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Abstract

Purpose. A recent landmark study demonstrated that Dichloroacetate (DCA) treatment promoted apoptosis in lung, breast, and glioblastoma
cancer cell lines by shifting metabolism from aerobic glycolysis to glucose oxidation coupled with NFAT-Kv1.5 axis remodeling. The objective of
this study was to determine whether DCA induces apoptosis in endometrial cancer cells and to assess apoptotic mechanism.

Methods. A panel of endometrial cancer cell lines with varying degrees of differentiation was treated with DCA and analyzed for apoptosis via
flow cytometry. Biological correlates such as gene expression, intracellular Ca2+, and mitochondrial membrane potential were examined to assess
apoptotic mechanism.

Results. Initiation of apoptosis was observed in five low to moderately invasive cancer cell lines including Ishikawa, RL95-2, KLE, AN3CA, and
SKUT1B while treatment had no effect on non-cancerous 293T cells. Two highly invasive endometrial adenocarcinoma cell lines, HEC1A and
HEC1B, were found to be resistant to DCA-induced apoptosis. Apoptotic responding cell lines had a significant increase in early and late apoptotis, a
decrease in mitochondrial membrane potential, and decreased Survivin transcript abundance, which are consistent with a mitochondrial-regulated
mechanism. DCA treatment decreased intracellular calcium levels in most apoptotic responding cell lines which suggests a contribution from the
NFAT-Kv1.5-mediated pathway. DCA treatment increased p53 upregulated modulator of apoptosis (PUMA) transcripts in cell lines with an
apoptotic response, suggesting involvement of a p53-PUMA-mediated mechanism.

Conclusions. Dichloroacetate effectively sensitizes most endometrial cancer cell lines to apoptosis via mitochondrial, NFAT-Kv1.5, and PUMA-
mediated mechanisms. Further investigation of the cancer therapeutic potential of DCA is warranted.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Endometrial cancer (EC) is a neoplasia of the epithelial lining
of the uterine corpus. It is the most common gynecologic ma-
lignancy in the United States and the fourth leading cause of
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cancer death in the country among women [1]. There are few
therapeutic options without serious drawbacks for those with
recurrent or metastatic endometrial cancer. Chemotherapy for
metastatic disease has high rates of toxicity, neuralgia, and cardiac
complications [2,3]. The impetus in future cancer therapy devel-
opment will be to reduce serious adverse effects while demon-
strating comparable or improved efficacy to existing treatments.

Aerobic glycolysis, also known as the ‘Warburg Effect', is a
unique property of most cancers. This phenomenon is charac-
terized by increased glucose uptake and reliance on glycolysis
for ATP production despite an available oxygen source [5].
Aerobic glycolysis is believed to be a result of mitochondrial
tosis in endometrial cancer cells, Gynecol Oncol (2008), doi:10.1016/j.
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dysfunction which confers apoptotic resistance in cancer cells
[6]. This apoptotic resistance is due to hyperpolarization of the
mitochondrial membrane which prevents the release of pro-
apoptotic mediators from the mitochondria to the cytoplasm [4].
Hyperpolarized mitochondrial membranes are characteristic of
most carcinomas and its reversal is associated with initiation of
apoptosis [7,8].

Therapeutic targeting of aerobic glycolysis is a novel means
in which to target cancer cells. The key regulator of cellular
metabolism is pyruvate dehydrogenase (PDH) which in turn is
inhibited by pyruvate dehydrogenase kinase (PDK). A recent
study showed that PDK activity in cancer cell lines can be
down-regulated by DCA [4]. Metabolic targeting by DCA
involves two synergistic mechanisms, the proximal and distal
pathways [4]. In the proximal (mitochondrial-regulated) path-
way, DCA binds to PDK and attenuates inhibition of PDH
activity. The increased PDH activity shifts metabolism from
glycolysis to glucose oxidation and decreases mitochondrial
membrane potential (MMP) hyperpolarization, which opens
mitochondrial transition pores (MTPs). This allows for the
translocation of reactive oxygen species (ROS) and cytochrome
c from the mitochondria to the cytoplasm, subsequently induc-
ing apoptosis through the activation of caspases [4]. In the distal
(NFAT-Kv1.5) pathway, translocated ROS dilates Kv1.5
potassium ion channels on the plasma membrane. The ex-
pulsion of potassium ions hyperpolarizes the cell, preventing
voltage-dependent Ca2+ entry. The decreased intracellular Ca2+

level inhibits the activation of NFAT, which further increases
Kv1.5 expression; creating a positive feedback loop ultimately
resulting in reduced tonic inhibition of caspases [4].

There is substantial cross-talk between the mitochondrial and
the p53-mediated apoptotic pathways. p53-upregulated modu-
lator of apoptosis (PUMA) is one such pro-apoptotic protein
that bridges the interaction between mitochondrial and p53
tumor suppressor-mediated mechanisms. PUMA is a member of
the BH3-only family of proteins whose expression is transcrip-
tionally regulated by p53 [9–11]. Upon activation by various
apoptotic stimuli, PUMA translocates to the mitochondrial mem-
branewhere it antagonizes pro-survival Bcl-2 proteins by binding
to its BH3 domain, inducing cytochrome c release, and pro-
moting apoptosis [10,12]. In recent knock-out studies, PUMA
has been determined to be a critical mediator of p53-dependent
apoptosis in murine thymocytes and human colorectal cancer
cells [13,14].

Dichloroacetate has been shown in numerous studies to
promote glucose oxidation in various mitochondrial disorders
[15,16]. Additionally, DCA treatment was found to have milder
side effects in clinical studies of mitochondrial encephalomyo-
pathies compared to those of current endometrial cancer thera-
pies [17]. To date, the effect of DCA has been studied in a
limited number of cancer cell lines and our understanding of
alternative apoptotic mechanisms regulated by DCA is defi-
cient. The purpose of our study was to determine whether DCA
sensitizes a panel of endometrial cancer cell lines to apoptosis
and to assess the contribution of the mitochondrial-regulated,
NFAT-Kv1.5, and PUMA mechanisms in the apoptotic process
by examining biological correlates.
Please cite this article as: Wong JYY, et al, Dichloroacetate induces apop
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Materials and methods

Cell culture

AN3CA, SKUT1B, RL95-2, KLE, HEC1A, and HEC1B cell lines were
purchased from American Type Culture Collection (Manassas, VA) and the
Ishikawa cell line was purchased from Sigma-Aldrich (St. Louis, MO). The
293T kidney epithelial cells that served as non-cancerous, healthy controls were
provided by Nikhil Munshi. MCF7 breast epithelial adenocarcinoma was a gift
of Ramon Parsons (Columbia University). Cell lines were propagated as per
distributor's specified conditions. Cell lines were maintained in a 37 °C, 5%
CO2 humidified incubator. DMEM, McCoy's 5A, MEM, and DMEM-F12
growth media along with penicillin–streptomycin and insulin supplements were
purchased from Gibco-Invitrogen (Carlsbad, CA). Dichloroacetate (Alfa Aesar,
Ward Hill, MA) was dissolved to a 1 M working solution, filter-sterilized, and
subsequently diluted to treatment concentrations in growth media.

Cell viability assay

Cell viability was measured using CellTiter-Blue reagent (Promega) which
measures the ability of healthy viable cells to metabolize a Resazurin substrate to
a fluorescent Resorufin product. Briefly, 3×104 cells of each cell line were
plated into opaque-walled 96-well tissue culture plates and incubated in standard
growth conditions overnight to 60–70% confluence. The media in each well was
then replaced with fresh growth media containing increasing concentrations of
DCA (0 mM, 1 mM, 5 mM, 10 mM). Each well was performed in triplicate in
two or more independent experiments for each cell line. Following treatment,
the plates were incubated for 40 h at 37 °C after which 20 μL of Resazurin
substrate was added directly to each well and incubated for an additional 3 h.
The plates were then read on a Molecular Devices Gemini XPS plate reader
(Sunnyvale, CA) at 560/590 nm.

Apoptosis assays

Flow cytometrywithAnnexin-V-FITC (BDBioscience, San Jose, CA) and 7-
amino-actinomycin D (7-AAD) staining was used to determine whether treat-
ment specifically induces early apoptosis. Briefly, 5×105 cells for each cell line
were seeded into 6-well tissue culture plates and incubated overnight to 60–70%
confluence under standard growth conditions. Media for each cell line was then
replaced with fresh growth media with and without a 10 mM dose of DCA.
Treatment groups for each cell line were replicated three times. The cells were
then incubated for 40 h at 37 °C and harvested with 0.25% Trypsin-EDTA
(Invitrogen, Carlsbad, CA). Cells were washed with 1× PBS and subsequently
stained as per manufacturer's protocol. Flow cytometry was performed on a BD
FACSCanto II (BD Bioscience) and data was analyzed on FlowJo 7.2.2 (Tree
Star, Ashland, OR) and BD FACSDiva 6.0 software (BD Bioscience).

The Apoptag Peroxidase Terminal dUTP Nick-end Labeling (TUNEL) assay
kit (Millipore, Billerica, MA) was used to visualize apoptotic cells that had
undergone caspase-dependent genomic fragmentation. Briefly, 5×104 cells of
several representative endometrial cancer cell lines were seeded and propagated
on 4-well chamber slides (Nunc, Rochester, NY) overnight. The media in each
well was then replaced with fresh growth media with or without 10 mM DCA.
After 48 h, the cells were fixed with 1% paraformaldehyde and stained as per
manufacturer's protocol. Stainingwas performed by theDana-Farber—Harvard
Cancer Center Pathology Core facility. Images were captured at 40× objective on
a Zeiss Axioskop 2 Plusmicroscope (Thornwood,NY) usingAxioVs40 v.4.4.1.0
software at 24-bit RGB.

Cell proliferation assay

Flow cytometry using bromodeoxyuridine (BrdU) (BD Bioscience) and
7-AAD staining was employed to measure cell proliferation. Briefly, several
representative endometrial cancer cell lines were propagated as outlined above
for the Annexin-V assay. The cells were then serum-starved for 8 h in growth
media containing 0.5% FBS to reset the cell cycle to G0 phase. The media was
subsequently changed to normal growth media with and without 10 mM DCA
treatment. After 24 h, the cells were pulsed for 2 h with 10 μM BrdU in growth
tosis in endometrial cancer cells, Gynecol Oncol (2008), doi:10.1016/j.
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media. The cells were then harvested, stained, and analyzed as per manufac-
turer's protocol.

Mitochondrial membrane potential assays

Mitochondrial membrane potential was detected using the Mitocapture Apo-
ptosis Detection Kit (Calbiochem). Growth, treatment, and experimental layout
of the cell lines were identical to the Annexin-V assay described above. After a
24-hour incubation period following treatment with and without 10 mM DCA,
the cells were harvested and washed with 1× PBS and stained with Mitocapture
reagent as per manufacturer's protocol and analyzed via flow cytometry.

A modified version of a protocol involving staining mitochondria with te-
tramethyl rhodamine methyl ester (TMRM) (Invitrogen, Carlsbad, CA) described
elsewhere, was also used to assess MMP [18]. Briefly, the cells were propagated
and treated exactly as the cell viability assay described above. After a 24-hour
incubation period, 5×104 cells were isolated, washed in 1× PBS, and resuspended
in Hank's buffered salt solution (HBSS) (Sigma-Aldrich, St. Louis, MA) with
50 nM TMRM and incubated for 30 min at 37 °C. The cells were transferred to an
opaque 96-well plate and fluorescencewasmeasured at 530/620 nmat 37 °C using
a plate reader.

Intracellular calcium levels

Intracellular calcium levels were measured using the FLUO-4 NW Calcium
Assay (Invitrogen). Briefly, 3×104 cells for each cell linewere plated onto individual
opaque-walled 96-well tissue culture plates and incubated in standard growth
conditions for 8 h. Themedia in eachwellwas then replacedwith fresh growthmedia
containing increasing concentrations of DCA. Each treatment group was replicated
in 4 wells in at least 2 independent experiments. Following 8-hour incubation, the
cells in each well were treated with FLUO-4 reagent as per manufacturer's protocol.
The plates were then read on a fluorescent plate reader at 494/516 nm.

Real-time PCR

Real-time quantitative PCR was used to detect the abundance of endogenous
Survivin and PUMA transcripts. A total of 1×106 cells for each cell line were
seeded and grown in 10 cm tissue culture plates overnight. The media were then
replaced with fresh growth media with or without 10 mM DCA treatment. After
incubating for 40 h, 3×106 cells for each plate were harvested and total RNA
was extracted using RNeasy Plus Mini Kit (Qiagen, Valencia, CA) as per
manufacturer's protocol. First-strand cDNA was synthesized with 1000 ng of
total RNA and Oligo dT primers using Superscript III Reverse Transcriptase
(Invitrogen) as per manufacturer's protocol. The cDNA product was then treated
with RNase H for 20 min at 37 °C and diluted to100 ng/μL. Concentrations of
RNA and cDNA were precisely determined using a Nanodrop ND-1000 spec-
trophotometer (Wilmington, DE).

The primer sequences for Survivin were forward 5′-AAGAACTGGCCCT-
TCTTGGA-3′ and reverse 5′-CAACCGGACGAATGCTTTT-3′ (Primerbank).
The primers sequences for PUMA and the RPLP0 housekeeping gene were
described in previous studies [19,20]. The reaction mixtures consisted of 1×
Applied Biosystems SYBR Green PCR mix (Foster City, CA), 1.5 mM MgCl2,
0.42 mM dNTPs, 5U ABI Amplitaq Gold, 200 ng of cDNA template, and
333 nM of forward and reverse primers. Reactions were performed in triplicate
in two replicate experiments. The cycling conditions were 1 cycle at 95C for
10:00, 33× cycles of 95C for 0:30, 55C for 0:30, and 72C at 0:30. A five-point
standard curve for the reactions had linear slopes of −3.2+/−0.1 with correlation
coefficients (r2) above 0.985. The assay was performed with an ABI 7300 Real-
Time PCR System (Foster City, CA). Relative quantification of the target
transcripts normalized to RPLP0 was assessed with ABI 7300 Real-Time PCR
Systems RQ Study Software using the comparative Ct method.

Statistical analysis

Student's t-test and One-way ANOVA were used to evaluate differences
between treatment arms. A p-value below 0.05 was considered significant.
Analysis was performed with Microsoft Excel 2007 (Redmond, WA). Graphs
were created using GraphPad Prism 5 (San Diego, CA).
Please cite this article as: Wong JYY, et al, Dichloroacetate induces apop
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Results

DCA reduces endometrial cancer cell viability in a
dose-dependent manner

To determine the effect of DCA on the viability of endometrial
cancer cells, each cell line was grown in culture with increasing
doses of DCA. In a panel of seven endometrial cancer cells lines,
AN3CA, Ishikawa, RL95-2, and SKUT1B had a 15% – 75%
decrease in viabilitywith increasingDCAconcentration (Fig. 1A).
Reduction in viability formost of the responding cell lines reached
significance at the 10 mM dose. A comparison between the
untreated group and the 10 mM DCA-treated group had p-values
b0.01 for AN3CA, Ishikawa, RL95-2, and SKUT1B. A margin-
ally significant decrease in viability was seen at the 5mMdose for
AN3CA and RL95-2. Therefore, an approximate effective mini-
mal dose of DCA for these endometrial cell lines under the
treatment periodwas determined to be between 5mMand 10mM.
This DCA dose concentration and treatment time is within the
effective range of previously published in vitro experiments [21].
A statistically significant increase in viability was observed with
HEC1A, HEC1B, and KLE with increasing DCA concentrations
(pb0.02). As expected, no statistically significant difference in
viability was observed in the 293T epithelial cells at the given
DCA dose range and treatment period (p=0.27).

The effect of DCA on endometrial cancer cell proliferation is
cell line-dependent

To determine whether the observed decrease in cell viability
with DCA treatment was due to a cell proliferation effect, a
BrdU/7-AAD staining was performed on several representative
cell lines and analyzed via flow cytometry. No significant
difference in cell cycle dynamics or proliferation was observed
in Ishikawa, HEC1B, and 293T epithelial cells with DCA
treatment (Table 1). In AN3CA, treatment with DCA increased
proliferation, as indicated by significant increases in the number
of cells in S and G2/M phases and fewer cells in G0/G1. In
RL95-2 cells, treatment with DCA significantly decreased the
proportion of cells in S and G2/M phases and increased cells in
G0/G1 phase; indicating decreased proliferation and cell cycle
arrest in either a senescent or quiescent state.

DCA promotes apoptosis in endometrial cancer cells

In order to determine whether the reduction of cell viability
from DCA treatment was due to apoptosis rather than necrosis,
an Annexin-V-FITC and 7-AAD cell staining was performed
and analyzed using flow cytometry. Significant increases of
50% to 325% were observed in early apoptotic cells in AN3CA,
Ishikawa, KLE, RL95-2 and SKUT1B (Fig. 1B). Significant
increases were also observed in late apoptotic cells of these cell
lines (Fig. 1B). RL95-2 had the greatest increase in early apo-
ptotic cells, while KLE had the least significant increase. The
increased percentage of late apoptotic cells in KLE was not
statistically significant. There was no observed difference in the
percentage of early and late apoptotic cells with treatment in
tosis in endometrial cancer cells, Gynecol Oncol (2008), doi:10.1016/j.
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Table 1
BrdU/7-AAD FACS analysis of DCA effect on cell proliferation

Cell line/treatment % S Phase Stdev S phase % G0/G1 phase Stdev G0/G1 % G2/M phase Stdev G2/M phase

293T untreated 60.6 0.6 33.2 1.7 6.2 1.25
293T DCA 58.1 2.2 31.7 2.2 10.2 0.34
p-value 0.15 0.14 0.03
Ishikawa untreated 61.3 0.4 27.4 1.8 11.3 0.96
Ishikawa DCA 65.9 4.5 22.9 4.9 11.2 0.68
p-value 0.21 0.25 0.96
HEC1B untreated 37.4 2.7 41.5 0.8 21.2 1.93
HEC1B DCA 42.4 1.5 34.8 3.6 22.8 2.15
p-value 0.19 0.08 0.47
AN3CA untreated 43.5 0.6 50.6 2.0 5.9 1.80
AN3CA DCA 53.9 2.1 24.7 5.3 21.5 3.21
p-value 0.02 b0.01 b0.01
RL95-2 untreated 31.4 1.2 53.9 0.8 14.4 0.43
RL95-2 DCA 6.7 4.3 90.3 7.7 2.9 3.53
p-value b0.01 b0.01 b0.01

Untreated and 10 mMDCA-treated representative endometrial cancer cell lines and the 293T non-cancerous control were pulsed with BrdU after 24 h of exposure. The
cells were harvested, stained, and their cell cycle dynamics were analyzed via flow cytometry. BrdU/7-AAD staining allows for dynamic discrimination of S, G0/G1,
and G2/M phases of the cell cycle through the integration of the thymine analogue during S-phase DNA replication. The figures above represent the mean percentage
of live gated cells in each cycle (n=3). A two-tailed t-test was used to generate the p-value (α=0.05).
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HEC1B cells, while HEC1A cells had a slightly significant
decrease in apoptotic cells. The 293T cell line did not undergo
apoptosis with DCA treatment and the slight increase in the
percentage of apoptotic cells was not significant ( p=0.08).

Since the Annexin-V assay is primarily used to detect early
apoptosis, a TUNEL assay was performed on several representa-
tive endometrial cancer cell lines to qualitatively confirm pro-
gression to late apoptosis by visualizing caspase-dependent DNA
fragmentation. In concordance with the quantitative Annexin-V
assay, increases in TUNEL-positive apoptotic cells were ob-
served in AN3CA, Ishikawa, and RL95-2 (Fig. 1C). No visual
difference in TUNEL-positive cells was observed in HEC1B and
293T cells with 10 mM DCA treatment.

In order to determine if growth rate affects sensitivity of the
endometrial cancer cell lines to DCA treatment, one apoptotic
responder and non-responder, (Ishikawa and HEC1A respec-
tively), were grown in serum-deprived conditions with 0.5%
FBS, which resets cells to G0 phase and hinders proliferation.
Serum starvation did not affect the proportion of early apoptotic
cells in the Ishikawa cells with treatment compared to normal
growth conditions. The percentage of early apoptotic cells in-
creased from 3.17%+/−0.21% SD in untreated to 6.20%+/−
1.04% SD p=0.05 in treated Ishikawa cells which was similar
to results under normal growth conditions. The percentage of
late apoptotic Ishikawa cells increased from 1.07%+/−0.15%
SD in untreated to 3.57%+/−0.49% SD p=0.02 in treated
cells. The HEC1A cell line showed no significant difference in
Fig. 1. Dichloroacetate decreases cell viability through promotion of apoptosis in m
viability of endometrial cancer cell lines after 40 h of treatment with 10 mMDCAwas
Error bars represent standard error between 2 to 3 replicate experiments performed
decreased viability. B) FACS Traces from the Annexin-V/7-AAD assay for apoptosis.
40 h and analyzed for apoptosis via flow cytometry. The upper bar graph is the differen
is the difference in late apoptotic cells with and without DCA treatment. Error bars r
with increased percentage of apoptotic cells. C) Several representative cell lines were
genomic fragmentation. Slides were viewed in bright field under 40× objective mag
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early and late apoptotic cells. The percentage of HEC1A early
apoptotic cells were 3.73%+/−0.51% SD for untreated and
1.93%+/−0.60 SD p=0.07 for treated cells. The percentage of
HEC1A late apoptotic cells was 3.60%+/−0.69% SD for
untreated and 4.90%+/−1.37 SD p=0.25 for treated.

Apoptosis is mediated by decreased intracellular calcium levels

In order to determine whether the distal NFAT-Kv1.5 pathway
contributes to DCA promotion of apoptosis, a dose–response
experiment was performed to assess intracellular Ca2+ levels.
AN3CA, Ishikawa, and SKUTB had decreasing intracellular
calcium levels with increasing DCA doses (Fig. 2A). The de-
creased intracellular calcium in these cell lines reached a signi-
ficant level at a concentration of 5 mM DCA with pb0.03 for
AN3CA, Ishikawa and SKUT1B. The KLE cell line, which
showed the mildest apoptotic response, had an insignificant
decrease in calcium levels with increasing DCA concentra-
tion. Interestingly, no difference in intracellular calcium levels be-
tween doses was detected with RL95-2, which had the greatest
apoptotic response. HEC1A, which previously showed no apo-
ptotic response, indeed had no difference in intracellular calcium
levels at any treatment concentration. HEC1B also had no dif-
ference in calcium levels between 0, 1, and 5 mMDCA treatment
groups and only a slight decrease is observed with the 10 mM
treatment. There was no difference in intracellular calcium levels
in 293Twith increasing DCA concentration.
ost endometrial cancer cell lines. A) In a dose–response experiment, the cell
measured by reduction of Resazurin to Resorufin by metabolically healthy cells.
in triplicate wells. pb0.01 between 0 mM and 10 mM DCA for those with
Seven endometrial cancer cell lines and 293Twere treated with 10 mMDCA for
ce in early apoptotic cells with and without DCA treatment. The lower bar graph
epresent standard deviation between 3 replicate experiments. p≤0.05 for those
treated with 10 mM DCA for 48 h and TUNEL-stained to confirm late apoptotic
nification. Arrows indicate TUNEL-positive cells.

tosis in endometrial cancer cells, Gynecol Oncol (2008), doi:10.1016/j.
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Fig. 2. DCA-induced apoptosis consistent with mitochondrial-regulated and NFAT-Kv1.5 mechanisms. A) In a dose–response experiment, intracellular calcium levels
were measured after treatment of endometrial cancer cell lines with increasing concentrations of DCA for 8 h. Error bars represent standard error between 2 to 3
independent experiments performed in triplicate wells. pb0.01 between 0 mM and 10 mM for those with decreased calcium levels. B) One representative apoptotic
responder and non-responder were treated with 10 mM DCA for 24 h and their mitochondrial membrane potentials measured via Mitocapture. Cells with
hyperpolarized MMP stain strongly for PE and apoptotic cells with decreased MMP stain for FITC. The experiment was performed in triplicate C) Reduction of
hyperpolarized MMP is further confirmed via TMRM fluorescent staining in a DCA dose–response experiment. Error bars represent standard error from 2 independent
experiments performed in triplicate wells.
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DCA treatment reduces mitochondrial membrane
hyper-polarization in endometrial cancer cells that undergo
apoptosis

To assess if DCA contributed to the initiation of apoptosis
via a mitochondrial-regulated mechanism, the MMP of one
apoptotic responder and non-responder, (Ishikawa and HEC1A
respectively), were measured with and without treatment using
FACS analysis. MitoCapture reagent is a cationic dye that
depending on the extent of the mitochondrial transmembrane
Please cite this article as: Wong JYY, et al, Dichloroacetate induces apop
ygyno.2008.01.038
electrical potential, accumulates as green-emitting monomer in
the cytoplasm or as a red-emitting dimer in hyperpolarized
mitochondria of cancer cells [22,23]. DCA treatment of the
Ishikawa cell line reduced the percentage of 575 nm red-stained
cells and increased the proportion of 525 nm green-stained cells
which corresponds with its apoptotic response to treatment
(Fig. 2B). DCA treatment of the HEC1A cell line did not affect
the percentage of red- and green-stained cells. Additionally,
untreated HEC1A cells had a lower proportion of red-stained
cells with hyperpolarized mitochondrial membranes compared
tosis in endometrial cancer cells, Gynecol Oncol (2008), doi:10.1016/j.
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to Ishikawa (77.5%+/−0.6% SD vs. 96.3%+/−0.1% SD,
pb0.01). There was no difference in MMP of the 293T non-
cancerous control with treatment (data not shown). DCA mod-
ulation of MMP was further confirmed using TMRM staining
in a dose–response experiment. The MMP of Ishikawa cells
significantly decreased at the 10 mM DCA dosage (Fig. 2C).
There was no significant difference in the MMP of HEC1A cells
at any treatment concentration.

DCA decreases survivin expression

In order to further confirm the contribution of the proximal
mitochondrial-regulated pathway to apoptotic response, real-
Fig. 3. Dichloroacetate decreases Survivin mRNA abundance and increases PUMAm
was used to evaluate Survivin transcription after 40 h of treatment with and without 10
the Comparative-dCt method against a RPLP0 housekeeping gene. B) Real-time Qu
with and without 10 mMDCA. Relative Quantification of PUMAmRNAwas perform
bars represent RQ 95% Confidence Intervals of 2 replicate experiments performed i
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time quantitative PCR was used to assess Survivin expression
with and without DCA administration. Treatment of endome-
trial cancer cell lines with DCA resulted in a 25% – 50%
decrease in the abundance of Survivin mRNA in cells that
had an apoptotic response including AN3CA, Ishikawa, KLE,
RL95-2, and SKUT1B (Fig. 3A). RL95-2, which demonstrated
the greatest increase in early apoptotic cells with treatment, also
had the lowest endogenous Survivin transcript abundance.
HEC1A and HEC1B, which previously had no apoptotic re-
sponse to DCA, had 20 – 30% increases in Survivin transcripts
with treatment. HEC1A had the greatest endogenous Survivin
transcript abundance. The 293T control also showed increased
transcript abundance with DCA treatment.
RNA abundance in endometrial cancer cell lines. A) Real-time Quantitative PCR
mMDCA. Relative Quantification (RQ) of Survivin mRNAwas performed with
antitative PCR was used to evaluate PUMA transcription after 40 h of treatment
ed with the Comparative-dCt method against a RPLP0 housekeeping gene. Error
n triplicate wells. pb0.01.

tosis in endometrial cancer cells, Gynecol Oncol (2008), doi:10.1016/j.
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DCA increases PUMA expression

To determine the contribution of the PUMA pathway in
DCA-induced apoptosis, real-time quantitative PCR was used
to assess PUMA transcript abundance with and without DCA
administration. Treatment of endometrial cancer cell lines with
DCA dramatically increased the abundance of PUMA mRNA
in cell lines that had an apoptotic response including AN3CA,
Ishikawa, KLE, RL95-2, and SKUT1B (Fig. 3B). The greatest
degree of PUMA induction was observed in AN3CA and RL95-
2 cells, which had 14-fold and 6-fold increases respectively.
HEC1A and HEC1B, which previously had no apoptotic re-
sponse to DCA, showed no difference in the quantity of PUMA
transcript with treatment. No difference in the quantity of
PUMA transcript was observed in 293T cells with treatment.

Discussion

In this study, we show that endometrial cancer cell death
induced by DCA is regulated by two principal mechanisms; the
mitochondrial-regulated and NFAT-Kv1.5 pathways. Further-
more, we demonstrated that DCA reduces endometrial cancer
cell viability in a dose-dependent manner through the promotion
of apoptosis while having no effect on non-cancerous 293T
cells. Finally, we show that DCA treatment influences endo-
metrial cancer cell survival through multiple molecular mecha-
nisms, including regulation of mitochondrial membrane
potential, intracellular Ca2+ levels, loss of Survivin expression,
and PUMA induction.

The pro-apoptotic response of AN3CA, Ishikawa, and
SKUT1B to DCA correlated with a dose-dependent decrease
in intracellular Ca2+ levels, indicating the involvement of the
NFAT-Kv1.5 mechanism. By comparison, RL95-2 (which had
the greatest apoptotic response to DCA) and KLE (which had
the mildest apoptotic response) did not show a difference in
intracellular Ca2+ levels at any treatment concentration sug-
gesting that the NFAT-Kv1.5 mechanism pathway is not in-
volved in the apoptotic mechanism of these cell lines. Instead,
DCA treatment arrested RL95-2 cells in G0/G1 phase of the cell
cycle, a hallmark of p53 activation, strongly induced RL95-2
PUMA expression, and lowered expression of Survivin, a pro-
tein that plays a critical role in cell cycle regulation. [29].

Survivin is a transcriptionally regulated inhibitor of apoptosis
that in response to disrupted MMP is discharged from the
mitochondria to the cytoplasm, where it prevents caspase ac-
tivation, inhibits apoptosis, and promotes tumor progression
[26,27]. Previous studies have shown a positive correlation
between increased Survivin expression and endometrial carci-
noma tumor grade [27,28]. We found that Survivin transcript
abundance significantly decreased in all endometrial cancer cell
lines that had an apoptotic response to DCA. Our results indicate
that the mitochondrial-regulated pathway contributes to apopto-
tic response in DCA-sensitized endometrial cancer cell lines.

The PUMA transcript was significantly increased in all
endometrial cancer cell lines that had an apoptotic response to
DCA. The result may be indicative of contribution of the p53-
PUMA pathway with the mitochondrial and ion channel mecha-
Please cite this article as: Wong JYY, et al, Dichloroacetate induces apop
ygyno.2008.01.038
nisms in DCA-induced apoptosis. The increased PUMA
expression would further counteract the pro-survival effect of
Bcl-2 on the mitochondrial membrane in the responding cell
lines, allowing for increased translocation of apoptotic medi-
ators from the mitochondria to the cytoplasm, thus promoting
greater caspase activation and apoptosis.

Two cell lines, HEC1A and HEC1B, both highly invasive with
increased drug resistance and higher tumor grade [24] compared to
the other endometrial cell lines, were resistant to DCA. Indeed
both cell lines showed increased Survivin expression, PUMA
expression that was unaffected by DCA treatment, and a lower
proportion of cells with hyperpolarizedmitochondrial membranes.
These findings suggest a lower reliance on aerobic glycolysis. We
considered whether mutations in the DCA binding domain of the
human PDK2 protein may explain differences in treatment
response with HEC1A and HEC1B. However, no mutations
were found in the 2 exons encoding the putative DCA binding
domain by sequence analysis of all the cell lines (data not shown).

In summary, our study demonstrates that dichloroacetate is
effective in sensitizing most low to moderately invasive endo-
metrial cancer cells to apoptosis. Our collective data suggest that
apoptosis is consistent with mitochondrial and NFAT-Kv1.5-
mediated pathways.Additionally, our data suggest that the PUMA
pathwaymay be involved in apoptotic promotion byDCA. Future
investigations should focus on examining a broader range of
cancer cell types in addition to determining the mechanisms that
confer apoptotic resistance to DCA. The most potentially infor-
mative avenue to consider is functionally characterizing the role of
the PUMA pathway in DCA-induced apoptosis.
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