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ABSTRACT: Conventional cancer chemotherapy is limited
by systemic toxicity and poor selectivity. Tumor-selective
activation of glucuronide prodrugs by beta-glucuronidase in
the tumor microenvironment in a monotherapeutic approach
is one promising way to increase cancer selectivity. Here we
examined the cellular requirement for enzymatic activation as
well as the in vivo toxicity and antitumor activity of a
glucuronide prodrug of a potent duocarmycin analogue that is
active at low picomolar concentrations. Prodrug activation by
intracellular and extracellular beta-glucuronidase was inves-
tigated by measuring prodrug 2 cytotoxicity against human
cancer cell lines that displayed different endogenous levels of beta-glucuronidase, as well as against beta-glucuronidase-deficient
fibroblasts and newly established beta-glucuronidase knockdown cancer lines. In all cases, glucuronide prodrug 2 was 1000−5000
times less cytotoxic than the parent duocarmycin analogue regardless of intracellular levels of beta-glucuronidase. By contrast,
cancer cells that displayed tethered beta-glucuronidase on their plasma membrane were 80-fold more sensitive to glucuronide
prodrug 2, demonstrating that prodrug activation depended primarily on extracellular rather than intracellular beta-glucuronidase
activity. Glucuronide prodrug 2 (2.5 mg/kg) displayed greater antitumor activity and less systemic toxicity in vivo than the
clinically used drug carboplatin (50 mg/kg) to mice bearing human lung cancer xenografts. Intratumoral injection of an
adenoviral vector expressing membrane-tethered beta-glucuronidase dramatically enhanced the in vivo antitumor activity of
prodrug 2. Our data provide evidence that increasing extracellular beta-glucuronidase activity in the tumor microenvironment can
boost the therapeutic index of a highly potent glucuronide prodrug.
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■ INTRODUCTION

Although traditional chemotherapeutic agents have been used
for cancer therapy for decades, poor selectivity against cancer
cells limits their therapeutic effectiveness. Enzyme prodrug
therapy is a promising strategy to improve the therapeutic index
of chemotherapy.1−3 This approach seeks to develop prodrugs
that can be selectively activated by enzymes present in the
tumor microenvironment. Glucuronide prodrugs possess
advantages for enzyme prodrug therapy based on: (a) increased
water solubility due to the charged glucuronide moiety; (b)
increased polarity that lowers cellular permeability, which in
turn, reduces uptake and activation in normal tissues; and (c)
good in vivo stability due to low levels of beta-glucuronidase in
serum.4−8 Novel protein−drug conjugates and heterodimeric
prodrugs that are activated by beta-glucuronidase promise to
further extend the potential of glucuronide prodrugs for cancer
treatment.9,10

Increased concentrations of beta-glucuronidase have been
reported in solid tumors.6,11 Elevated beta-glucuronidase levels
in the tumor microenvironment are believed to result from the
release of lysosomal beta-glucuronidase from necrotic or
apoptotic cancer cells as well as from tumor-infiltrating
monocytes and neutrophils.12−14 Beta-glucuronidase is also

associated with tumoral metastatic potential.15 Beta-glucur-
onidase activity in tumors can also be artificially elevated by
immunoenzyme therapy16−20 or by expressing beta-glucuroni-
dase in cancer cells.21,22 The design of drugs that can be
selectively activated by beta-glucuronidase in the tumor
microenvironment is therefore a rational and promising
approach to increase cancer chemotherapy efficacy.
Duocarmycin SA (Figure 1)23 is a member of a group of

antineoplastic agents which includes yatakemycin24 and
CC106525 with low picomolar potency. Their potent antineo-
plastic activity is believed to derive from their ability to bind
and alkylate DNA in AT-rich regions of the minor groove,26

although recent investigations have suggested another target
exists for these compounds.27−29 Duocarmycin SA, however,
displays side effects including hepatotoxicity and myelosup-
pression in vivo.30,31 A series of glycoside prodrugs of seco-
analogues of duocarmycin SA were previously synthesized to
decrease systemic toxicity and enhance tumor selectivity.32−36
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Compound 2, a glucuronide derivate of the seco-drug 3,
exhibits high QIC50 values (IC50 of prodrug/IC50 of prodrug in
the presence of beta-glucuronidase) and good stability in
human serum.37,38 The seco-drug 3, derived from 2 by removal
of the sugar moiety, is transformed in situ with a half-life of 12.2
± 0.7 min in human serum at pH 7.4 into the cyclopropyl
derivative 4,39 which is the final drug responsible for the high
cytotoxicity of these compounds.40

Beta-glucuronidase can be present inside cancer cells and
tumor-infiltrating immune cells as well as extracellularly in the
tumor microenvironment. Given the high potencies of prodrug
2 and the cyclopropyl derivative 4, entry of even a small
amount of 2 into cells could result in significant anticancer
activity. It is therefore unclear if cellular sensitivity to prodrug 2
is primarily determined by intracellular beta-glucuronidase
activity or if beta-glucuronidase must be present in the
extracellular environment to effectively activate prodrug 2. In
addition, the in vivo antitumor activity of compound 2 has
never been examined. Here, we investigated the cellular
requirements for prodrug 2 cytotoxicity as well as the in vivo
toxicity and antitumor activity of prodrug 2 against human
tumor xenografts for cancer monotherapy and enzyme prodrug
therapy.

■ MATERIALS AND METHODS

Cell Lines. LS174T human colon adenocarcinoma (ATCC
CCL-188), Caski human cervical carcinoma (ATCC CRL-
1550), and HT-29 colorectal adenocarcinoma (ATCC HTB-
38) cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). CL1-5 human lung
adenocarcinoma cells were kindly provided by Pan-Chyr
Yang (Academia Sinica, Taipei, Taiwan).41 EJ human bladder
carcinoma cells were a gift from Konan Peck (Academia Sinica,

Taipei, Taiwan).42 Murine MPS VII skin 3521 fibroblasts (beta-
glucuronidase deficient) and 3522 fibroblasts (normal beta-
glucuronidase levels) isolated from heterozygous mice were
kindly provided by Mark Sands (Washington University,
School of Medicine, St. Louis, MO, USA). LS174T, CL1-5,
HT-29, EJ, and Caski cells were cultured in RPMI 1640
medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% heat-inactivated bovine serum, 2.98 mg/mL HEPES,
1 mg/mL sodium bicarbonate, 100 units/ml penicillin, and 100
μg/mL streptomycin in a 5% CO2 humidified atmosphere in air
at 37 °C. 3521 and 3522 cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) contain-
ing the same supplements. Cancer cell lines were infected with
retroviral particles expressing membrane-anchored murine beta-
glucuronidase and selected with G418 to create stable surface
beta-glucuronidase-expressing cell lines as previously de-
scribed.43

shRNA Mediated Downregulation of Endogenous
Beta-Glucuronidase. The vectors pCMV-ΔR8.91, pMD.G,
and a shRNA expression plasmid (pLKO.1) which targets the
sequence 5′-CCGAATCACTATCGCCATCAA in human
beta-glucuronidase were obtained from the National RNAi
Core Facility (Academia Sinica, Taipei, Taiwan). Recombinant
lentiviral particles were produced by cotransfection of 2.25 μg
pCMV-ΔR8.91, 0.25 μg pMD.G, and 2.5 μg PLKO.1 using
TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI,
USA) in 6 × 105 HEK 293T cells (ATCC CRL-11268). The
virus suspension was collected at 40 and 64 h after transfection.
For lentivirus transduction, lentiviral particles were suspended
in culture medium containing 5 μg/mL polybrene (Sigma-
Aldrich). Human cancer cell lines were seeded in 6-well plates
(1 × 105 cells/well) one day before viral infection. Lentivirus
containing medium was added to the cells and then centrifuged

Figure 1. Structures of (+)-Duocarmycin SA (1), glucuronide prodrug (2), seco-drug (3), and cytotoxic drug (4).
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for 1.5 h (500 × g, 32 °C). Stable cell lines were selected in
puromycin (5 μg/mL, Sigma-Aldrich).
DNA Plasmid Construction. A furin-2A (F2A) based

bicistronic expression strategy was used to link an enhanced
green fluorescence protein (eGFP) to E. coli beta-glucuroni-
dase.44 The eGFP gene was amplified by PCR from pTY-
EFeGFP (generously provided by Dr. Lung-Ji Chang,
University of Florida, USA) with the primers 5′-ATCGAAGC-
TTGCCACCATGGTGAGCAAGGGCGAGGAGCTG-3′ and
5′- ATCGCTCGAGCTTGTACAGCTCGTCCATGCCGAG-
3′, respectively. The PCR product was digested with HindIII
and XhoI restriction enzymes and cloned in pLNCX-anti-PEG-
eB7.45 A cDNA fragment encompassing an HA epitope tag and
full E. coli beta-glucuronidase gene was amplified from pLNCX-
eβG-e-B743 with the primers 5′-GACCAGCCACAACCAT-
GGTTTATCCATATGATGTTCCAGATTATGC-3′ and 5′-
GAGTTGTCGACTCATTGTTTTCCTCCCTGCTG-3′ to
introduce a BstXI site at the 5′-end and a SalI site at the 3′-
end, respectively. The PCR product was digested with BstXI
and SalI and ligated behind the eGF-F2A sequence to generate
the retroviral vector pLNCX-eGFP-F2A-HA-eβG for cytosolic
expression of E. coli beta-glucuronidase. CL1-5 cells were
infected with retroviral particles expressing membrane-anch-
ored E. coli beta-glucuronidase (pLNCX-eβG-e-B743) or
cytosolic E. coli beta-glucuronidase (pLNCX-eGFP-F2A-HA-
eβG) and selected with G418 to create stable cell lines as
described.43

Preparation of Recombinant Adenoviral Vectors. Ad-
αDNS and Ad-βG were prepared as previously described.22

Flow Cytometry. Cells were stained with a rat monoclonal
antibody against murine beta-glucuronidase (7G7)43 or a rat
monoclonal antibody against HA (Roche, Mannheim,
Germany) followed by a goat antibody against rat IgG (H
+L) conjugated with FITC (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA). For cells expressing
E. coli beta-glucuronidase, cells were stained with 1E8 antibeta-
glucuronidase monoclonal antibody17 and FITC-labeled goat
antimouse Fc antibody (Jackson ImmunoResearch Laborato-
ries). The surface immunofluorescence of 104 viable cells was
measured with a FACSCaliber flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA), and fluorescence
intensities were analyzed with Flowjo V7.2.5 (Tree Star Inc.,
Ashland, OR, USA).
In Vitro Cytotoxicity. About 5000 to 10 000 cells per well

were plated in 96 well microtiter plates overnight. Graded
concentrations of compound 3 or 2 with or without 1 μg of E.
coli beta-glucuronidase in 200 μL of medium were added for 24
h in triplicate. The cells were then washed twice with sterile
phosphate-buffered saline (PBS), and fresh medium was added
for another 24 h. Fresh medium containing 1 μCi per well 3H-
thymidine was added 16 h before the cells were harvested on
glass-fiber filters, and the radioactivity was measured on a
Topcount scintillation counter. Results are expressed as percent
of 3H-thymidine incorporation compared with untreated cells.
Beta-Glucuronidase Activity Assays. To measure

endogenous beta-glucuronidase activity, cells were harvested
with trypsin, washed twice with cold PBS, and then suspended
in PBS/0.1% Tween 20. Cells were frozen at −80 °C overnight
and broken by sonication (XL-2020, Misonix Inc., Farmingdale,
NY, USA). The cell lysate was clarified by centrifugation at 15
000 × g for 30 min at 4 °C. The enzymatic activity of beta-
glucuronidase was measured in triplicate by incubating 20 μL of
cell lysate, 10 μL of 2.5 mM 4-methylumbelliferyl β-D-

glucuronide (Sigma-Aldrich), and 70 μL of reaction buffer
(50 mM Bis-Tris, 50 mM triethanol amine, 100 mM acetic acid,
100 ng/mL bovine serum albumin, pH 7.0) in a microtiter plate
for 60 min at 37 °C. The reaction was terminated by adding an
equal volume of stop buffer (1 M glycine, 0.5 M sodium
bicarbonate, pH 11). The fluorescence of 4-methylumbellfer-
one (4MU) was measured at excitation/emission wavelengths
of 355/460 nm in a Gemini EM microplate spectrofluorometer
(Molecular Device, Sunnyvale, CA, USA). The acquired
readings were converted to product concentrations by a pre-
established standard curve. One unit of specific enzymatic
activity corresponds to generation of one nanomole of 4MU
per milligram total protein per hour (nmol·mg−1·h−1).
To assay surface beta-glucuronidase activity, CL1-5 or CL1-

5/mβG cells were washed twice with PBS and suspended in
cellular reaction buffer (50 mM bis-Tris, 25 mM glucose, 85.6
mM NaCl, 5.4 mM KCl, 0.6 mM MgSO4, 1.3 mM CaCl2, pH
7) containing 0.25 mM 4-methylumbelliferyl β-D-glucuronide
and incubated at 37 °C for 30 min. The supernatant was
collected after centrifuging at 500 × g for 5 min at 4 °C. The
fluorescence of 4MU was measured after adding equal volume
of stop buffer.

In Vivo Antitumor Activity. Groups of BALB/c nu/nu
female mice (n = 8) bearing 50−100 mm3 subcutaneous CL1-5
tumor in their right flank were intravenously injected with PBS,
2.5 mg/kg prodrug 2 or 50 mg/kg carboplatin on days 7, 10,
13, 16, and 19. Body weights and tumor sizes were measured
every 2−3 days. For adenovirus-mediated gene delivery
experiments, mice were intratumorally injected with recombi-
nant adenovirus (109 pfu/mouse) expressing beta-glucuroni-
dase or αDNS single-chain antibody (negative control) in 50
μL of PBS on days 8, 13, and 19, followed by i.v. administration
of PBS, a single 5 mg/kg dose of prodrug 2 or 2.5 mg/kg dose
of prodrug 2 administrated on two consecutive days. Body
weights and tumor sizes were followed every 2−3 days. The
tumor volume was calculated according to the formula: length
× width × height × 0.5.

■ RESULTS

In Vitro Cytoxicity of 2 and 3. Table 1 shows the in vitro
cytotoxicity of the prodrug 2 and the corresponding seco-drug
3 to several human cancer cell lines. Prodrug 2 produced IC50
values ranging from 10 to 82 nM. Compound 3 was over a
thousand-fold more cytotoxic with IC50 values ranging from 12
to 46 pM. Addition of beta-glucuronidase to cleave the

Table 1. In Vitro Cytotoxicity of 2 and 3a

compound 3 compound 2 compound 2+βGc

cell line IC50
b (pM) IC50 (pM) IC50 (pM) QIC50

d

HT-29 22.0 ± 1.3 81,900 ± 8900 3.68 ± 1.9 1900
CL1-5 13.8 ± 1.7 18,900 ± 6200 15.1 ± 1.5 1300
Caski 3.87 ± 0.53 10,100 ± 2400 3.61 ± 0.81 2500
EJ 15.4 ± 5.3 82,100 ± 1100 54.3 ± 33 1500
LS174T 7.31 ± 0.72 28,900 ± 7200 11.6 ± 2.8 2400

aDrugs were incubated with human cancer cells for 24 h. Results
represent mean IC50 values ± s.d. of triplicate determinations. bIC50 is
the concentration of test compound that inhibits incorporation of 3H-
thymidine into cellular DNA by 50%. cA sample of 1 μg of E. coli beta-
glucuronidase was added with compound 2 to each well. dQIC50 is
equal to IC50 of prodrug/IC50 of prodrug in the presence of beta-
glucuronidase.
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glucuronide moiety from 2 produced similar cytotoxicity as 3,
indicating that prodrug 2 could be enzymatically converted to
3. We conclude that 2 behaves as a glucuronide prodrug, with
QIC50 values ranging from 1300 to 2500.
Prodrug 2 Cytotoxicity Is Insensitive to Intracellular

Beta-Glucuronidase Levels. The in vitro cytotoxicity data
indicated that beta-glucuronidase enzymatic activity is required
to activate prodrug 2 and release the seco-drug 3 which then
forms the cyclopropyl derivative compound 4 in situ,40 which is
the final highly cytotoxic drug. Because beta-glucuronidase can

be present inside cancer cells or extracellularly in the tumor
microenvironment, we investigated whether the intracellular
beta-glucuronidase activity of cancer cells affects their sensitivity
to compound 2. Toward this goal, we first used shRNA to
knock down beta-glucuronidase levels in several cancer cell
lines. Immunoblotting of the cells showed that beta-
glucuronidase protein levels were clearly reduced in the
knockdown cells as compared to the parental wild-type cells
(Figure 2a). Beta-glucuronidase activities in cell lysates of the
knockdown cell lines were also reduced by over 95% as

Figure 2. Prodrug 2 cytotoxicity does not strongly depend on intracellular beta-glucuronidase activity. (a) Beta-glucuronidase levels in several human
cancer lines were knocked down by lentiviral expression of specific shRNA. Beta-glucuronidase levels in parental and knock-down cell lines were
determined by immunoblotting cell lysates with antihuman beta-glucuronidase rabbit serum (upper panel) or antibeta-actin antibody (lower panel)
as a loading control. Defined amounts (1, 2, and 5 ng) recombinant human beta-glucuronidase was also immunoblotted. (b) The specific beta-
glucuronidase activity in lysates prepared from parental (WT) or knockdown (KD) cells are shown as mean values of triplicate determinations. Bars,
SEM. (c) CL1-5 and CL1-5/βG-KD (beta-glucuronidase knockdown) cell drug sensitivities were measured by 3H-thymidine incorporation. Results
shown mean values of triplicate determinations. Bars, SEM. (d) Drug sensitivity to prodrug 2 (IC50 values) are plotted against beta-glucuronidase
activity of wild-type and beta-glucuronidase knockdown cancer lines. (e) Mean values of beta-glucuronidase activity in lysates prepared from beta-
glucuronidase deficient fibroblasts or matched littermate beta-glucuronidase positive fibroblasts are shown. Bars, SEM. (f) Drug sensitivity of MPS
VII beta-glucuronidase-deficient fibroblasts and beta-glucuronidase-positive fibroblasts were measured by 3H-thymidine incorporation.
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compared to the parental cells (Figure 2b). shRNA-mediated
reduction of beta-glucuronidase by 98% in CL1-5 human lung
cancer cells did not significantly alter cellular sensitivity to 2 or
3 (Figure 2c). Similarly, knockdown of intracellular beta-
glucuronidase levels in other cancer cell lines only marginally
affected cellular sensitivity to prodrug 2 (Figure 2d) and linear
regression analysis of parental and beta-glucuronidase knock-
down cells found that sensitivity to prodrug 2 did not correlate
(R2 = 0.006) with intracellular beta-glucuronidase activity.
Along the same lines, beta-glucuronidase-deficient fibroblasts,
which possess only background levels of beta-glucuronidase
activity (Figure 2e), were about as resistant to prodrug 2 (3600
times less sensitive than to compound 3) as were matched beta-
glucuronidase-positive fibroblasts (3400-times less sensitive
than to compound 3) (Figure 2f). We conclude that
intracellular beta-glucuronidase activity is not a major
determinant of cellular sensitivity to prodrug 2.
Extracellular Beta-Glucuronidase Can Effectively En-

hance Cancer Cell Sensitivity to Prodrug 2. Cellular
insensitivity of prodrug 2 to intracellular beta-glucuronidase
levels indicates that the charged glucuronide group of the
prodrug hinders its passive diffusion through the plasma
membrane of cells. To examine if extracellular beta-glucur-
onidase could enhance the cytotoxicity of 2 to cancer cells,
murine beta-glucuronidase was fused to a truncated cell
receptor previously shown to effectively target recombinant
proteins to the surface of mammalian cells (Figure 3a).43 Beta-
glucuronidase was stably expressed on CL1-5 cells as
determined by immunofluorescence staining of viable cells
with a monoclonal antibody specific for beta-glucuronidase
(Figure 3b). Surface beta-glucuronidase was active on CL1-5
cells as determined by effective hydrolysis of the substrate 4-
methylumbelliferyl β-D-glucuronide (Figure 3c). Surface beta-
glucuronidase-expressing and parental cells displayed similar
sensitivities to 3, but cells expressing beta-glucuronidase on
their surface were substantially (∼80-fold) more sensitive to
prodrug 2 as compared to parental cells (Figure 3d), consistent
with effective prodrug activation by extracellular but not
intracellular beta-glucuronidase.
Mammalian beta-glucuronidases display maximal activity at

pH 4−4.5. Thus, intracellular beta-glucuronidase (in lyso-
somes) likely displays much greater activity than membrane
anchored beta-glucuronidase, which is exposed to neutral pH.
Although this supports the notion that extracellular beta-
glucuronidase is more important for prodrug 2 activation, to
more carefully investigate the effect of beta-glucuronidase
location on sensitivity to prodrug 2, we constructed vectors to
generate stable CL1-5 cells that express E. coli beta-
glucuronidase in the cytosol or on the plasma membrane
(Figure 4a). E. coli beta-glucuronidase displays maximal
catalytic activity at pH 7, making this enzyme an appropriate
choice for direct comparison of intracellular versus extracellular
prodrug activation. E. coli beta-glucuronidase was expressed at
modest but detectable levels on CL1-5/surface eβG cells but
not on parental CL1-5 cells (Figure 4b, right panel). Likewise,
green fluorescence protein, indicative of cytosolic E. coli beta-
glucuronidase, was detected in CL1-5/cytosolic eβG cells but
not parental CL1-5 cells (Figure 4b, left panel). Lysates
prepared from CL1-5/cytosolic eβG cells displayed about 3-
fold greater beta-glucuronidase activity as compared to lysates
prepared from CL1-5/surface eβG cells (Figure 4c). By
contrast, CL1-5/surface eβG cells were significantly more
sensitive to prodrug 2 as compared to parental CL1-5 cells,

whereas CL1-5/cytosolic eβG cells and parental CL1-5 cells
exhibited similar sensitivity to prodrug 2 (Figure 4d). We
conclude that cellular sensitivity to prodrug 2 is primarily
determined by extracellular beta-glucuronidase activity rather
than by intracellular beta-glucuronidase levels.

In Vivo Toxicity and Therapeutic Efficacy of Prodrug 2
against Human Cancer Xenografts. Table 2 shows the in
vivo toxicity of 2 to BALB/c nu/nu mice as monitored by loss
of body weight. A single i.v. injection of 5 mg/kg prodrug 2
produced about 8% weight loss, whereas 2.5 mg/kg prodrug 2
did not cause weight loss. Doses of 10 mg/kg prodrug 2 and
above produced significant loss of body mass and were deemed
toxic. To investigate the antitumor efficacy of prodrug 2 for
cancer prodrug monotherapy, nude mice bearing CL1-5 tumors
(50−150 mm3) were i.v. injected with vehicle (PBS), prodrug 2
(2.5 mg/kg), or carboplatin (50 mg/kg, which is close to
previously determined maximum tolerable dose46,47) every
three days for five times. Mice treated with prodrug 2 displayed
a significant reduction of tumor size as compared to the PBS
treated tumors, with better antitumor activity than the
carboplatin-treated mice (Figure 5a). Moreover, in contrast to
carboplatin-treated mice, there was no weight loss in mice
treated with prodrug 2 (Figure 5b). This data indicates that
prodrug 2 displays modest but significant antitumor activity
with minimal toxicity.

Figure 3. Surface displayed beta-glucuronidase effectively sensitizes
cells to prodrug 2. (a) The charged glucuronide group on prodrug 2
may hinder passage through the plasma membrane to contact
intracellular beta-glucuronidase in CL1-5 cells. Membrane-anchored
beta-glucuronidase, on the other hand, can effectively hydrolyze
prodrug 2 to 3, which can enter and kill CL1-5/mβG cells. (b) Live
parental CL1-5 cells (gray area) and beta-glucuronidase-expressing
CL1-5/mβG cells (solid lines) were immunofluorescence stained for
beta-glucuronidase and then analyzed on a flow cytometer. (c)
Extracellular beta-glucuronidase activities on live CL1-5 or CL1-5/
mβG cells were determined by incubated live cells with 4-
methylumbelliferyl β-D-glucuronide at 37 °C for 30 min. Results
represented the mean of triplicate determinations ± SEM. (d) CL1-5
or CL1-5/mβG cells were incubated with graded concentrations of
prodrug 2 or compound 3 in triplicate for 48 h before 3H-thymidine
incorporation was measured. Bars, SEM. Significant differences in
mean IC50 values of CL1-5 or CL1-5/mβG cells treated with
compound 2 are indicated: ***, p ≤ 0.0005.
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GDEPT Therapy of Human Cancer Xenografts. We
examined if an adenoviral vector-mediated GDEPT approach
could enhance the antitumor activity of prodrug 2. CL1-5
human lung cancer cells were transduced with defined numbers
of adenoviruses expressing membrane-anchored murine beta-
glucuronidase (Ad-βG) or a membrane-anchored α-dansyl
single-chain antibody (Ad-αDNS) as a negative control.
Immunofluorescence staining of the cells demonstrated dose-
dependent expression of beta-glucuronidase on the surface of
viable CL1-5 cells as shown by positive staining with an anti-
HA epitope antibody or a monoclonal antibody against beta-

glucuronidase (Figure 6a). Similar levels of α-dansyl single-
chain antibody were expressed on CL1-5 cells infected with
control Ad-αDNS virus particles (Figure 6b). Cancer cells
transduced with Ad-βG (MOI = 100) displayed about 1300-
fold augmented sensitivity to 2 as compared to uninfected cells
(Figure 6c). By contrast, cancer cells transduced with Ad-
αDNS (MOI = 100) displayed similar sensitivity as uninfected
cells to prodrug 2. We conclude that adenoviral-mediated
expression of beta-glucuronidase on the surface of CL1-5 cells
can effectively potentiate the cytotoxicity of prodrug 2.
To evaluate the therapeutic effect of Ad-βG treatment

combined with prodrug 2, mice bearing 50−100 mm3 CL1-5
tumors received three rounds of treatment consisting of
intratumoral injection with 109 pfu Ad-βG or 109 pfu Ad-
αDNS followed 24 h later by i.v. injection with PBS or a total of

Figure 4. Comparison of sensitivity to prodrug 2 of cells expressing
cytosolic versus membrane E. coli beta-glucuronidase. (a) Schematic of
transgenes for the expression of E. coli beta-glucuronidase on the
surface (pLNCX-eβG-B7) or in the cytosol (pLNCX-eGFP-F2A-HA-
eβG). LS, signal peptide; HA, HA epitope tag; eβG, E. coli beta-
glucuronidase; B7 TM, juxtamembrane extracellular, transmembrane,
and cytosolic domains of the murine B7-1 antigen; eGFP, enhanced
green fluorescence protein; F2A, self-cleaving 2A peptide. (b) Live
parental CL1-5 cells (open area) and CL1-5/cytosolic eβG cells were
analyzed for fluorescence from eGFP (left panel). Live CL1-5 cells
(open area) and CL1-5/surface eβG cells were immunofluorescence
stained for E. coli beta-glucuronidase (right panel). (c) Beta-
glucuronidase activities of CL1-5/cytosolic eβG or CL1-5/surface
eβG cells were determined by incubated cell lysates with 4-
methylumbelliferyl β-D-glucuronide at 37 °C for 60 min at pH 7.
Results represented mean of triplicate determinations ± s.d. (d) CL1-
5, CL1-5/cytosolic eβG or CL1-5/surface eβG cells were incubated
with graded concentrations of prodrug 2 for 2 h before 3H-thymidine
incorporation was measured. Bars, s.d. Significant differences between
mean values are indicated: *, p ≤ 0.05; **, p ≤ 0.005.

Table 2. In Vivo Toxicity of Compound 2 to Nude Mice

body weight (%) ± s.d.a

dose (mg/kg) Day 5 Day 7 Day 9

vehicle 103 ± 1.1 107 ± 1.5 106 ± 0.4
2.5 104 ± 1.1 105 ± 0.8 104 ± 0.2
5 92 ± 0.0 97 ± 0.8 101 ± 1.0
10 75 ± 0.4 82 ± 0.1 87 ± 0.4
20 75 ± 1.0 71 ± 0.9 72 ± 3.3

aBody weight changes ± standard deviation for each group (n = 2) are
shown as mean weights on the indicated days relative to mean body
weights on day 0.

Figure 5. Antitumor activity of compound 2 against human lung
cancer tumors in nude mice. (a) Mice bearing 50−100 mm3

subcutaneous CL1-5 tumors were i.v. injected with PBS, compound
2 (2.5 mg/kg) or carboplatin (50 mg/kg) on days 7, 10, 13, 16, and
19. Significant differences in mean tumor size in mice treated with PBS
or 2 are indicated: *, p ≤ 0.05. (b) Mean body weights of each group
of mice are shown. Bars, SEM (n = 8). Significant differences in mean
body weight in mice treated with PBS or carboplatin are indicated: *, p
≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005.
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5 mg/kg prodrug 2 over the next two days (Figure 7a). Strong
suppression of tumor growth was observed for combined

treatment of mice with Ad-βG and 2 as compared with PBS
alone, 2 alone, or with Ad-βG alone (Figure 7b). Mice treated
with vehicle (PBS) had a median survival time of 35 days (n =
9). Mice treated with Ad-βG alone or prodrug 2 alone had
slightly longer median survival times of 43 days (n = 9). Mice
treated with control virus Ad-αDNS and 2 had median survival
times of 69 d (Figure 7c), whereas mice treated with Ad-βG
and prodrug 2 produced median survival exceeding 150 days
with seven of nine mice apparently cured of CL1-5 tumors.
These results indicate that extracellular conversion of 2 to 3 in
the tumor microenvironment can effectively enhance prodrug 2
antitumor activity.

Figure 6. Adenovirus-mediated expression of beta-glucuronidase on
the surface of cancer cells enhances sensitivity to prodrug 2. CL1-5
cells were untreated (shaded) or transduced with (a) Ad-βG at MOI
20 (black dashed line) or 100 (black solid line) or (b) Ad-αDNS at
MOI 20 (gray dashed line) or 100 (gray solid line). Expression levels
were determined in a flow cytometer after immunofluorescence
staining with an antibody against the HA epitope tag present at the N-
terminus of the recombinant fusion proteins (left panels) or a
monoclonal antibody against beta-glucuronidase (right panels). (c)
Cells infected with Ad-βG (upper panel) or Ad-αDNS (lower panel)
at MOI 20 or 100 were incubated with graded concentrations of 2 or 3
in triplicate for 48 h. 3H-thymidine incorporation was determined as
above.

Figure 7. Enhanced antitumor activity of prodrug 2 in combination
with adenovirus-mediated beta-glucuronidase delivery. (a) Schematic
representation of the treatment schedule. (b) Mice bearing 50−100
mm3 s.c. CL1-5 tumors were i.v. injected with vehicle (PBS), prodrug
2 alone (2), 109 pfu Ad-βG and PBS (Ad-βG + PBS), 109 pfu Ad-
αDNS and prodrug 2 (Ad-αDNS + 2) or 109 pfu Ad-βG and prodrug
2 (Ad-βG + 2) at the times and doses illustrated in Figure 7a. The
results show mean tumor sizes for each group. Bars, SEM. (c) Overall
survival curves for each group described in Figure 7b. Statistical
differences between survival times were determined using the Mantel-
Cox log rank test: ***, p ≤ 0.001.

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp300581u | Mol. Pharmaceutics XXXX, XXX, XXX−XXXG



■ DISCUSSION

In this study, we found that cellular sensitivity to the
glucuronide prodrug 2 depended on the level of extracellular
rather than intracellular beta-glucuronidase. Prodrug 2
produced a better therapeutic index than a conventional
antineoplastic agent in cancer monotherapy. Furthermore,
adenoviral-mediated expression of beta-glucuronidase on the
surface of cancer cells increased cellular sensitivity to 2 by 3
orders of magnitude. Treatment of human lung cancer
xenografts with adenoviral vectors expressing membrane-
anchored beta-glucuronidase in combination with systemically
administered prodrug 2 produced dramatic antitumor activity
and long-term cures in seven of nine mice. Collectively, our
results indicate that prodrug 2 exhibits appropriate properties
for cancer monotherapy and therapeutic approaches that
increase the level of extracellular beta-glucuronidase in the
tumor microenvironment.
Duocarmycins and CC-1065 are a class of potent natural

antitumor products isolated from Streptomyces species that are
active at the picomolar level.23,25,48,49 CC-1065 and related
synthetic analogues such as adozelesin, carzelesin, and bizelesin,
however, have limited therapeutic efficacy due to excessive
systemic toxicity in preclinical studies.50−52 Prodrugs of
anticancer agents can be designed to display conditional
activity against cancer cells and reduced toxicity to normal
tissues, thereby increasing the therapeutic index. Thus, a series
of anticancer prodrugs was developed by conjugating
carbohydrate moieties to duocarmycin analogues.32−36,53 In
addition to reducing systemic toxicity, the glycosidic prodrugs
displayed enhanced water solubility and increased in vivo
stability by preventing the spontaneously conversion of seco-
drug into the cyclopropyl form,54 which can alkylate DNA in
normal cells before the drug reaches the tumor microenviron-
ment.
Evaluation of a panel of human cancer cell lines for cytotoxic

sensitivity showed that all cancer cells were at least a thousand
fold less sensitive to prodrug 2 than to the product of
enzymatic hydolysis 3. In addition, by examining a series of
beta-glucuronidase knockdown cells, beta-glucuronidase defi-
cient fibroblasts, and membrane-anchored beta-glucuronidase
cell lines, we found that cellular sensitivity to prodrug 2
primarily correlated with the presence of extracellular rather
than intracellular beta-glucuronidase. These results indicate that
the charged glucuronide moiety present on prodrug 2 prevents
passive diffusion across the plasma membrane to contact
intracellular beta-glucuronidase. The low in vivo toxicity of
prodrug 2 can thus be explained by high prodrug stability, low
beta-glucuronidase activity in the blood, and inability of the
prodrug to enter normal cells.
Prodrug 2 displayed modest but significant antitumor activity

against human lung xenografts. Importantly, the therapeutic
index of prodrug 2 was greater than a commonly used
antineoplastic agent as demonstrated by better tumor
suppression with less systemic toxicity. We hypothesized that
increasing the extracellular level of beta-glucuronidase would
further enhance the antitumor activity of prodrug 2 based on
the results of our in vitro studies. Indeed, a replication-deficient
adenovirus encoding beta-glucuronidase fused to an optimized
transmembrane domain derived from the B7-1 antigen for
expression on the cell surface22 enhanced cellular sensitivity to
prodrug 2 by over a thousand fold. The antitumor activity of
prodrug 2 was also greatly improved by intratumoral injection

of the adenoviral vector expressing membrane-anchored beta-
glucuronidase with complete tumor remission observed in
seven of nine mice. Interestingly, the antitumor effect of
prodrug 2 was also enhanced, although to a lesser degree, by
intratumoral injection of an adenoviral vector expressing a
control protein on cells. Although not investigated here, it is
possible that macrophages infiltrating tumors in response to
adenoviral administration55,56 might release beta-glucuronidase
in the tumor microenvironment and activate prodrug 2.14 In
addition, release of intracellular beta-glucuronidase from cancer
cells undergoing apoptosis or necrosis due to adenoviral
infection might also increase the sensitivity of bystander cancer
cells to prodrug 2.57

In summary, our report provides evidence that a highly
potent glucronide prodrug of a seco-analogue of duocarmycin
SA produced significant antitumor activity against human lung
xenografts with less toxicity than a conventional antineoplastic
agent used for lung cancer treatment. Furthermore, primary
tumors were eliminated by prodrug 2 in combination with an
adenoviral vector expressing membrane anchored beta-
glucuronidase. Other strategies to increase the level of beta-
glucuronidase in the tumor microenvironment, such as systemic
administration of antibody-enzyme conjugates,20,58 bacteria
engineered to overexpress beta-glucuronidase,59 beta-glucur-
onidase loaded nanoparticles,60 and systemically administered
conditionally replicating adenoviruses or oncolytic viruses61 are
also expected to potentiate the antitumor activity of prodrug 2
and may be useful for the treatment of metastatic tumors.
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