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Abstract
Arsenic trioxide exhibits antiproliferative, antiangiogenic and proapoptotic activity in cancer cells,
and many genes associated with these responses are regulated by specificity protein (Sp) transcription
factors. Treatment of cancer cells derived from urologic (bladder and prostate) and gastrointestinal
(pancreas and colon) tumors with arsenic trioxide demonstrated that these cells exhibited differential
responsiveness to the antiproliferative effects of this agent and this paralleled their differential
repression of Sp1, Sp3 and Sp4 proteins in the same cell lines. Using arsenic trioxide responsive
KU7 and non-responsive 253JB-V bladder cancer cells as models, we show that in KU7 cells, ≤ 5
μM arsenic trioxide decreased Sp1, Sp3 and Sp4 and several Sp-dependent genes and responses
including cyclin D1, epidermal growth factor receptor, bcl-2, survivin and vascular endothelial
growth factor, whereas at concentrations up to 15 μM, minimal effects were observed in 253JB-V
cells. Arsenic trioxide also inhibited tumor growth in athymic mice bearing KU7 cells as xenografts,
and expression of Sp1, Sp3 and Sp4 was significantly decreased. Inhibitors of oxidative stress such
as glutathione or dithiothreitol protected KU7 cells from arsenic trioxide-induced antiproliferative
activity and Sp repression, whereas glutathione depletion sensitized 253JB-V cells to arsenic trioxide.
Mechanistic studies suggested that arsenic trioxide-dependent downregulation of Sp and Sp-
dependent genes was due to decreased mitochondrial membrane potential and induction of reactive
oxygen species, and the role of peroxides in mediating these responses was confirmed using hydrogen
peroxide.
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INTRODUCTION
Arsenical compounds alone or in combination with other agents have been used widely in
medicine to treat a variety of conditions and diseases including syphilis, psoriasis,
trypanosomiasis, pernicious anemia and Hodgkin’s disease [1–3]. Moreover, until the
mid-1990s, arsenic trioxide was used as the major drug for treatment of chronic myeloid
leukemia and other leukemias [2,3]. Arsenic trioxide has been associated with adverse side-
effects and studies on individuals occupationally or environmentally exposed to high levels of
arsenicals exhibit increased incidence of skin cancer [4]. These observations contributed to a
temporary decrease in the medicinal use of arsenicals until studies from China reported that
arsenic trioxide was remarkably effective for treating patients with acute promyelocytic
leukemia (APL) [5–7]. Subsequent clinical studies have confirmed the effectiveness of this
compound which is now routinely used for treating APL [2,3]. Based on the success of arsenic
trioxide for treating APL, the clinical applications of this drug alone or in combination with
other agents for treatment of solid tumors is currently being investigated [2,8,9].

The chemotherapeutic effectiveness of arsenic trioxide is due to modulation of several
pathways in cancer cells leading to increased apoptosis, enhanced differentiation, inhibition of
cell proliferation, and angiogenesis [2,3]. Most patients with APL overexpress the PML-
RARα fusion gene resulting from t(15;17) chromosome translocation and PML-RARα inhibits
expression of genes involved in myeloid differentiation [10,11]. Arsenic trioxide induces
inactivation or degradation of PML-RARα by multiple pathways resulting in the subsequent
activation of myeloid differentiation pathways [12,13]. Arsenic trioxide also targets the
mitochondria in cancer cell lines resulting in decreased mitochondrial membrane potential
(MMP), induction of reactive oxygen species (ROS), release of cytochrome c, and activation
of several cell death pathways [14–18].

Previous reports show that arsenic trioxide decreases expression of genes associated with
angiogenesis (VEGF), survival (bcl-2 and NFκB), and cell proliferation (cyclin D1) in cancer
cell lines [19–27]. Recent studies in this laboratory show that anticancer drugs such as
curcumin, tolfenamic acid and betulinic acid also decrease expression of these same genes
[28–32] and this was due, in part, to decreased expression of specificity protein transcription
factors (Sp), Sp1, Sp3 and Sp4 which are overexpressed in many tumors [33–37] and bind to
GC-rich promoter elements in Sp-regulated genes. These genes and others are also decreased
in cancer cells transfected with a mixture (iSp) of small inhibitory RNAs for Sp1, Sp3 and Sp4
[28–32]. Since arsenic trioxide decreases expression of several Sp-dependent genes, we
hypothesized that the anticancer activity of this compound may be due, in part, to repression
of Sp1, Sp3 and Sp4 transcription factors. Results of this study show that arsenic trioxide does
indeed decrease expression of Sp1, Sp3 and Sp4 proteins and Sp-dependent genes in several
cancer cell lines derived from solid tumors and, using bladder cancer cells as models, we show
that the mechanism of Sp downregulation is related to decreased MMP and induction of ROS.
This demonstrates for the first time that mitochondrial-induced ROS leads to repression of Sp1,
Sp3 and Sp4 and several Sp-dependent genes and these effects contribute to the anticancer
activity of arsenic trioxide.

Jutooru et al. Page 2

Exp Cell Res. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Cell lines, reagents and antibodies

KU7 and 253JB-V human bladder cancer cells were provided by Dr. A. Kamat (M.D. Anderson
Cancer Center, Houston, TX). LNCaP and PC3 human prostate carcinoma cells were obtained
from American Type Culture Collection (Manassas, VA). RKO and SW480 human colon
carcinoma cell lines were provided by Dr. Stanley Hamilton (University of Texas M.D.
Anderson Cancer Center, Houston, TX). The Panc28 cell line was a generous gift from Dr.
Paul Chiao (University of Texas M.D. Anderson Cancer Center, Houston, TX). L3.6pL cell
line was developed at the M.D. Anderson Cancer Center (Houston, TX) and kindly provided
by Dr. I.J. Fidler. SW480, L3.6pL, RKO and Panc28 cells were maintained in Dulbecco’s
modified/Ham’s F-12 (Sigma-Aldrich, St. Louis, MO) with phenol red supplemented with
0.22% sodium bicarbonate, 5% fetal bovine serum and 10 ml/L 100x antibiotic anti-mycotic
solution (Sigma). 253JB-V, KU7, LNCaP and PC3 cells were maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 0.15% sodium bicarbonate, 0.011% sodium
pyruvate, 0.24% Hepes and 10 ml/L of antibiotic/antimycotic cocktail solution. The cells were
grown in 150 cm2 culture plates in an air/CO2 (95:5) atmosphere at 37°C and passaged
approximately every 3–5 days. With the exception of cleaved poly (ADP) ribose polymerase
(PARP) (Cell Signaling Technology, Danvers, MA), Sp1 (Millipore, Temecula, CA), survivin
(R&D Systems, Minneapolis, MN), p65 (Abcam,Cambridge, MA) and β-actin antibodies
(Sigma-Aldrich), all remaining antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Diethyl maleate (DEM), glutathione, 98% (γ-glu-cys-Gly, GSH), butylated
hydroxyanisole (BHA), proline, N-acetylcysteine (NAC), catalase, and arsenic trioxide
(99.995% pure) were purchased from Sigma-Aldrich. Dithiothreitol (DTT, 98%) was obtained
from Boehringer Mannheim Corp, (Indianpolis, IN).

Cell proliferation assays
All the above-mentioned cancer cell lines were plated (3 × 104 per well) using DMEM:Ham’s
F-12 medium containing 2.5% charcoal-stripped FBS in 12-well plates and left to attach for
24 hr. Cells were then treated with either vehicle or the indicated concentrations of arsenic
trioxide. After 24 hr of treatment, cells were counted using a Coulter Z1 particle counter. RNA
interference studies using a small inhibitory RNA for Sp1 as a prototype was carried out
essentially as described [28,30]. Each experiment was done in triplicate and results are
expressed as means ± SE for each determination.

Western blot assays
All the above-mentioned cancer cells were seeded in DMEM:Ham’s F-12 medium containing
2.5% charcoal-stripped FBS. Twenty-four hours later, cells were treated with either vehicle or
the indicated compounds for 24 hr and western blot analysis was determined. The tumor tissues
from the KU7 bladder cancer xenograft study were also processed similarly and probed for
proteins of interest and β-actin served as loading control. Pretreatment with diethyl maleate
for 60 min was carried out to deplete the GSH levels, and 253JB-V cells were then treated with
solvent control or arsenic trioxide. Cells were also co-treated with DTT and glutathione (GSH)
in the presence or absence of arsenic trioxide for a time interval of 24 hr. Protein quantification
used Image J software, and optical densities for each protein were normalized to β-actin and
the solvent control group. For the effects of multiple inhibitors on arsenic trioxide-dependent
downregulation of Sp proteins, we used concentrations used in comparable studies or the
highest concentrations that were not cytotoxic. Nuclear extracts were obtained using the NE-
PER kit (Pierce, Rockford, IL).
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Terminal deoxyribonucleotide transferase mediated nick-end labeling (TUNEL) assay
253JB-V and KU7 cells (7 × 104) were seeded in four-chambered glass slides and left overnight
to attach. After treatment with indicated compounds for 18 hr, the in situ cell death detection
POD kit was used for the terminal deoxyribonucleotide transferase-mediated nick-end labeling
(TUNEL) assay according to the instructions in the protocol manual for fixed cells. The
percentage of apoptotic cells was calculated by counting the stained cells in eight fields, each
containing 50 cells. The total number of apoptotic cells was plotted as a percentage in both cell
lines.

Xenograft tumor study
Athymic female nude mice, age 3 to 5 weeks, were purchased from Harlan Laboratories
(Indianapolis, IN). KU7 cells (1 × 106) in 1:1 ratio of Matrigel (BD Biosciences, San Jose, CA)
were injected into both the sides of the flank area of nude mice. A week after the tumor cell
inoculation, mice were divided into two groups of six animals each. The first group received
100 μL of vehicle (PBS/KOH) by i.p. injection, and the second group of animals received 5
mg/kg/d injection of arsenic trioxide in PBS/KOH every other day for 24 days (12 doses) by
i.p. injection. Mice were weighed, and tumor areas were measured throughout the study. After
24 days, the animals were sacrificed; final body and tumor weights were determined and
plotted. At the end of the experiment, major visceral organs were collected and analyzed for
Sp protein expression levels using western blotting as described earlier.

GSH estimation
The Stallion Imaging workstation, equipped with a Zeiss Axiovert 200M microscope (Carl
Zeiss Microimaging, Thornwood, NY) and slidebook software (Intelligent Imaging
Innovations Inc., Denver, Co), was used with a 20X objective 0.75NA for acquiring images.
Cellular GSH levels were evaluated with the cell permeant probe mBCl. mBCl is
nonfluorescent, but forms a fluorescent adduct with GSH in a reaction catalyzed by glutathione
S-transferase. Following 20–22 hr treatment, kinetic analysis of mBCl-GSH conjugation was
performed at room temperature by exciting the cells at 365 nm wavelength and recording
changes in fluorescence intensity with a BP 445/50 nm filter at 1-min intervals for up to 15
min. GSH level per cell was then determined by applying non linear regression analysis to
acquired data. Two experiments were preformed on different days. At least 50 cells per
treatment group were collected in these studies.

ROS estimation
Cellular ROS levels were evaluated with the cell permeable probe CM-H2DCFDA (5-(and-6)-
chloromethyl-2′,7′ dichlorodihydrofluorescein diacetate acetyl ester). CM-H2DCFDA is
nonfluorescent until removal of the acetate groups by intracellular esterases and oxidation
occurs within the cell. Following 20–24 hr treatment, cells plated on 96 well cell culture plate
were loaded with 10 μM CM-H2DCFDA for 30 min, washed once with serum free medium,
and analyzed for ROS levels using the BioTek Synergy 4 plate reader (BioTek Instruments,
Inc., Winooski, VT) set at 480 nm and 525 nm excitation and emission wavelengths
respectively. Following reading of ROS, cultures were washed twice with PBS and fixed with
methanol for 3 min at room temperature. Methanol was then completely removed and 1 mg/
ml Janus green was added to the cultures for 3 min. Following removal of Janus green, cultures
were washed twice with PBS and 100 μl of 50% methanol was added to each well. Cell counts
were then determined with the plate reader set to an absorbance of 654 nm and ROS intensities
were then corrected accordingly. Two experiments were preformed on different days. At least
16 wells per treatment were analyzed for each experiment.
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Measurement of MMP
The MMP was measured with Mitochondrial Membrane Potential Detection Kit (Stratagene,
Cedar Creek, TX). Briefly, cells were seeded on Lab-Tek Coverglass system (NUNC, NY)
and treated with compounds alone or with inhibitors for 24 hr. They were then incubated with
1X JC-1 cationic dye at 37°C for 30 min according to the manufacturer’s instruction. After
washing with 1X JC-1 assay buffer twice, cells were subjected to microscopic analysis using
a confocal instrument (Zeiss LSM510, Germany). The mitochondrial potential shift was also
measured by flow cytometry analysis (Beckman Coulter, Miami, FL). Cells were seeded in
cell culture plates and treated with indicated compounds for 24 hr. They were then incubated
with JC-1 dye for a further 30 min. After washing with JC-1 assay buffer twice, cells were
trypsinized and suspended in cell culture medium. J-aggregates are detected as red fluorescence
and J-monomers are detected as green fluorescence.

Quantitative real-time PCR of mRNA
cDNA was prepared from KU7 cell lines using Superscript II reverse transcriptase (Invitrogen)
according to the manufacturer’s protocol. Each polymerase chain reaction (PCR) was carried
out in triplicate in a 20-μl volume using SYBR GreenER (Invitrogen) at 95°C for 10 min, then
40 cycles of 95°C for 15 s and 60°C for 1 in the Applied Biosystems 7500 Fast Real-time PCR
System. The primers for all genes have previously been described [37].

Statistical analysis
Statistical significance of differences was determined by an analysis of variance and student
t-test, and the levels of probability were noted. IC50 values were calculated using non-linear
regression analysis and expressed in μM, at 95% confidence intervals.

RESULTS
Arsenic trioxide inhibits cancer cell and tumor growth and decreases Sp1, Sp3 and Sp4
proteins

KU7 and 253JB-V bladder cancer cells were used as models for investigating the molecular
mechanisms associated with the anticarcinogenic activity of arsenic trioxide and Figure 1A
shows that treatment of KU7 cells with 2.5, 5.0 and 10 μM arsenic trioxide for 24 hr resulted
in decreased proliferation with an IC50 value of 2.3 μM. In contrast, 253JB-V cells were more
resistant to the growth inhibitory effects of arsenic trioxide with an IC50 value of 14.1 μM after
treatment for 24 hr. IC50 values after treatment of KU7 and 253JB-V cells for 72 hr were 1.4
and 5.1 μM, respectively (data not shown). The anticancer activity of arsenic trioxide in
different cancer cell lines is accompanied by decreased expression of genes/responses such as
bcl-2, VEGF and angiogenesis, cyclin D1, and NFκB [19–27]. RNA interference studies in
this laboratory show that basal expression of these genes/responses is dependent on Sp
transcription factors [28–32,38–40], and we hypothesized that the anticancer activity of arsenic
trioxide may be due, in part, to downregulation of Sp1, Sp3 and Sp4. Figure 1A shows that
arsenic trioxide induces a concentration-dependent downregulation of Sp1, Sp3 and Sp4
proteins in KU7 cells which are also sensitive to the growth inhibitory effects of this compound.
In contrast, arsenic trioxide only minimally decreased Sp1, Sp3 and Sp4 in 253JB-V cells after
treatment for 24 hr and there was a correlation between resistance of this cell line to arsenic
trioxide-induced Sp degradation and growth inhibition. Treatment of 253JB-V cells with
arsenic trioxide for 72 hr resulted in more pronounced repression of Sp1, Sp3 and Sp4 (data
not shown). Previous studies reported that treatment of NB4 leukemia cells for 10 days with
0.75 μM arsenic trioxide resulted in oxidation of Sp1 but changes in Sp1 protein levels were
not observed [41]. Figure 1B shows that treatment of KU7 cells with 1.0 μM arsenic trioxide
decreased both cell growth and expression of Sp1, Sp3 and Sp4 proteins. This corresponded
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with the 24 hr studies (Fig. 1A) which required higher concentrations of arsenic trioxide to
inhibit growth and induce downregulation of Sp proteins. However, levels of Sp1, Sp3 and
Sp4 were not affected by 0.75 μM arsenic trioxide after treatment for 5 days and, after 6 days,
only Sp4 and Sp1 (slight decrease) but not Sp3 expression was changed. These results indicate
that growth inhibition by arsenic trioxide was also Sp-independent.

The effectiveness of arsenic trioxide as a tumor growth inhibitor was investigated in athymic
nude mice bearing KU7 bladder cancer cells as xenografts. After the initial appearance of
palpable tumors, mice were treated with buffered arsenic trioxide (5 mg/kg/d) or buffer alone,
and tumor volumes were measured over the 24 day treatment period. The results (Fig. 1C)
show that arsenic trioxide significantly inhibited tumor volume, and tumor weights were also
significantly decreased in the arsenic trioxide-treated animals. Lysates from tumors of treated
and control mice were analyzed by western blots and there was a significant (p < 0.05) decrease
in expression of Sp1, Sp3 and Sp4 proteins in tumors from arsenic trioxide-treated animals
(Fig. 1C) and this has previously been observed with other anticancer agents that also decrease
Sp1, Sp3 and Sp4 expression in cancer cell culture and tumors in athymic nude mice [28,38,
40]. We also examined Sp1, Sp3 and Sp4 protein expression in the gastrointestinal tract and
liver by western blots and low to non-detectable levels were detected (data not shown).

The comparative effects of arsenic trioxide on growth inhibition and downregulation of Sp
proteins was also examined in pancreatic (L3.6pL and Panc28), colon (SW480 and RKO), and
prostate (LNCaP and PC3) cancer cell lines (Suppement Fig. 1). L3.6pL and Panc28 exhibited
differential arsenic trioxide responsiveness as observed for KU7 and 253JB-V cells, whereas
in the other four cell lines, there was a similar concentration-dependent decrease in growth
inhibition and Sp1, Sp3 and Sp4 proteins. These results suggest that arsenic trioxide induces
downregulation Sp transcription factors in multiple cancer cell lines and tumors and this effect
may contribute to the anticancer activity of this compound.

Arsenic trioxide decreases Sp-dependent genes and responses
Previous RNA interference studies in bladder cancer cells demonstrated that several genes
associated with cell proliferation (EGFR, CD1), survival (survivin and bcl-2), and angiogenesis
(VEGF) were regulated by Sp1, Sp3 and Sp4 [28]. Results in Figures 2A and 2B confirm that
arsenic trioxide decreased expression of these proteins in KU7 cells. In contrast, arsenic
trioxide-dependent downregulation of these proteins was minimal in 253JB-V cells after
treatment for 24 hr and there was a correlation between responsiveness to arsenic trioxide-
induced downregulation of Sp1, Sp3 and Sp4 and the parallel decrease of Sp-dependent genes
in the two bladder cancer cell lines. In addition, the relative responsiveness of KU7 vs. 253JB-
V cells to arsenic trioxide was also observed with respect to induction of PARP cleavage (Fig.
2B) and in the apoptotic TUNEL assay where increased TUNEL staining was observed for
KU7 but not 253JB-V cells (Fig. 2C). Confirmation that downregulation of Sp proteins by
arsenic trioxide contributes to the growth inhibitory and proapoptotic effects of this compound
was determined in KU7 cells transfected with a small inhibitory RNA for Sp1 (iSp1) as a
prototype for the Sp proteins. Results in Figure 2D confirm that knockdown of Sp1 resulted
in inhibition of KU7 cell growth and induction of caspase-dependent PARP cleavage. Thus,
downregulation of Sp proteins resulted in growth inhibition and apoptosis which was
comparable to the effects of arsenic trioxide in this cell line (Figs. 1B,2B and 2C). Attempts
to reverse the effects of arsenic trioxide on Sp proteins by overexpression of Sp1 (as a model)
were unsuccessful (data not shown). This may be due to the sensitivity of cells to levels of Sp1
and this is supported, in part, by the proapoptotic effects observed after overexpression of Sp1
in cancer cells [42].

Previous studies show that downregulation of Sp1, Sp3, Sp4 and Sp-regulated genes by various
agents is either proteasome-dependent or -independent [28,29,38,39]. Treatment of KU7 cells
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with arsenic trioxide decreased Sp1, Sp3, Sp4 and Sp-regulated EGFR, VEGF, survivin, cyclin
D1 and bcl-2 protein expression (Fig. 3A) and cotreatment with the proteasome inhibitor
MG132 did not inhibit arsenic trioxide-dependent downregulation of these proteins. These
results were in contrast to the proteasome-dependent downregulation of these proteins in KU7
cells treated with curcumin [28]. Since arsenic trioxide induces apoptosis in KU7 cells, we also
examined the effects of the pan-caspase inhibitor Z-VAD-fmk on arsenic-induced
downregulation of Sp and Sp-regulated proteins. The results show that the caspase inhibitor
had minimal to non-detectable effects on arsenic trioxide-induced downregulation of Sp1,
EGFR, VEGF, survivin, cyclin D1 or bcl-2 protein expression (Fig. 3B); however, there was
some inhibition of Sp3 downregulation and the caspase inhibitor effectively blocked repression
of Sp4. These results show for the first time that induction of caspases may contribute to
downregulation of Sp4 and Sp3. Previous RNA interference studies showed that the p65
subunit of NFκB was an Sp-regulated gene in KU7 cells [28]. Results illustrated in Figure 3C
show that arsenic trioxide-induced downregulation of p65 was not affected by the proteasome
or caspase inhibitors MG132 and Z-VAD-fmk, respectively, and this was similar to effects
observed for other Sp-regulated proteins (Figs. 3A and 3B). Figure 3D shows that arsenic
trioxide decreases expression of Sp1, Sp3, Sp4, EGFR, survivin and VEGF mRNA levels,
demonstrating that arsenic trioxide modulates the transcription of these genes. In contrast, only
a minimal decrease was observed for cyclin D1 mRNA levels.

Arsenic trioxide induces ROS and ROS inhibitors block downregulation of Sp transcription
factors

Several reports indicate that the proapoptotic and growth inhibitory effects of arsenic trioxide
were associated with decreased MMP and induction of ROS [15–18]. Moreover, the
susceptibility of several cancer cell lines to the cytotoxicity of arsenic trioxide correlated with
the relative expression of the antioxidant GSH [43]. Constitutive GSH(253JB-V)/GSH(KU7)
ratios were 1.47 and the corresponding ROS ratio was approximately 1.0 in the two cell lines
indicating that enhanced expression of GSH in 253JB-V cells may contribute to the differences
in the arsenic trioxide-responsive and -nonresponsive KU7 and 253JB-V bladder cancer cells,
respectively. Treatment of KU7 cells with arsenic trioxide significantly decreased GSH and
this response was blocked after treatment with the antioxidants GSH or DTT (Fig. 4A).
Moreover, arsenic trioxide also induced ROS in KU7 cells and this effect was inhibited after
cotreatment with DTT (Fig. 4A). RNA interference studies in which Sp1, Sp3 and Sp4 were
decreased individually or in combination did not affect ROS levels (Supplement Figure 2).
Since GSH and DTT inhibited arsenic trioxide-induced ROS, we investigated the role of ROS
in mediating the effects of arsenic trioxide on KU7 cell proliferation and Sp protein expression.
Arsenic trioxide alone inhibited KU7 cell proliferation and decreased Sp1, Sp3 and Sp4 protein
expression (Figs. 4B and 4C, respectively); however, after cotreatment with GSH or DTT,
there was significant reversal of the arsenic trioxide-induced responses. Moreover, in gel
mobility shift assays, we also observed that nuclear extracts from KU7 cells treated with arsenic
trioxide exhibited decreased binding to a GC-rich oligonucleotide that binds Sp proteins, and
cotreatment of KU7 cells with DTT restored binding to this oligonucleotide (Supplement
Figure 3). In addition, we also used the TUNEL assay and the quantitative results in Figure
4D show that the increased TUNEL staining observed in KU7 cells after treatment with arsenic
trioxide was significantly inhibited after cotreatment with DTT.

253JB-V cells were resistant to the cytotoxic effects of arsenic trioxide and the role of GSH
and antioxidants thiols in regulating resistance was investigated using DEM, a reagent that
depletes intracellular GSH. Figure 5A shows that treatment of 253JB-V cells with arsenic
trioxide or DEM resulted in a 10.2% decrease in GSH levels; however, in cells cotreated with
DEM plus arsenic trioxide, a 55.6% decrease in GSH was observed. Using the same treatment
protocol, arsenic trioxide or DEM alone had minimal effects on ROS levels, whereas in 253JB-
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V cells treated with DEM plus arsenic trioxide, there was a 2.2- or 4.9-fold increase in ROS
in cells treated with 5 or 10 μM arsenic trioxide (compared to untreated cells). Treatment of
253JB-V cells with arsenic trioxide alone or in combination with DEM showed that DEM-
dependent depletion of GSH sensitized these cells to arsenic trioxide-induced inhibition of cell
proliferation (Fig. 5B) and repression of Sp1, Sp3 and Sp4 proteins (Fig. 5C). Moreover,
quantitation of the TUNEL staining results (Fig. 5D) show that minimal staining was observed
in 253JB-V cells treated with arsenic trioxide (Fig. 3C); however, in cells cotreated with DEM
plus arsenic trioxide, there was a significant increase in TUNEL staining. Thus, GSH
expression and induction of ROS are critical factors that regulate arsenic trioxide-induced
anticarcinogenic responses in bladder cancer cells and this includes downregulation of Sp
proteins and Sp-dependent gene products and induction of apoptosis.

Antioxidants block hydrogen peroxide and arsenic trioxide-dependent growth inhibition and
Sp downregulation

These results in bladder cancer cells suggest that induction of ROS by arsenic trioxide appears
to be a critical common factor in mediating growth inhibition and Sp protein downregulation,
and therefore, we investigated the effects of hydrogen peroxide alone on expression of Sp1,
Sp3 and Sp4 in KU7 cells. The results show that treatment of KU7 cells with hydrogen peroxide
(500 μM) for 24 hr decreased expression of Sp1, Sp3 and Sp4 proteins and cotreatment with
hydrogen peroxide plus GSH blocked downregulation of Sp proteins, whereas only minimal
effects were observed for DTT (Fig. 6A). In addition, hydrogen peroxide (500 μM) also
inhibited KU7 cell growth and this response was also inhibited after cotreatment with GSH.
Downregulation of Sp proteins and growth inhibition was also observed using t-
butylhydroperoxide (data not shown). In some cancer cell lines, arsenic trioxide-induced ROS
has been associated with mitochondriotoxicity and loss of MMP [14,15,44]. The comparative
effects of arsenic trioxide and hydrogen peroxide on MMP was determined by confocal
microscopy in KU7 cells (Fig. 6B) using JC-1, a red fluorescent dye that accumulates and
forms oligomers in the mitochondrial matrix. In solvent-treated cells, the green (cytosol) and
red (mitochondrial) staining was evident using confocal microscopy, whereas after treatment
with 10 μM arsenic trioxide or 500 μM hydrogen peroxide, there was a decrease in red and an
increase in green staining consistent with decreased MMP (Fig. 6B). Similar results were
observed in FACS analysis where there was an increase in the ratio of green/red stained cells
(Supplement Fig. 4). Moreover, the effects of arsenic trioxide and hydrogen peroxide on
decreased MMP were partially reversed in KU7 cells cotreated with the thiol antioxidant GSH;
catalase, which catalyzes the detoxication of peroxides, blocked the effects of hydrogen
peroxide but was minimally effective against arsenic trioxide in this assay (Fig. 6B).

The effects of the antioxidant BHA on arsenic trioxide- and hydrogen peroxide-dependent
decrease in MMP was investigated. BHA did not ameliorate the effects of these compounds
on MMP and was minimally effective as an inhibitor of ROS in the bladder cancer cell lines
(data not shown). The linkage between arsenic trioxide- and hydrogen peroxide-induced ROS
and downregulation of Sp proteins was further investigated using several inhibitors including
catalase, proline, an inhibitor of oxidative stress, NAC, BHA, diphenyliodonium (DPI), an
inhibitor of NADPH oxidase, and inhibitors of p38 (SB203580) and JNK (SP6000125) kinase
pathways. Catalase and NAC blocked hydrogen peroxide-induced downregulation of Sp1, Sp3
and Sp4 proteins (Fig. 6C), whereas minimal (DPI and BHA) or no inhibition was observed
with the other compounds. The same set of inhibitors was used to investigate arsenic trioxide-
dependent downregulation of Sp proteins (Fig. 6D) and similar results were observed except
that minimal inhibition was observed for ascorbate, proline and SB203580. Thus, thiol
reducing agents, such as NAC, GSH and DTT that block arsenic trioxide-dependent decrease
in MMP and formation of ROS, or catalase, which decreases ROS, also inhibited
downregulation of Sp proteins. This suggests that, in KU7 cells, the anticarcinogenic activity
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of arsenic trioxide is associated, in part, with Sp downregulation which is due to decreased
MMP and induction of ROS.

DISCUSSION
Sp transcription factors are members of the Sp/Krüppel-like family (KLF) of 25 transcription
factors that bind GC-rich promoter sequences and regulate basal expression of multiple
mammalian and viral genes [45]. Although knockout of many of the Sp genes in mice is
embryolethal or induces serious defects in the neonates, the expression of Sp1, the most widely
distributed Sp/KLF member, is significantly decreased in rodent and human tissues with
increasing age [46,47]. Studies in this laboratory show that in mouse xenograft studies, Sp1,
Sp3 and Sp4 expression is low in liver [40] and also in more proliferative tissues such as the
gastrointestinal tract, whereas expression of these proteins is high in breast, colon, pancreatic,
prostate and bladder cancer cells [28–32,37–40] and in other cancer cell lines (data not shown).
RNA interference studies which simultaneously decreased expression of Sp1, Sp3 and Sp4
indicate that these transcription factors regulate several genes critical for cancer cell survival,
angiogenesis and proliferation [28–31,40]. For example, in bladder cancer cells, results of RNA
interference studies show that Sp1, Sp3 and Sp4 regulate expression of EGFR, cyclin D1,
survivin, bcl-2, VEGF and NFκB-dependent activity and this is only a partial list of Sp-
regulated genes [28].

Therefore, based on the overexpression of Sp proteins in cancer cells and tumors [28–32,37–
40] and the fact that Sp1 is a negative prognostic factor for survival of patients with some solid
tumors [33,34], we have been investigating the mechanism of action of several anticancer
agents that may act, in part, through decreasing expression of Sp transcription factors in tumors.
Tolfenamic acid, betulinic acid, and curcumin induce degradation of Sp1, Sp3 and Sp4 in
pancreatic, prostate and bladder cancer cells and tumors, respectively [18,38–40], and we have
recently shown that the synthetic triterpenoid methyl 2-cyano-3,11-dioxo-18β-olean-1,12-
dien-30-oate (CDODA-Me) also decreases Sp1, Sp3 and Sp4 in colon cancer cells and tumors
[39]. The remarkable anticancer activity of arsenic trioxide for treating leukemia and the
potential of this drug for treatment of solid tumors coupled with the reported effects of arsenic
trioxide on downregulation of several Sp-dependent genes and responses (VEGF,
angiogenesis, survivin, bcl-2, NFκB activity) [20–27] prompted us to examine the effects of
arsenic trioxide on Sp expression. A previous study with promyeolcytic leukemia cells treated
with arsenic trioxide for 10 days showed that Sp1-DNA binding was decreased and this was
correlated with increased Sp1 oxidation and not decreased expression of this transcription
factor [41]. In contrast, we observed that, in KU7 bladder cancer cells, arsenic trioxide (1 μM)
decreased expression of Sp1, Sp3 and Sp4 after treatment for 6 days indicating comparable
sensitivity in leukemia vs. bladder cancer cells but clearly different effects on Sp1, Sp3 and
Sp4 protein expression. The effects of arsenic trioxide on Sp1 (downregulation) observed in
this study were also reported in gall bladder carcinoma [26]; however, the mechanism of this
response and the effects on Sp3 and Sp4 were not determined.

Figure 1 and Supplemental Figure 1 demonstrate that in a series of bladder, prostate, pancreatic
and colon cancer cell lines, there was a correspondence between their responsiveness to the
antiproliferative effects of arsenic trioxide and their downregulation of Sp1, Sp3 and Sp4
proteins. Using KU7 and 253JB-V bladder cancer cells as prototypical models of arsenic
trioxide responsive and non-responsive cells, respectively, it was apparent that relatively low
concentrations (≤ 5 μM) inhibited KU7 cell proliferation (Fig. 1A) and KU7 tumor growth in
athymic nude mice (Fig. 1C). Arsenic trioxide also downregulated Sp1, Sp3 and Sp4 in KU7
cells and tumors (Figs. 1A and 1C), whereas at comparable concentrations, only minimal
effects on growth and Sp downregulation were observed in 253JB-V cells. Results in
Supplemental Figure 1 confirm that arsenic trioxide inhibits growth and induces Sp

Jutooru et al. Page 9

Exp Cell Res. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



downregulation at similar concentrations in pancreatic, colon and prostate cancer cell lines. A
comparison of arsenic trioxide induced antiproliferative, antiangiogenic and proapoptotic
genes/responses in KU7 and 253JB-V cells (Fig. 2) also demonstrated comparable cell context-
dependent responsiveness and non-responsiveness to the effects of arsenic trioxide,
respectively. Interestingly, unlike betulinic acid, tolfenamic acid and curcumin [28,38,40] (in
the same bladder cancer cells), arsenic trioxide did not induce proteasome-dependent
degradation of Sp1, Sp3 and Sp4 proteins or Sp-regulated gene products (Figs. 3A and 3C) but
decreased mRNA levels of Sp and Sp-regulated genes (Fig. 3D). Previous studies showed that
activation of caspases can result in cleavage of Sp1 [48,49], and we therefore investigated the
effects of the pan-caspase inhibitor Z-VAD-fmk on arsenic trioxide-induced downregulation
of Sp1, Sp3, Sp4 and Sp-regulated proteins. The pan-caspase inhibitor had minimal to non-
detectable effects on expression of Sp1 or the Sp-regulated EGFR, VEGF, survivin, cyclin D1
and bcl-2 proteins; however, Z-VAD-fmk clearly inhibited arsenic trioxide-induced
downregulation of Sp3 and Sp4 (Fig. 3B). These results are unique among the agents that target
Sp transcription factors [28,29,38,39] and show for the first time that downregulation of Sp1,
Sp3 and Sp4 by arsenic trioxide may involve different pathways for these transcription factors,
and this is currently being investigated using other agents that also decrease expression of Sp
and Sp-regulated genes. In summary, our results show that arsenic trioxide decreases Sp
transcription factors and Sp-dependent genes and results of Sp protein knockdown studies in
bladder cancer cells [28] (Fig. 4D) indicate that the effects of arsenic trioxide on Sp proteins
contribute to the growth inhibitory, proapoptotic and antiangiogenic activity of this compound.

Previous studies in 19 different cancer cell lines (including bladder cancer cells) reported that
their differential responsiveness to the antiproliferative effects of arsenic trioxide were related,
in part, to their expression of GSH [43]. Moreover, since intracellular GSH is an important
buffer against mitochondrial disruption and ROS which is rapidly induced by arsenic trioxide
in cancer cell lines [2,3,11–16], we hypothesized that ROS/GSH levels may be responsible for
the cytotoxic/proapoptotic effects of arsenic trioxide and be an important determinant for
regulating Sp expression. Absolute levels of ROS were similar in KU7 and 253JB-V cells, but
there was a 47% higher level of GSH in 253JB-V compared to KU7 cells and this may
contribute to their responsiveness to arsenic trioxide. It was also apparent that arsenic trioxide
induced ROS and decreased GSH in KU7 cells and these responses were ameliorated after
cotreatment with the thiol antioxidants GSH or DTT (Fig. 4A). GSH and DTT also significantly
protected against the antiproliferative effects of arsenic trioxide in KU7 cells (Fig. 4B) and
inhibited downregulation of Sp1, Sp3 and Sp4 proteins in KU7 cells treated with arsenic
trioxide (Fig. 4C). In contrast, the decrease in GSH levels in 253JB-V cells treated with arsenic
trioxide (Fig. 5A) was much less than observed in KU7 cells and, in the former cell line, this
was not accompanied by changes in ROS. However, enhanced depletion of GSH by diethyl
maleate in 253JB-V cells sensitized this “non-responsive” cell line to arsenic trioxide-mediated
antiproliferative and proapoptotic activity and downregulation of Sp proteins (Fig. 5). These
results in KU7 and 253JB-V cells suggest that induction of ROS by arsenic trioxide is a key
element in the subsequent downregulation of Sp proteins and ROS has been directly linked to
the cytotoxicity of arsenic trioxide and other mitochondriotoxic anticancer drugs [3,14,15,
44].

Hydrogen peroxide and other pro-oxidants are cytotoxic to various transformed cell lines
[41]. The linkage between ROS and downregulation of Sp proteins was investigated in KU7
cells treated with 500 μM hydrogen peroxide for 24 hr (Fig. 6A). Like arsenic trioxide,
hydrogen peroxide inhibited growth and decreased expression of Sp1, Sp3 and Sp4 proteins
in KU7 cells and these responses were blocked after cotreatment with the antioxidant
glutathione. We also observed that both DTT and GSH antioxidants were effective as inhibitors
of arsenic trioxide-induced growth inhibition and Sp downregulation (Fig. 4), whereas only
GSH blocked the effects of hydrogen peroxide (Fig. 6A). The reasons for these differences are
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unclear and are currently being investigated. Arsenic trioxide induces ROS by several pathways
and this includes direct effects on mitochondria and thiol-containing mitochondrial proteins
which leads to decreased MMP, release of proapoptotic factors such as cytochrome c, and
induction of ROS [3,44]. Using confocal microscopy and FACS analysis, we showed that both
arsenic trioxide and hydrogen peroxide decreased MMP in KU7 cells and this response was
partially blocked after cotreatment with GSH (Fig. 6B). Catalase blocked hydrogen peroxide-
dependent decrease in MMP in KU7 cells (Fig. 6B) and induction of ROS by hydrogen peroxide
was also inhibited by catalase (data not shown). Catalase also inhibited induction of ROS by
arsenic trioxide (data not shown) but had minimal effects on decreased MMP in KU7 cells
treated with arsenic trioxide (Fig. 6B). These results suggest that induction of
extramitochondrial ROS by arsenic trioxide in KU7 cells has a minimal effect on MMP,
indicating that arsenic trioxide-dependent decrease in MMP and induction of ROS are due to
direct effects on the mitochondria. This data is also consistent with the effectiveness of thiol
reducing agents such as GSH in ameliorating the activity of arsenic trioxide in cancer cells
since these agents act not only as antioxidants but also counteract interactions of arsenic trioxide
on thiol-containing mitochondrial proteins [3,44].

Arsenic trioxide-mediated induction of ROS and downstream effects have also been linked to
activation of the flavoprotein-dependent NADPH oxidase enzyme [18] or inhibition of
thioredoxin reductase which can result in activation of downstream stress kinase pathways
such as p38MAPK and JNK [50,51]. A recent report also showed that inhibition of arsenic
trioxide-induced ROS by BHA in some leukemia cell lines did not affect induction of apoptosis,
suggesting an ROS-independent pathway [52]. We therefore compared the effects of catalase
and NAC, an additional thiol antioxidant, with BHA, stress kinase inhibitors of p38MAPK and
JNK (SB203580 and SP600125), and the NADPH oxidase inhibitor DPI on hydrogen peroxide-
and arsenic trioxide-mediated downregulation of Sp1, Sp3 and Sp4 in KU7 cells (Figs. 6C and
6D). The results showed that SB203580, SP6000125, DPI and BHA had minimal to non-
detectable effects on arsenic trioxide-induced downregulation of Sp1, Sp3 and Sp4 proteins,
suggesting that the major pathway targeting these transcription factors involves mitochondria
and induction of ROS.

Low dose toxicity of arsenic trioxide in endothelial cells and increased growth of some tumors
has been associated with increased angiogenesis [52–55]. In contrast, this study shows that 1.0
μM arsenic trioxide decreased KU7 cell growth and expression of Sp1, Sp3 and Sp4 and this
corresponded to comparable effects of higher concentrations of arsenic trioxide in several
different cancer cell lines (Figs. 1 and Supplement Fig 1). However, the overall contributions
of downregulation of Sp transcription factors to the anticancer activity of arsenic trioxide will
be variable and dependent on cancer cell and tumor type and other activities and/or pathways
activated by this compound. For example, the effects of low concentrations of arsenic trioxide
(0.75 and 1.0 μM) on proliferation and downregulation of Sp1, Sp3 and Sp4 proteins indicate
that 0.75 μM arsenic trioxide significantly decreased KU7 cell proliferation after treatment for
5 days but did not appreciably affect levels of Sp proteins, suggesting an Sp-independent effect
of arsenic trioxide on growth inhibition. Currently, we are investigating the role of drug-
induced ROS and specific oxidative stress pathways that are important for downregulation of
Sp transcription factors in cancer cells and the mechanism of oxidative stress-Sp1/Sp3/Sp4
interactions. In contrast to results of a recent study in colon cancer cells with the synthetic
triterpenoid CDODA-Me [39], arsenic trioxide did not affect expression of microRNA-27a
and ZBTB10, an Sp-repressor (data not shown) in KU7 cells; however, the role of other
microRNAs as proximal regulators of other Sp repressor proteins is currently being
investigated in bladder and other cancer cell lines and tumors.
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ABBREVIATIONS

APL acute promyelocytic leukemia

BHA butylated hydroxyanisole

CDODA-Me methyl 2-cyano-3,11-dioxo-18β-olean-1,12-dien-30-oate

DEM diethyl maleate

DPI diphenyliodonium

DTT dithiothreitol

FBS fetal bovine serum

GSH glutathione

iSp small inhibitory RNAs for Sp1, Sp3 and Sp4

KLF Krüppel-like family

MMP mitochondrial membrane potential

NAC N-acetylcysteine

PARP poly (ADP) ribose polymerase

ROS reactive oxygen species

Sp specificity protein transcription factors
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Fig. 1.
Arsenic trioxide inhibits bladder cancer cell and tumor growth and downregulates Sp1, Sp3
and Sp4. [A] Inhibition of cell growth and Sp downregulation. Cells were treated with arsenic
trioxide for 24 hr and cell growth and Sp proteins were determined as outlined in the Materials
and Methods. [B] Prolonged treatment of KU7 cells. Cells were treated with 0.75 or 1.0 μM
arsenic trioxide for 120 or 144 hr and cell proliferation and expression of Sp1, Sp3 and Sp4
proteins were determined by cell counting and western blots as described in the Materials and
Methods. High and low molecular weight forms of Sp3 protein were detected as previously
described in other cancer cell lines [28,34–37,39,40]. [C] Arsenic trioxide inhibits bladder
tumor growth and downregulates Sp proteins. Athymic nude mice were treated with PBS/KOH
(solvent control) or arsenic trioxide (5 mg/kg/day) in PBS/KOH for 24 days. Tumor volumes
were determined every second day and tumor weights were determined at sacrifice as described
in the Materials and Methods. Expression of Sp proteins was determined in triplicate (3
animals/group) by western blot analysis of tumor lysates as described in the Materials and
Methods, and significant (p < 0.05) decreases in Sp1, Sp3 and Sp4 proteins were observed in
the arsenic trioxide-treated tumors.
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Fig. 2.
Arsenic trioxide differentially affects Sp-dependent responses in KU7 and 253JB-V cancer
cells. Effects on [A] EGFR, cyclin D1 (CD1), and VEGF and [B] proapoptotic proteins/
responses. Cells were treated with 5, 10 or 15 μM arsenic trioxide for 24 hr and whole cell
lysates were analyzed by western blots as described in the Materials and Methods. Similar
results were observed in duplicate experiments. [C] TUNEL staining. KU7 and 253JB-V cells
were treated with 5 μM arsenic trioxide for 24 hr and cells were examined for TUNEL staining
as described in the Materials and Methods. Significant TUNEL staining was observed only in
KU7 cells in replicate experiments. [D] RNA interference studies. KU7 cells were transfected
with siRNA for Sp1 as indicated and the effects of Sp1 knockdown on cell proliferation and
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PARP cleavage were determined by cell counting and western blot analysis, respectively as
described in the Materials and Methods. Significant (p < 0.05) effects on cell proliferation are
indicated (*) from replicate (3) determinations.
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Fig. 3.
Arsenic trioxide-induced downregulation of Sp and Sp-regulated proteins in KU7 cells. Effects
of MG132 [A] and Z-VAD-fmk [B]. KU7 cells were treated with 10 μM arsenic trioxide alone
or in combination with 10 μM MG132 or 20 μM Z-VAD-fmk for 24 hr, and whole cell lysates
were analyzed by western blots as described in the Materials and Methods. [C] Effects of
MG132 and Z-VAD-fmk. KU7 cells were treated as described above, and p65 and p50 proteins
expressed in nuclear extracts were analyzed by western blots as described in the Materials and
Methods. [D] Arsenic trioxide decreases mRNA levels of Sp and Sp-regulated genes. KU7
cells were treated with 10 μM arsenic trioxide for 24 hr and mRNA levels were determined by
real time PCR as described in the Materials and Methods. Results are expressed as means ±
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SE for 3 replicate determinations for each treatment group, and significantly (p < 0.05)
decreased mRNA levels are indicated (*).
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Fig. 4.
Role of glutathione/oxidative stress in mediating the anticancer activity of arsenic trioxide in
KU7 cells. [A] Effects of DTT on arsenic trioxide-induced effects on GSH and ROS levels.
KU7 cells were treated with aqueous solvent, arsenic trioxide alone, or in combination with
DTT. Cellular GSH levels and ROS were determined as described in the Materials and
Methods. Results are expressed at means ± SE for 3 separate experiments for each treatment
group and significant (p < 0.05) effects by arsenic trioxide (*) and reversal by DTT (**) are
indicated. GSH values in control (100%), arsenic trioxide, arsenic trioxide + DTT groups were
100±0.7, 40.0±0.1, 101.5±1.9 and 157.6±1.2, respectively. ROS values in control (100%),
arsenic trioxide alone (5 or 10 μM), and DTT + arsenic trioxide (5 or 10 μM) were 100±2, 156
±13, 269±6, 97±4 and 120±6, respectively. [B] GSH and DTT inhibit the antiproliferative
activity of arsenic trioxide. KU7 cells were treated with solvent control, 2.5, 5 or 10 μM arsenic
trioxide alone, or in combination with DTT (left) or GSH (right). After 24 hr, cells were counted
as described in the Materials and Methods. Results are means ± SE for 3 determinations for
each treatment group and significant (p < 0.05) inhibition by arsenic trioxide (*) and reversal
by DTT or GSH (**) are indicated. [C] Sp expression levels. KU7 cells were treated with
arsenic trioxide alone or in the presence of DTT (left) or GSH (right) for 24 hr and whole cell
lysates were examined by western blot analysis as described in the Materials and Methods. [D]
TUNEL assay. KU7 cells were treated with solvent (control), 5 μM arsenic trioxide alone, or
in combination with DTT and the TUNEL assay was determined and quantified as described
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in the Materials and Methods. The percent of apoptotic cells in control (100%), arsenic trioxide
alone, DTT alone, and arsenic trioxide + DTT were 100±46, 2234±58, 182±35 and 77±14,
respectively. Results are expressed as means ± SE for 3 replicate determinations for each
treatment group and significant (p < 0.05) induction of TUNEL staining (*) and inhibition of
this response by DTT (**) are indicated.
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Fig. 5.
Role of glutathione/oxidative stress in mediating the anticancer activity of arsenic trioxide in
253JB-V cells. [A] Effects of arsenic trioxide and DEM on GSH and ROS. 253JB-V cells were
treated with aqueous solvent, arsenic trioxide alone, or in combination with DEM. Cellular
GSH levels and ROS were determined as described in the Materials and Methods. Results are
expressed at means ± SE and significant (p < 0.05) effects by arsenic trioxide (*) and
enhancement by DEM (**) are indicated. GSH values in control (100%), DEM, arsenic trioxide
alone or in combination with DEM were 100±0.7, 79.8±0.5, 85.0±0.3 and 44.4±0.4,
respectively. ROS values in control (100%), arsenic trioxide alone (5 or 10 μM), DEM alone,
and DEM + arsenic trioxide (5 or 10 μM) were 100±2, 85±0.7, 75±1.2, 85±1.7, 163±30 and
368±15, respectively. [B] DEM enhances the antiproliferative activity of arsenic trioxide.
253JB-V cells were treated with solvent control, 2.5, 5 or 10 μM arsenic trioxide alone, or in
combination with DEM. After 24 hr, cells were counted as described in the Materials and
Methods. Results are means ± SE for 3 determinations for each treatment group and significant
(p < 0.05) inhibition by arsenic trioxide (*) and enhancement by DEM (**) are indicated. [C]

Jutooru et al. Page 23

Exp Cell Res. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sp expression levels. 253JB-V cells were treated with arsenic trioxide alone or in the presence
of DEM for 24 hr and whole cell lysates were examined by western blot analysis as described
in the Materials and Methods. [D] TUNEL assay. 253JB-V cells were treated with solvent
(control), 5 μM arsenic trioxide alone, or in combination with DEM and the TUNEL assay was
determined and quantitated as described in the Materials and Methods. The percent of apoptotic
cells in control (100%), arsenic trioxide alone, DEM alone, and arsenic trioxide + DEM were
100±25, 193±18, 125±12 and 566±105, respectively. Results are expressed as means ± SE for
2 replicate determinations for each treatment group and significant (p < 0.05) induction of
TUNEL staining (*) is indicated.
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Fig. 6.
Comparative effects of hydrogen peroxide and arsenic trioxide on Sp proteins and MMP in
KU7 cells. [A] Hydrogen peroxide downregulates Sp proteins and inhibits proliferation. KU7
cells were treated with 500 μM hydrogen peroxide alone or in combination with GSH or DTT,
and Sp protein expression and cell growth were determined by western blot analysis and cell
counting as described in the Materials and Methods. Cell proliferation results are given as
means ± SE for replicate (3) determinations, and significant (p < 0.05) growth inhibition by
hydrogen peroxide (*) and reversal of this effect by GSH (**) are indicated. [B] Effects of
arsenic trioxide and hydrogen peroxide on MMP. KU7 cells were treated with the compounds
or catalase, and MMP was determined by confocal microscopy as described in the Materials
and Methods. Effects of various inhibitors on hydrogen peroxide [C]- or arsenic trioxide [D]-
induced downregulation of Sp1, Sp3 and Sp4. KU7 cells were treated with the compounds
alone or in combination with various inhibitors, and Sp proteins were examined by western
blot analysis as described in the Materials and Methods. β-Actin served as a loading control
for the western blots. The following concentrations of inhibitors were used: SB203580 (20
μM); SP6000125 (20 μM); NAC (10 mM), ascorbic acid (200 μM); BHA (200 μM); DPI (10
μM), and catalase (2 KU).
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