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The role of the cancer/testis antigen CAGE in drug resistance
was investigated. The drug-resistant human melanoma Malme3M
(Malme3MR®) and the human hepatic cancer cell line SNU387
(SNU387%) showed in vivo drug resistance and CAGE induction.
Induction of CAGE resulted from decreased expression and
thereby displacement of DNA methyltransferase 1(DNMT1)
from CAGE promoter sequences. Various drugs induce expres-
sion of CAGE by decreasing expression of DNMT1, and hypo-
methylation of CAGE was correlated with the increased expres-
sion of CAGE. Down-regulation of CAGE in these cell lines
decreased invasion and enhanced drug sensitivity resulting
from increased apoptosis. Down-regulation of CAGE also led to
decreased anchorage-independent growth. Down-regulation of
CAGE led to increased expression of p53, suggesting that CAGE
may act as a negative regulator of p53. Down-regulation of p53
enhanced resistance to drugs and prevented drugs from exerting
apoptotic effects. In SNU387" cells, CAGE induced the interac-
tion between histone deacetylase 2 (HDAC?2) and Snail, which
exerted a negative effect on p53 expression. Chromatin immu-
noprecipitation assay showed that CAGE, through interaction
with HDAC2, exerted a negative effect on p53 expression in
Malme3M? cells. These results suggest that CAGE confers drug
resistance by regulating expression of p53 through HDAC2.
Taken together, these results show the potential value of CAGE
as a target for the development of cancer therapeutics.

CAGE is a cancer/testis gene that was isolated by the screen-
ing of recombinant cDNA expression libraries using the sera of
patients with gastric cancers (1). CAGE is a typical cancer/testis
antigen in that its expression in normal tissues is restricted to
testis while showing wide expression in various tumor tissues
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and cancer cell lines (1). CAGE is localized to the X chromo-
some and exists as single copy (1). CAGE contains helicase and
DEAD box domain (1). DEAD box family proteins are known to
play important roles in RNA metabolism, cellular growth, and
spermatogenesis (2, 3).

A positive rate of anti-CAGE antibody in 7 of 13 (53.8%)
patients with microsatellite instability-positive endometrial
cancer and in 1 of 3 patients with atypical endometrial hyper-
plasia (4) suggests that CAGE can be useful for prognosis or
early diagnosis of patients with microsatellite instability-posi-
tive endometrial cancers.

The expression of CAGE is cell cycle-regulated (1) and under
epigenetic regulation (5). 5'-Aza-2'-deoxycytidine, an inhibitor
of DNA methyltransferase I, restores expression of CAGE in
cancer cell lines that do not express CAGE (5). 5'-Aza-2'-de-
oxycytidine has been shown to act as an inducer of proteasomal
degradation of nonchromatin-bound DNMT1 (6). The meth-
ylation of CAGE promoter sequences in premalignant lesions
suggests that the expression status of CAGE can be a useful
diagnostic marker for early detection of cancer (5). DNA
hypomethylation of CAGE was frequently found in cervical car-
cinoma cells (7). The fact that CAGE expression does not com-
pletely correlate with the methylation status (5) suggests that
some other factors regulate expression of CAGE as well. Previ-
ously, we reported that CAGE promotes cell motility by activat-
ing extracellular signal-regulated kinase (ERK) and p38 MAPK
(8). As is the case for many other cancer/testis antigens, CAGE-
derived peptides were shown to enhance cytolytic T lympho-
cyte activity (9).

Currently, there have not been reports concerning role of
CAGE in drug resistance. In this study, we examined the role of
CAGE in drug resistance as well as the mechanism of CAGE-
promoted drug resistance.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—Cancer cell lines used in this
study were cultured in Dulbecco’s modified minimal essential
medium (Invitrogen) supplemented with heat-inactivated 10%
fetal bovine serum (Invitrogen) and antibiotics at 37 °C in a
humidified incubator with a mixture of 95% air and 5% CO,.

Human umbilical vein endothelial cells were isolated from
human umbilical cord veins by collagenase treatment and used
in passages 3—6. The cells were grown in M199 medium sup-
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plemented with 20% fetal bovine serum, 100 units/ml penicillin
G, 100 ug/ml streptomycin, 3 ng/ml basic fibroblast growth
factor (Upstate), and 5 units/ml heparin at 37 °C under 5% CO,,
95% air.

Drug-resistant cancer cell lines were established by stepwise
addition of celastrol to SNU387 human hepatic cancer cells and
Malme3M human melanoma cells. Cells surviving the cyto-
toxic effects of drugs (attached fraction) were collected and
subjected to further selection.

Materials—Anti-p53, anti-Bcl-2, and anti-HDAC2 antibod-
ies were purchased from Cell Signaling Technology. Polyclonal
anti-CAGE (anti-DDX53) antibody was purchased from Sigma.
We used monoclonal anti-CAGE antibody throughout this
study. Both polyclonal and monoclonal anti-CAGE antibody
showed the same results. All other antibodies used in this study
were purchased from Santa Cruz Biotechnology. All chemicals
used in this study were purchased from Sigma. Anti-mouse and
anti-rabbit IgG-horseradish peroxidase conjugate antibody was
purchased from Pierce. An enhanced chemiluminescence
(ECL) kit was purchased from Amersham Biosciences. Lipo-
fectamine and Plus™ reagent were purchased from Invitro-
gen. The transwell chamber system was purchased from Costar
(Acton, MA). Bioneer (Daejeon, Korea) synthesized all primers
used in this study. The dominant negative PKCa?® and PKC§
constructs were kindly provided by Prof. Soh Jaewon (Inha Uni-
versity, Korea).

Tissue Array Analyses—Tissue arrays were purchased from
US Biomax, Inc. Tumor slides were deparaffinized and rehy-
drated using xylene and alcohol; for immunoperoxidase label-
ing, endogenous peroxidase was blocked with 0.3% H,O, in
absolute methanol for 15 min at room temperature. Primary
anti-CAGE antibody was reacted with the tissue for 2 h in a
humid chamber at room temperature and washed with phos-
phate-buffered saline for 10 min, and the sections were incu-
bated for 20 min at room temperature with secondary antibody.
After additional incubation with streptavidin-horseradish per-
oxidase for 10 min, immunoreactive sites were visualized using
3,3'-diaminobenzidine for 5 min. The sections were counter-
stained with Harris’ hematoxylin, dehydrated, and mounted
with coverslips.

Tumorigenic Potential of CAGE—Stable transfectant of HeLa
cells (1 X 10°) expressing CAGE under the control of doxycy-
cline were suspended in growth factor-reduced Matrigel matrix
(BD Bioscience) and injected into both flanks of athymic nude
mice. Doxycycline (1 pg/ml) was injected via tail vein three
times a week. Tumor volumes were measured at the indicated
days after injection of HeLa cells. Procedures involving animals
were carried out with guidelines set out by the animal ethics
committee at Kangwon National University.

In Vivo Drug Resistance—Athymic nude mice (BALB/c nu/
nu, 5— 6-week-old females) were obtained from Orient Bio Inc.
(Seoul, Korea) and were maintained in a laminar air-flow cabi-
net under aseptic conditions. Drug-sensitive or drug-resistant

3 The abbreviations used are: PKC, protein kinase C; ChIP, chromatin immu-
noprecipitation; DNMT1, DNA methyltransferase 1; EGFR, epidermal
growth factor receptor; HDAC, histone deacetylase; MSP, methylation-spe-
cific PCR.
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cancer cells (1 X 10°) were injected subcutaneously into the
dorsal flank area of the mice. Following the establishment of
tumor, celastrol was administered via tail vein at a dose of 1
mg/kg twice per week. Tumor volume was determined by direct
measurement with calipers and calculated by the following for-
mula: (large diameter) X (small diameter) X 0.52.

Preparation of siRNA Duplexes and Transfection—The
siRNA duplexes were constructed with the following target
sequences: CAGE, sense (5'-AACTCTGTCAACCTAAGAA-
GCCCTGTCTC-3'), and antisense (5'-AAGCTTCTTAGGT-
TGACAGAGCCTGTCTC-3'); CAGE-1, sense (5'-AACTCT-
GTCAACCTAAGAAGCCCTGTCTC-3'), and antisense (5'-
AAGCTTCTTAGGTTGACAGAGCCTGTCTC-3"); CAGE-2,
sense (5'-AAGACTGAATTGGCGTTGGCTCCTGTCTC-
3’), and antisense (5'-AAAGCCAACGCCAATTCAGTC-
CCTGTCTC-3'); scrambled CAGE-1, sense (5'-AATTA-
ATGATCGCCCAGAACCCCTGTCTC-3’), and antisense
(5"-AAGGTTCTGGGCGATCATTAACCTGTCTC-3");
scrambled CAGE-2, sense (5'-AAAGAGTCGTATGGT-
GTCCTGCCTGTCTC-3'), and antisense (5'-AACAGGA-
CACCATACGACTCTCCTGTCTC-3'); DNMT-1, sense (5'-
AATTTTCCCTTGCCCTTCCCTCCTGTCTC-3), and anti-
sense (5'-AAAGGGAAGGGCAAGGGAAAACCTGTCTC-
3"); SNAIL, sense (5'-AAACAGAGTCCCAGATGAGCACC-
TGTCTC-3'), and antisense (5'-AATGCTCATCTGGGACT-
CTGTCCTGTCTC-3'); p53, sense (5'-AACTTTTGAGAA-
GCTCAAAACCCTGTCTC-3'), and antisense (5'-AAGTTT-
TGAGCTTCTCAAAAGCCTGTCTC-3'); scrambled p53,
sense (5'-ACGGGTTTAAGCATATCACACTATTCCCA-
3'),and antisense (5'-TTAAGATTCACGCTTATGCCTAGT-
ATGCC-3"); and control, sense (5'-AATTCTCCGAACGTG-
TCACGTCCTGTCTC-3'), and antisense (5'-AAACGTGAC-
ACGTTCGGAGAACCTGTCTC-3'). Control siRNA sequences
were derived from green fluorescent protein sequences. The
construction of siRNAs was performed according to the
instruction manual provided by the manufacturer (Ambion,
Austin, TX). The transfection of the siRNA construct was per-
formed by using Lipofectamine 2000 (Invitrogen). Transfection
of plasmids was carried out by Lipofectamine Plus reagent and
Lipofectamine reagent (Invitrogen).

Methylation-specific PCR—Genomic DNAs from various
samples were subjected to sodium bisulfite modification. For
detection of the methylated alleles, the sense and antisense
primers 5'-TTTTATACGATTCGGAATTCGAC-3" and 5'-
CAAATCTACGACCTATTTCCCG-3', respectively, were used
for the amplification of the methylated allele. The sense and
antisense primers 5'-GTTTTTTATATGATTTGGAATTT-
GAT-3" and 5'-AATTCAAATCTACAACCTATTTCCCA-3/,
respectively, were used for the amplification of the unmethyl-
ated allele. PCR was performed for 30 cycles at 94 °C for 30 s,
57 °C for 30 s, and 72 °C for 1 min.

Western Blot Analysis—For PAGE and Western blot, cell
lysates were prepared using lysis buffer (62.5 mm Tris-HCI, pH
6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 50 mm dithiothreitol,
0.01% (w/v) bromphenol blue, 10 mm NaF, 1% (v/v) protease
inhibitor mixture, 1 mm sodium orthovanadate). The samples
were boiled for 5 min, and equal amounts of protein (20 g/
well) were analyzed on a 10% SDS-PAGE. After electrophoresis,
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proteins were transferred onto a nitrocellulose membrane and
subjected to immunoblotting. The dilution of each primary
antibody was empirically determined. After extensive washing,
blots were further incubated with an anti-mouse or anti-rabbit
IgG-horseradish peroxidase-conjugated antibody at a 1:3,000
dilution for 1 h at room temperature and were developed using
an enhanced chemiluminescence kit (Amersham Biosciences).

Gelatin Zymography—For gelatin zymography, conditioned
medium from each cell line cultured in serum-free medium was
mixed 3:1 with substrate gel sample buffer (40% (v/v) glycerol,
0.25 M Tris-HCI, pH 6.8, and 0.1% (w/v) bromphenol blue) and
loaded onto a 7.5% SDS-PAGE containing type I gelatin (2
mg/ml).

Cell Viability Determination—The cells were assayed for
their growth activity using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma) test.

Anchorage-independent Growth Assay—Anchorage-inde-
pendent growth assays were performed according to the man-
ufacturer’s instructions (Millipore). The assays were done in
96-well plates, and the plates were incubated at 37 °C for 21-28
days. Anchorage-independent growth was evaluated by using
the cell stain solution. Stained colonies were counted using a
microscope, and intensity of staining was quantified by mea-
suring absorbance at 490 nm.

ChIP Assays— Assays were performed according to manufac-
turer’s instructions (Upstate). Briefly, one-fourth of the chro-
matin solution was reserved for total input. The remaining
solution was precleared with protein A-agarose, subsequently
incubated with respective antibody (2 ug/ml each) for 12 h at
4 °C with shaking, and then further incubated with protein
A-Sepharose for 2 h. The immunoprecipitates were reverse
cross-linked. PCR was done on the phenol/chloroform-ex-
tracted DNA. For detection of DNMT1 binding to CAGE
promoter sequences, specific primers of CAGE promoter (5'-
GTGAAGATGCTTATGGCACA-3' (sense) and 5'-ATGCT-
GATGGTGTCAACTGG-3’ (antisense)) were used. To check
specificity of DNMT1 binding, mutant primers of CAGE
promoter (5'-GCCATTATAGCGGGCTTTAG-3' (sense)
and 5'-GGGGTAGGTATGTGAAGGCT-3’ (antisense)) were
used. For detection of CAGE, HDAC2, or Snail binding to p53,
promoter sequences 5'-GTTGATGGGATTGGGGTTTT-3’
(sense) and 5'-GTGTCACCGTCGTGGAAAG-3' (antisense)
were used. For detection of c-fos binding to p53 promoter
sequences, 5'-CAGAATTTTCCACCCCAAAA-3’ (sense) and
5'"-TGGCACAAAGCTGGACAGT-3' (antisense) were used.

Immunoprecipitation—Cells (1 X 10”) were lysed in immu-
noprecipitation buffer (50 mmol/liter HEPES, pH 7.6, 150
mmol/liter NaCl, 5 mmol/liter EDTA, 0.1% Nonidet P-40).
After centrifugation (10 min at 15,000 X g) to remove particu-
late material, the supernatant was incubated with each anti-
body (2 pg/ml) with constant agitation at 4 °C. The immuno-
complexes were precipitated with protein A/G-Sepharose
(Sigma) and analyzed by Western blot.

Cellular Fractionation—Nuclear and cytosolic extract was
prepared with a nuclear/cytosol fractionation kit (Biovision,
Mountain View, CA). Cells were collected by centrifugation at
600 X g for 5 min at 4 °C. Cell pellets were washed twice with
ice-cold phosphate-buffered saline, followed by the addition of
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0.2 ml of Cytosol Extraction Buffer A and vigorous mixing for
5 s. Ice-cold Cytosol Extraction Buffer B (11 ul) was then added
to the solution. After mixing, nuclei and cytosolic fractions
were separated by centrifugation at 16,000 X gfor 5 min (super-
natants were cytosolic fraction). Nuclear extraction buffer was
added to the nuclei. After vortexing for a total of 40 min, nuclei
were centrifuged at 16,000 X g for 10 min. Supernatants thus
obtained were the nuclear fraction. Protein concentration of
each fraction was determined using the DC protein assay kit
(Bio-Rad). Equal amounts of nuclear/cytosolic extracts were
loaded for SDS-PAGE, and Western blot analysis was per-
formed. Purity of the cytosolic and nuclear fraction was con-
firmed by glyceraldehyde-3-phosphate dehydrogenase and his-
tone H1, respectively.

For fractionation of cytosol and membrane, cells were resus-
pended in a buffer containing 10 mm Tris-HC, pH 7.5, 1 mm
EDTA, 1 mm phenylmethylsulfonyl fluoride, and 10 pg/ml leu-
peptin and were lysed by sonication. The lysates were then cen-
trifuged at 100,000 X g for 1 h at 4 °C. The supernatants consti-
tute the cytosolic fraction. The pellet was resuspended in the
above buffer, which also contained 0.1% Triton X-100, and the
mixture was lysed by sonication and centrifuged at 100,000 X g
for 1 h at 4 °C to obtain the membrane fraction (supernatant).
Purity of the cytosol and membrane fraction was confirmed by
glyceraldehyde-3-phosphate dehydrogenase and focal adhe-
sion kinase, respectively.

Histone Deacetylase Activity Assays—Histone deacetylase
activity was measured according to the manufacturer’s instruc-
tions (Cayman Chemical, Ann Arbor, MI). The activity was
measured according to the manufacturer’s instructions. For
immunoprecipitation, cells were lysed with ice-cold buffer (10
mM Tris-HCl, pH 7.4, 10 mm NaCl, 15 mm MgCl,, 250 mm
sucrose, 0.12 mM EDTA, 0.5% Nonidet P-40, and a mixture of
protease inhibitors). The lysates were suspended with nuclear
extraction buffer (50 mm HEPES, pH 7.5, 420 mm NaCl, 0.5 mm
EDTA, 0.1 mMm EGTA, and 10% glycerol), sonicated for 30 s, and
centrifuged at 10,000 X g for 10 min at 4 °C. The supernatant
containing the nuclear extract was immunoprecipitated with
anti-CAGE (2 pg/ml), anti-HDAC2 (2 ug/ml), or anti-IgG anti-
body (2 pg/ml). The immunoprecipitants were incubated with
200 um acetylated fluorometric substrate for 30 min at 37 °C,
and 40 pl of developer was added. After 15 min, the fluores-
cence was measured using an excitation wavelength of 340 -
360 nm and an emission wavelength of 440 —460 nm.

Chemoinvasion Assay—The invasive potential was deter-
mined by using a transwell chamber system with 8-um pore
polycarbonate filter inserts (CoSTAR, Acton, MA). The lower
and upper sides of the filter were coated with gelatin and Matri-
gel, respectively. Trypsinized cells (2 X 10%) in the serum-free
RPMI 1640 medium containing 0.1% bovine serum albumin
were then added to each upper chamber of the transwell. RPMI
1640 medium supplemented with 10% fetal bovine serum was
placed in the lower chamber, and cells were incubated at 37 °C
for 16 h. The cells were fixed with methanol, and the invaded
cells were stained and counted. Results were analyzed for sta-
tistical significance using the Student’s ¢ test. Differences were
considered significant when p < 0.05.
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Tube Formation Assays—Tube formation assays were per-
formed to examine the effect of CAGE on the angiogenic poten-
tial of cancer cell lines. For this, growth factor-reduced Matrigel
was added to 24-well plates (200 ul Matrigel per well) and poly-
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FIGURE 1. Expression analyses of CAGE in various tumor tissues. Immuno-
histochemical analysis for CAGE was performed by using tissue arrays. CAGE
was detected using the diaminobenzidine method.

merized for 30 min at 37 °C. Human umbilical vein endothelial
cells were first incubated in M199 containing 1% fetal bovine
serum for 1 h, followed by the addition of conditioned medium
of each cell line. After 6 -8 h of incubation at 37 °C in a 95:5%
(v/v) mixture of air/CO,, the endothelial cells were photo-
graphed using an inverted microscope (magnification, X100;
Olympus). Three independent experiments were performed.

Caspase-3 Activity Assays—Caspase-3 activity was measured
according to the manufacturer’s instructions (BioVision, Palo
Alto, CA). Cells were lysed in 0.1 m HEPES buffer, pH 7.4, con-
taining 2 mwm dithiothreitol, 0.1% CHAPS, and 1% sucrose. Cell
lysates were incubated with a colorimetric substrate, 200 um
Ac-DEVD-p-nitroanilide, for 30 min at 30 °C. The fluorescence
was measured at 405 nm using a microtiter plate reader.

Annexin V-FITC Staining—Apoptosis determination was
carried out by using annexin V-FITC according to the manu-
facturer’s instructions (Biovision). To determine the effect of
CAGE on apoptosis, drug-resistant cancer cells were tran-
siently transfected with control siRNA (10 nm) or CAGE siRNA
(10 nm). At 48 h after transfection, cells were treated with or
without celastrol (1 um) or taxol (1 um) for 16 h. Ten thousand
cells were counted for three independent experiments.

CD8™ T Cell Activity Assays—CD8™ T cells were positively
isolated from whole blood by using the CD8 positive isolation
kit (Dynal Biotech) according to the manufacturer’s instruc-
tions. Isolated CD8™" T cells were incubation with plate-bound
10 pg/ml anti-CD3 monoclonal antibody (eBioscience, San
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FIGURE 2. Establishment of drug-resistant cancer cell lines. A, comparison of drug sensitivity between SNU387
and SNU387" cells. Each cell line was treated with various concentrations of each drug for 24 h. Cell numbers were
determined by MTT assays. Each value represents an average of three independent experiments, and each experi-
ment was performed in triplicate. B, comparison of drug sensitivity between Malme3M and Malme3M®. C, compar-
ison of caspase-3 activity in response to drugs between SNU387 and SNU387" cells. D, comparison of caspase-3
activity was made between Malme3M and Malme3MF. S denotes drug-sensitive, and R denotes drug-resistant. A.U.,,

arbitrary units.
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26 of 70 malignant hepatic cancers
(37.1%), in 40 of 84 lung cancers,
and in 46 of 88 (52.3%) breast can-
cers. Expression of CAGE among
these tumor tissues ranges from 19
to 52%, and its expression in normal
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FIGURE 3. Drug-resistant cancer cell lines show in vivo drug resistance and induction of CAGE. A, cancer
cells were injected into athymic nude mice via tail vein. Celastrol (1 mg/kg) was injected into each nude mouse
after the tumor reached a certain size. Tumor volume was measured as described under “Experimental Proce-
dures.” Five mice were used for the injection of each cell line. Each value represents an average obtained from
each mouse. B, Western blot analysis shows induction of CAGE and MDR in SNU387% and Malme3MR cells. S
denotes drug-sensitive and R denotes drug-resistant. C, drug-resistant cancer cells were transiently transfected
with control siRNA (10 nm) or CAGE siRNA (10 nm). At 48 h after transfection, cell lysates were prepared and
subjected to Western blot analysis. D, SNU387 or Malme3M cells were treated with various anticancer drugs for
16 h (each at 1 um). Cells were divided into attached (A) and detached (D) fraction. Cell lysates from each
fraction were subjected to Western blot analysis. CE, celastrol; E, etoposide (DNA-damaging agent); CA, camp-
tothecin (an inhibitor of topoisomerase); T, taxol; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

tissues is negligible. This establishes the expression pattern of
CAGE and suggests a potential role for CAGE in tumorigenesis.

Establishment and Characterization of Drug-resistant Can-
cer Cell Lines—Because CAGE is present in various tumor tis-
sues, we hypothesized that CAGE plays a role in tumorigenesis
and drug resistance. To examine the role of CAGE in drug
resistance, we established drug-resistant cancer cell lines by
stepwise addition of celastrol, an inhibitor of NF-«kB, to human
melanoma Malme3M and human hepatic SNU387 cancer cells.
Celastrol is known to suppress vascular endothelial growth fac-
tor-induced angiogenesis via inhibition of Akt/mammalian tar-
get of rapamycin pathway (10). SNU387® (Fig. 24) and
Malme3M™® cells (Fig. 2B) show relatively higher resistance to
drugs such as celastrol and taxol. Taxol is known to induce
microtubule polymerization to exert anti-cancer activity. This
enhanced drug resistance is inversely correlated with caspase-3
activity (Fig. 2, C and D). We next examined whether these cell
lines would display in vivo drug resistance. For this, Malme3M~
and SNU387" cells were injected via the tail vein into athymic
nude mice. SNU387" and Malme3M*" cell lines show enhanced
tumorigenic potential and resistance to celastrol (Fig. 3A).
CAGE is overexpressed in SNU387" and Malme3M® cells (Fig.
3B). These cell lines also show increased expression of multi-
drug resistance protein (MDR), and down-regulation of CAGE
exerts a negative effect on the induction of MDR (Fig. 3C). Var-
ious drugs induce expression of CAGE in the attached fraction
of SNU387 and Malme3M cells (Fig. 3D). These results further
suggest a role for CAGE in drug resistance. Next, we investi-
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and Malme3MF cells (Fig. 4C), fur-
ther suggesting that CAGE expres-
sion may be under epigenetic re-
gulation. Because down-regulation
of DNMTT1 leads to increased ex-
pression of CAGE, the decreased
expression of p53 (Fig. 4B), the
effect of DNMT1 on cellular prolif-
eration was examined. Down-regu-
lation of DNMT1 decreases sensi-
tivity to celastrol and taxol (supplemental Fig. 1, A and C),
which is accompanied by decreased caspase-3 activity (sup-
plemental Fig. 1, B and D).

ChIP assay was performed to examine direct binding of
DNMT1 to CAGE promoter sequences. The lack of DNMT1
binding to CAGE promoter sequences is evident in both
SNU387® and Malme3M® (Fig. 4D). CAGE promoter se-
quences do not contain binding sites for Sp-1 or AP-1. ChIP
assay shows lack of binding of Sp-1 or c-Jun to CAGE promoter
sequences (Fig. 4D). ChIP assays using mutant CAGE promo-
ter primers show a lack of DNMT1 binding to CAGE promoter
sequences (Fig. 4D). Methylation-specific PCR shows hypo-
methylation of CAGE in SUN387® (Fig. 4E, upper panel) and
Malme3MR cells (Fig. 4E, lower panel). Because drugs increase
the expression level of CAGE (Fig. 3D), the effect of drugs on
DNMT1 expression was examined. Celastrol and taxol de-
crease the expression of DNMT1 in both SNU387 (Fig. 4F,
upper panel) and Malme3M cells (Fig. 4F, lower panel). This
decreased expression of DNMT1 is accompanied by hypo-
methylation of CAGE promoter sequences (Fig. 4G). These
results suggest that methylation of CAGE promoter sequences
is at least partially responsible for the lack of its expression in
drug-sensitive SNU387 and Malme3M cells. These results sug-
gest that epigenetic regulation exerted by DNMT1 confers
resistance to drugs.

CAGE Regulates Drug Sensitivity—To further examine the
role of CAGE in drug resistance, HeLa cells stably expressing
CAGE under control of doxycycline were established. Induc-
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expression of DNMT1 in SNU387" and Malme3MRF cells. S denotes drug-sensitive and R denotes drug-resistant. B, SNU387 or Malme3M cells were transiently
transfected with control siRNA (10 nm) or DNMT1 siRNA (10 nm). At 48 h after transfection, cell lysates were prepared and subjected to Western blot analysis.
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was performed. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

tion of CAGE leads to increased expression of MDR, BCL-2,
and VEGFRI, as well as decreased expression of p53 and
activation of EGFR (supplemental Fig. 2A4). Induction of
CAGE confers resistance to taxol (supplemental Fig. 2B).
HeLa cells expressing CAGE show enhanced tumorigenic
potential when injected into athymic nude mice (sup-
plemental Fig. 2C). Supernatants from HeLa cells that were
induced to express CAGE by doxycyline (1 ug/ml) enhance
tube formation in human umbilical vein endothelial cells
(supplemental Fig. 2D). These results suggest that drug
resistance conferred by CAGE is closely related with its
tumorigenic and angiogenic potential.

The effect of CAGE on drug sensitivity was examined. Down-
regulation of CAGE enhances sensitivity to various anti-cancer
drugs, such as celastrol and taxol in both SNU387® (Fig. 5A4) and
Malme3MFX cells (Fig. 54). Overexpression of CAGE confers
resistance to drugs such as celastrol and taxol in both SNU387
(Fig. 5C) and Malme3M cells (Fig. 5D). These results suggest
that expression level of CAGE may regulate drug sensitivity.

Down-regulation of CAGE Enhances Sensitivity to Drugs by
Inducing Apoptosis—Down-regulation of CAGE leads to
enhanced sensitivity to drugs (Fig. 5, A and B). We therefore
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examined whether this enhanced sensitivity was related to apo-
ptosis. Down-regulation of CAGE induces cleavage of poly-
(ADP-ribose) polymerase and focal adhesion kinase in response
to celastrol (Fig. 6A, upper panel) and taxol (Fig. 6A, lower
panel) in both SNU387® and Malme3MR® cells. Celastrol and
taxol increase caspase-3 activity in SNU387 and Malme3M
cells, as expected (Fig. 6B). Down-regulation of CAGE leads to
an increased caspase-3 activity in response to drugs in
SNU387"% and Malme3MRX cells (Fig. 6B). These results suggest
that down-regulation of CAGE induces apoptosis to sensitize
drug-resistant cancer cells to drugs. SNU387% (supplemental
Fig. 34) and Malme3M*X cells (supplemental Fig. 3B) show low
levels of caspase-3 activity in response to drugs. Overexpression
of CAGE exerts a negative effect on caspase-3 activity increased
by celastrol and taxol in both SNU387 and Malme3M cells
(supplemental Fig. 3, C and D). Down-regulation of CAGE by
various CAGE siRNAs, but not by scrambled CAGE siRNAs,
enhances sensitivity to drugs (supplemental Fig. 4B) as well as
caspase-3 activity in response to drugs (supplemental Fig. 4C).
Down-regulation of CAGE leads to enhanced apoptosis as
evidenced by annexin V-FITC staining in SNU387® and
Malme3MR® cells (Fig. 6C). These results suggest that down-
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regulation of CAGE exerts apoptotic
effects to enhance drug sensitivity.

CAGE Enhances the Invasion Po-
tential of Cancer Cell Lines and An-
chorage-independent Cell Growth—
Multidrug resistance is closely
related with invasion potential
(11, 12). Therefore, we examined
whether drug resistance conferred
by CAGE would be related with en-
hanced invasion potential. SNU387%
and Malme3M® cell lines show
increased expression and secretion
of MMP-2, but not MMP-9 (data
not shown). Down-regulation of
CAGE exerts a negative effect on the
expression and secretion of MMP-2
in these drug-resistant cancer cell
lines (data no shown). These drug-
resistant cell lines show enhanced
invasion potential (Fig. 7A), which is
decreased by down-regulation of
CAGE (Fig. 7B). Moreover, down-
regulation of CAGE by various
CAGE siRNAs, but not by scram-
bled CAGE siRNAs, exerts a nega-
tive effect on the invasion potential
of SNU387® and Malme3M® cells
(supplemental Fig. 5B). Drug-resis-
tant cancer cell lines show higher
cellular proliferation rates than
their counterparts (Fig. 7C). How-
ever, down-regulation of CAGE
does not affect cellular proliferation
of these cancer cell lines (Fig. 7D).
Down-regulation of CAGE exerts a
negative effect on anchorage-inde-
pendent growth of SNU387® cells
(Fig. 7E) and Malme3M® cells (Fig.
7F), suggesting that CAGE may con-
fer cellular growth advantage under
anchorage-independent conditions.
These results suggest that CAGE-
promoted drug resistance is corre-
lated with enhanced invasion
potential and anchorage-indepen-
dent growth.

CAGE Exerts a Negative Effect on
p53 and Down-regulation of p53
Induces Drug Resistance—p53 en-
hances apoptosis by regulating Fas
(FAS) (13) and plays important role
for various cellular activities, in-
cluding DNA repair and drug re-
sistance (13, 14). We therefore
hypothesized that p53 might be
involved in CAGE-promoted drug
resistance. We first examined
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FIGURE 7. Down-regulation of CAGE leads to decreased invasion potential and decreased anchorage-
independent growth. A, invasion potentials of drug-sensitive and drug-resistant cancer cell line were com-
pared using a transwell chamber. *, p < 0.05; **, p < 0.005. S denotes drug-sensitive and R denotes drug-
resistant. B, down-regulation of CAGE decreases the invasion potential of drug-resistant cancer cells. Cells were
transiently transfected with control siRNA (10 nm) or CAGE siRNA (10 nm). At 48 h after transfection, cellular
invasion assays were performed. C, drug-resistant cancer cells show increased cellular proliferation. D, down-
regulation of CAGE does not affect cellular proliferation of drug-resistant cancer cells. SNU387 (E) or Malme3M
cells (F) were transiently transfected with various constructs as indicated. At 48 h after transfection, cells were
harvested, counted, resuspended in 0.2% soft agar, and seeded onto 0.4% soft agar supplemented with 10%
fetal bovine serum (500 cells/well for SNU387 cells and 1000 cells for Malme3M cells). After 4 weeks, colonies
were stained and counted. Numbers in parentheses represent anchorage-independent colonies.

whether CAGE would affect the expression level of p53. By
using various CAGE siRNAs and nonfunctional CAGE siRNAs
(scrambled CAGE siRNAs), we found that CAGE acted as a
negative regulator of p53 expression in SNU387% and
Malme3MR cells (Fig. 84). Next, we examined whether p53
affected drug resistance. Down-regulation of p53 induces
resistance to celastrol and taxol in SNU387 (Fig. 8B) and
Malme3M cells (Fig. 8B). Down-regulation of p53 exerts a neg-
ative effect on cleavage of poly(ADP-ribose) polymerase and
focal adhesion kinase, apoptotic marker proteins, by celastrol
and taxol (Fig. 8C). Down-regulation of p53 exerts a negative
effect on apoptotic effect by celastrol and taxol in both SNU387
and Malme3M cells, as assessed by annexin V-FITC staining
(Fig. 8D). These results suggest that CAGE may regulate p53
expression in conferring drug resistance.

HDAC2 Is Necessary for the Repression of p53 Expression by
CAGE—Because down-regulation of p53 enhances resistance
to celastrol and taxol (Fig. 8B), we investigated the mechanism
by which CAGE regulates the expression of p53. MAGEA2, a
cancer/testis antigen, interacts with HDAC3 to exert transcrip-
tional repression on p53 and confer resistance to drugs (15).
Down-regulation of HDAC1 was shown to induce P-glycopro-
tein to confer resistance to various drugs (16). We therefore
hypothesized that histone deacetylase(s) may be involved in
CAGE-promoted drug resistance.
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tion with CAGE. We first examined
expression levels of HDAC2 in
both SNU387 and Malme3M cells.
Expression level of HDAC?2 is in-
creased in SNU387® cells but not in
Malme3MR® cells (data not shown).
Down-regulation of CAGE decreases
expression level of HDAC2 in
SN387" cells but not in Malme3M"®
cells (Fig. 94). Down-regulation of
CAGE decreases HDAC2 activity in
both SNU387" cells and Malme3M®
cells (Fig. 9B). CAGE is not present
in the nucleus and therefore does
not interact with HDAC2 or contain
HDAC2 activity in SNU387® cells
(data not shown). Cellular fraction-
ation shows that CAGE is present in
the nucleus in Malme3MR cells (Fig.
9C), suggesting different mode of regulation of p53 by CAGE in
Malme3MR cells from SNU387" cells.

CAGE interacts with HDAC2 in the nucleus of Malme3M~
cells (Fig. 9C). Exogenous transfection of green fluorescent
protein-CAGE confirms the interaction between CAGE and
HDAC2 (data not shown). The above results suggest that
CAGE may exert repression of p53 expression through interac-
tion with HDAC2 in Malme3MRX cells. CAGE contains HDAC2
activity in Malme3MR® cells (Fig. 9D). This is reasonable in that
CAGE shows interaction with HDAC2 in Malme3MX cells (Fig.
9C). Although down-regulation of CAGE does not affect
expression level of HDAC2, interaction between HDAC2 and
CAGE and interaction between HDAC2 and Snail are inhibited
(Fig. 9E), suggesting that CAGE and Snail are necessary for
HDAC2 activity in Malme3M® cells. ChIP assay shows that
HDAC2 binds to the p53 promoter sequences in SNU387% cells
and Malme3MR® cells (Fig. 9F). Down-regulation of CAGE
inhibits binding of HDAC2 to p53 promoter sequences in
SNU387" cells and Malme3MPX cells (Fig. 9G). The inhibition of
HDAC2 by trichostatin A (TSA), an inhibitor of histone
deacetylase(s), inhibits binding of HDAC2 to p53 promoter
sequences in both SNU387% cells and Malme3MR® cells (data
not shown). TSA restores expression and acetylation of p53 in
Malme3MF cells (data not shown), implying that acetylation of
p53 is necessary for p53 function and for sensitizing cells to
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FIGURE 8. Down-regulation of p53 leads to enhanced resistance to celastrol and taxol. A, down-regulation
of CAGE leads to restoration of p53 expression in SNU387" and Malme3MF cells. Each cell line was transiently
transfected with control siRNA (10 nm), CAGE siRNA (each at 10 nm), or scrambled CAGE siRNA (each at 10 nm).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, SNU387 cells or Malme3M cells were transiently
transfected with control siRNA (10 nm), p53 siRNA (10 nm), or scrambled p53 siRNA (each at 10 nm). The next day,
cells were treated with or without drugs at various concentrations for 24 h as indicated. Cell viability was
determined by MTT assay. Each value represents average of three independent experiments. C, Western blot
analysis shows that down-regulation of p53 exerts a negative effect on apoptotic cleavage of poly(ADP-ribose)
polymerase (PARP) and focal adhesion kinase (FAK) by drugs. D, annexin V-FITC staining shows that down-
regulation of p53 decreases apoptotic cell death. Each value represents average of three independent exper-

iments. **, p < 0.005.

drugs. Taken together, these results suggest that CAGE affects,
directly or indirectly, HDAC2 to repress expression of p53 and
confer resistance to drugs.

DISCUSSION

We examined the role of CAGE in drug resistance and stud-
ied the mechanisms associated with it. By employing tissue
arrays, we found expression of CAGE in various tumor tissues
but not in normal tissues (Fig. 1). The relationship between
CAGE expression and clinical parameters such as metastasis is
now under investigation. We previously reported the onco-
genic potential of CAGE (8). In this study, we further examined
tumorigenic potential of CAGE. For this, stable transfectants of
HelLa cells expressing CAGE under the control of doxycycline
were injected into athymic nude mice. Here, inducible expres-
sion of CAGE led to increased phosphorylation of EGEFR,
increased expression of MDR and BCL-2, and decreased
expression of p53 (supplemental Fig. 2A4) in HeLa cells as well as
increased tumorigenic potential of HeLa cells (supplemental
Fig. 2C). Induction of CAGE in HeLa cells also led to phos-
phorylation of RB as well as increased expression of cell cycle-
related proteins, such as cyclin A, B, and D.* With the onco-
genic potential of CAGE established, we hypothesized that
CAGE might confer resistance to drugs. With the exception of

4Y.Kim, H. Park, D. Park, Y.-S. Lee, J. Choe, J.-H. Hahn, H. Lee, Y.-M. Kim, and D.
Jeoung, unpublished data.
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and it was shown to exert a negative
effect on the growth of human gli-
oma xenograft by suppressing vas-
cular endothelial growth factor
receptor expression (25). Therefore,
to examine the role of CAGE in drug
resistance, we established drug-re-
sistant cancer cell lines displaying
resistance to celastrol and taxol
(Fig. 2, A and B). In vivo drug resis-
tance was also confirmed (Fig. 3A).
Previously, we reported that the
methylation status of CAGE pro-
moter sequences was correlated
with CAGE expression (5). This was
supported by the fact that celastrol
and taxol induced expression of
CAGE in SNU387 and Malme3M cells (Fig. 3D). The induction
of CAGE by drugs implies a role of CAGE in drug resistance.
The CAGE promoter contains binding sites for transcription
factors such as ELK-1 and GATA-1, and ChIP assay showed
binding of ELK-1 in SNU387 cells and GATA-1 in Malme3M~®
cells, respectively (data not shown). Overexpression of DNMT1
was related with a multimodality-resistant phenotype in
tumor cells (26), and moreover, overexpression of DNMT1
was seen in c-Fos-overexpressing tumor cells (26). In our
study, we actually found a decreased expression of DNMT1 in
SNU387" and Malme3MRX cells (Fig. 4A). Inhibition of DNMT1
led to decreased expression of p53 (data not shown), suggesting
that DNMT1 may be involved in drug resistance. Therefore, we
examined whether down-regulation of DNMT1 would affect
the expression level of CAGE. Down-regulation of DNMT1 led
to the induction of CAGE in both SNU387 and Malme3M
cells (Fig. 4B). Additionally, DNMT1 was shown to regulate
expression of various cancer/testis genes, such as MAGE-A1,
NY-ESO-1, and XAGE-1 in colorectal cancer cells (27). Down-
regulation of DNMTT1 also led to the activation and hypo-
methylation of MAGE-A1 in melanoma cells (28). 5'-Aza-2'-
deoxycytidine was shown to induce DNMT-1 degradation
through the proteasomal pathway (29). 5'-Aza-2'-deoxycyti-
dine was shown to induce expression of CAGE in both SNU387
and Malme3M cells (Fig. 4C). This indicates that lack of CAGE
expression in SNU387 and Malme3M cells might be due to
methylation of CAGE promoter sequences. ChIP assay showed
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FIGURE 9. HDAC2 is responsible for repression of p53 by CAGE. A, down-
expression of HDAC2 in SNU387® cells but not in Malme3MR cells. B, down-
HDAC?2 activity in both SNU387" cells (left panel) and Malme3MR cells (right panel). C, cell lysates from each
fraction were immunoprecipitated with anti-CAGE antibody (2 ng/ml) or anti-HDAC2 antibody (2 ug/ml),
followed by Western blot analysis. Western blot analysis shows the interaction between CAGE and HDAC2 in

Malme3MF cells. S denotes sensitive and R denotes resistant. D, in vitro deacety

cipitated (IP) complex shows CAGE contains HDAC2 activity in Malme3MPF cells. *
vitro deacetylation assay of acetylated fluorometric substrate by immunoprecipitated complex (by anti-
HDAC2 antibody or anti-CAGE antibody) shows increased HDAC2 activity in Malme3MF cells. Each value rep-

resents average of three independent experiments. ***, p < 0.0001; *, p < 0.05.

HDAC2 to p53 promoter sequences in SNU387" cells and in Malme3MF cells. G, ChIP assay shows that down-
regulation of CAGE inhibits binding of HDA2 to p53 promoter sequences in SNU387" cells and Malme3MFR cells.

a lack of binding of DNMT1 to CAGE promoter sequences in
these drug-resistant cancer cells (Fig. 4D), suggesting that dem-
ethylation is at least partially responsible for the induction of
CAGE in drug-resistant cancer cell lines. Methylation-specific
PCR analysis showed hypomethylation of CAGE promoter
sequences in SNU387R and Malme3MR cells (Fig. 4E), which is
therefore possibly responsible for drug resistance. Down-regu-
lation of DNMT1 confers drug resistance (supplemental
Fig. 1, A and C) and decreases caspase-3 activity in response to
drugs (supplemental Fig. 1, B and D). This confirms that induc-
tion of CAGE by demethylation of its promoter leads to drug
resistance. CAGE-1, another cancer/testis antigen gene (30),
was shown to be under epigenetic regulation in primary adeno-
carcinomas and signet ring cell carcinomas of the urinary blad-
der (31).

We investigated mechanisms of drug resistance conferred
by CAGE. Melanoma antigen-11 was shown to activate the
hypoxic response by inactivating hypoxia-inducible factor
prolyl hydroxylase 2 (32), suggesting possible involvement
of cancer/testis antigens in angiogenesis. Overexpression of
CAGE enhanced the angiogenic potential of SNU387 and
Malme3M cells (supplemental Fig. 6, A and B). Overexpression
of VEGFRI1 was seen in SNU387" and Malme3MR cells, and
down-regulation of CAGE decreased expression of VEGRR1 in
these cells (supplemental Fig. 6C). Vascular endothelial growth
factor receptor plays important roles in tumor growth and
resistance to drugs (33). It is probable that enhanced angiogenic
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CAGE leads to decreased expres-
sion of B7-H1 (supplemental Fig.
7A). SNU387R cells and Malme3M~®
cells show resistance to cytotoxic
effect of CD8" T cells (supple-
mental Fig. 7B). Overexpression of
CAGE induces resistance of
SNU387 and Malme3M cells to
CD8™ T cells, whereas down-regu-
lation of CAGE increases sensitivity
of SNU387" and Malme3MR cells to
CD8™ T cells (supplemental Fig. 7C). This suggests that drug
resistance conferred by CAGE is closely related with resistance
to cytotoxic effect of CD8™ T cells.

Up-regulation of MMP-2 is closely related with enhanced
invasion of drug-resistant leukemia cells (36), and its activity is
correlated with overexpression of MDR in breast cancer cells
(37). Up-regulation of MMP-2 was seen in SNU387% and
Malme3MR cells.* Down-regulation of CAGE led to decreased
expression of MMP-2.* These results suggest that CAGE-in-
duced drug resistance is closely related with enhanced invasion
potential. Down-regulation of p53 increases the EGFR pro-
moter activity (38). EGFR acts as a negative regulator of p53
(39). Notch signaling is known to regulate the expression of
EGEFR through p53 (40). p53 promoter contains binding sites
for various transcription factors such as AP-1 and SNAIL.
Because down-regulation of p53 leads to enhanced resistance
to drugs (Fig. 8, C and D), it is possible that p53 may act as a
negative regulator of EGFR.

It is known that Snail binds to p53 promoter sequences for
the repression of p53 function (41). Snail antagonizes p53-me-
diated apoptosis (42). SLUG, an EMT-related gene, negatively
regulates p53-mediated apoptosis by inhibiting p53-up-regu-
lated mediator of apoptosis, a target of p53 (43).

Overexpression of CAGE leads to the induction of Snail
SNU387 cells (supplemental Fig. 84). HDAC2 interacts with
Snail in SNU387® cells (supplemental Fig. 8B). We also found
overexpression of Snail in SNU387® and Malme3M? cells that

regulation of CAGE decreases
regulation of CAGE decreases

lation assay using immunopre-

,p <0.05./B,immunoblot.E, in

F, ChIP assays show binding of
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CAGE Exerts Negative Regulation on p53 Expression by HDAC2

was reversed upon down-regulation of CAGE.* Down-regula-
tion of Slug led to enhanced apoptosis in neuroblastoma (12).
HDAC?2 interacts with Snail to exert transcriptional repression
of E-cadherin and the promotion of tumor metastasis (19, 44).
HDAC?2 confers resistance to etoposide in pancreatic cancer
cells by activating BH3-only NOXA (45). In our data, HDAC2
interacts with Snail in Malme3MX cells (Fig. 9C) and SNU387"%
cells (supplemental Fig. 8B8). This suggests that HDAC2-SNAIL
complex may repress p53 expression. Down-regulation of Snail
restores expression of p53 in SNU387® cells and Malme3M~
cells (supplemental Fig. 8C), suggesting that HDAC2-SNAIL
complex may indeed repress p53 expression.

PKCe confers resistance to TRAIL through the Akt-depen-
dent down-regulation of p53 (46). PKCa protects against apo-
ptosis by inducing stabilization of Bcl-2 (47). PKC8 confers
resistance to cisplatin in thyroid cells (48), and PKCn also con-
fers protection against apoptosis (49). In our data, CAGE inter-
acts with PKCa in SNU387 and CAGE interacts with PKC$ in
Malme3M.* Both PKCa and PKC8 mediate the effect of CAGE
on drug resistance by regulating HDAC2 activity and p53.* It
may be necessary to determine the domain of CAGE that inter-
acts with PKCa or PKC8. Heptapeptide derived from the bind-
ing domain of PKC8 to HSP27 was able to restore sensitivity
to radiation and cisplatin in NCI-H1299 lung cancer cells (50).
This approach could be employed for the development of
CAGE-derived peptides to enhance sensitivity to drugs. In this
study, we found a novel role of CAGE in drug resistance in
relation with HDAC2 and p53.

Taken together, these studies indicate tumorigenic poten-
tial of CAGE as well as its role in drug resistance. Therefore,
itis possible that CAGE can be employed as a target of cancer
immunotherapy.
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