vary depending on of the drugs, chemotherapeutic drugs
commonly generate extensive DNA fragmentation to induce cell
death in cancer cells. However, considering that DNA is attached
to a variety of histone proteins, decomposition of chromatin struc-
ture is a prerequisite for DNA fragmentation. Thus, a study on reg-
ulation of the chromatin remodeling factors by chemotherapeutic
drugs was needed.

Paclitaxel (PTX) is a chemotherapeutic drug for many common
malignancies. It has been used in the treatment of a number of hu-
man cancers including: ovarian cancer, breast cancer, NSCLC [3–5].
PTX-treated cells have defects in mitotic spindle assembly, and
chromosome segregation, and then enter into cell death [6]. PTX
has been found to induce nuclear translocation of FOXO3 through
phosphorylated-c-Jun NH2-terminal kinase (JNK) in breast cancer
cells [7]. It also affects gene expression of Bcl-2, and Bcl-xL
resulting in the induction of apoptosis by p53-dependent or -inde-
pendent mechanisms [8]. The expression of DEC1 and DEC2,
differentiated embryonic chondrocyte gene, is up-regulated in
PTX-treated MCF-7 cells [9]. Recent proteomic analysis has sug-
gested that in PTX treated cells many contexts of gene expression
are altered [10].

SETDB1 is a histone methyltransferase (HMTase) toward H3
lysine 9 (H3K9), and participates in heterochromatin compaction
during cell differentiation, development, cell death, and carcino-
genesis [11]. It recruits DNMTs, HDACs and KAP-1 to construct
heterochromatin structure [12,13]. Another study has shown that
SETDB1 expression is high in early stages of mouse brain
development, implicating that there is an epigenetic role of
SETDB1 in temporal and tissue-specific gene expression [14].
SETDB1 epigenetically regulates expression of target genes via dic-
tating histone methylation on H3K9 [15]. Methylation of H3K9 is
associated with correct chromosome condensation [16]. Acute
application of cisplatin affects methylation status of H3K9 in
neuroblastoma cells, implicating that H3K9 might be an important
marker for cell death [17]. The repressive marker SETDB1
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contributes to heterochromatin formation, however currently the
expression of SETDB1 by anticancer drugs is poorly understood.

Thus in this study, we examine SETDB1 gene expression and the
molecular mechanism of SETDB1 regulation in PTX treated human
lung cancer cells, We suggest that p53 might participate in hetero-
chromatic repression by interacting with SUV39H1 on the pro-
moter regions of SETDB1 genes.

2. Materials and methods

2.1. Cell cultures, paclitaxel, and antibodies

A549, H460, and H1299 cell lines were obtained from KCB (Kor-
ean Cell bank, Korea), and were cultured in RPMI 1640 containing
10% fetal bovine serum in a humidified incubator at 37 �C. PTX was
purchased from Sigma Aldrich, and was dissolved as 1 mM stock in
DMSO and stored at �20 �C. The antibodies were purchased from
the following companies: SETDB1 (Abcam), SUV39H1 (Upstate),
and b-actin (Sigma–Aldrich).

2.2. FACS analysis

Cells were seeded at 2 � 105 cells on 60 mm dishes, and treated
with 500 nM PTX. Cells were harvested at the indicated times, and
fixed with 70% ethanol. The fixed cells were stained with 50 lg/ml
propidium iodide (Sigma–Aldrich) containing 10 lg/ml RNase
(Invitrogen). DNA content was measured using a FACScan flow
cytometer (Becton Dickinson), and the cell cycles were analyzed
using CellQuest 3.1 DNA analysis software.

2.3. Western blot analysis

Cells were lysed with RIPA buffer [10 mM Tris–HCl (pH8.0),
1 mM EDTA, 140 mM NaCl, 1% Triton X-100, 0.1% deoxylcloate,
0.1% SDS] supplemented with Complete Mini protease inhibitor
cocktail tablets (Roche). Total protein was quantified using the
bicinchoninic acid (BCA) assay. Protein lysates were resolved in
acrylamide gel and were transferred to a PVDF membrane (Milli-
pore). Membranes were blocked with 5% skim milk for 1 h at room
temperature. After washing, the membranes were incubated with
appropriate primary antibodies. The membranes were washed
and then incubated with the appropriate secondary antibodies
for 1 h. The proteins were detected using a protein detection kit
(Animal Genetic).

2.4. RT-PCR

Total RNA was isolated using a TRIZOL kit (Duchefa). Comple-
mentary DNA (cDNA) was synthesized with hexamer from total
RNA. Conventional PCR was performed as described in a previous
study [18]. cDNA was mixed with specific primer sets in 0.2 mM
dNTP, 1 U Taq polymerase, buffer containing 1.5 mM MgCl2 (Enzy-
nomics, Seoul, Korea). The primer sequences were; SETDB1 S1 50-
TTA ACA CAG GCC CTG AAT TTC T-30 SETDB1 AS1 50-TAC CCC
TGT GGG TAG ACA CTC T-30, actin S1 50-GTG GGG CGC CCC AGG
CAC CAG GGC-30, and actin AS1 50-CTC CTT AAT GTC ACG CAC
GAT TTC-30. PCR reactions were carried out in a Perkin Elmer Ther-
mal Cycler 9600 (Applied Biosystems). PCR products were resolved
in 1% agarose gel.

2.5. Transient transfection, and luciferase assay

p53, KAP-1 expression plasmids, and pGL3- SETDB1-Luc repor-
ter plasmids have been described in a previous study [19]. The
promoter construct and plasmids were transfected into H1299
cells using 5 ll lipofectamine 2000 (Invitrogen). The cells were also
co-transfected with the b-gal plasmid to normalize for transfection
efficiency. Total cell lysates were prepared from cells 24 h
post-transfection using 1� Passive Lysis Buffer (Promega), and
were then assessed for firefly luciferase activity. Luminescence
was monitored using a Glomax 96 microplate luminometer
(Promega).
2.6. ChIP assay

The protocol describe in Shang et al. was used [20]. Briefly,
H1299 cells were cross-linked with 1% formaldehyde. Cells were
sonicated in lysis buffer [50 mM Tris–HCl (pH 8.0), 10 mM EDTA,
1% SDS]. The lysate was incubated with the appropriate antibody
overnight, and washed sequentially with a low salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris–HCl, 150 mM NaCl),
high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris–HCl, 500 mM NaCl), Lithium chloride buffer (0.25 M LiCl, 1%
NP-40, 1 mM EDTA, 10 mM Tris–HCl) 0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris–HCl, 150 mM NaCl). The beads were
eluted with 1% SDS, 0.1 M NaHCO3 at 65 �C. A DNA extract was
then used for PCR amplification. The primers used for PCR amplifi-
cation of SETDB1 gene promoter were: p400SETDB1-S1; 50-GCT
GAG AAC GGA AAA CAA TC-30, p400SETDB1-AS1; 50-TGT GGA
CAT TAC CTG AAG CC-30, dis250 nSETDB1-S1; 50-ACA CCA TGT
TCA CGG ATC AG-30, and dis250nSETDB1-S1; 50-ACT GTC TTG
ATT ACT GTA GC-30.
2.7. Immunopreciptation

H1299 cells were transfected with a combination of indicated
plasmids for 48 h and lysed with an RIPA buffer. For immunopre-
cipitation assays, 500 lg cell lysates were incubated with 2 ll
appropriate antibody in 500 ll RIPA buffer for 3 h at 4 �C. Follow-
ing the addition of 30 ll protein A/Gagarose beads, the reaction
was incubated overnight at 4 �C while being rotated. The beads
were washed four times in a RIPA buffer and then resuspended
in a 20 ll SDS sample buffer, and then boiled for 5 min. The sam-
ples were then analyzed by Western blotting.
3. Results

3.1. PTX down-regulates SETDB1 during cell death via G2/M arrest

First, we checked whether PTX treatment induces G2/M arrest
in human lung cancer cells. We treated A549 lung cancer cells with
500 nM PTX and performed FACS analysis. We confirmed that PTX
treatment manifests G2/M arrest at 6 h, and induces cell death at
24 h (Fig. 1A). To examine expression of the SETDB1 by PTX, we
treated A549 and H460 cells for 12 h with different concentrations
of PTX namely 5, 50, and 500 nM. We found that SETDB1 protein
level was down-regulated after PTX treatment (Fig. 1B). We ob-
tained consistent results on the down-regulation of SETDB1 pro-
tein in a time dependent Western blot of the PTX treatment. PTX
treatment also induced p53 expression at the molecular level, con-
sistent with previous studies [21]. We then performed RT-PCR
analysis to investigate if SETDB1 can be regulated at the transcrip-
tional level. For this we treated A549 and H460 cells with various
concentrations of PTX for 24 h, and found decreased SETDB1 RNA
expression (Fig. 1C). This result implies that PTX down-regulates
SETDB1 gene expression during cell death via G2/M arrest in hu-
man lung cancer cells.



Fig. 1. FACS analysis and SETDB1 gene expression by PTX treatment in human lung cancer cells. (A) A549 cells were treated with PTX (500 nM) in time dependent manners.
The cells were arrested into G2/M phase at 6 h, and finally went into cell death. (B) PTX was treated in dose or time dependent manners in A549 and H460 cells. Protein
lysates were extracted, and subjected to Western blot. (C) RT-PCR analysis was performed in the PTX treated cells. Expression of SETDB1 was down-regulated at the
transcriptional level.
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3.2. PTX and p53 inhibit promoter activity of SETDB1

It is increasingly looking likely that PTX could regulate SETDB1
gene expression, so we performed promoter assay using pGL3-SET-
DB1-Luc. After pGL3-SETDB1-Luc was transfected into the A549
cells, we treated them with 500 nM PTX for 24 h, and performed
a luciferase assay. SETDB1 promoter activity increased by approx-
imately 30-fold compared to untreated cells, but the increased
Fig. 2. Inhibition of SETDB1 promoter activity by PTX and p53. (A) The A549 cells were tr
another 24 h. Cells were harvested and lyzed with luciferase assay buffer. SETDB1 prom
treatment significantly inhibits the SETDB1 promoter activity. (B) Luciferase assay was p
the presence of p53. KAP-1, heterochromatin binding protein, also affected on SETDB1 pro
Western blot analysis. The presence of p53 is correlated with the decreased SETDB1 exp
activity was significantly inhibited in the PTX treated group
(Fig. 2A). When we analyzed the SETDB1 promoter with the
TFSEARCH bioinformatics program (http://www.cbrc.jp/research/
db/TFSEARCH.html), we focused on putative p53 binding sites in
these regions. The p53 binding sites are mainly located in the prox-
imal regions of the transcription start site (TSS), but found up to
the 1500 kb upstream region. We therefore hypothesized that SET-
DB1 gene could be regulated by p53 that was induced by PTX. To
ansfected with pGL3-basic-luc or pGL3-SETDB1-luc for 24 h, and PTX was treated for
oter activity was increased 30-fold compared to pGL3-basic vector. However, PTX

erformed with p53 plasmid transfection. SETDB1 promoter activity was inhibited in
moter activity, but not much as p53. (C) We transfected p53 plasmid and performed
ression.
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examine whether p53 directly regulates SETDB1 promoter activity,
we performed promoter assay using a plasmid containing human
p53 cDNA in p53-null H1299 human lung cancer cells. SETDB1 pro-
moter activity was severely inhibited by p53 transfection, as in the
PTX treatment (Fig. 2B). KAP-1, heterochromatin binding protein,
also inhibited SETDB1 promoter activity, but not much as p53.
Western blot analysis showed that the presence of p53 is corre-
lated with decreased SETDB1 expression, implicating that SETDB1
gene expression could be directly regulated by the p53 protein
(Fig. 2C).
3.3. p53 Binds to SETDB1 promoter region and induces H3K9me3
occupancy

Next, we investigated if p53 binds to promoter regions of SET-
DB1. We prepared primer set for proximal region which contains
putative p53 binding sites, and also prepared primer set for distal
region that does not contain p53 binding sites (Fig. 3A). We trans-
fected p53 plasmid and confirmed p53 expression in p53-null
H1299 cells (Fig. 3B). ChIP analysis was performed to examine
p53 binding on the SETDB1 promoter region. We found that p53
protein binds to proximal region of the SETDB1 promoter, but
not to distal regions; this is consistent evidence on direct transcrip-
tional regulation of SETDB1 by p53 (Fig. 3C). We also examined his-
tone methylation status in this region using a histone methylation
antibody. Interestingly, H3K9me3 occupancy increased with the
presence of p53, whereas H3K4me3 decreased in the same condi-
tions. This means that p53 can bind to promoter regions of SETDB1,
and also changes the H3K9me3 status in this region.
3.4. p53 Interacts with SUV39H1

Therefore, one of H3K9me3-HMTases might be responsible for
increased H3K9me3 occupancy at the SETDB1 promoter region,
and might associate with p53 protein for SETDB1 expression. We
are to examine the interaction between p53 and SUV39H1 or SET-
DB1 [11,22]. We performed transfection experiment using both
p53 and SUV39H1 plasmids into H1299 cells, and checked exoge-
nous expression of two proteins using Western blot (Fig. 4A).
When we performed an IP-WB experiment with total lysates, we
easily detected interaction of p53 and SUV39H1. We also examined
possible interaction between p53 transfection and endogenous
SETDB1. However, we found no interaction between p53 and SET-
DB1 (Fig. 4B). This result implicates that p53 interacts with
SUV39H1, and then the increased H3K9me3 caused by SUV39H1
influences transcription repression of SETDB1.
Fig. 3. Binding of p53 on SETDB1 promoter region and induced H3K9me3 occupancy. (A
p53 plasmid was transfected into H1299 cells and checked by Western blot. (C) After ChIP
not in the distal regions. ChIP analysis using histone methylation antibodies was also ex
p53.
4. Discussion

Our previous study showed that DZNep, inhibitor of S-adenosyl-
homocysteine (AdoHcy) hydrolase, regulates SETDB1 gene expres-
sion [19]. For that reason, we have examined if SETDB1 might be
one of the important target HMTases for several anticancer drugs.
Our present study demonstrates that PTX down-regulates the
expression of SETDB1. We suggest that PTX-induced p53 protein
could be responsible for SETDB1 gene expression at the transcrip-
tional level. Moreover, we found that p53 directly binds to the
proximal region of SETDB1 promoter, and also influences the
amount of H3K9me3 occupancy in this region. The interaction of
p53 and SUV39H1 might act on the promoter region of SETDB1.
These results suggest that PTX-induced p53 epigenetically re-
presses SETDB1 gene expression by forming a repressive complex
with SUV39H1.

Previous studies have shown that PTX treatment induces p53 in
many cancer cells, which triggers cell cycle arrest and/or apoptosis
[21]; and p53 induces p21, Bax and MDM2 at the transcription le-
vel, whereas p53 can decrease Bcl-2 expression to maximize anti-
cancer effects [24]. Diverse mechanisms have been proposed for
p53 mediated activation or repression of the target gene expres-
sion [25]. One proposes that p53 is capable of transactivation
and transrepression in a binding sequence specific manner [26].
SETDB1 contains several putative p53 binding sites in its promoter
region and we confirmed that p53 directly binds to proximal re-
gion of SETDB1 promoter. However, it is hard to explain why there
are differences in p53 binding specificity between transactivation
and transrepression. Instead, p53 transcription could be deter-
mined by the binding of other activators or repressors, other types
of cellular stress, or the interaction with cell-type specific trans-
acting factors. Our study suggests that p53 interacts with
SUV39H1, and the increased H3K9me3 resulting from SUV39H1
influences transcription repression of SETDB1. There is a plausible
possibility that SETDB1 gene expression could be regulated by
Sin3B/HDAC1 complex, because p53 and SUV39H1 interact with
HDAC1 [23]. Although we only explain regulation of SETDB1 by
p53 in this study, there are many signaling pathways for SETDB1
gene expression depending on transcription factors, cells or tissue
types.

There have been reports that the SETDB1 gene is amplified in
many types of cancers including lung carcinoma and melanoma,
as well as many primary tumors [27,28]. Therefore, SETDB1 could
be oncogenic, but at the same time has potential as a new thera-
peutic target protein. There are several published papers on regu-
lation of HMTases by anticancer drugs. DZNep targets stability of
the EZH2 protein, the HMTase component in PRC2 complex, and
) Primer sets for ChIP analysis were selected at the proximal and distal regions. (B)
analysis using p53 antibody, p53 binding was detected in the proximal regions, but

amined. H3K4me3 was disappeared and H3K9me3 was appeared in the presence of



Fig. 4. Interaction of p53 and SUV39H1. (A) pCDNA-p53 and pCMV-SUV39H1 were transfected into H1299 cells and subjected to IP-WB experiment. p53 Protein was
detected in IP with SUV39H1 antibody, and SUV39H1 protein was reversely detected after IP using p53 antibody. (B) Interaction between p53 and SETDB1 was examined in
p53 transfection. SETDB1 was not detected in immunoprecipitation using the p53 antibody.
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it reduces the amount of H3K27me3 [29]. A recent paper showed
that doxorubin, anthracycline antibiotic, down-regulates SUV39H1
expression via p53 dependent pathway [30]. SUV39H1 silencing
decreased H3K9me3 levels on promoters of target genes and en-
hanced the p53 apoptotic response. This implicates that HMTases
are common targets for anticancer drugs. Interestingly, anticancer
drugs that targeted HMTases are correlated with heterochromatin
markers such as H3K9me3 or H3K27me3. This means that down-
regulation of HMTases, including SETDB1, can result in a change
of the chromatin structure, and could facilitate the access of pro-
tein complex inducing DNA fragmentation. Therefore, a novel
mechanism for anticancer drugs could target heterochromatin re-
lated HMTases to enable DNA fragmentation. We believe that
decomposition of chromatin structure needs to occur before DNA
fragmentation can happen. Cell death related genes could be in-
duced during down-regulation of SETDB1, and these genes could
be regulated by histone methylation in the nucleosome residing
in their promoter regions. This would indicate the probability that
a part of PTX-induced genes is negatively regulated by SETDB1
expression.

In conclusion, our studies demonstrate that SETDB1 gene
expression is dictated by p53 dependent repressor complex on
its promoter region. It is also worth noting that this is the first re-
port indicating that SETDB1 gene expression is regulated by p53
tumor suppressor.
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