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Abstract
Purpose To test the hypothesis that decrease in DNA
methylation will increase the expression of cancer-testis
antigens (CTA) and class I major histocompatibility com-
plex (MHC)-encoded molecules by ovarian cancer cells,
and thus increase the ability of these cells to be recognized
by antigen-reactive CD8+ T cells.
Methods Human ovarian cancer cell lines were cultured
in the presence or absence of varying concentrations of the
DNA demethylating agent 5-aza-2�-deoxycytidine (DAC)
for 3–7 days. The expression levels of 12 CTA genes were
measured using the polymerase chain reaction. The protein
expression levels of class I MHC molecules and MAGE-A1
were measured by Xow cytometry. T cell reactivity was
determined using interferon-� ELISpot analysis.
Results DAC treatment of ovarian cancer cell lines
increased the expression of 11 of 12 CTA genes tested
including MAGE-A1, MAGE-A3, MAGE-A4, MAGE-A6,
MAGE-A10, MAGE-A12, NY-ESO-1, TAG-1, TAG-2a,
TAG-2b, and TAG-2c. In contrast, DAC treatment
decreased the already low expression of the MAGE-A2
gene by ovarian cancer cells, a Wnding not previously
observed in cancers of any histological type. DAC treat-
ment increases the expression of class I MHC molecules by
the cells. These eVects were time-dependent over a 7-day
interval, and were dose-dependent up to 1–3 �M for CTA

and up to 10 �M for class I MHC molecules. Each cell line
tested had a unique pattern of gene upregulation after expo-
sure to DAC. The enhanced expression levels increased the
recognition of 2 of 3 antigens recognized by antigen-reac-
tive CD8+ T cells.
Conclusions These results demonstrate the potential util-
ity of combining DAC therapy with vaccine therapy in an
attempt to induce the expression of antigens targeted by the
vaccine, but they also demonstrate that care must be taken
to target inducible antigens.
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Abbreviations
CTA Cancer-testis antigen
CTL Cytotoxic T lymphocyte
DAC 5-Aza-2�-deoxycytidine
DNMT DNA methyltransferase
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
mAb Monoclonal antibody
MHC Major histocompatibility complex
PCR Polymerase chain reaction

Introduction

Surgery and chemotherapy are the mainstays of ovarian
cancer therapy but their use only results in a 5-year survival
rate of less than 45% [44]. An additional treatment
approach under investigation involves the immunization of
patients with cancer antigen-derived peptides with the goal
being to stimulate antigen-speciWc cytotoxic T lymphocytes
(CTL) that will recognize and kill the tumor [25, 41, 42].
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Cancer-testis antigens (CTA) represent a promising
group of antigens whose inclusion in an ovarian cancer vac-
cine may prove eYcacious. CTAs have been deWned on the
basis of their expression in a variable proportion of tumors
of many diVerent histological types, expression in the testis,
and limited or no expression in other normal tissue [5, 31,
46, 61]. A potential drawback to the use of CTAs in vac-
cines is that CTAs are expressed in only a subset of all
tumor samples studied, with ovarian cancer being consid-
ered a moderate expressor in comparison to other cancers [4,
46]. Additionally, CTA expression is frequently heteroge-
neous within a tumor line or sample [15, 26–28]. Because of
these limitations, some ovarian cancer cells may escape
immune recognition even if a vaccine based on CTAs is
capable of inducing a strong, therapeutic CTL response. The
ability to induce high levels of CTA expression in all ovar-
ian cancer cells would overcome these limitations.

Treatment of melanoma cell lines with the demethylat-
ing agent 5-aza-2�-deoxycytidine (DAC) was Wrst shown to
upregulate the expression of the CTA MAGE-A1 [56]. This
observation has since been extended to additional CTAs
including BAGE [34], CAGE [7], GAGE1-2 [34, 51],
GAGE-1-6 [8, 34, 51], MAGE-A2 [8, 51], MAGE-A3 [8,
21, 34, 51, 58], MAGE-A4 [8, 51], MAGE-A10, and NY-
ESO-1 [8, 51, 57]. The enhancement of CTA expression by
DNA demethylating agents has also been observed in cells
derived from breast cancer [21], colon cancer [30], esopha-
geal cancer [58], gastric cancer [7, 34], lung cancer [58],
mesothelioma [51], renal cell cancer [8], and thoracic can-
cer [57]. Only a single such study has been conducted with
ovarian cancer in which microarray analysis demonstrated
that DAC treatment of the OVCAR-3 cell line upregulated
a variety of CTAs including: CTAG-1A and -1B; MAGE-
A1, -A3, -A4, -A6, -A11, -A12, and -B2; and SPAN-X
[37]. Upregulation of MAGE-A3 in DAC-treated OVCAR3
was further conWrmed by PCR analysis [37]. Absent or low
expression of CTAs is associated with promoter region
hypermethylation, while high or upregulated expression of
CTAs is associated with promoter region hypomethylation
[7, 12, 13, 30, 51, 52]. The functional signiWcance of the
upregulation of NY-ESO-1 has been demonstrated by the
increased recognition of the DAC-treated cells by antigen-
speciWc CTL [8, 57].

The treatment of melanoma [10, 19, 20, 49] and esopha-
geal squamous cell cancers [39] with DAC has also been
shown to upregulate the expression of class I major histo-
compatibility complex (MHC)-encoded molecules. Like
the expression of CTAs, the upregulation occurs through
the demethylation of the class I MHC gene promoter
regions [39]. Promoter methylation primarily regulates
class I MHC expression between low and high levels [10,
19, 20], and with the exception of a single cell line [49],

generally does not appear to be responsible for the lack of
expression of class I MHC molecules [20]. The increased
level of class I MHC expression on melanoma cells was
functionally signiWcant as it increased the recognition of the
cells by antigen-speciWc CTL [19].

DAC also upregulates the expression of CTAs and class
I MHC molecules in vivo. In a xenograft model, BALB/c
nu/nu mice were engrafted with human melanoma cells and
then treated with DAC [9]. After 1 week, the tumors had
either de novo or upregulated expression of ten diVerent
CTAs tested, as well as upregulated expression of the class
I MHC molecules HLA-A1 and HLA-A2. DAC treatment
also induced expression of the murine CTA P1A in tumors
of Wve diVerent histological origins when grown in synge-
neic mice [22]. It was further shown that the induced P1A
was processed and presented by H-2Ld, and recognized by
P1A-speciWc, H-2Ld-restricted CTL. Importantly, lung
metastases were most eVectively controlled when tumor
bearing mice were pre-treated with DAC and then treated
with the adoptive transfer of antigen-speciWc CTL, while
the adoptive transfer of the CTL in the absence of DAC
treatment was ineVective.

The eVect of DAC on CTA and class I MHC molecule
expression has also been assessed in cancer patients. When
myelodysplastic syndrome or acute myeloid leukemia
patients were treated with DAC over 3 days, MAGE-A1,
SSX, and NY-ESO-1 were expressed de novo between 15
and 30 days following treatment [50]. Likewise, when lung,
esophageal, and pleural mesothelioma patients were treated
with DAC for 3 days and tumor biopsies obtained 1-day
following treatment, a third of the samples demonstrated
upregulation of NY-ESO-1 or MAGE-A3 [47].

Although CTAs represent a potentially rich source of
antigens for inclusion in vaccines designed to treat ovarian
cancer, the utility of the individual antigens is limited by
their lack of expression in all ovarian cancers [4, 46]. Like-
wise, targeting of vaccine-induced CTL to ovarian cancer
requires that the tumor cells express class I MHC mole-
cules, but the tumors frequently have low levels of class I
MHC expression [4]. To overcome these limitations, we
sought to determine if the treatment of ovarian cancer cells
with DAC would induce or upregulate both CTAs and class
I MHC molecule expression.

Materials and methods

Cell culture medium

RPMI-1640 supplemented with 2 mM L-glutamine, 100 U/
ml penicillin, and 100 �g/ml streptomycin was further
supplemented with 5% fetal bovine serum (RPMI-5FBS),
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10% FBS (RPMI-10FBS), or 10% human AB-serum
(RPMI-10HS).

Cell lines

The ovarian cancer lines CAOV-3 [3], CAOV-4 [29],
COV413 [32], ES-2 [33], OV-90 [43], OVCAR-3 [23], SK-
OV-3 [17], SW626 [18], TOV-21G [43], TOV-112D [43],
and TTB-6 [4] were maintained in RPMI-10FBS. C1R-A2
and C1R-A3 were maintained in RPMI-5FBS supple-
mented with 300 �g/ml G418.

DAC treatment

Cells were counted and plated in new T75 Xasks 1-day
prior to the treatment. On the day of treatment the media
was removed and replaced with media containing the
appropriate concentration of DAC (Sigma-Aldrich, St.
Louis, MO) that had been freshly dissolved at 1 mM in
Dulbecco’s phosphate-buVered saline. After incubation
with DAC for 3–7 days, the cells were harvested, counted,
and then prepared for RNA extraction or Xow cytometry.

Flow cytometry

Monoclonal antibodies (mAb) CR11-351 (anti-HLA-
A2,A68,A69; �1) [45], GAP-A3 (anti-HLA-A3; �2a) [1],
ME1-1.2 (anti-HLA-B7,B27; �1) [16], and W6/32 (anti-
HLA-A, B, C; �2a) [40] were produced in our laboratory
from the corresponding hybridoma and were used at a Wnal
concentration of 10 �g/ml. mAb 3F257 (anti-MAGE-A1;
�2a) (United States Biological, Swampscott, MA) was used
at a Wnal concentration of 10 �g/ml.

Class I MHC-speciWc mAbs were added to 2 £ 105 cells
and incubated for 60 min on ice. The cells were washed
twice, 50 �l of a 1:50 dilution of sheep anti-mouse IgG-
FITC (ICN, Irvine, CA) was then added, and the cells were
incubated an additional 60 min on ice. The cells were then
washed once, Wxed with 0.5% paraformaldehyde in PBS,
and analyzed on a FACSCalibur instrument (BD Biosci-
ences, San Jose, CA). Binding of the 3F257 antibody was
evaluated on cells that had been Wxed and permeabilized
according to the CytoWx/Cytoperm kit instructions (BD
Biosciences). Both the primary and secondary antibodies
were diluted in perm/wash buVer.

RNA and cDNA preparation

Total RNA was prepared from 2 to 5 £ 106 cells using the
RNeasy Mini kit (Qiagen) as per the kit instructions. RNA
was quantiWed by absorbance at 260 nm. Total RNA was
converted to cDNA using the SuperScript First-Strand Syn-
thesis System (Invitrogen, Carlsbad, CA).

Polymerase chain reaction (PCR)

Primer sequences were as previously published for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) [36],
MAGE-A1 [2], MAGE-A2 [14], MAGE-A3 [11], MAGE-
A4 [11], MAGE-A6 [11], MAGE-A10 [11], MAGE-A12
[11], NY-ESO-1 [55], TAG-1 [24], TAG-2a [24], TAG-2b
[24], and TAG-2c [24]. Each of the primer sequences,
annealing temperatures, and predicted product sizes has
previously been summarized [4].

PCR was performed on 250 ng of cDNA using Plati-
num Taq polymerase (Invitrogen). The PCR mixes were
heated to 94°C for 2 min, 30 and 40 cycles of ampliWca-
tion were performed (1 cycle = 30 s denaturation at 94°C,
30 s annealing at the temperature given in Ref. [4], 60 s
extension at 72°C), and a Wnal extension completed at
72°C for 5 min. Relative expression levels were deter-
mined by visualizing DNA bands on ethidium bromide-
stained 1.5% agarose gels and are reported on a scale of
0–8. Level 0 represents the inability to visualize a band at
40 cycles of PCR. Levels 1–4 correspond to progressively
brighter bands at 40 cycles of PCR analysis, with 1 being
weakly visible and 4 being easily visible. Levels 5–8 cor-
respond to progressively brighter bands at 30 cycles of
PCR analysis, with 5 being weakly visible and 8 being
easily visible.

ELISpot analysis

CD8+ T lymphocyte lines were generated from patients vac-
cinated with a mixture of peptides as described [6, 53, 60].
Those selected for use in this study were speciWc for:
(a) the HLA-A2-restricted, MAGE-A10-derived peptide
GLYDGMEHL (GLY), (b) the HLA-A3-restricted, MAGE-
A1-derived peptide SLFRAVITK (SLF), and (c) the
HLA-A3-restricted, NY-ESO-1-derived peptide ASGPGG-
GAPR (ASG). The peptide SLYNTVATL (GAG) derived
from the gag protein of HIV-1 was used as an irrelevant
peptide control [6].

Lymphocytes were stimulated and tested by ELISpot
analyses as previously described [6]. BrieXy, the lympho-
cytes were incubated with 40 �g/ml peptide for 2 h,
washed, resuspended in RPMI-10HS containing 20 U/ml
IL-2, and then incubated for 14 days. The cells were then
plated in quadruplicate at 25,000 and 75,000 cells per well
of interferon-� coated MultiScreenHTS IP plates (Millipore,
Billerica, MA). An equal number of peptide-pulsed antigen
presenting cells were added to each well and the plates
were incubated for 18–20 h. The plates were then washed
and biotin-labeled interferon-� added to each well. Spots
were developed using streptavidin conjugated alkaline
phosphatase (BD Biosciences, San Jose, CA) and 4-chloro-
3-indolyl phosphatesubstrate-Toluidine salt (Pierce, Rock-
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ford, IL). Spots were counted using an automated plate
reader (Bioreader 4000, Biosys, The Colony, TX).

Human subjects research approval

This research was approved by the University of Virginia
Human Investigation Committee in accordance with an
assurance Wled with and approved by the Department of
Health and Human Services.

Results

EVect of the treatment of ovarian cancer cell lines with 
1 �M DAC for 3 days on CTA gene expression and class I 
MHC protein expression

Based on the fact that most studies designed to investigate
the eVect of DAC treatment on the expression of CTA
genes and class I MHC proteins have treated cells for 2–
4 days with 1–2 �M DAC [10, 12, 34, 56, 59], we treated
11 ovarian cancer cell lines with 1 �M DAC for 3 days.
CTA gene expression was assessed by performing 30 and
40 cycles of PCR analysis. PCR with primers for the house-
keeping gene GAPDH was Wrst used to ensure that ampliW-
able cDNA had been obtained from each cell line. The
results of this analysis demonstrated that all of the ovarian
cancer cell lines had comparable levels of GAPDH gene
expression (data not shown). PCR ampliWcations were then
performed for 12 CTA genes (Table 1, Supplementary
Fig. 1). DAC treatment resulted in higher levels of expres-
sion of at least 1 CTA gene in ten of the 11 cell lines. Most
cell lines had increased levels of expression of 1–5 CTA
genes, while one cell line had increased levels of expres-
sion of seven CTA genes. The expression levels of the
MAGE-A1 and NY-ESO-1 genes were most frequently
enhanced while the MAGE-A2, MAGE-A6, and MAGE-
A12 genes were not enhanced in any of the cell lines tested.
The expression of the remaining CTA genes was shown to
increase in 1–3 cell lines each.

Class I MHC protein expression in the untreated and
DAC-treated cells was assessed by Xow cytometry using
mAb W6/32, which recognizes an epitope common to all
class I MHC molecules, and mAbs to the individual class
I MHC molecules HLA-A2 (mAb CR11-351), HLA-A3
(mAb GAP-A3), and HLA-B7 (mAb ME1-1.2). The
treatment resulted in a reproducible, but small increase in
HLA-A2 and total class I MHC expression in OV-90
(Supplementary Fig. 2). Conversely, the treatment of SK-
OV-3 with DAC did not reproducibly increase HLA-A2,
HLA-A3, or total class I MHC expression (Supplemen-
tary Fig. 2). The results obtained with OV-90 and SK-
OV-3 were representative of those obtained with the T
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remaining nine ovarian cancer cell lines (data not
shown).

EVect of varying the length of treatment time of ovarian 
cancer cell lines with 1 �M DAC on CTA gene expression 
and class I MHC protein expression

The eVect of varying the length of treatment time with
DAC was studied by comparing CTA gene and class I
MHC protein expression levels in selected cell lines (ES-2,
OV-90, OVCAR-3, and SK-OV-3) treated with 1 �M DAC
for 3, 5, and 7 days. GAPDH gene expression in the four
cell lines was not aVected by any length of treatment
(Fig. 1). MAGE-A1 gene expression was highest at day 7
for three of the four cell lines, and NY-ESO-1 gene expres-
sion was highest at day seven for all four cell lines. Similar
results were observed when class I MHC molecule expres-
sion was measured by Xow cytometry (Fig. 2 and data not
shown). The highest levels of expression of HLA-A2,
HLA-B7, and overall class I MHC molecule expression on
OVCAR-3 were observed on day 7 following treatment.
For SK-OV-3, expression of HLA-A2, HLA-A3, and over-
all class I MHC expression was increased to similar levels
following 5 and 7 days of treatment and in all cases
exceeded that observed following 3 days of treatment. Con-
sequently, subsequent experiments were conducted with
7 days of DAC treatment.

EVect of treating ovarian cancer cell lines with varying 
concentrations of DAC on CTA gene expression 
and class I MHC protein expression

The optimal concentration of DAC needed to enhance the
expression of CTA genes and class I MHC proteins was
next determined. Ovarian cancer cell lines were untreated,
or treated with varying concentrations of DAC (0.1–
30 �M) for 7 days. PCR analysis of OVCAR-3 and SK-
OV-3 showed that the treatment did not aVect GAPDH
gene expression (Fig. 3). Conversely, the expression of
CTA genes was enhanced by increasing concentrations of
DAC, with maximal expression requiring a minimal con-
centration of 1–3 �M. Maximal expression of class I MHC
molecules required a higher concentration of DAC, with
10 �M appearing to be optimal (Fig. 4). Based on the
results of dose response and time course experiments,
7 days of incubation with 10 �M DAC was adopted as the
standard treatment to enhance CTA gene expression and
class I MHC protein expression.

EVect of treating ovarian cancer cell lines with 10 �M DAC 
for 7 days on CTA gene expression, MAGE-A1 protein 
expression, and class I MHC protein expression

Having determined the optimal concentration and incubation
period for DAC treatment, we next treated 11 ovarian cancer
cell lines with 10 �M DAC for 7 days. CTA gene expression
was determined with both 30 and 40 cycles of PCR analysis.
Results of a single experiment analyzed with 30 cycles of
PCR demonstrate several points (Fig. 5). First, CTA genes
are not readily detectable in most untreated cell lines when
tested with 30 cycles of PCR ampliWcation. ES-2 and OV-90
are exceptions in that many of the CTA genes can be
detected in these cell lines without prior exposure to DAC.
Second, treatment with DAC can be very eVective in upregu-
lating the expression of some CTA genes (MAGE-A1,
MAGE-A3, MAGE-A10, NY-ESO-1) while it has little
(MAGE-A4) to no (MAGE-A2) eVect on the expression of
other CTA genes when measured at 30 cycles of PCR. Third,
the increased expression of a particular CTA gene in one cell
line does not predict that it will be increased in all cell lines
(MAGE-A6, NY-ESO-1). Fourth, the increased expression
of a particular CTA gene in one cell line is not predictive of
other CTA genes being increased in the same cell line.

The sensitivity of this analysis was increased by also
conducting the CTA gene expression measurements with
40 cycles of PCR ampliWcation. The combined results of 30
and 40 cycles of PCR analysis are presented in Table 1 and
Supplementary Fig. 3. The number of CTA genes with
enhanced expression ranged from 1 to 11 per cell line, with
most cell lines having enhanced expression of 6 to 11 CTA
genes. Correspondingly, the expression of nine of the 12

Fig. 1 Time course analysis of the eVect of treating ovarian cancer
cell lines with 1 �M DAC for 3, 5, or 7 days on CTA gene expression.
The indicated ovarian cancer cell lines were incubated for 3, 5, or
7 days in the presence or absence of 1 �M DAC, harvested, and cDNA
prepared. CTA gene expression was determined by PCR as indicated
in the “Materials and methods”. Bands were visualized on ethidium
bromide stained 1.5% agarose gels. The results from one of two to
three independent experiments are shown
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CTA genes was enhanced in at least seven diVerent ovarian
cell lines. Expression of MAGE-A1, MAGE-A3, MAGE-
A4, MAGE-A10, and NY-ESO-1 was increased in every
evaluable cell line. Only MAGE-A2 did not increase in any
cell line, and in fact, tended to decrease from low to no
expression following treatment (Supplementary Fig. 3).

The expression of the MAGE-A1 protein was measured
to determine if increased CTA gene expression levels also
lead to an increase in the expression of the corresponding
protein. Although many lines showed a large increase in the
expression of the MAGE-A1 gene when treated with
10 �M DAC for 7 days (Table 1, Supplementary Fig. 3),
the cell lines did not show a correspondingly large increase
in protein expression (Fig. 6). MAGE-A1 protein expres-
sion increased greater than threefold in CAOV-3 and TOV-
21G, and greater than 1.9-fold in OV-90, OVCAR-3, and
TOV-112D.

Class I MHC protein expression was also assessed fol-
lowing treatment of the 11 ovarian cancer cell lines with

10 �M DAC for 7 days (Fig. 7). Overall, two patterns of
expression emerged. When class I MHC molecules are
already expressed at high levels (ex. CAOV-3 and CAOV-
4) there was no to only a modest enhancement of expres-
sion. When protein expression was low, increases in
expression levels ranged from about two- to tenfold; how-
ever, despite the high relative increase in expression, the
overall protein expression levels remained below that found
in a cell lines naturally expressing high levels of class I
MHC molecules.

Recognition of DAC-treated (10 �M for 7 days) ovarian 
cancer cells by antigen-reactive CD8+ T lymphocytes

To determine if enhanced expression of CTA and class I
MHC molecules leads to increased recognition of the
treated cells by T lymphocytes, antigen-reactive CD8+ T
lymphocytes that recognize peptide antigens derived from
the MAGE-A1, MAGE-A10, and NY-ESO-1 proteins were

Fig. 2 Time course analysis of 
the eVect of treating ovarian can-
cer cell lines with 1 �M DAC for 
3, 5, or 7 days on class I MHC 
protein expression. The indi-
cated ovarian cancer cell lines 
were incubated for 3, 5, or 
7 days in the presence or 
absence of 1 �M DAC and were 
then harvested. Class I MHC 
protein expression levels were 
determined by Xow cytometry 
using mAb CR11-351 to detect 
HLA-A2 (a, d), mAb GAP-A3 
to detect HLA-A3 (e), mAb 
ME1-1.2 to detect HLA-B7 (b), 
and mAb W6/32 (c, f) to detect 
all class I MHC molecules. The 
results from one of three inde-
pendent experiments are shown
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tested in an interferon-� ELISpot assay for their ability to
recognize DAC-treated and untreated cells. CD8+ T lym-
phocytes that recognize the NY-ESO-1-derived peptide
ASG in association with HLA-A3 (Fig. 8a, c) were tested

against SK-OV-3, SW626, and TOV-112D (all NY-ESO-
1+, HLA-A3+) as potential positive stimulator cells and
COV413 (NY-ESO-1+, HLA-A3-) as a control cell line
(Fig. 8b, d). DAC treatment of SW626, but not the remain-
ing cell lines, led to an increase in T cell responses to those
tumor cells. CD8+ T lymphocytes that recognize the
MAGE-A1-derived peptide SLF in association with HLA-
A3 (Fig. 8e, g) were tested against the same cell lines, all of
which also express MAGE-A1+ (Fig. 8f, h). Treatment of
SW626 with DAC was again shown to lead to an increase
in the ability of the cell line to trigger interferon-� release
by the antigen-speciWc CD8+ T lymphocytes. Finally, CD8+

T lymphocytes that recognize the MAGE-A10-derived pep-
tide GLY in association with HLA-A2 (Fig. 8i) were tested
for interferon-� release against CAOV-4, COV413, and
OVCAR-3 (all MAGE-A10+, HLA-A2+) as potential stim-
ulators and TOV-112D (MAGE-A10+, HLA-A2¡) as a
control cell line (Fig. 8j). Treatment of these cell lines with
DAC did not signiWcantly change their ability to stimulate
antigen-speciWc CD8+ T lymphocytes.

Discussion

The results presented here clearly indicate that the treatment
of ovarian cancer cells with DAC can lead to an enhance-
ment in expression of CTA genes (Table 1, Supplementary
Fig. 3). In comparison to other studies in which 3–4 days
of treatment with 1–2 �M DAC was routinely used to

Fig. 3 Dose response analysis of the eVect of treating ovarian cancer
cell lines with 0.1–30 �M DAC for 7 days on CTA gene expression.
The indicated ovarian cancer cell lines were incubated for 7 days in the
presence or absence of 0.1–30 �M DAC, harvested, and cDNA pre-
pared. CTA gene expression was determined by PCR as indicated in
the “Materials and methods”. Bands were visualized on ethidium bro-
mide stained 1.5% agarose gels. The results from one of two indepen-
dent experiments are shown

Fig. 4 Dose response analysis 
of the eVect of treating ovarian 
cancer cell lines with 0.1–30 �M 
DAC for 7 days on class I MHC 
protein expression. The indi-
cated ovarian cancer cell lines 
were incubated for 7 days in the 
presence or absence of 0.1–
30 �M DAC and were then har-
vested. Class I MHC protein 
expression levels were deter-
mined by Xow cytometry using 
mAb CR11-351 to detect HLA-
A2, mAb GAP-A3 to detect 
HLA-A3, mAb ME1-1.2 to de-
tect HLA-B7, and mAb W6/32 
to detect all class I MHC mole-
cules. The results from one of 
two independent experiments 
are shown
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upregulate CTA gene expression [10, 12, 34, 56, 59], ovar-
ian cancer cell lines required 7 days of treatment with DAC
at 1–3 �M to achieve the highest levels of CTA gene expres-
sion (Figs. 1, 3). The need for a lengthier treatment time
may reXect the longer doubling times that ovarian cell lines
have in comparison to melanoma cell lines (unpublished
observations). Because DAC acts by inhibiting methylation
of a newly synthesized DNA strand, it would be expected
that the rate at which demethylation will occur would be a
function of the replicative rate of the cells.

It is important to note, however, that DAC treatment is
not an universal panacea for upregulating CTA gene
expression. MAGE-A2 gene expression, for example, does
not increase, but rather decreases in expression following
DAC treatment (Supplementary Fig. 3). This result stands

in contrast to the results obtained with CTA genes such as
MAGE-A1, MAGE-A3, MAGE-A10, and NY-ESO-1,
which when ordinarily expressed at low levels undergo a
dramatic upregulation following DAC treatment. It is also
evident that there is heterogeneity in the response to DAC
treatment, both with respect to how frequently the expres-
sion of a particular CTA gene is upregulated in diVerent
cell lines, and with respect to how many CTA genes are
upregulated in a particular cell line. Such heterogeneous
response patterns of CTA gene expression are not unique to
ovarian cancer cell lines, but have been demonstrated in
other cancers [8, 12, 51, 52]. These Wndings likely reXect
the multiple control mechanisms that can aVect the expres-
sion of any particular gene, as well as the fact that promoter
demethylation will have little functional consequence if the
gene in question is no longer functional due to a genetic
defect.

It is not increased CTA gene expression per se that leads
to increased recognition of tumor cells by CTA-speciWc T
cells, but rather it is increased peptide production which
can occur through a combination of increased protein pro-
duction and/or increased protein degradation. There are few
CTA-speciWc antibodies available to measure protein
expression levels, although a number of antibodies have
been developed which recognize MAGE-A proteins.
Although most of the antibodies with speciWcity for
MAGE-A proteins recognize multiple members of the
MAGE-A family, the mAb 3F257 is MAGE-A1 speciWc

Fig. 5 The eVect of treating ovarian cancer cell lines with 10 �M
DAC for 7 days on CTA gene expression. Eleven ovarian cancer cell
lines were incubated for 7 days in the presence (+) or absence (¡) of
10 �M DAC, harvested, and cDNA prepared. CTA-speciWc PCR was
then performed and the ampliWcation products visualized on ethidium
bromide stained 1.5% agarose gels. The 30-cycle results from one of
three independent experiments are shown

Fig. 6 The eVect of treating ovarian cancer cell lines with 10 �M
DAC for 7 days on MAGE-A1 protein expression. Eleven ovarian can-
cer cell lines were incubated for 7 days in the presence or absence of
10 �M DAC and were then harvested. The cells were Wxed and perme-
abilized and then MAGE-A1 expression levels determined by Xow
cytometry using mAb 3F257. The data are presented as mean § SEM
of two independent experiments and are the ratio of the Xuorescence
intensity of DAC-treated cells to the Xuorescence intensity of the un-
treated cells. The dashed line represents a 1:1 ratio of the Xuorescence
intensities
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(USB technical data sheet). mAb 3F257 was used to ask if
MAGE-A1 protein expression increased in parallel with
CTA gene expression following DAC treatment. Although
MAGE-A1 protein expression increased by 1.9- to 4.0-fold
in Wve of the 11 cell lines tested (Fig. 6), the magnitude of
the increase is relatively small in comparison to the corre-
sponding increase in gene expression (Table 1, Supplemen-
tary Fig. 3). This would suggest that other factors limit the
translation of MAGE-A1 mRNA, such that there is no lin-
ear relationship between mRNA and protein expression.
Alternatively, increased levels of the protein may be associ-
ated with an increased rate of degradation of the protein.

The treatment of ovarian cancer cell lines with DAC
leads to an increase in the levels of class I MHC protein
expression (Fig. 7), similar in magnitude to that observed
when melanoma cell lines are treated with DAC [10, 19,
49]. When cell lines already express class I MHC mole-
cules at intermediate to high levels, the amount of increase
if any, is less than twofold (e.g., CAOV3, CAOV4, and
SW626). This is in accord with the fact that when gene
expression levels are already high it is likely that the pro-
moter region of the gene already exists in an unmethylated
state and treatment with DAC would not be expected to
have a large eVect on expression. When cell lines naturally

express low levels of class I MHC molecules, treatment
with DAC can increase expression by four- to tenfold (see
OVCAR-3, TOV-21G, and TOV-112D). In some poorly
expressing cell lines such as ES-2 and SK-OV-3, however,
class I MHC protein expression is increased by less than
twofold. That the expression levels in these cell lines are
not increased to the high levels naturally expressed in other
cell lines likely reXects the fact that the low expression
levels are only partially regulated, or are not regulated at
all, by a methylation dependent mechanism. One or more
genetic defects, either in the class I MHC genes themselves
or in one of the ancillary genes (�2-microglobulin, protea-
somes, TAP, etc.) required for class I MHC protein expres-
sion could also account for the low expression levels of the
class I MHC proteins [48] .

From an immunological perspective the importance of
CTAs is that they are recognized as antigens by both anti-
bodies and T cells, with the latter requiring that the CTA
Wrst be processed into peptides, which then bind to class I
MHC molecules for presentation to CD8+ T cells. From this
perspective, a change in CTA and/or class I MHC molecule
expression in response to DAC treatment is functionally
signiWcant if it alters the ability of the treated cell line to be
recognized by antigen-speciWc CD8+ T cells. As measured

Fig. 7 The eVect of treating ovarian cancer cell lines with 10 �M DAC
for 7 days on class I MHC protein expression. Eleven ovarian cancer
cell lines were incubated for 7 days in the presence (+) or absence (¡)
of 10 �M DAC and were then harvested. Class I MHC protein expression

levels were determined by Xow cytometry using mAb CR11-351 to
detect HLA-A2, mAb GAP-A3 to detect HLA-A3, mAb ME1-1.2 to
detect HLA-B7, and mAb W6/32 to detect all class I MHC molecules.
The data represent one of two independent experiments
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by interferon-� release in ELISpot assays, treatment of
SW626 with DAC resulted in increased recognition by NY-
ESO-1/HLA-A3-reactive and MAGE-A1/HLA-A3-reac-
tive T cells. A similar increase was not observed with cell
lines SK-OV-3 and TOV-112D. These lines are similar in
that all of them express intermediate basal levels of the
MAGE-A1 gene and high, DAC-stimulated levels of the
gene. Conversely, the basal level of expression of HLA-A3
by SW626 cells exceeds the DAC-stimulated levels of
HLA-A3 expressed by the cell lines SK-OV-3 and TOV-
112D. Thus, the increase in CTA expression may not mani-
fest itself in increased recognition by CD8+ T cells unless
there is a certain minimum number of class I MHC mole-
cules available to present the antigen. Similar experiments
with CD8+ T cells speciWc for a MAGE-A10-derived pep-
tide seen in association with HLA-A2 did not result in a sta-
tistically signiWcant increase in recognition, although the
cell line COV413 had a trend toward increased recognition.
It is diYcult to compare these results to published results as

diVerent methods have been used to measure the T cell
response including total interferon-� release [49, 57], cyto-
toxicity measured by 51Cr-release [8, 19, 56], and inter-
feron-� ELISpot [19]. The most comparable study using
interferon-� ELISpot [19] showed a doubling in the number
of spots obtained, a result that is similar in magnitude to
that observed here.

There are two potential limitations to the clinical use of
DNA methylation inhibitors for the purposes of increasing
CTA and class I MHC molecule expression. First, promoter
methylation is one of many mechanisms that regulates the
gene expression and methylation status does not always
correlate with gene expression. For example, there is no
correlation between methylation status and HLA-G expres-
sion in ovarian cancer tumors and normal ovarian epithelial
cells [38], and the degree of methylation status of the
MAGE-A1 gene does not show a strong correlation with
gene expression [54]. Likewise, demethylation of the pro-
moter region of class I MHC genes will not overcome the

Fig. 8 The eVect of treating ovarian cancer cell lines with 10 �M
DAC for 7 days on recognition by antigen-speciWc CD8+ T lympho-
cytes. The indicated ovarian cancer cell lines were incubated for 7 days
in the presence or absence of 10 �M DAC and were then harvested.
The cells were then used as stimulator cells in an interferon-� ELISpot
assay. CD8+ T lymphocytes reactive to the NY-ESO-1-dervied peptide
ASG presented in association with HLA-A3 (a–d), for the MAGE-A1-
derived peptide SLF presented in association with HLA-A3 (e–h), and
the MAGE-A10-derived peptide GLY presented in association with

HLA-A2 (i, j) were used. C1R-A2 and C1R-A3 cells pulsed with the
relevant peptide served as a positive control, while C1R-A2 and C1R-
A3, either unpulsed or pulsed with a control peptide (GAG), served as
negative controls. Each panel of ovarian cancer cells used as stimula-
tors included three lines that were HLA-matched for the relevant class
I MHC molecule and one line that was HLA-unmatched for the rele-
vant class I MHC molecule. The data are presented as the
mean § SEM for two independent experiments
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lack of expression due to defects in the genes coding for
class I MHC molecules, �2-microglobulin, proteasomes,
and TAP [48]. Thus, this approach can be useful in driving
a high expression level of CTA and class I MHC molecules
on some, but not all tumor cells. Second, DNA methylation
inhibitors are not speciWc for tumor cells but have the
potential to act on all cycling cells in the body. Consistent
with this, in vitro DAC treatment has been shown to upreg-
ulate CTA expression of normal cells in some [12, 35], but
not all [56] studies. The de novo expression of CTA by nor-
mal tissues raises the risk that CTA-speciWc T cells will
interact with normal cells as well as tumors. Accordingly,
pre-clinical studies will need to assess the degree to which
epigenetic therapies increase CTA expression by normal
cells, whether diVerent dosing strategies can be used to
p`entially enhance CTA expression by tumors and not nor-
mal tissue, and to determine if induced CTA expression
levels on normal tissue are functionally signiWcant from the
perspective of recognition by T lymphocytes.

The results presented here demonstrate that the treatment
of ovarian cancer cells with DAC can lead to a large
increase in the expression of multiple CTA genes, a modest
increase in the expression of class I MHC proteins, and
enhanced recognition of the treated cells by antigen-spe-
ciWc CD8+ T cells. Thus, there is a rational basis for treating
ovarian cancer with combined DAC therapy and vaccine
therapy designed to stimulate a T cell-mediated immune
response.
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