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DNA methylation in the promoter of certain genes is associated with transcriptional silencing. Methylation
affects gene expression directly by interfering with transcription factor binding and/or indirectly by recruiting
histone deacetylases through methyl-DNA-binding proteins. In this study, we demonstrate that the human lung
cancer cell line H719 lacks p53-dependent and -independent p21<”7” expression. p53 response to treatment with
gamma irradiation or etoposide is lost due to a mutation at codon 242 of p53 (C—W). Treatment with
depsipeptide, an inhibitor of histone deacetylase, was unable to induce p53-independent p21“?’ expression
because the promoter of p21°”77 in these cells is hypermethylated. By analyzing luciferase activity of transfected
p21°P" promoter vectors, we demonstrate that depsipeptide functions on Sp1-binding sites to induce p21<7’
expression. We hypothesize that hypermethylation may interfere with Sp1/Sp3 binding. By using an electro-
phoretic mobility shift assay, we show that, although methylation within the consensus Sp1-binding site did not
reduce Sp1/Sp3 binding, methylation outside of the consensus Spl element induced a significant decrease in
Sp1/Sp3 binding. Depsipeptide induced p21“?’ expression was reconstituted when cells were pretreated with
5-aza-2'-deoxycytidine. Our data suggest, for the first time, that hypermethylation around the consensus
Spl-binding sites may directly reduce Sp1/Sp3 binding, therefore leading to a reduced p21°”’ expression in

response to depsipeptide treatment.

Although a strong correlation between promoter methyl-
ation and gene silencing has been extensively demonstrated (5,
24, 35), the molecular mechanisms of this methylation-modu-
lated gene inactivation remains unclear. Two hypotheses have
been proposed to explain transcriptional inactivation from pro-
moter methylation. One of them is based on the finding that
methyl-CpG-binding proteins (MBPs), such as MeCP2, specif-
ically bind to symmetrically methylated DNA through a meth-
yl-CpG-binding domain (11, 41). MBPs then recruit transcrip-
tional repressors such as Sin3, NuRD, and histone deacetylases
(HDAGCG:) through its transcriptional-repression domain (25,
32, 54). Since Sin3 and HDACs are known transcriptional
repressors (2, 50), methylated DNA may repress gene expres-
sion indirectly through MeCP2 and other MBPs. In addition,
deacetylation of histones results in a net increase in positively
charged lysines and arginines at the N-terminal tail of the
histones (18, 21), thus inducing a tighter noncovalent linkage
between the positively charged histones and the negatively
charged DNA (3, 47). Consequently, transcription factors have
difficulty accessing their DNA-binding sites (4, 29, 47), with a
reduction or silencing of gene transcription. This hypothesis,
based on the interaction between DNA methylation and his-
tone acetylation status, has been extensively supported by ac-
cumulated experimental evidence (7, 16, 37, 40). For example,

* Corresponding author. Mailing address: Division of Hematology
and Oncology, Department of Internal Medicine, The Ohio State
University, Room B415, Starling Loving Hall, 320 West 10th Ave.,
Columbus, OH 43210-1240. Phone: (614) 293-6786. Fax: (614) 293-
7529. E-mail: otterson-1@medctr.osu.edu.

trichostatin A (TSA), an inhibitor of HDAC, induces a robust
reexpression of silenced genes when used with minimal doses
of the demethylating agent, 5-aza-2'-deoxycytidine (5-aza-
CdR), although TSA or 5-aza-CdR alone do not lead to gene
reexpression (7). Our previous data also show a link between
histone acetylation status and DNA methylation, such that
5-aza-CdR significantly enhances acetylation of histones H3
and H4 induced by a HDAC inhibitor, depsipeptide. Related
to this, depsipeptide-induced apoptosis is dramatically in-
creased in cells pretreated with 5-aza-CdR (56). In addition,
pI9"™NEP expression is greatly enhanced when human lung
cancer cells are treated with depsipeptide and 5-aza-CdR to-
gether compared to treatment with each agent alone (55).
These studies support the notion that methylation and histone
acetylation work cooperatively to influence gene expression
and other biological processes.

Another explanation for methylation-induced gene repres-
sion emphasizes a direct influence of methylation on the bind-
ing of transcription factors (6, 38, 49). Since many mammalian
transcription factors have CG-rich binding sites in their DNA
recognition element, methylation occurring at the CG of the
specific binding element may sterically interfere with binding
of transcription factors to DNA, thus inhibiting transcription
(5). For instance, a Hpall site (CCGG) is located in an element
to which the transcription factor AP-2 binds. Methylation at
this Hpall site (CC™GG) within the AP-2-binding site inhibits
AP-2 binding and suppresses AP-2-regulated gene transcrip-
tion in C6-glioma and CV-1 cells (10). This direct effect of
methylation on binding of transcription factors is also observed
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in other genes including cyclic AMP (cAMP)/cAMP-respon-
sive element (CRE, TGACGTCA) (23) and the retinoblas-
toma binding factor 1 recognition sequence (AGCTGCCGC
GGGCGGAAGT) (33). However, reports regarding the effect
of methylation at the Spl-binding site on Spl binding are
conflicting. Several researchers have shown that methylation at
Spl-binding sites has no influence on Spl binding and gene
expression (20, 33). In contrast, others have reported that
methylated CpG dinucleotides variably interfere with Spl
binding by 50 to 95% depending on the configuration of meth-
ylated cytosines within the consensus Sp1-binding element (9,
28). Together, which mechanism is predominant in the meth-
ylation-induced gene repression may be dependent on cell
type, transcription factor, or received stimuli.

The present study focuses on whether methylation influ-
ences p21<’?! expression in human lung cancer cell lines in
response to p53-dependent and -independent stimuli. p21<7*
was selected as the target gene since it plays an important role
in controlling the cell cycle (42) and has previously been shown
to be induced by depsipeptide treatment (36). In addition,
since p21<** is rarely mutated or deleted in tumors and cancer
cell lines (17, 44), it is an ideal candidate for studying the role
of methylation in gene expression in cancer cells. Results from
the present study show a causal relation between methylation
of the p21’ promoter and p21“7 silencing in some cell lines
of human lung cancer. We also demonstrate that methylation
at CG sites outside of the consensus Spl-binding site may
directly reduce the ability of Sp1/Sp3 to bind its DNA recog-
nition element.

MATERIALS AND METHODS

Cell culture and chemical treatments. The human lung cancer cell lines H23,
H69, H82, H125, H211, H290, H360, H513, H719, H792, H841, H1781, H1299,
H1977, H2052, and A549 (obtained from the American Type Culture Collection)
were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum
and penicillin-streptomycin in an incubator (37°C, 5% CO,). Cells were plated
onto 100-cm? dishes 18 to 24 h prior to experiments. 5-Aza-CdR was freshly
added into cells every 24 h as described previously (12). Depsipeptide (kindly
provided by Kenneth Chan, School of Pharmacy, The Ohio State University) was
added to cells for 6 h at various concentrations. Sodium butyrate (Sigma, St.
Louis, Mo.) was added to cells at 5 mM for 24 h.

Irradiation treatment. Fresh medium was added to cells 1 h prior to irradia-
tion. Cells were then gamma irradiated at 1.02 Gy/min. Plates containing cells
were kept on ice for the entire irradiation period. The irradiated cells were then
incubated at 37°C in 5% CO, until harvest.

Flow cytometry assay. After various treatments, cells were trypsinized and
washed with cold phosphate-buffered saline (PBS) once. Cells were then fixed
with 70% ethanol and stored at —20°C overnight. Propidium iodide (10 pg/ml;
Sigma) was added to cells for staining. A Becton-Coulter (Miami, Fla.) Elite flow
cytometer was used to analyze cellular DNA content.

Immunoblotting. Protein expression was detected by Western immunoblotting
as previously described with minor modifications (55, 56). Briefly, cells were
harvested with a scraper and then washed with cold PBS once. Cells were then
lysed in lysis buffer (50 mM Tris-HCI, 250 mM NaCl, 5 mM EDTA, 50 mM NaF,
0.15% Igepal CA-630, 1.5 mM phenylmethylsulfonyl fluoride [PMSF]). Equal
amounts of proteins (100 to 150 ng) were size fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 9 to 15% polyacryl-
amide gels. Proteins were then transferred onto a nitrocellulose membrane.
Nonspecific protein binding to the membrane was blocked with blocking buffer
(5% nonfat milk, 200 mM NaCl, 50 mM Tris, 0.05% Tween 20). The blocked
membrane was then incubated with primary antibodies at 4°C overnight with
rocking. After the membrane was washed six times with TBS-T (20 mM Tris, 500
mM NaCl, 0.1% Tween 20) for 5 min each time, the membrane was incubated
with secondary antibody at 4°C for 1 h. The detection of specific protein binding
was performed with a chemilumenescence kit (Amersham Pharmacia Biotech,
Uppsala, Sweden). The antibodies and concentrations used were 1 pg of anti-
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p21€P! (Santa Cruz Biotechnology, Santa Cruz, Calif.)/ml, 0.5 g of anti-p53
(DO-1 [Oncogene Research Products])/ml, and 0.3 pg of a-tubulin (Oncogene
Research Products)/ml.

Northern blotting. Total RNA was extracted with TRIzol reagent (Gibco-
BRL, Gaithersburg, Md.). Full-length p271<*’ ¢cDNA was cut from pGEX-p21 (a
kind gift of Yue Xiong, University of North Carolina) and labeled as a probe.
Northern blot analysis was performed by using standard procedures. Briefly, 20
ng of total RNA was size separated by using an agarose-formaldehyde gel (1%)
and transferred to nylon membrane (Hybond-N; Amersham). Hybridization with
random-primed 3?P-labeled probes was performed at 42°C overnight. Filters
were washed twice for 5 min each time with 2X SSC (1X SSC s 0.15 M NaCl plus
0.015 M sodium citrate)-0.1% SDS at room temperature, twice for 5 min each
time with 0.2 SSC-0.1% SDS at room temperature, and finally twice for 15 min
each time at 42°C in 0.1 SSC-0.1% SDS and twice for 15 min each time at 68°C.
The washed membrane was exposed to X-ray film at —80°C for 4 to 7 days or
scanned with a phosphorimager.

Methylation-specific PCR and methylation detection. DNA was extracted and
then treated with bisulfite as previously described with minor modifications (19).
Briefly, genomic DNA (1 pg) in a volume of 50 ul was denatured by NaOH (final
concentration, 0.275 M) for 10 min at 42°C. The denatured DNA was then
treated with 10 pl of 10 mM hydroquinone and 520 pl of 3 M sodium bisulfite at
50°C overnight. The bisulfite-modified DNA was purified with a Qiaquick gel
extraction kit (Qiagen) according to the manufacturer’s instruction. The DNA
was then precipitated with sodium acetate (final concentration, 0.45 M) and
isopropanol. DNA was eluted with distilled H,O and used for PCR. The primers
and PCR conditions for p21<?! were follows: forward primer, 5'-GGG AGG
AGG GAA GTG TTT TT-]3'; and reverse primer, 5'-ACA ACT ACT CAC
ACC TCA ACT-3'. The conditions were as follows: 95°C for 10 min; 35 cycles of
96°C for 30 s, 52°C for 20 s, and 72°C for 20 s; and then 72°C for 7 min at the end.
The PCR products were purified with a purification kit (Qiaquick Spin) and then
incubated with Hhal at 37°C for 2 h or with TagI at 65°C for 2 h. Digested DNA
was then size fractionated via PAGE to detect the methylation status (52).

Bisulfite sequencing. DNA was treated with bisulfite and purified for PCR as
described above. The PCR products were gel extracted (Qiagen) and ligated into
a plasmid vector, pCR2.1-TOPO, by using the TA cloning system (Invitrogen,
Carlsbad, Calif.). Plasmid-transformed bacteria TOP10 F’ was cultured over-
night, and the plasmid DNA was isolated (Qiagen). At least 20 separate clones
were chosen for sequence analysis.

Detection of p53 mutation. The detection of p53 mutation was performed by
reverse transcription-PCR (RT-PCR) and sequencing analysis. The primers were
5'-GAC ACT TTG CGT TCG GGC T-3' (forward primer) and 5'-CGG GAC
AAA GCA AAT GGA AGT-3' (reverse primer). PCR conditions were as
follows: 95°C for 2 min and 28 cycles of 95°C for 30 s, 58°C for 105 s, 72°C for
105 s, and 72°C for 4 min. The PCR product was gel purified and then sequenced.

Transient transfection and measurement of relative luciferase activity. The
vectors used for transfection experiments included pWWP-Luc, pWP101, pWP-
del-Smal, and three mutated Spl vectors: pWP101mtSp1-3, pWP101mtSp1-4,
and pWP101mtSp1-5,6. The human wild-type p21<"?? promoter luciferase fusion
plasmid, pWWP-Luc, was made from a 2.4-kb genomic fragment of p21<¥’
promoter containing the transcriptional start site subcloned into the luciferase
reporter vector, pGL3Basic. pWP101 contains four Spl sites termed Spl-3,
Spl-4, and Sp1-5,6 that are located between —101 and —61 of the p21<’
promoter relative to the transcriptional start site and removed ca. 1,100 bp from
the 5" end of the p21<?? promoter. pWPdel-Smal contains only Sp1-5,6 binding
sites. These vectors, including pWP101mtSp1-3 (mutated at the Sp1-3 site com-
pared to pWP101), pWP101mtSp1-4 (mutated at the Sp1-4 site compared to
pWP101), and pWP101mtSp1-5,6 (mutated at the Sp1-5,6 sites compared to
pWP101), were kindly provided by T. Sakai (Department of Preventive Medi-
cine, Kyoto Prefectural University of Medicine, Kyoto, Japan). H719 cells trans-
fected with the indicated p21<%#!-luciferase vectors were treated with 0.05 wM
depsipeptide for 6 h or 5 mM sodium butyrate for 24 h and then harvested to
analyze the luciferase activity. The luciferase activity was normalized for the
amount of protein in cell lysate. All of the luciferase experiments were carried
out at least twice in triplicate.

Extraction of nuclear proteins. Nuclear protein was extracted as described
previously with modifications (13). Briefly, 10" H719 cells were scraped into a
1.5-ml tube and centrifuged at room temperature for 5 min at 1,000 rpm. The cell
pellet was washed with 1 to 2 ml of cold PBS and then centrifuged at 1,500 rpm
for 20 to 30 s at 4°C. The resulting pellet was incubated in buffer A (10 mM
HEPES [pH 7.9], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol [DTT], 0.5
mM PMSF; protease inhibitor cocktail [Roche Diagnostics, Mannheim, Germa-
ny]) and then incubated on ice for 15 min. The cells were centrifuged at 1,500
rpm for 5 min at 4°C, and the resulting pellet was resuspended in buffer A and
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homogenized with a glass homogenizer (Kontes Glass Co., Vineland, N.J.).
Checked under microscope with trypan blue, >90% free nuclei were confirmed.
After centrifugation at 1,000 rpm at 4°C, the supernatant was discarded, and the
pellet was suspended in 1/2 volume of buffer B (20 mM HEPES, 0.2 mM EDTA,
1.5 mM MgCl,, 0.02 M KCl, 25% glycerol, 0.5 mM DTT, 0.5 mM PMSF;
protease inhibitors). The suspension was then gently resuspended in 1/2 volume
of buffer C (20 mM HEPES, 0.2 mM EDTA, 1.5 mM MgCl,, 1.2 M KCl, 25%
glycerol, 0.5 mM DTT, 0.5 mM PMSF; protease inhibitors), incubated at 4°C for
30 min with rotation, and then centrifuged at 4°C at 14,000 rpm for 30 min. The
nuclear protein was then dialyzed three times against dialysis buffer (20 mM
HEPES, 0.2 mM EDTA, 0.1 M KCl, 20% glycerol, 0.5 mM DTT, 0.5 mM PMSF;
protease inhibitors) for 2 h each time. Finally, the concentration of nuclear
protein was determined and saved at —80°C for experiments.

EMSA. Electrophoretic mobility shift assay (EMSA) experiments were per-
formed as described previously with minor modifications (22). Oligonucleotides
and methylated oligonucleotides were purchased from Qiagen Operon Technol-
ogies, Inc. (Alameda, Calif.). These included the wild-type consensus Spl-3
element of p21<?! promoter (CGA GCG CGG GTC CCG CCT CCT), meth-
ylated Spl-3 element (CGA GCG CGG GTC CC™G CCT CCT), and two
mutated Sp1-3 elements (AGC GCG GGT CTIT GCC TCC TTG and CGA
GCG CGG GTC TCT CCT CCT). The consensus Sp1-3-binding site is under-
lined, and the mutated nucleotides are in boldface. Two pairs of methylated
oligonucleotides, in which the methylated cytosines are not located within the
consensus Sp-1-binding site, were also designed for the EMSA experiments. The
first of these pairs includes C"GA GCG CGG GTC CCG CCT CCT and C"GA
GC™G C™GG GTC CCG CCT CCT. In addition, another pair of oligonucleo-
tides, in which methylated cytosines are located both in and outside of the
consensus binding site (C"GA GC™G C™GG GTC CC™G CCT CCT), was used
in the experiments. All listed oligonucleotides included antiparallel partner oli-
gonucleotides. In the case of the methylated oligonucleotides, the antisense
oligonucleotides pair was methylated at the corresponding cytosine as the sense
strand. These oligonucleotides were end labeled with [y-*?P]JATP (3,000 mCi/
mmol; NEN Life Science Products) after pair annealing as the EMSA probes.
Then, 10 pg of nuclear proteins in 20 ul of reaction solution [4% Ficoll [wt/vol],
25 mM HEPES, 1 mM EDTA, 0.5 mM DTT, 50 mM KCI, 0.375 mg of bovine
serum albumin/ml, 0.15 pg of poly(dI-dC)/ml)] were incubated on ice for 30 min,
followed by the addition of 250,000 cpm of probe for another 30 min at 4°C. For
supershift experiments, Sp1 or Sp3 antibodies (Santa Cruz) were added into the
reaction solution 30 min prior to the addition of the probes. The DNA-protein
complex was then size fractionated by using a 5% polyacrylamide gel and sub-
jected to autoradiography.

RESULTS

p21€7" expression in H719 cells is suppressed after both
p53-dependent and -independent stimuli. To investigate
p21<P! expression in human lung cancer cell lines, A549 (wild-
type p53), H1299 (p53 null), and H719 (p53 status unknown)
were used in the present study. Cells were gamma irradiated at
8 Gy or treated with 50 pg of etoposide (VP-16)/ml for 24 h
and then harvested to determine p21<’ expression 24 h after
treatment. As shown in Fig. 1A, increased p21< expression
upon treatment with gamma irradiation or VP-16 was observed
only in A549 cells and not in H1299 and H719 cells. The
p21°P! expression upon gamma irradiation or VP-16 treat-
ments in A549 cells was correlated with wild-type pS3 increase
(Fig. 1B). Since there is no endogenous p53 in H1299 cells, a
lack of p21<** expression was expected (Fig. 1A). Expression
of p53, however, was not changed in H719 cells after treatment
with either VP-16 or gamma irradiation, implying that H719
cells lack DNA damage-induced p53 response (Fig. 1B). Since
depsipeptide induces a p53-independent increase in p21<%*
expression (36), we further investigated p53-independent
p21<"! expression by treating cells with depsipeptide (0.0125
to 0.2 uM) for 6 h. Depsipeptide induced a dose-dependent
p21°P! expression in A549 cells and H1299 cells but not in
H719 cells (Fig. 2A, C, and D). Depsipeptide-induced p21<7*
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FIG. 1. Expression of p21“?’ and p53 in human lung cancer cells in
response to gamma irradiation or etoposide treatment. Cells were
exposed to gamma irradiation (8 Gy) or VP-16 treatment (50 pg/ml for
24 h) and then incubated at 37°C for 24 h. Protein was harvested, and
Western immunoblot was performed to detect the expression of
p21<%* (A) and p53 (B).

expression in H719 cells was observed only after high doses
(Fig. 2D). One of the potential causes of the low-level p21<7’
expression seen in H719 cells after treatment with 0.2 uM
depsipeptide is heterogeneity of promoter methylation (see
below). By analyzing cell cycle changes in gamma irradiation-
or depsipeptide-treated cells, a p21<*’-modulated G, or G,
arrest was observed in A549 or H1299 cells but not in H719
cells (data not shown). These data showed that p21%?’ expres-
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FIG. 2. Expression of p21“’ and p53 in human lung cancer cells
after depsipeptide treatment. Cells were treated with depsipeptide
(0.0125 to 0.2 uM for 6 h), washed with cold PBS, and incubated at
37°C for 24 h. Protein was harvested, and Western immunoblot anal-
ysis was performed to detect the expression of p21#7 (A, C, and D) or
p53 (B and E) in response to depsipeptide treatment. H1299 cells have
no endogenous p53.
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FIG. 3. Methylation status of p21“?’ promoter in human lung cancer cells. (A) Schematic diagram of the p21“*’ promoter. The CpG island
of p21°** promoter (positions —313 to +552 relative to the transcription start site; National Center for Biotechnology Information [NCBI] no.
U24170) was determined by computer program (WebGene [http://www.itba.mi.cnr.it/webgene/]). Primers were designed to amplify a fragment
spanning positions —233 to +2 (235 bp, black box). Within this fragment there is one Tagl recognition site (TCGA, presented as T in the figure)
and two Hhal recognition sites (GCGC, presented as H in the figure). (B and C) DNA from 16 human lung cancer cell lines and normal human
blood cells was treated with bisulfite and then PCR amplified. The PCR products were purified and digested with the CG-containing enzymes Hhal
(B) or Tagl (C). Digested samples were size separated by 8% PAGE. DNA not treated with bisulfite served as a negative control. DNA treated
with Sss methylase was the positive control. Digested fragments correspond to methylated DNA.

sion in H719 cells is suppressed after both p53-dependent and
pS3-independent stimuli.

CpG island of p21°”’ promoter of H719 cells is hyperm-
ethylated. Since p21<%* expression in H719 cells is very low at
baseline (Fig. 1 to 2) and no detectable increase in p21<%#*
expression was observed after DNA-damaging treatments or
low-dose depsipeptide (Fig. 1 and 2), we considered two pos-
sibilities: (i) p53 is mutated and/or (ii) the p21“?’ promoter is
mutated or methylated in this cell line. To test these possibil-
ities, total RNA from asynchronously growing H719 cells was
extracted, and RT-PCR and sequencing of the p53 cDNA were
performed. We found a missense mutation at codon 242 of the
p53 gene, in which a cysteine is changed to a tryptophan (TGC
to TGG; data not shown). This result is consistent with the lack
of p53-dependent p21<?’ response after H719 cells were
treated with gamma irradiation or VP-16 (Fig. 1A). We also
subjected the p21<%#* promoter to sequence analysis and found
no mutations or deletions (data not shown).

Subsequently, to determine the methylation status of the
P21’ promoter in human lung cancer cell lines, primers were
designed to amplify a fragment within the CpG island of the
p21<"7! promoter (Fig. 3A). DNA from 16 human lung cancer
cell lines, including H719, A549, and H1299, was treated with
bisulfite, and then PCR was performed with oligonucleotide
primers that flanked two Hhal sites and one Tagql site. The

PCR products were purified and then incubated with the en-
zymes Hhal or Tagl. In this assay, bisulfite modification results
in a change from C to T when the C is unmethylated in the
context of a CG dinucleotide; however, when the cytosine is
methylated, bisulfite modification leaves the methylated cyto-
sine intact. Therefore, after bisulfite modification and PCR
amplification, methylated CG dinucleotides will be intact, and
restriction digestion with a CG containing restriction endonu-
clease can occur. In contrast, unmethylated CG dinucleotides
are altered to TG, and CG-containing restriction enzymes,
such as Taql or Hhal, are unable to digest the fragment. Hu-
man lung cancer cell lines H719 and H841 showed a methyl-
ated pattern in the CpG island when cut with both enzymes,
i.e., Hhal (GCGC) (Fig. 3B) and Tagl (TCGA) (Fig. 3C),
whereas H69 and H871 showed a methylated pattern only
when cut with Tagl (TCGA) (Fig. 3C). In addition, a slight
band upon 7agql incubation was observed in the DNA from
normal human blood and H82, H290, H513, H1299, and
H1977 cells (Fig. 3C), indicating that a small part of DNA from
these cell lines is methylated at the TaglI site.

To further identify the methylation pattern within the CpG
island of the p21<7* promoter in H719 cells, PCR products
were subcloned into the vector pCR2.1, and 20 separate sub-
clones were sequenced. By analyzing the sequence of the hu-
man p21“?’ promoter, we noted that there are six Sp1-binding
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FIG. 4. Bisulfite sequencing of CpG island in the p21“?’ promoter (A) The CpG island of p21“?’ promoter (NCBI no. U24170) was analyzed.
This sequence spans 250 bp between positions —233 to +17 relative to the transcription start site, including 24 CGs upstream of the transcriptional
start site. There are six CG-containing Sp1-binding sites within this sequence that are indicated as underlined and emboldened, corresponding to
the 9th, 11th, 17th, 18th, 20th, and 21st CGs within this island. (B) DNA from H719 cells was treated with bisulfite, and the p21<*! promoter was
PCR amplified. The PCR product was ligated into pCR2.1-TOPO by using the TA cloning system. Twenty subclones were picked and sequenced.

Symbols: O, unmethylated cytosines; @, methylated cytosines.

sites in the tested CpG island (Fig. 4A). Figure 4B shows the
methylation status for all CGs in the tested CpG island (24
CGs) between the —233 to +1 positions relative to the tran-
scriptional start site of p21<%# promoter. Overall, 40% of CGs
were methylated in this fragment (20 clones, 192 of 480 of CGs
were methylated) (Fig. 4B). About 44% of CGs of Sp1-binding
sites and their boundaries are methylated (from the 9th CG to
the 21st CG) (Fig. 4B). The highest proportion of methylated
CGs (53%) was found in the region from the 14th to the 24th
CG that spans the 3rd to 6th Spl-binding sites (Fig. 4B). No
methylated CGs in A549 cells and very few methylated CGs (<
1%) in H1299 cells were found by the bisulfite sequencing in
the tested CpG island of p21<*! promoter (data not shown).
As mentioned above, the heterogeneity of promoter methyl-
ation observed in H719 cells might explain why there was any
p21€7P! expression even after high-level exposure to depsipep-
tide (Fig. 2D).

Decreased Sp1/Sp3 binding is responsible for the reduced
p21€™*! expression upon depsipeptide treatment. To demon-
strate whether depsipeptide induces p21<7! expression
through Sp1-binding sites, luciferase vectors containing differ-
ent mutated Spl-binding fragments were transiently trans-

fected into H719 cells to detect relative luciferase activity after
depsipeptide treatment. As illustrated in Fig. SA, H719 cells
were transfected with a wild-type p21<%? promoter-luciferase
fusion plasmid, pWWP-Luc, or with pWP101, pWPdel-Smal,
pWP101mtSp1-3, pWP101mtSp1-4, or pWP101mtSp1-5,6, fol-
lowed by treatment with 0.05 wM depsipeptide for 6 h. The
cells were then harvested at 24 h after treatment to measure
the relative luciferase activity. As a positive control, the cells
transfected with the various vectors were also treated with 5
mM sodium butyrate for 24 h to detect the relative luciferase
activity (31). As shown in Fig. 5B, the relative luciferase activity
in wild-type pWWP-Luc-transfected cells was increased seven-
fold in depsipeptide-treated cells compared to nontreated
cells. This depsipeptide-induced increase in luciferase activity
is almost identical to that for sodium butyrate-treated cells
(8.5-fold, Fig. 5B). We observed, in assays with different mu-
tated Spl luciferase vectors, that Sp1-3 and Sp1-4 sites were
most responsive to depsipeptide treatments: the relative lucif-
erase activities were decreased 2.5- to 100-fold in the mutant
vectors compared to the wild-type pWWP-Luc-transfected
cells (Fig. 5B). The Spl-3-binding site appears to be most
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FIG. 5. Analysis of relative luciferase activity in cells treated with depsipeptide or sodium butyrate. (A) p21?’ promoter constructs used for
the luciferase transfection assay. The human wild-type p21“?’ promoter luciferase fusion plasmid, pWWP-Luc, contains all six Sp1 sites and the
transcription start site (2.4 kb). pWP101 contains four Sp1 sites termed Sp1-3 to Sp1-6. pWPdel-Smal only contains the Sp1-5 and Sp1-6 sites.
Three mutated Sp1 vectors are pWP101mtSp1-3 (mutated at the Sp1-3 site), pWP101mtSp1-4 (mutated at the Sp1-4 site), and pWP101mtSp1-5,6
(mutated at the Sp1-5 and Sp1-6 sites). ®, mutated Spl-binding sites. (B) At 24 h after transfection, H719 cells were treated with 0.05 uM
depsipeptide for 6 h or 5 mM sodium butyrate for 24 h. The cells were harvested for analysis of luciferase activity at 24 h after the treatments. The
luciferase activity of each sample was normalized for the amount of protein in the cell lysate. The experiments were carried out at least two times
in triplicate. The luciferase activity of the untreated cells that was transfected with wild-type pWWP-Luc vector served as a control. The relative
luciferase activity for each sample was then compared to the control, and the ratios were calculated.

important in depsipeptide-induced p21<?! expression (Fig.
5B).

Subsequently, EMSA was performed to investigate whether
methylation of the Sp1 site influences binding of Sp1 or Sp3 to
their recognition elements. A consensus Spl-3 fragment that
contains Sp1/Sp3 recognition binding site (CCCGCC) was se-
lected to test Sp1/Sp3 binding. In addition, two mutated Sp1-3
fragments (as illustrated in Fig. 6A) were used as controls.
These experiments showed that the Sp1-3 fragment was able to
bind H719 nuclear extracts (Fig. 6B). Incubation of H719 nu-
clear extracts with wild-type Spl-3 probe (Fig. 6B, lane 2)
revealed a pattern of shifted bands representing Sp1- and Sp3-
binding activity. The Spl and Sp3 specific binding was con-
firmed by decreased intensity of the Sp1 and Sp3 bands, as well
as by a supershift seen when Sp1 or Sp3 antibodies were added
to the incubation mixture (Fig. 6B, lane 3 to 5). In addition, an
unlabeled consensus Spl-3 element (oligonucleotide a) com-
peted effectively with labeled probe (Fig. 6B, lane 6 to 8).
However, fragments with mutated Spl sites were unable to
compete with the consensus Sp1-3 element (Fig. 6B, lanes 9
and 10). Unexpectedly, however, methylation of the CG within
the Sp1-3 element did not lead to a decrease in the binding of

Sp1 or Sp3 (Fig. 6C). In Fig. 6D, the intensities of the Sp1 and
Sp3 bands were determined for the wild-type and internally
methylated oligonucleotides (from Fig. 6C, lanes 1 and 4),
showing no decrease in intensity. In order to investigate
whether methylation outside of the consensus Sp1-3 element
influences the binding of Sp1/Sp3, three methylated fragments
with methylated CGs located outside of the consensus Spl-
binding site were used for EMSA experiments (oligonucleo-
tides e, f, and g in Fig. 6A). As shown in Fig. 6E, the binding
of Sp1/Sp3 to the recognition binding site was significantly
decreased when methylation occurred at CpG dinucleotides
adjacent to the consensus Spl-3-binding sites compared to
nonmethylated fragments. The density of methylation at sites
outside of the Sp1/Sp3 site did not appear to have a major
impact on binding (Fig. 6F, compare Meth-1 to Meth-2, cor-
responding to oligonucleotides e and f in Fig. 6A). As shown in
Fig. 6E and F, the decrease in Sp1/Sp3 binding is approxi-
mately equivalent when three CGs outside of the consensus
Spl-binding site are methylated (Fig. 6E, lanes 7 to 9) com-
pared to one methylated CG (Fig. 6E, lanes 4 to 6). The results
represented in Fig. 6D and F were obtained from four replicate
EMSA experiments and represent the relative intensity of
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FIG. 6. Analysis of binding of Sp1/Sp3 to the recognition Sp1-3-binding sites assayed by EMSA. (A) Sequence of oligonucleotides used for
EMSA experiments (positions —93 to —72 relative to transcription start site of the p21"” promoter). Sequences: a, wild-type Sp1-3-binding site
of p21°* promoter (Sp1-binding site is underlined); b and ¢, mutated Sp1-3-binding sites, with the mutated nucleotides in boldface; d, methylated
Sp1-3-binding site within the Sp1-3-binding site (the methylated C corresponds to CG site 17 in Fig. 4); e and f, methylated cytosines located
upstream of the consensus Sp1-3-binding site (the methylated C’s correspond to CG sites 14, 15, and 16 in Fig. 4); g, methylated cytosines located
both in and upstream of the Sp1-3-binding site. (B) EMSA experiments show specific binding for Sp1 and Sp3 (from H719 nuclear extracts) to the
Sp1-3 recognition binding site. Lane 1, radiolabeled probe in the absence of nuclear extract; lane 2, Sp1/Sp3 binding is depicted by arrows on left
of figures; lane 3, anti-Sp1 antibody is added to extracts; lane 4, anti-Sp3 supershift; lane 5, anti-Sp1 and anti-Sp3 supershift; lanes 6 to 8, excess
unlabeled wild-type competitor (lane 6 [1:10], lane 7 [1:50], and lane 8 [1:100]) competes for binding with the labeled element; lanes 9 and 10,
unlabeled mutated Sp1-3 oligonucleotide (1:100) could not compete with the labeled Sp1 probe. (C) Comparison of nuclear extract binding to the
consensus wild-type and methylated Sp1-3-binding sites (oligonucleotides a [wild type] and d [In Met], respectively). Lanes 1 to 3 show binding
reactions with labeled wild-type Sp1-3 as a probe, and lanes 4 to 6 show binding reactions with labeled methylated Sp1-3 as a probe. Lanes 1 and
4, no antibody added; lanes 2 and 5, anti-Sp1 antibody; lanes 3 and 6, anti-Sp3 antibody. (D) Graphic representation of the the relative binding
affinities of nuclear extracts to the oligonucleotides in panel C (lanes 1 and 4). The relative intensity of binding was determined in four replicate
experiments. (E) Comparison of nuclear extract binding to the consensus Sp1-3-binding element with wild-type and nonconsensus methylated
oligonucleotides (see panel A, oligonucleotides e to g). Lanes 1 to 3, wild-type Sp1-3 element; lanes 4 to 6, oligonucleotide e (Meth-1); lanes 7
to 9, oligonucleotide f (Meth-2); lanes 10 to 12, oligonucleotide g (Meth-3); lanes 1, 4, 7, and 10, no antibody; lanes 2, 5, 8, and 11, anti-Sp1
antibody; lanes 3, 6, 9, and 12, anti-Sp3 antibody. (F) Graphic representation of the relative binding affinities of nuclear extracts to the
oligonucleotides in panel E (lanes 1, 4, 7, and 10). The relative intensities of oligonucleotide binding were determined in four replicate experiments.

binding without antibody supershift (i.e., lanes 1 and 4 from
Fig. 6C, and lanes 1, 4, 7, and 10 from Fig. 6E). When meth-
ylation occurred both within and outside of the consensus
Sp1-3 site, the Sp1/Sp3 binding is also significantly decreased
(Meth-3, oligonucleotide g; Fig. 6E, lanes 10 to 12) but without
additional decrease.

Depsipeptide-induced p21<”7” expression is reconstituted in
H719 cells after treatment with DNA-demethylating agent. To
confirm that methylation is the dominant mechanism for the
reduced p21<?! expression in response to depsipeptide treat-
ment in vivo, H719 cells were treated with 5-aza-CdR to ob-
serve whether the depsipeptide-induced p21<? expression is
recovered. A representative Northern blot shown in Fig. 7A

demonstrates that 5-aza-CdR at 1 pM alone does not induce
an increase in p21<’ expression, and high doses of depsipep-
tide induced only minimal expression of p21<?* mRNA. How-
ever, p21<? mRNA was increased upon depsipeptide treat-
ment after cells were pretreated with 5-aza-CdR for 48 to 72 h
(Fig. 7A). Consistent with this, p21“? protein expression was
also dramatically increased when cells were treated with dep-
sipeptide after demethylating treatment, as demonstrated by
Western blotting (Fig. 7B). We analyzed the methylation status
of p21€%* promoter in H719 cells after treatment with 5-aza-
CdR for 48 or 72 h by bisulfite sequencing and confirmed that
the previously methylated promoter region was now unmeth-
ylated (data not shown). Finally, we show similar results in
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FIG. 7. Reconstitution of p217’ expression in mRNA and protein
after depsipeptide treatment when cells are pretreated with DNA-
demethylating agent. (A) H719 cells were treated with 1 pM 5-aza-
CdR for 48 h alone or in combination with 0.05 uM depsipeptide for
6 h at 42 to 48 h. H719 cells were also treated with depsipeptide alone
(at 0.05 or 0.2 uM) for 6 h. RNA from these treated cells was then
extracted, and Northern blot analysis was performed by using a p21<%!
cDNA probe. The membrane was stripped and then probed with
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a loading
control. (B) The p21<’ changes were also observed by Western im-
munoblotting in cells that were treated with 5-aza-CdR alone (1 uM)
or depsipeptide alone (0.05 to 0.125 wM) or in combination (5-aza-
CdR for 48 to 72 h at 1 wM plus depsipeptide at 0.05 wM for 6 h of
treatment at 42 to 48 h or 66 to 72 h). Alpha-tubulin was used as a
loading control. (C) H841 cells were treated with 5-aza-CdR (1 uM, 24
to 72 h), depsipeptide (0.05 wM, 6 h), or both to detect p21%! ex-
pression.

another human lung cancer cell line (H841) that is similarly
hypermethylated in the p21<?’ promoter. Depsipeptide-in-
duced p21<"* expression was much increased in the cells pre-
treated with 5-aza-CdR (Fig. 7C).

DISCUSSION

Other investigators have shown that the inhibition of DNA
methyltransferase (DNMT) (14, 30, 34, 43, 53) leads to a sig-
nificant increase in p21“"’ expression, whereas the CpG island
of p21°’?’ promoter was totally unmethylated in the tested cell
lines. This increased p21< in response to DNA-demethylat-
ing treatments suggests an alternative mechanism of gene re-
expression after DNMT inhibition unrelated to DNA methyl-
ation. In contrast, a causal relation between DNA methylation
and p21“%' silencing has been confirmed in tumors (8), cancer
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cell lines (1), and patients (39). Consistent with these reports,
our study indicates that hypermethylation in the CpG island of
the p21<"?! promoter is associated with reduced p21<** expres-
sion in response to depsipeptide treatments in human lung
cancer cell line, H719 (Fig. 2D, 3B and C, and 4B). In support
of this, depsipeptide-induced p21<%* expression was reconsti-
tuted in both H719 and H841 cells after treatment with 5-aza-
CdR (Fig. 7).

As has been described with other HDAC inhibitors, such as
TSA (46, 51) or sodium butyrate (31), we now have shown that
depsipeptide can induce p21<?’ expression through Sp1-bind-
ing sites (Fig. 5B). This led us to investigate whether methyl-
ation occurring within the Sp1-binding sites directly influences
Sp1/Sp3 binding. Unexpectedly, however, methylation at the
CG dinucleotide within the consensus Sp1-3-binding site did
not interfere with Sp1/Sp3 binding in our study (Fig. 6C and
D). In fact, several earlier reports showed that methylation of
cytosine within the consensus Spl-binding sites is not associ-
ated with decreased Sp1 binding and gene repression. Holler et
al. (20) performed EMSA experiments to compare Spl-bind-
ing ability by using methylated or unmethylated consensus
Sp1-binding element and found that neither binding in vitro
nor transcription in vivo and in vitro are affected by methyl-
ation status in HeLa nuclear extracts. Ohtani-Fujita et al. (33)
also investigated the influence of methylation in the binding
sites of several transcription factors in the RB promoter and
found that methylation in the ATF-like site and the RBF-1 site
was significantly correlated with a decrease in their binding but
not in the Sp1 site. However, methylated cytosines at a differ-
ent configuration in the consensus Sp1-binding site may induce
reduced Spl binding and activity. As indicated by Clark et al.
(9), methylation of the central CpG dinucleotides on either or
both strands had no effect on the efficiency of Spl binding,
whereas methylation of the outer cytosine of "Cp™CpG on
Sp1-binding sites inhibited binding almost completely. In ad-
dition, Mancini et al. (28) used the EMSA to compare the
Spl-binding ability in the neurofibromatosis gene (NF-1) with
variably methylated oligonucleotides. These authors found
that methylation occurring at central CpG dinucleotide did not
impede Spl binding but that Spl binding was significantly
decreased when the first two cytosines of the Spl recognition
sequence presented on the antisense strand were methylated.

It is intriguing in the present study that methylation at sites
outside of the consensus Spl-3 element significantly reduced
Sp1/Sp3 binding in H719 nuclear extracts (Fig. 6E and F).
There did not appear to be a major difference in Sp1/Sp3
binding at this site with respect to methylation of CG sites 14
alone or 14 to 16 together, with ca. 40 to 60% of binding seen
whether one or all three sites were methylated upstream of the
third Sp1/Sp3 binding element in the p21<?’ promoter. We
note that in the 20 clones evaluated for CG methylation by
bisulfite sequencing (Fig. 4B), 40% of site 14, 60% of site 15,
and 55% of site 16 CGs were methylated (cumulative of 52%).
Whether in vitro EMSA binding would be equally affected by
methylation of the closest CG site alone (i.e., site 16) is not
clear at this time. The exact mechanism of the methylation-
involved reduction in Sp1/Sp3 binding is not clear. However, a
relation between mutation or deletion outside of consensus
DNA-binding sites and decreased affinity of binding of tran-
scription factors has been reported in several studies (26, 45).
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For example, wild-type rat androgen receptor interacts with an
androgen response element (ARE) as a dimer (26). When
mutants outside of the ARE DNA-binding domain were incu-
bated with nuclear extracts, however, the affinity of androgen
binding to the ARE was decreased 2.6-fold compared to that
of the wild-type sequence as determined by the EMSA meth-
odology. When different mutated elements outside of the ARE
for EMSA experiments were examined, it was found that a
single nucleotide mutation between two ARE-half sites could
abolish the full-length receptor’s ability to form a stable com-
plex with DNA. In addition, the Epstein-Barr virus EBNA2
protein is a transcriptional activator and its responsive en-
hancer in the viral latency C promoter binds two cellular fac-
tors: CBF1 and CBF2. To investigate the effect of mutation on
CBF?2 binding, several oligonucleotides including mutated se-
quences within or outside the conserved core sequence were
designed for determining the affinity of CBF2 to the binding
site (15). Surprisingly, mutation outside of the binding site had
the greatest effect on CBF2 binding compared with mutation in
the core binding sites. Sun et al. (48) also reported that the
transcriptional activity of vascular smooth muscle alpha-actin
gene is dependent on its 30-bp polypurine-polypyrimidine
tract. When elements upstream of the binding site (GGAATG)
of its transcriptional enhancer factor 1 (TEF-1) were mutated,
TEF-1 binding was greatly impaired (48).

Recently, the possibility that methylation at the boundaries
of Spl sites affects Sp1 binding has been suggested (27). The
5'-flanking region of cyclin D1 in rat leukemia cell lines was
found to be methylated around two continuous Spl-binding
sites in the cyclin D promoter. Methylation that was not within
but adjacent to the two Spl sites in this promoter significantly
influenced cyclin D expression as induced by Sp1 activity. That
study indirectly showed that a critical role of methylation at
boundaries of Sp1 may interfere with Sp1 binding. Our study,
for the first time, shows directly that methylation at CGs out-
side of consensus Spl site reduces Sp1/Sp3 binding when as-
sayed by EMSA experiments (Fig. 6E and 6F). Two additional
lines of evidence reported here support the finding that meth-
ylation adjacent to transcription factor-binding sites (Sp1/Sp3
in this case) can affect binding and activity. The data in Fig. 4B
show that the CG dinucleotides around the Sp1-3 site (from
14th CG to 19th CG) are methylated ca. 56% of the time in
asynchronously growing cells. The strongest support of this
methylation suppressing p21<?? comes from the ability of the
DNA methyltransferase inhibitor, 5-aza-CdR to reconstitute
depsipeptide responsiveness to p21<*! expression (Fig. 7). The
data presented in Fig. 7 support the notion that DNA meth-
ylation is dominant to histone acetylation status with respect to
gene transcription in that it is only after removal of the cytosine
methylation that p2]1“?’ expression is affected by HDAC in-
hibitor treatment.

Finally, there are likely to be multiple mechanisms leading
to the expression or lack of expression of p21<7” after treat-
ment with depsipeptide. First, since depsipeptide is an HDAC
inhibitor, it is conceivable that the synergistic effect of dep-
sipeptide and 5-aza-CdR on recovering p21“?’ expression may
result from cooperative inhibition of histone deacetylation and
DNA methylation linked through the DNA methyl-binding
proteins. The ability of HDAC inhibitors such as depsipeptide
to affect transcriptional activity is clearly dependent on the
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program of DNA methylation at a particular gene promoter, as
we have shown here. The results presented here uniquely dem-
onstrate that methylation outside of a transcription factors
cognate recognition sequence can affect DNA-binding activity
(and presumably functional activity) of the transcription factor
and that inhibition of this methylation is correlated with reex-
pression of the relevant gene. We plan to investigate whether
the synergistic effect of HDAC and DNMT inhibitors on
p21<’! expression is mediated through MBPs. Second, dep-
sipeptide may function on other transcription factors that bind
upstream of Spl-binding sites and through them interact with
Sp1 or Sp3 to induce p21<?’ expression. This hypothesis also
needs to be further determined in the future. Nevertheless, in
the present study, hypermethylated CpG dinucleotides outside
of the consensus Spl-binding sites significantly inhibits Sp1/
Sp3 binding. Therefore, we have shown that hypermethylation-
induced inhibition of Sp1/Sp3 binding is one of mechanisms by
which p21<?” expression in H719 cells was suppressed in re-
sponse to depsipeptide treatment.
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