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ABSTRACT: Glutathione transferases (GSTs) are often
overexpressed in tumors and frequently correlated to bad
prognosis and resistance against a number of different
anticancer drugs. To selectively target these cells and to
overcome this resistance we previously have developed
prodrugs that are derivatives of existing anticancer drugs
(e.g., doxorubicin) incorporating a sulfonamide moiety. When
cleaved by GSTs, the prodrug releases the cytostatic moiety
predominantly in GST overexpressing cells, thus sparing
normal cells with moderate enzyme levels. By modifying the
sulfonamide it is possible to control the rate of drug release and specifically target different GSTs. Here we show that the newly
synthesized compounds, 4-acetyl-2-nitro-benzenesulfonyl etoposide (ANS−etoposide) and 4-acetyl-2-nitro-benzenesulfonyl
doxorubicin (ANS−DOX), function as prodrugs for GSTA1 and MGST1 overexpressing cell lines. ANS−DOX, in particular,
showed a desirable cytotoxic profile by inducing toxicity and DNA damage in a GST-dependent manner compared to control
cells. Its moderate conversion of 500 nmol/min/mg, as catalyzed by GSTA1, seems hereby essential since the more reactive 2,4-
dinitrobenzenesulfonyl doxorubicin (DNS−DOX) (14000 nmol/min/mg) did not display a preference for GSTA1
overexpressing cells. DNS−DOX, however, effectively killed GSTP1 (20 nmol/min/mg) and MGST1 (450 nmol/min/mg)
overexpressing cells as did the less reactive 4-mononitrobenzenesulfonyl doxorubicin (MNS−DOX) in a MGST1-dependent
manner (1.5 nmol/min/mg) as shown previously. Furthermore, we show that the mechanism of these prodrugs involves a
reduction in GSH levels as well as inhibition of the redox regulatory enzyme thioredoxin reductase 1 (TrxR1) by virtue of their
electrophilic sulfonamide moiety. TrxR1 is upregulated in many tumors and associated with resistance to chemotherapy and poor
patient prognosis. Additionally, the prodrugs potentially acted as a general shuttle system for DOX, by overcoming resistance
mechanisms in cells. Here we propose that GST-dependent prodrugs require a conversion rate “window” in order to selectively
target GST overexpressing cells, while limiting their effects on normal cells. Prodrugs are furthermore a suitable system to
specifically target GSTs and to overcome various drug resistance mechanisms that apply to the parental drug.

KEYWORDS: glutathione transferases, prodrugs, MGST1, GSTA1, doxorubicin, etoposide, redox, TrxR1

■ INTRODUCTION
Cancer is one of the leading causes of death in privileged
countries. In patients suffering from cancer, the choice of
therapy depends on several factors, such as the histopathology
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of the tumor, the stage of the disease, and the patient’s
condition. Chemotherapy is commonly used as anticancer
treatment, but patients often suffer from severe side effects,
which are of major concern. Especially highly proliferating cells,
present in the bone marrow, hair follicles, and gastrointestinal
mucosa, are affected by conventional chemotherapeutics
leading to common side effects like myelosuppression, alopecia,
and mucositis.1 Further, there are additional and more specific
side effects depending on the cytostatic drug used. Doxorubicin
(DOX), e.g., a common topoisomerase II inhibitor that is used
to treat patients with different solid and hematological
malignancies, can also cause cardiotoxicity2 and eventually
congestive heart failure.3 Another major problem that can limit
the effectiveness of cancer treatment is drug resistance. Drug
resistance is related to numerous changes in the tumor and its
microenvironment4 and can reflect both tumor and normal
tissue.5 An approach to reduce side effects and drug resistance
is the usage of prodrugs. Prodrugs are chemically modified,
preferably nontoxic, versions of the active anticancer agent.
Upon entrance into cancer cells the prodrug can be activated
whereupon the active cytostatic molecule is released. Activation
is typically catalyzed by an enzyme that is highly abundant in
cancer cells, leading to predominant high concentrations in
tumor cells while sparing normal cells.6 A suggested enzyme
family to be targeted to activate prodrugs in cancer cells is
glutathione transferases (GSTs).7−15 The GSTs are often
highly overexpressed in tumors and frequently correlated to
drug resistance and bad prognosis.16,17 GSTs are divided into
three different groups, cytosolic, mitochondrial, and micro-
somal GSTs, each containing various isoforms. These isoforms
have specific as well as overlapping substrate specificities in
catalyzing conjugation, reduction, and isomerization reactions,
thereby contributing to cellular protection against chemical

insult, oxidative stress, and lipid peroxidation. Furthermore,
GSTs are suggested to have essential functions in cell
signaling.12,15,18−20

In an attempt to take advantage of the overexpression of
GSTs in different tumors we previously presented a new
strategy using two different forms of prodrugs that can be
activated and thereby release DOX in GST overexpressing cells.
We showed that these prodrugs, 4-mononitrobenzenesulfonyl
doxorubicin (MNS−DOX) and 2,4-dinitrobenzenesulfonyl
doxorubicin (DNS−DOX), could be activated by two different
GSTs, microsomal glutathione transferase 1 (MGST1) and
glutathione transferase pi (GSTP). MGST1, which is located in
the ER membrane, and the outer membrane of mitochondria as
well as the cytosolic GSTP are often overexpressed, connected
to drug resistance and correlated to bad prognosis in many
different cancers. Our study showed that the prodrugs tested
were more toxic to GST overexpressing cells compared to
control cells, indicating that the GSTs tested could activate the
prodrugs and release DOX.8

To follow up on these findings we herein expanded our
efforts to glutathione transferase alpha 1 (GSTA1) and
included the newly synthesized DOX derivative 4-acetyl-2-
nitro DOX (ANS−DOX) in the study (Figure 1). GSTA1 is
expressed in most cells at moderate levels and has been shown
to possess both GST and glutathione peroxidase activity
protecting against oxidative stress.15 However, GSTA1 has also
been shown to be overexpressed in various cancers such as
colon cancer,21 lung cancer,22,23 exfoliated human bladder
cancer,24 and clear cell renal cell carcinoma25 and is connected
to nitrogen mustard and Bleomycin resistance.26,27 Over-
expression was furthermore found to support proliferation of
cells in benign adrenocortical adenomas from patients with
Cushing’s syndrome.28 In contrast to MGST1 and GSTP1,

Figure 1. Chemical structures and conversion of prodrugs. (A) Chemical structures of DOX and etoposide as well as the prodrugs MNS−DOX,
DNS−DOX, ANS−DOX, and ANS−etoposide are depicted. (B) Conversion of the prodrug yields a free doxorubicin/etoposide, sulfur dioxide and
an acetylmononitro/dinitro benzene moiety conjugated to GSH. These prodrugs are hypothesized to enter the cell via a passive diffusion. In the cell,
GSTs are able to activate the prodrugs via their sulfonamidase and sulfonamide cleavage activity.
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GSTA1 overexpression was not associated with a major
resistance to doxorubicin,29,30 thus potentially being a more
effective enzyme to target for these prodrugs.
Furthermore, the prodrug concept may include additional

functional facets contributing to its cytotoxic profile, which we
wished to address within this study. An efficient accumulation
and activation within the cancer cell, for example, might lead to
GSH depletion, which in turn sensitizes the cells to the
activated drug or induces oxidative stress as a concomitant
factor. Additionally, intracellular nucleophiles other than GSH
might be efficiently targeted due to the electrophilic nature of
the sulfonamide bond in the prodrugs. A prime candidate is the
selenoprotein thioredoxin reductase 1 (TrxR1), which is the
central enzyme of the redox regulatory and antioxidant
thioredoxin (Trx) system. It is often upregulated in cancers
and has been identified as a promising target for anticancer
therapy.31 Due to an accessible and highly reactive Sec-residue
within its active site, it is considered to be a target of many
electrophilic compounds with TrxR1 inhibition being linked to
cancer cell death.32 Reducing the antioxidant capacity of cancer
cells through targeting of the Trx and GSH systems
simultaneously has previously been suggested as a principle
of anticancer therapy and might thus be synergistic factors
contributing to prodrug induced toxicity.33−35

In addition, we investigated whether etoposide could be
converted into a novel prodrug using a similar strategy as for
DOX. The parental compound etoposide is used as a cytostatic
drug for the treatment of Ewing’s sarcomas, lung cancer,

lymphomas, and, in addition, in combination with carboplatin
to treat primary brain tumors such as glioblastomas.36−40

Etoposide can act against topoisomerase II and thereby
influence the chromosome segregation and replication in the
exposed cancer cell resulting in apoptosis.40,41 A major problem
with etoposide is that it can induce major side effects such as
bone marrow suppression, fatigue, skin rash, diarrhea, severe
delayed toxicity, and even leukemia. It is therefore an attractive
candidate for the development of prodrugs to potentially
reduce these side effects.42,43

In this study we show that GSTs are a suitable enzyme class
for the development of novel prodrugs and that different GSTs
can be targeted selectively. Specifically, we synthesized and
characterized a new derivative of DOX, ANS−DOX as
substrate for various GST, and studied its potential as prodrug
in both GSTA1 and MGST1 overexpressing cells. Additionally,
we show that the working mechanism of prodrugs involves a
reduction of the GSH levels as a consequence of activation, as
well as disruption of redox regulatory pathways via TrxR1
inhibition, which might synergize with the mechanism of the
activated drug and augment toxicity toward cancer cells. We
also ascertained whether etoposide is a suitable candidate for
the development of novel prodrugs by characterizing the
etoposide based prodrug, 4-acetyl-2-nitro-benzenesulfonyl
etoposide (ANS−etoposide), in the same cellular systems. In
summary, our data show that the GST catalyzed conversion
rate can be precisely manipulated by adjusting the reactivity of
the prodrugs; this is also shown to be important for both GST

Scheme 1. Synthesis of ANS−DOX (1) and ANS−Etoposide (2); See Materials and Methods for Details
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specificity and cell killing potential. Additionally, we suggest
that prodrugs may overcome multiple drug resistance
mechanisms and that they can target redox pathways,
particularly those regulated via TrxR1, thus potentially targeting
cancer cells that are resistant to the parental drug.

■ MATERIALS AND METHODS

Chemicals and Growth Media. Cell culture media and
additives, including Dulbecco’s modified Eagle’s medium
(DMEM), Fetal Bovine Serum (FBS), Geneticin (G418),
Phosphate-Buffered Saline (PBS), and penicilin−streptomycin
were obtained from GIBCO. Hygromycin B was obtained from
Invitrogen. 1-Chloro-2,4-dinitrobenzene (CDNB), reduced
glutathione, and doxorubicin were purchased from Sigma-
Aldrich, whereas etoposide was purchased from Vepesid,
Bristol-Myers. Coommassie Plus protein assay was purchased
from Thermo Scientific. Horseradish peroxidase labeled goat
antirabbit IgG was obtained from DakoCytomation. Other
reagents for SDS-polyacrylamide gel electrophoresis and
Western blot analysis were obtained from Sigma-Aldrich.
Development of the blots was done by the usages of Amersham
EL Western blotting reagents obtained from GE healthcare.
Additionally, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) and crystal violet were purchased from
Sigma-Aldrich.
Synthesis of the Prodrugs. Prodrugs were synthesized as

depicted in Scheme 1 for ANS−DOX (upper panel) and ANS−
etoposide (lower panel). DNS−DOX was synthesized as
previously described by Johansson et al.8 Emission spectra
were obtained using an EnSpire 2300 Multilabel Reader
(PerkinElmer). All spectra were measured in a 96-well optical
bottom plate (Fisher Scientific, #265301) with 10 μM DOX,
ANS−DOX, and DNS−DOX in a 200 μL volume. Measure-
ments were taken at room temperature in 0.1 M potassium
phosphate buffer pH 6.5. Excitation wavelength was 480 nm,
and emission was recorded between 500 and 700 nm.
Synthesis of ANS−DOX (1). N,N-Diisopropylethylamine (60

μL, 340 μmol) was added to a solution of doxorubicin
hydrochloride (15 mg, 26 μmol) in dimethylformamide (520
μL) at 0 °C. 4-Acetyl-2-nitrobenzenesulfonyl chloride (15 mg,
58 μmol) was added to the reaction mixture. After stirring for 2
h, the reaction mixture was diluted with CHCl3 and washed
with saturated NaHCO3(aq). The organic layer was dried over
Na2SO4 and evaporated in vacuo. The residue was purified by a
neutral flash silica gel column chromatography and eluted with
CHCl3−acetone (3:1, v/v) to give the desired ANS−DOX (12
mg, 16 μmol, 60%). 1H NMR (500 MHz, DMSO-d6): δ 8.26
(1H, s, AcNs), 8.16 (1H, d, dox, J = 1.8 Hz), 8.14 (1H, d, dox, J
= 1.8 Hz), 8.11−8.10 (1H, d, AcNs, J = 8.0 Hz), 8.10−8.08
(1H, d, AcNs, J = 8.0 Hz), 7.86−7.80 (2H, m, dox), 7.59−7.58
(1H. d, dox, J = 8.6 Hz), 5.38 (1H, s, dox), 5.15 (1H, s, dox),
4.82−4.83 (1H, t, dox), 4.55 (2H, s, dox), 4.11−4.07 (1H, d-d,
dox, J = 6.9, 6.3 Hz), 3.96 (3H, s, dox), 3.62−3.57 (1H, d-q,
dox, J = 4.5, 4.5, 5.1, 4.0 Hz), 3.50 (1H, s, dox), 2.90−2.89 (2H,
d, dox, J = 6.3 Hz), 2.47 (1H, s, dox), 2.12−2.07 (2H, m, dox),
1.93−1.87 (1H, s-t, dox, J = 4.6, 3.4, 4.6 Hz), 1.40−1.37 (1H, d-
d, J = 5.1, 5.1 Hz), 1.21 (3H, s, AcNs), 1.09−1.08 (3H, d, dox, J
= 5.7 Hz), 1.17−1.16 (1H, t, dox). 13C NMR (125 MHz,
DMSO-d6): δ214.21, 195.984, 186.90, 186.85, 161.25, 156.56,
154.86, 147.94, 140.73, 137.79, 135.84, 135.07, 134.56, 131.96,
130.54, 124.26, 120.40, 119.45, 111.15, 111.09, 100.33, 79.71,
75.41, 70.47, 69.39, 67.19, 64.16, 57.07, 56.36, 50.82, 32.66,

32.61, 30.13, 27.37, 17.46. LRMS (ESI) m/z: [M − H−] calcd
for C35H34N2O16S, 770.16; found, 769.04.

Synthesis of ANS−Etoposide (2). Etoposide (10 mg, 17
μmol) was dissolved in CH2Cl2 (200 μL). To the solution was
added Et3N (3 μL, 34 μmol) and 4-acetyl-2-nitrobenzenesul-
fonyl chloride (5 mg, 19 μmol), and the mixture was stirred at
room temperature for 30 min. The mixture was purified by
preparative layer chromatography eluted with EtOAc/toluene
(3:1, v/v) to give the desired ANS−etoposide (10 mg, 12 μmol,
71%). 1H NMR (300 MHz, CDCl3): δ 8.38 (1H, s), 8.22 (1H,
s), 6.85 (1H, s), 6.53 (1H, s), 6.24 (2H, s), 6.03−6.00 (2H, dd,
J = 0.98, 7.81), 4.93 (1H, d, J = 3.42), 4.77 (1H, q, J = 4.88),
4.66 (2H, dd, J = 7.32, 11.23), 4.44 (1H, t, J = 9.23), 4.29 (1H,
t, J = 8.30), 4.21 (1H, dd, J = 3.91, 11.23), 3.72−3.27 (12H, m),
2.85−2.82 (6H, m), 1.41 (3H, d, J = 5.37). 13C NMR (75 MHz,
CDCl3); δ 194.5, 174.7, 152.2, 148.9, 148.4, 147.5, 141.2, 139.8,
135.1, 131.7, 130.9, 128.5, 127.2, 124.1, 123.9, 110.6, 109.1,
107.6, 101.8, 79.7, 74.5, 73.1, 68.0, 66.4, 56.0, 41.1, 37.5, 26.9,
20.2. LRMS (ESI) m/z: [M + Na+] calcd for C37H37NNaO18S

+,
838.16; found, 838.47.

Activation of Prodrugs. The conversion of DNS−DOX
and ANS−DOX to DOX was measured using a Shimadzu RF
510L fluorescent spectrophotometer from Analytical Instru-
ments Division, Kyoto Japan, using an excitation at 480 nm and
emission at 550 nm. The enzymatic activation of ANS−DOX
(10 μM) or DNS−DOX (10 μM) to DOX by GSTA1 and
GSTP1 (kind gift from B. Mannervik, Stockholm University)
was determined in 0.1 M potassium phosphate buffer (pH 6.5)
with 5 mM GSH. For MGST1, 0.1 M potassium phosphate
buffer pH 6.5 containing 0.1% Triton X-100 and 5 mM GSH
was used. A standard curve of 0.025, 0.05, 0.1, 0.25, 0.5, 0.1, and
2.5 μM DOX was constructed to convert the increase in
fluorescence to a metabolic rate. All measurements were taken
in triplicate.

Measurement of GST Activity with CDNB. The specific
activity of all purified enzymes was measured in a 100 μL
cuvette with a Cary 60 UV−visible spectrophotometer (Agilent
Technologies, Santa Clara, USA) by following the change in
absorbance at 340 nm. For MGST1, 5 mM GSH (Sigma-
Aldrich, St. Louis, MO) and 0.5 mM CDNB (Merck,
Darmstadt, Germany) as second substrate were used,
respectively, in 0.1 M potassium phosphate buffer pH 6.5
containing 0.1% Triton X-100. The molar extinction coefficient
used for CDNB conjugation was 9.6 mM−1 cm−1.44 GSTA1 and
GSTP1 were measured with 1 mM GSH and 1 mM CDNB in
0.1 M potassium phosphate buffer pH 6.5 at 30 °C. The change
in absorbance, after correction for the nonenzymatic reaction,
was used to calculate the concentration of the active enzyme
based on previously published values. All measurements were
taken in triplicate, and slopes were fitted using the Cary WinUV
software package (Agilent Technologies, Santa Clara, USA).

Cell Lines and Cell Culture. To study the involvement of
MGST1 in drug resistance, the MCF7 cells (human mammary
adenocarcinoma) were used. The cells were either transfected
with a vector overexpression rat MGST1 or a control vector
expressing an antisense sequence against rat MGST1, as
described previously.7 To study GSTA1, V79 cells (Chinese
hamster lung fibroblasts) were used. These cells were stably
transfected with a vector overexpressing GSTA1, and the
activity of these was compared with cells expressing control
vectors. The GSTA1 containing pCEP4GSTA1 vector is based
on the mammalian expression vector pCEP4 (Invitrogen, Inc.)
and was used to transfect the V79MZ clone of the V79 cells
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using a FuGENE6 reagent. The construction of these cells was
previously described in Sundberg et al.45 These cell lines were
cultured in DMEM, supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin−100 μg/mL streptomycin
(PEST), and 1 mM sodium pyruvate. Additionally 1 mg/mL
Geneticin (G418) or 100 μg/mL hygromycin was added for
selection for the MCF7 or V79 cells, respectively. Targeting of
TrxR1 by the prodrugs was studied in V79 and GSTA1
overexpressing V79 cells as well as in HEK293 cells (human
embryonic kidney). HEK293 cells were cultured in EMEM
(Eagle’s Minimum Essential Medium, ATCC no. 30-2003).
Growth media was supplemented with 10% FBS, PEST, and 25
nM sodium selenite. All cells used in this study were cultured in
a humidified environment at 37 °C and with a 5% CO2 level.
Protein Determination and Western Blotting (WB).

Cells were cultured in a T-75 cm2 bottles. When the cells
reached 70% confluence, they were washed with 1× PBS,
trypsinized, and resuspended in culture media. The cells were
centrifuged for 5 min at 2000 rpm, and the formed pellet was
resuspended in lysis buffer (0.1 M potassium phosphate buffer
pH 7.5 containing 1% Triton X-100 and 1% SDS). The samples
were kept on ice during the whole procedure. The cell
suspension was transferred into a 1.5 mL Eppendorf tube.
Subsequently, the sonication was performed using the Soniprep
150 MSE, the duration of 10 s, for 3 times at 6 A on ice. The
protein determination was performed by using the Coomassie
Plus protein assay by Thermo Scientific, Rockford, USA.
Twenty micrograms of protein was loaded on a 15% SDS
polyacrylamide gel in a WB system. After running the protein
separation, the proteins were transferred to a nitrocellulose
membrane, after which they are labeled using a polyclonal
rabbit IgG against rat MGST1, which was generated in-house
(R. Morgenstern), or against human GSTA1 (1:1000) (Fine
chemicals AB Malmö, Sweden), as the primary antibody. As
secondary antibody, horseradish peroxidase labeled goat
antirabbit IgG obtained from DakoCytomation, Glostrup,
Denmark, was used. The blots were developed by using
Amersham EL Western blotting reagents obtained from GE
Healthcare, Buckinghamhire, UK.
GST Activity in Isolated Microsomes and Total Cell

Lysate. MGST1 activity was determined in isolated micro-
somes. The microsomes were prepared by centrifuging the cells
at 2000 rpm for 5 min and resuspended in distilled water
containing 0.25 M sucrose and sonicated for 2 × 10 s at 4 A on
ice. This suspension was further centrifuged for 10 min at 3000
rpm, followed by transferring the supernatant into a new
Eppendorf tube. A mixture of 0.8 M CaCl2 and 0.5 M MgCl2
(1:1 Mg−Ca) was added and incubated for 10 min. The
samples were then centrifuged for 10 min at 7000 rpm, after
which the cytosolic fraction in the supernatant was removed.
The pellet, containing the microsomes was resuspended in 0.15
M Tris-HCl buffer (pH 8, containing 1 mM EDTA) and an
additional 20 μL Mg−Ca mixture was added. Subsequently the
samples were centrifuged for 10 min at 13000 rpm, and the
pellet was resuspended in 0.25 M sucrose (in distilled water
containing 1 mM EDTA, pH 7.5). The samples were kept on
ice during the complete procedure. All centrifugation steps
were performed at 4 °C.
The activity of GSTA1 was measured in total cell lysate from

GSTA1 overexpressing V79 cells. The cells were centrifuged at
2000 rpm for 5 min, and the cell suspension was transferred
into a 1.5 mL Eppendorf tube. The cell lysate from the V79
cells was obtained by the usage of a lysis buffer containing 0.1

M potassium phosphate buffer (pH 6.5) with 1% Triton X-100.
After which, the sonication was performed using the Soniprep
150 MSE for the duration of 10 s, for 3 times at 6 A on ice. The
samples were kept on ice during the complete procedure.
Afterward, the protein determination was performed by using
the Coomassie Plus protein assay by Thermo Scientific,
Rockford, USA.
The enzymatic GST activity of isolated microsomes and total

cell lysate was determined in 0.1 M potassium phosphate buffer
pH 6.5 containing 0.1% Triton X-100 and 5 mM GSH. As
substrate, 0.5 mM CDNB was used, and the reaction was
carried out at room temperature. Absorbance change,
representing the product formation rate, was measured at a
wavelength of 340 nm, using a single beam, Philips PU 8700
UV/visible spectrophotometer (Philips Scientific and Analytical
Equipment, Cambridge, UK). All the enzymatic activities were
corrected for the nonenzymatic reaction.

Short-Term Toxicity Test. To measure the short-term (24
h) cytotoxicity of the prodrugs in the cell lines, a MTT ((3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide))
test was used as previously described.7,46 Briefly, the cells
were seeded at a density of 1 × 104 cells/well for the MCF7
cells and 2 × 104 cells/well for V79 cell in a 96-well plate. After
1 day, the cells were exposed to DOX, DNS−DOX, ANS−
DOX, etoposide, ANS−etoposide, or vehicle (DMSO) for 24 h
at various concentrations in DMEM without phenol red. After
24 h the media was removed, and the cells were incubated in
0.5 mg/mL MTT for 4 h at 37 °C. The formazan crystals
formed were dissolved in DMSO. The absorbance was
measured with a spectrophotometer at 590 nm minus reference
at 650 nm.8

Long-Term Toxicity Test. The colony forming efficiency
(CFE) assay was used as a long-term (7 days) toxicity test to
determine the MGST1 overexpressing cells ability to form
colonies after the exposure to the toxic agents.47 The control
cells and the MGST1 overexpressing MCF7 cells were seeded
in a 6-well plate, with a density of 2000 cells per well. Twenty-
four hours after seeding, the cells were exposed to DOX or
ANS−DOX in serum-free DMEM (SFM) for 3 h at different
concentrations. After the incubation period the SFM was
changed to complete medium and refreshed at day 3. After 7
days the media was removed and cells were washed with PBS
and analyzed with the CFE test. The cells were fixated with
10% formaldehyde for 20 min and stained with 0.01% crystal
violet for 5 min. Colonies were counted using a light-
microscope (a colony ≥ 16 cells). Since the GSTA1
overexpression V79 cells do not form proper colonies we
used the MTT test to monitor the long-term effects of the
drugs on these cells. These MTT tests were performed in the
following manner: 200 cells per well were seeded on day 0 in
complete medium in a 96-well plate; subsequently, on day 2 the
cells were exposed to DOX or ANS−DOX, in SFM for 3 h at
different concentrations. Whereupon the medium was changed
to complete medium, and the MTT assay was performed on
day 7 as described above.

Analysis of the Uptake and Activation of ANS−DOX in
GSTA1 Overexpressing Cells. The vector control cells and
GSTA1 overexpressing cells were seeded in 96-well plates. After
24 h the cells were exposed to either 20 μM DOX or ANS−
DOX for 15, 30, 60, and 120 min. After the exposure cells were
incubated with 40 ng/mL Hoechst for 30 min to stain the
nuclei and subsequently fixated in 2% ice-cold paraformalde-
hyde for 10 min in RT. The wells were covered with PBS, and
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fluorescence was measured using the Operetta High Content
Imaging System. For cell quantification, seven fields of view for
each cell culture well, covering edges and center, were recorded
in bright field and two channels for fluorescence detection of
DOX (excitation, 500 nm; emission, 595 nm) and Hoechst
(excitation, 380 nm; emission, 445 nm). The excitation and
exposure times were fixed for each channel, with all samples
analyzed with the same settings. Determinations of fluorescence
signals were subsequently performed using the Columbus
(PerkinElmer) and Excel (Microsoft) computer programs.
Activation of DNA Damage Signaling. The activation of

DNA damage signaling in cells exposed to ANS−DOX and
DOX was investigated by WB. GSTA1 overexpressing and
control cells were exposed to either 0.2 μM DOX or 2 μM
ANS−DOX for different time periods or for 3 h with the
different concentrations. After incubation with the drugs at
indicated time-points or concentrations, the cells were washed
with PBS and lysed in 0.1 M potassium phosphate buffer pH
7.5 containing 1% Triton X-100, 1% SDS, and phosphatase and
protease inhibitors from Roche. Protein samples were run on a
12% SDS polyacrylamide gel in a WB system. The proteins
were then transferred to a nitrocellulose membrane. For the
primary antibodies phospho-histone H2AX (Ser139) antibody
1:500 (Cell Signaling), phospho-p53 (Ser15) antibody 1:1000
(Cell signaling), and Cdk2 (M2) (Santa Cruz) antibody as
loading control 1:1000 were used. As a secondary antibody the
horseradish peroxidase labeled goat antirabbit IgG (DakoCy-
tomation) was used. Development of the blots was done via
using Amersham EL Western blotting reagents (GE Health-
care).
Comet Assay. The levels of DNA damage were measured

after 3 h exposure to either ANS−DOX (1 and 5 μM) or DOX
(0.02 and 0.1 μM). The alkaline version of the comet assay was
performed as described previously by Jarvis et al.48 At least 50
comets were scored per treatment performed in triplicates
using a Leica DMLB fluorescent microscope and Comet Assay
3 (Perceptive Instruments Ltd., Haverhill, UK).
GSH Measurements and Sensitization to DOX upon

GSH Reduction by BSO. GSTA1 overexpressing V79 cells
were seeded in a 6-well plate the day before exposure to either
5 μM ANS−DOX or DNS−DOX. After 2 or 6 h, respectively,
cells were washed with PBS and incubated on ice for 30 min
with KPE lysis buffer (containing 0.1 M potassium phosphate
buffer pH 7.5, 11.2 mM EDTA, and 1% Triton X-100). Cells
were scraped and centrifuged at 14000 rpm for 10 min at 4 °C.
Sulfosalicylic acid (1.3%) was added, and samples were stored
at −80 °C until further usage. GSH content was determined as
previously described by Rahman et al.49 Protein concentrations
were determined by using the Bradford assay (BioRad).
To study DOX sensitization upon a reduction in GSH levels,

V79 control cells were seeded at a density of 2.5 × 103 cells/
well in a 96-well plate and allowed to attach overnight.
Subsequently, cells were exposed to 250 μM BSO (DL-
buthionine-sulfoximine, Sigma-Aldrich) to reduce the GSH
content. After 24 h medium was replaced with DOX containing
medium and incubated for another 24 h at 37 °C, 5% CO2. The
medium was removed and a MTT assay was performed as
described previously.8

In Vitro Characterization of TrxR1 Inhibition. Rat
TrxR1 and human Trx1 were recombinantly produced and
purified essentially as described previously.50,51 TrxR1 activity
was measured in TE buffer (50 mM Tris, pH 7.5, 2 mM
EDTA) using 250 μM NADPH as well as either wild-type

Trx1/insulin or juglone (5-OH-1,4-naphthoquinone) as
substrates. In contrast to the Trx1 coupled reduction of insulin,
which requires an intact Sec-residue in the C-terminal active
site, redox-cycling with juglone is essentially Sec-independent
but requires an intact N-terminal active site. The behavior of
the enzyme, when targeted by an inhibitor, toward both
substrates can be used to indicate whether an inhibitor
preferentially targets the Sec-residue, while leaving the rest of
the enzyme essentially intact.52−54 To assess C-terminal Sec-
dependent activity of TrxR1, 20 nM recombinant enzyme was
incubated with either 10 μM DNS−DOX or ANS−DOX for 10
min at room temperature in the presence or absence of 250 μM
NADPH. Subsequently, 10 μM wild-type Trx1 and 160 μM
insulin (and 250 μM NADPH to the samples where it is not
present) were added, and the reaction was followed by
measuring NADPH consumption via a change in absorbance
at 340 nm. Sec-independent activity was studied by incubating
20 nM of recombinant TrxR1 with either 10 μM DNS−DOX
or ANS−DOX for 10 min at room temperature in the presence
of 250 μM NADPH, upon which 40 μM juglone was added and
the reaction was followed at 340 nm. To study whether the
products of the converted prodrugs (free doxorubicin, sulfur
dioxide, or the acetylmononitro/dinitro benzene moiety
conjugated to GSH, see Figure 1) can target TrxR1, 10 μM
DNS−DOX was incubated with 5 mM GSH and 50 nM
GSTA1 for 30 min. Subsequently, 20 nM TrxR1 and 250 μM
NADPH were added, and the mixture was incubated for 10
more minutes. Finally, 10 μM wild-type Trx1 and 160 μM
insulin were added, and the reaction was followed at 340 nm.

TrxR1 Activity in Cell Lysates. A total of 2 × 106

HEK293, V79, or GSTA1 overexpressing V79 cells were
seeded per dish (ø 10 cm). Approximately 48 h (HEK293 cells)
or 24 h (V79 and GSTA1 overexpressing cells) after seeding,
cells were exposed to the compounds as indicated for 3 h,
harvested by trypsinization, and washed in cold PBS. The
samples were centrifuged at 900g for 5 min, and the resulting
cell pellet was resuspended in lysis buffer (50 mM Tris, pH 7.5,
2 mM EDTA, 1% Triton X-100, and phosphatase and protease
inhibitors from Roche). After a 30 min incubation on ice, the
cell extracts were cleared by centrifugation at 16,000g for 20
min. Protein concentrations of the supernatants were
determined using the Bradford reagent (Bio-Rad). Cellular
TrxR1 activity was subsequently determined using a modified
version of the earlier described end-point insulin assay.55

Briefly, total cellular protein (20 μg for HEK293 cells or 15 μg
for V79 and GSTA1 overexpressing cells) was incubated with
20 μM wild-type Trx1 in the presence of 160 μM insulin and
250 μM NADPH using TE buffer for 20 min at 37 °C in a total
volume of 50 μL. Samples without additional Trx1 in the
reaction buffer served as a background control. The reaction
was stopped by addition of 200 μL of 6 M guanidine−HCl
(Acros Organics) with 1 mM DTNB. Absorbance was
measured at 412 nm in a 100 μL cuvette using a Cary 60
UV−visible spectrophotometer (Agilent Technologies, Santa
Clara, USA). Data were plotted as percentage of untreated
control after background subtraction.

Statistical Analysis. The cytotoxicity study data were
analyzed by performing an F-test for equal variances, followed
by a two-tailed student t test. The GST activity, Comet assay,
and TrxR1 inhibition data were analyzed by using a two-tailed
student t test. GraphPad prism software windows version 5.03
(GraphPad Software, 2009, California, USA) was employed in
order to perform nonlinear regression analysis, and sequen-
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tially, curve comparisons were performed by using an extra sum
F-test.

■ RESULTS

MGST1, GSTP1, and GSTA1 Catalyzed Conversion of
DNS−DOX and ANS−DOX to DOX. The modifications in
DOX that yield ANS−DOX and DNS−DOX conveniently
quench the fluorescence intensity of DOX 10- to 20-fold
(Figure 2A). Taking advantage of the fluorescence increase
upon conversion to the more fluorescent DOX by MGST1,
GSTP1, and GSTA1, we measured the specific activity for each

enzyme. Catalytic rates were in general agreement with
previous results for DNS−DOX (Figure 2B).8 Oxidative
activation of MGST1 or loss of activity of GSTP1 upon
storage account for the differences observed. GSTA1, which
was not yet tested with DNS−DOX, showed a very high
turnover of 13780 ± 120 nmol/min/mg that by far exceeded
the activity of MGST1 (463 ± 7 nmol/min/mg) and GSTP1
(18.7 ± 2 nmol/min/mg). Subsequently we measured the
turnover of all enzymes with the DOX derivative ANS−DOX.
Having a less electron withdrawing acetyl group, as is also
reflected in the difference of the nonenzymatic conversion rates
(Figure 2C), ANS−DOX showed 10 to 30 times lower
conversion rates for all enzymes compared to DNS−DOX as
expected.56 ANS−DOX was thus activated with a rate of 38.7 ±
0.2 nmol/min/mg by MGST1 and 493 ± 3 nmol/min/mg by
GSTA1, whereas no activity could be measured for GSTP1
under the experimental conditions (Figure 2B). The presence
of Triton X-100, furthermore, did not alter the ratio of
nonenzymatic reactivity for the compounds drastically,
suggesting that solubility and lipophilicity is not a major factor
(Figure 2C). A conversion rate of the etoposide based prodrug
ANS−etoposide by the purified enzymes was not determined as
the molecule lacks fluorescence.

GSTA1 Overexpression Amplifies ANS−DOX Induced
Toxicity but Has No Effect on DOX and DNS−DOX
Toxicity. Based on our finding that purified GSTA1 catalyzed
the conversion of DNS−DOX much more efficiently (30-fold)
than MGST1 (see Figure 2B), we studied the effect of this
DOX derivative and pure DOX in GSTA1 overexpressing cells.
Overexpression was confirmed by WB and activity measure-
ments (Figure 3A). Using a short-term (24 h; MTT) as well as
long-term (7 days) viability test, no difference in DOX toxicity
could be seen between V79 control and GSTA1 overexpressing
cells (Figure 3B). The same behavior was surprisingly observed
when exposing cells to DNS−DOX, which showed no GSTA1-
dependent toxicity in a short-term viability test (24 h; MTT)
despite its high catalytic efficiency (13780 ± 120 nmol/min/
mg) (Figure 3C). In contrast, the less reactive ANS−DOX
variant (493 ± 2 nmol/min/mg) induced toxicity to a
significantly greater extent in GSTA1 overexpressing compared
to control cells in short-term (24 h; MTT) as well as long-term
viability test (7 days) (Figure 3D).

Uptake, Conversion, and DNA-Damage in GSTA1
Overexpression Cells after ANS−DOX Exposure. In
order to further investigate whether ANS−DOX is converted
to DOX in a GSTA1-dependent manner within the cells we
exposed GSTA1 overexpressing and control V79 cells to ANS−
DOX as well as DOX and measured the final cellular DOX
content at various time points. For this we exploited that the
conversion of ANS−DOX yields more fluorescent DOX, which
was detected using the Operetta High content imaging system.
Using DOX as a control we could see a similar steady and rapid
increase in cellular levels in both control cells and GSTA1
overexpressing cells (Figure 4A). This further indicates that a
cellular uptake of DOX (and also ANS−DOX) does not
depend on the expression level of GSTA1, but that the different
toxicity profiles are indeed dependent on GSTA1 catalysis.
Exposing cells to ANS−DOX we could clearly see an GSTA1
and time-dependent increase in nuclear DOX fluorescence
showing that ANS−DOX is intracellularly converted to DOX
by GSTA1 (Figure 4A). Visualizing single cells, it becomes clear
that the control cells at early time points show a predominantly
low cytosolic fluorescence (indicative of uncleaved prodrug)

Figure 2. Emission spectra of DOX and its derivatives, second order
rate constants for the nonenzymatic ANS−DOX and DNS−DOX
conversion, and the catalyzed conversion of ANS−DOX, DNS−DOX,
and CDNB by MGST1, GSTP1, and GSTA1. (A) Emission spectra of
DOX (dark gray), DNS−DOX (medium gray), and ANS−DOX (light
gray) in 0.1 M potassium phosphate buffer pH 6.5 using excitation at
480 nm. (B) Specific activities of MGST1, GSTP1, and GSTA1 were
determined using 5 mM GSH and 10 μM ANS−DOX, 10 μM DNS−
DOX, or 0.5 mM CDNB in 0.1 M potassium phosphate buffer pH 6.5
(without or with 0.1% Triton X-100 in the case of MGST1). The
specific CDNB activities of GSTP1 and GSTA1 were compared to
literature values to determine the amount of active enzyme in the
preparations, which in turn was used to calculate the specific activity
toward ANS−DOX and DNS−DOX. N.D., not detectable. Values are
means ± SEM (n = 3). (C) Second-order rate constants for the
nonenzymatic reaction (knoncat) were obtained in 0.1 M potassium
phosphate buffer pH 6.5 (without or with 0.1% Triton X-100), using 5
mM GSH as well as 10 μM ANS−DOX or DNS−DOX, respectively.
Values are means ± SEM (n = 3).

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.6b00140
Mol. Pharmaceutics 2016, 13, 2010−2025

2016

http://dx.doi.org/10.1021/acs.molpharmaceut.6b00140


with nearly no nuclear DOX, whereas the GSTA1 over-
expressing cells display a very strong nuclear DOX fluorescence
(Figure 4B; compare merge control and GSTA1 over-
expression). A similar pattern could be seen with MGST1
overexpressing cells (data not shown), but to a much lower
extent, as expected, since GSTA1 has a much higher ANS−
DOX conversion rate compared to MGST1 (Figure 2B).

DNA Damage in GSTA1 Overexpression Cells after
ANS−DOX Exposure. Looking at DNA damage we noted
that GSTA1 overexpression protected the cells somewhat from
DOX induced DNA damage in a time-dependent manner when
compared to the control cells as seen by expression of the DNA
damage markers p-Histon-H2AX and p-p53. This effect could
not be seen with ANS−DOX treatment, where control as well
as GSTA1 overexpression cells showed significant induction of
DNA damage markers (Figure 5A, left panel). Notable, the
GSTA1-dependent protection seems to somewhat disappear at
higher concentration of DOX (Figure 5A, right panel). This
furthermore goes in line with the alkaline comet assay (Figure
5B, right panel), confirming that the cells having GSTA1
overexpression displayed less DNA damage compared to
control cells at 0.2 μM DOX, but not at 0.1 μM DOX
treatment. GSTA1 has potentially a small protective effect
toward DOX, which, however, disappears at higher concen-
trations where GSTA1 might be overwhelmed. By exposing
GSTA1 overexpression cells to ANS−DOX, on the other hand,
higher levels of DNA damage were observed compared to
control cells (Figure 5B) in line with the cell viability assays
(see Figure 3), the ANS−DOX to DOX conversion (see Figure
4), and also the DNA damage markers (see Figure 5A).

ANS−DOX Reverses the MGST1-Dependent Resist-
ance against DOX. MGST1 was previously shown to
promote resistance to DOX and to be a potential target in
the activation of DOX based prodrugs, highlighting it as a
suitable target to further validate ANS−DOX as a potential
prodrug.8 For this we utilized control MCF7 cells, known to
have low endogenous levels of GSTs and MCF7 cells
engineered to overexpress MGST1 (Figure 6A).57 MCF7
cells are known to easily overexpress features associated with
multidrug resistance, particularly using DOX as a model drug.
Even if the cells used in this study were not especially adapted
to generate a resistant phenotype, they still displayed high
resistance to DOX, suggesting that they employ several
mechanisms to counter DOX induced cell death.27,58−62

Resistance to DOX was furthermore significantly promoted
by MGST1 overexpression compared to control cells, in
agreement with previous studies.8,9 This protective effect was
indeed observed in short-term (24 h) exposure studies.
However, only marginal effects were found in long-term
follow-up CFE experiments (7 days) (Figure 6B). Total
reversal of MGST1-dependent resistance against DOX was
shown in cells exposed to ANS−DOX even though no further
toxicity was induced in MGST1 overexpressing cells compared
to cells with low MGST1 (compare Figure 6B,C).

Prodrug ANS−Etoposide Could Overcome Etoposide-
Dependent Resistance Shown in GSTA1 Overexpressing
Cells. In addition to DOX and its derivatives we included
etoposide and an etoposide based prodrug that was modified
with a nitro acetyl-benzene moiety conjugated to the etoposide
(ANS−etoposide) through a sulfonic acid ester linkage. In
opposition to DOX treatment (see Figure 3B), cells over-
expressing GSTA1 showed significant resistance against
etoposide. The GSTA1-dependent resistance against etoposide
was reversed when exposing cells to ANS−etoposide,
suggesting that the prodrug acts either independently of
GSTA1 or that the enzyme-dependent activation of the drug
cancels out the protection warranted by GSTA1 overexpression
(Figure 7A). It was previously noted that the V79 cells are
generally more sensitive toward both DOX and etoposide than
the MCF7 cells.63 That was shown also here with both

Figure 3. Characterization of GSTA1 overexpressing cell lines and
their response to DOX, DNS−DOX, and ANS−DOX treatment. (A)
Left panel: Western blot of GSTA1. Lanes 1−2: purified human
GSTA1; 5 and 10 ng. Lane 3: vector control cell line. Lane 4: GSTA1
overexpressing cell line. Right panel: Specific GST activity in cell
extracts from GSTA1 overexpressing and control V79 cells. Activity
was measured using 0.5 mM CDNB and 5 mM GSH. Values are
means ± SEM (n = 3; **P ≤ 0.01). Cellular toxicity of (B) DOX
(log(−3) μM corresponds to 0 μM DOX treatment), (C) DNS−
DOX, and (D) ANS−DOX for short-term (24 h) or long-term toxicity
assay (7 days) with indicated doses determined with MTT assay.
GSTA1 overexpressing V79 cells (dark gray/GSTA1) and the vector
control (light gray/control). Data are from at least three independent
experiments done in triplicates (n ≥ 9) (means ± SE) *P ≤ 0.05, **P
≤ 0.01, and ***P ≤ 0.001). Log(−2) μM corresponds to 0 μM DOX
treatment. Curve comparison long-term toxicity assay: DOX (p =
0.42); ANS−DOX (p < 0.0001).

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.6b00140
Mol. Pharmaceutics 2016, 13, 2010−2025

2017

http://dx.doi.org/10.1021/acs.molpharmaceut.6b00140


etoposide and ANS−etoposide. However, MGST1 over-
expression seemed to promote a weak ANS−etoposide induced
toxicity compared to control cells and in relation to the parental
etoposide (Figure 7B). Since etoposide is not fluorescent as
DOX, no GST-dependent conversion rates could be obtained.
Reduction of GSH Levels through Prodrug Activation

and Sensitization to DOX. To study whether activation of
the prodrugs leads to GSH depletion and thus sensitization to
DOX, we treated GSTA1 overexpressing V79 cells with 5 μM
ANS−DOX and DNS−DOX and measured the total GSH
content after 2 and 6 h of exposure. The early time point
showed only a minor reduction of the GSH levels, which were
replenished again at 6 h (Figure 8A). This is not surprising as in
this setup a maximum of 2.5 nmol prodrug (5 μM) could only
deplete about 50% of the approximately 5 nmol total GSH (500
μg total protein in the sample with a GSH content of about 10
nmol/mg protein). Nonetheless, this highlights that prodrug
uptake and activation is a rapid process involving a decrease of
the GSH pool. Furthermore, in the scenario of a high
accumulation within the tumor, a more pronounced GSH
reduction might contribute to the toxicity profile as the cells
become sensitized to the activated DOX.64 To validate this
previously reported sensitization through a reduction in GSH
we treated V79 cells with BSO and exposed them to DOX.
Already a decrease in the GSH levels of about 65% (Control, 12

± 6 nmol/mg protein, versus BSO treated, 4 ± 3 nmol/mg
protein) resulted in a significant increase in DOX toxicity
(Figure 8B) and thus suggests that the concomitant reduction
in GSH levels may indeed synergize with the activated drug.

Thioredoxin Reductase 1 Inhibition as Concomitant
Mechanisms of the Prodrugs. The electrophilic nature of
the sulfonamide bond suggests that other intracellular
nucleophiles, in addition to GSH, can also be the target of
the prodrugs. A prime candidate is the selenoprotein TrxR1,
which is the central enzyme in the antioxidant Trx system.
Using recombinant TrxR1, DNS−DOX and ANS−DOX could
both efficiently inhibit its activity toward Trx1, while having
little effect on its ability to redox cycle with juglone (Figure 9A,
left panel). Juglone, in contrast to Trx1, does not require an
intact Sec-residue at the C-terminal.52,65 Inhibition by the
prodrugs was furthermore NADPH dependent, suggesting that
the reduced, highly nucleophilic and reactive Sec-residue in the
C-terminal active site is the prime target (Figure 9A, right
panel). This experiment was performed without a desalting step
after a 10 min incubation of 20 nM TrxR1 with 10 μM of
DNS−DOX in the presence or absence of NADPH.
Subsequently, the remaining DNS−DOX started to compet-
itively inhibit TrxR1 as 10 μM Trx1, 160 μM insulin, and 250
nM NADPH were added to measure the enzyme activity. In
contrast to the prodrug, neither DOX, the sulfur dioxide, nor

Figure 4. Cellular uptake of DOX and ANS−DOX in GSTA1 overexpressing cells. (A) Representative figure of fluorescent intensity of DOX in the
nuclei of cells treated with either 20 μM DOX or 20 μM ANS−DOX for the indicated time periods in GSTA1 overexpressing (dark gray) and vector
control (light gray) cells (n = 3; mean ± SEM). (B) Representative fluorescence microscopy pictures of GSTA1 overexpression and V79 control
cells, treated with 20 μM ANS−DOX for 120 min. Upper panel: DOX fluorescence. Middle panel: Hoechst staining of the nucleus. Lower panel:
Merge images.
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the GSH conjugated acetylmononitro/dinitro benzene moiety,
which are the products of prodrug activation via GSH, are
inhibitors of TrxR1 (Figure 9A, right panel). The underlying
mechanism thus potentially involves the covalent modification
of the Sec-residue by the acetylmononitro/dinitro benzene
moiety of the prodrug in a reaction similar to that of the
prodrugs with GSH. To study whether TrxR1 is also targeted
within the cell we utilized HEK293 cells and treated those with
2 and 10 μM of DNS−DOX and ANS−DOX as well as 1 μM
auranofin. Auranofin is a well-known TrxR1 inhibitor and often
used as a standard to compare the efficiency of compounds in
targeting cellular TrxR1.54,66,67 Compared to auranofin, both
DNS−DOX and ANS−DOX showed a surprisingly high degree
of TrxR1 inhibition even at 2 μM (Figure 9B). However,
HEK293 cells with 0.013 ± 0.001 μmol/min/mg protein have a
rather low GST-dependent CDNB activity compared to V79
cells (V79 control, 0.05 ± 0.01 μmol/min/mg; GSTA1, 0.11 ±
0.01 μmol/min/mg; see Figure 3B). This suggests overall lower
GST levels in HEK293 cells and thus slower prodrug activation
compared to V79 cells, leaving the prodrugs more time to
target TrxR1. To test whether TrxR1 inhibition is limited by
prodrug activation via GST/GSH we treated V79 control cells
and GSTA1 overexpressing V79 cells with DNS−DOX, ANS−
DOX, and auranofin. As expected, TrxR1 inhibition was lower
in V79 compared to HEK293 cells and even further lowered by
GSTA1 overexpression (Figure 9C).

■ DISCUSSION
The difficulty to selectively target cancer cells and the
development of resistance to treatments are among the major
problems in current cancer therapy. Additionally, the efficiency
of a drug may be limited by a lack of activation or inactivation,
poor drug influx or excessive efflux, alterations in expression

levels of the drug target, or the activation of adaptive pro-
survival pathways.68 We previously reported that MGST1 and
GSTP1 overexpression promotes resistance to DOX but that
this resistance could be overcome using the prodrugs MNS−
DOX and DNS−DOX, respectively (Figure 1A).8 The major
mechanism is the GST catalyzed release of DOX from these
prodrugs, leading to selected accumulation and targeting of
cells that have this particular GST overexpression, while
potentially sparing other cells and minimizing side effects.
While expanding our studies to other GSTs in order to further
validate this concept we noticed that purified GSTA1 enzyme
had an extremely high specific activity and conversion rate with
DNS−DOX. Surprisingly, however, despite the efficient release
of DOX there was an unexpected lack of cell toxicity
augmentation in GSTA1 overexpression cells. We reasoned
that there might be an enzyme-dependent “conversion rate
window” that is optimal for the cells to be killed selectively by
the prodrugs. This hypothesis is supported by our previous
study showing that MGST1 overexpression augmented MNS−
DOX toxicity while having only small effects on DNS−DOX
toxicity despite a 100 times higher conversion rate for DNS−
DOX compared to MNS−DOX.8 A similar behavior was
observed in GSTP1 overexpressing cells, where DNS−DOX
(converted with 84 ± 12 nmol/min/mg) toxicity was
augmented by GSTP1 overexpression to a greater extent than
by MGST1 overexpression, which has a higher conversion
rate.8 Our reasoning is that a limited conversion rate capitalizes
more optimal on the overexpression of the particular GST,
leading to a stronger GST-dependent accumulation of the
converted drug and thus a more selective cell killing. Highly
reactive prodrugs, however, might already be converted at rates
that are high enough to render a contribution from additional
GST overexpression minor. This assumption is further

Figure 5. DNA damage in GSTA1 overexpressing cells after ANS−DOX and DOX exposure.( A) Activation of DNA damage signaling was assessed
by phosphorylation of p53 at Ser15 and Histon-γH2AX at Ser139 using Western blot. Cdk2 was used as a loading control. GSTA1 overexpressing
and vector control cells were treated with 0.2 μM DOX or 2 μM ANS−DOX for the indicated time periods or for 3 h with the indicated
concentration. (B) DOX and ANS−DOX mediated DNA damage in GSTA1 overexpressing (light gray) and vector control cells (dark gray) were
determined after a 3 h exposure by comet assay. Experiments were performed in triplicate, and data points represent means ± SEM **p < 0.01, ***p
< 0.001 as compared with control levels by using a two-tailed student t test.
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strengthened by a recent study showing that limiting the
prodrug reactivity can translate to a prolonged lifetime in the
bloodstream and thus to a higher in vivo efficacy. For this,
Nandurdikar et al. developed analogues of JS-K, an arylated
diazeniumdiolate prodrug, where the nitro group substituents
in the aromatic ring were replaced with less electron-
withdrawing groups such as cyano or fluoro. Interestingly, a
small decrease in reactivity promoted an increased efficacy,
whereas too low reactivity resulted in a loss of effect.69

To further test this hypothesis we developed a DOX
derivative with altered reactivity, 4-acetyl-2-nitro-benzenesul-
fonyl doxorubicin (ANS−DOX), where a nitro group in the
para position in DNS−DOX is replaced by an acetyl group
(Figure 1). The less electron withdrawing acetyl group reduced
the reactivity about 10−30 times compared to DNS−DOX
(Figure 2B). In line with our hypothesis, ANS−DOX toxicity
was indeed strongly augmented in a GSTA1-dependent manner
despite its lower activity (Figure 3), which could be further
confirmed by the time and GSTA1-dependent increase in

nuclear DOX fluorescence (after ANS−DOX conversion) as
well as GSTA1-dependent DNA damage (Figures 4 and 5). A

Figure 6. Characterization of MGST1 overexpressing cell lines and
their response to DOX and ANS−DOX treatment. (A) Left panel:
Western blot of MGST1. Lane 1: cell lysate of wildtype MCF7 cells.
Lane 2: MCF7 cells overexpressing MGST1. Lane 3: MCF7 cells
containing vector control. Lane 4 until lane 9: purified rat MGST1
enzyme; 5−50 ng. Right panel: Specific GST activity in isolated
microsomes from MGST1 overexpressing and control MCF7 cells.
Activity was measured using 0.5 mM CDNB and 5 mM GSH. Values
are means ± SEM (n = 3; ***P ≤ 0.001). Cellular toxicity of (B)
DOX or (C) ANS−DOX after 24 h analyzed with short-term MTT
assay (left) or long-term colony forming efficiency (CFE) assay (right;
7 days) with indicated doses. Data are derived from at least three
independent experiments done in triplicate (mean ± SEM, n ≥ 9, **P
≤ 0.01, ***P ≤ 0.001). CFE panels are representative data from one
experiment measured in triplicate. MGST1 overexpressing MCF7 cells
(dark gray/MGST1) and the vector control (light gray/control).

Figure 7. Etoposide and ANS−etoposide toxicity in GSTA1 and
MGST1 overexpressing cells. Cellular toxicity of (A) etoposide and
(B) ANS−etoposide analyzed with the MTT assay after short-term 24
h exposure with indicated doses, in at least three independent
experiments measured in at least triplicate (mean ± SEM, n ≥ 9, *P ≤
0.05, **P ≤ 0.01, and ***P ≤ 0.001). Left panel: MGST1
overexpressing MCF7 cells (dark gray/MGST1) and the vector
control (light gray/control). Right panel: GSTA1 overexpressing V79
cells (dark gray/GSTA1) and the vector control (light gray/control).

Figure 8. GSH depletion by prodrugs and sensitization to DOX. (A)
GSTA1 overexpressing V79 cells were treated with the prodrugs for 2
or 6 h, respectively. Cells were subsequently lysed, and total GSH
content was determined (Mean ± SEM, n = 3). (B) Cells were
depleted of GSH using BSO and treated with DOX as indicated. GSH
levels of control cells, 12 ± 6 nmol/mg protein; GSH levels of BSO
treated cells, 4 ± 3 nmol/mg protein. Cellular toxicity was analyzed
with the MTT assay after 24 h exposure (mean ± SEM, n = 3). Curve
comparison: p = 0.09.
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similar behavior could be observed with MGST1, albeit to a
smaller extent. ANS−DOX showed hereby a toxicity profile
that seems at first independent of the MGST1 status. However,
it is likely a combination of two opposing effects that cancel
each other out; the MGST1-dependent conversion of ANS−
DOX to DOX and MGST1 mediated resistance. Comparing

the toxicity profiles of ANS−DOX with the previously studied
DNS−DOX and MNS−DOX it becomes apparent that the
toxicity of these prodrugs followed the conversion rates
inversely.8

Notably, ANS−DOX induced toxicity in the MCF7 cells at
much lower concentrations than DOX in a manner that seems
independent of the GST status. This effect was also previously
reported for DNS−DOX in the treatment of MCF7 cells,8

suggesting that these modifications alter the properties of DOX
in a way that allow it to circumvent multidrug resistance
mechanisms present in the MCF7 cells and thus act as a
delivery system for the parental drug. A general effect such an
increased uptake and altered intracellular distribution due to a
change in the lipophilicity of the drug (logP; ANS−DOX: 2.2
vs. DOX: 0.6), might in part explain the behavior. However,
this effect was predominant in MCF7 cells and not in the
already more sensitive V79 cells in 24 h treatment experiments,
suggesting that the prodrug might avoid one or more drug
resistance mechanisms present in the MCF7 cells. A potential
mechanism could be the avoidance of transmembrane trans-
porter proteins such as P-glycoprotein (P-gp),60 membrane
multidrug transporters (MRP1), or the breast cancer resistance
protein (BCRP),70 which were previously reported to be
important for DOX resistance in MCF7 cells.71 As a weak basic
drug, the uptake, export, and intracellular behavior of DOX in
MCF7 cells might furthermore be affected by a change in its
propensity of being protonated.72,73 The concept of avoiding
drug resistance by using various delivery systems was already
tested for DOX. Common approaches utilize nanoparticles for
delivery,74 such as polyester-based hyperbranched dendritic-
linear (HBDL)-based nanoparticles, which could effectively
overcome MGST1 mediated drug resistance in MCF7 cells75 or
mesoporous silica nanoparticles (MSNs) that were used to
deliver DOX in a xenograft nude mouse model.59 These and
other targeted delivery systems such as homing peptides,
immunoliposomes, or other nanoparticle approaches can
furthermore be combined with the prodrug concept, thus
providing the opportunity to merge an enhanced drug delivery
with a selective activation mechanism, which might enable a
more optimal targeting of cancer cells.76−78

Accumulation of prodrugs in the tumor cells through
selective targeting would furthermore promote complementary
effects that in turn augment the toxicity induced by the freed
parental drug. Prodrug activation, for instance, involves the
covalent addition of GSH to the sulfonamide moiety, which
thus may reduce the GSH pool depending on the molar ratio of
prodrug-to-GSH within the cell. Importantly, even a minor
reduction might already improve cancer cell death in tumors
through increased oxidative stress or a reduction of the
detoxifying capacity in these cells.35,79 DOX, for instance, has
already been shown to benefit significantly from decreased
GSH levels, which might thus be part of the mechanism of
ANS−DOX and DNS−DOX toxicity.64 Additionally, prodrugs
might target intracellular nucleophiles other than GSH through
their electrophilic sulfonamide bond. A prime candidate in this
context is the redox regulatory enzyme TrxR1. It is the key
enzyme in the antioxidant Trx system, overexpressed in many
tumors and easily inhibited by electrophilic compounds due to
a reactive and accessible Sec-residue within its active site. In
fact, not only is TrxR1 considered to be an attractive anticancer
target by itself,31 but inhibition of the enzyme has been
suggested to be part of the mechanism of many drugs.32

Despite a rapid activation via GSH/GST, both DNS−DOX and

Figure 9. TrxR1 inhibition by DNS−DOX and ANS−DOX. (A)
Inhibition of recombinant TrxR1 by auranofin, DNS−DOX, and
ANS−DOX. Left panel: In vitro TrxR1 activity. Twenty nanomolar
recombinant TrxR1 was incubated with the drugs as indicated for 10
min in the presence of NADPH. Enzyme activity was measured using
either Trx1 or juglone as substrate (mean ± SEM, n = 3). Right panel:
In vitro TrxR1 activity. Twenty nanomolar recombinant TrxR1 was
incubated with 10 μM DNS−DOX either in the presence (+NADPH)
or absence (−NADPH) of NADPH for 10 min. Subsequently, enzyme
activity was measured using Trx1 as substrate. TrxR1 inhibition by the
products of prodrug activation (DOX, SO2, and GSH conjugated
acetylmononitro/dinitro benzene moiety) was determined by first
incubating 10 μM DNS−DOX with 5 mM GSH and 50 nM GSTA1
for 30 min. Subsequently, 20 nM TrxR1 and 250 μM NADPH were
added for 10 min. Enzyme activity was measured using Trx1 as
substrate (mean ± SEM, n = 3). (B) Cellular TrxR1 activity. HEK293
cells were treated with the drugs as indicated for 3 h. Enzyme activity
was measured in cell extract using a modified form of the Trx1 coupled
insulin end point assay. Data are from two independent experiments
measured in triplicate (mean ± SEM, n = 6). (C) TrxR1 inhibition in
V79 control cells versus GSTA1 overexpressing V79 cells. Cells were
treated with the drugs as indicated for 3 h, and enzyme activity was
measured in cell extract using a modified form of the Trx1 coupled
insulin end point assay. Data are from three independent experiments
measured in duplicate (mean ± SEM, n = 6). *P ≤ 0.05, **P ≤ 0.01,
and ***P ≤ 0.001 as compared with control levels by using a two-
tailed student t test.
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ANS−DOX could inhibit TrxR1 in vitro and in cell culture with
the more reactive DNS−DOX being more efficient than ANS−
DOX. The ability to target TrxR1 was hereby dependent on the
GST levels, as the activated drug is not targeting the enzyme.
Nonetheless, the enzyme was inhibited in GSTA1 over-
expressing V79 cells, suggesting that disruption of the Trx
system is indeed a contributing factor. The mechanism may
involve the induction of oxidative stress through a reduction in
the antioxidant capacity or the disruption of redox signaling
pathways. Furthermore, inhibition of TrxR1 is suggested to
effectively synergize with targeting of the GSH system in the
killing of cancer cells as both systems serve to back each other
up.33,34 Designing prodrugs that concomitantly target the Trx
and GSH systems in cancer cells while releasing a drug that
benefits from these concomitant effects would thus be a suitable
strategy to target cancer cells.
In parallel we included etoposide and an etoposide based

prodrug in this study to validate it as a candidate for the
development of novel GST activated prodrugs. The structure of
the drug was modified such that a nitro acetyl-benzene moiety
became conjugated to the etoposide (ANS−etoposide) through
a sulfonic acid ester linkage (Figure 1A). The choice of ANS as
the prodrug modification principle rests also on the fact that
sulfonic acid ester linkages are more labile and that DNS
modified etoposide would thus be less stable. Treating MGST1
overexpressing cells with ANS−etoposide showed an enzyme-
dependent increase in toxicity, which, however, was weakly
concentration dependent and had a less potent toxic profile
compared to etoposide, suggesting either a compromised
uptake or a limited activation. GSTA1 overexpression, however,
showed a significant resistance against etoposide induced
toxicity compared to control cells. Whereas treating the cells
with the prodrug ANS−etoposide, the etoposide-dependent
resistance was totally abolished, indicating a GSTA1-dependent
activation of the prodrug. Potentially, the GSTA1-dependent
activation of ANS−etoposide might compensate for the
etoposide-induced resistance caused by overexpression. The
GSTA1-dependent protection to etoposide toxicity could
potentially be explained by the intracellular distribution of the
enzyme and the mechanism of etoposide induced cell death,
which has not been completely delineated yet. Jamil et al.
showed, for instance, that low concentrations of etoposide
could induce cell death via the mitochondrial arm of p53,80 a
cellular compartment where also GSTA1 was shown to be
present.81 Furthermore, it is not known whether the chemical
modification of etoposide to ANS−etoposide alters the DNA
topoisomerase II inhibitory properties of the molecule (we
know that the modification of DOX occurs at an amino group
critical for toxic properties). Also the chemical liability of the
sulfonic acid ester bond could potentially lead to a rapid
cellular, perhaps enzyme catalyzed, conversion to etoposide
thus showing little difference compared to etoposide treatment.
This idea needs to be tested with a less reactive mononitro
derivative.
Despite the above outlined benefits of GST/GSH activatable

drugs, their development and use may have potential drawbacks
as they may become highly toxic in sites rich in GSTs such as
the liver.82 To circumvent this problem we propose to use
established drugs with known toxicity profiles, particularly
those that are known to have low liver toxicity, as the basis for
prodrugs. A very rapid activation of ANS−DOX in liver for
example, may lead to the same toxicity as if the DOX would
have been used directly. However, at the same time toxicity in

all other cells, except the GSTA1 overexpressing cancer cells,
would be reduced thus showing overall fewer side effects. Our
experiments on V79 control cells and GSTA1 overexpressing
V79 cells as a model system essentially showed that ANS−
DOX was less toxic in the V79 control cells compared to
DNS−DOX and DOX, whereas in GSTA1 overexpressing cells
toxicity was similar no matter if DOX, ANS−DOX, or DNS−
DOX was used (see Figure 3). Nonetheless, future in vivo
studies are needed to fully grasp the potential short-term and
long-term side effects of these prodrugs.
This study further explored the concept of using GST

activated prodrugs in cancer treatment. We highlight that a low
GST catalyzed conversion rate and a low background activity
optimizes the GST-dependent accumulated of the activated
drug and thus the augmentation of drug induced toxicity.
Further, we show that rational modifications of the different
DOX derivatives can affect not only the uptake and stability,
but also the GST catalyzed conversion rate of this prodrug. We
also show that decreased GSH levels and disruption of the Trx
system via TrxR1 inhibition are concomitant factors of prodrug
toxicity that likely synergize with the effects of the freed
parental drug. Furthermore, we expanded the prodrug concept
toward etoposide. Tailored modification might thus produce
prodrugs that can be used to target specific types of cancers
depending on their GST levels and composition as well as
those displaying drug resistance.83,84 Designing different
prodrug-types for different patient populations could contribute
to a more personalized cancer therapy approach, were the
therapeutic window is increased. Notably, TLK-286, a
previously developed prodrug that targets GSTP1 over-
expressing cancer cells went through to Phase III clinical trials
showing the potential of this strategy.13,14

In conclusion, this study showed that the modification of
existing drugs at the common amino or hydroxyl functional
groups could be an effective way to develop novel selective
drugs, which can overcome resistance mechanisms occurring in
conventional treatments. Altering properties of DOX showed
promising results to target resistant cancer cells and for the
selective targeting of GST overexpressing tumors, thus
potentially also reducing the side effects to normal tissue.
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■ ABBREVIATIONS

ANS−DOX, 4-acetyl-2-nitro-benzenesulfonyl doxorubicin;
ANS−etoposide, 4-acetyl-2-nitro-benzenesulfonyl etoposide;
BCRP, breast cancer resistance protein; BSA, bovine serum
albumin; BSO, DL-buthionine-sulfoximine; CDNB, 2,4-dinitro-
chlorobenzene; CFE, colony forming efficiency; DMSO,
dimethyl disulfoxide; DNS−DOX, 2,4-dinitrobenzenesulfonyl
doxorubicin; DOX, doxorubicin; FBS, fetal bovine serum;
GSH, glutathione; GST, glutathione transferase; GSTA1,
glutathione transferase alpha 1; GSTP, glutathione transferase
pi; HBDL, hyperbranched dendritic-linear; MGST1, micro-
somal glutathione transferase 1; MNS−DOX, 4-mononitro-
benzenesulfonyl doxorubicin; MPR1, membrane multidrug
transporters; MSN, mesoporous silica nanoparticles; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
PEST, penicillin−streptomycin; P-gp, P-glycoprotein; SFM,
serum-free DMEM; TrxR1, thioredoxin reductase 1; WB,
Western blotting
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