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Abstract

Background The Escherichia coli cytosine deaminase (CD)/5-fluorocytosine
(5-FC) approach emerges as a potential aid for suicide gene therapy in the field
of modern cancer treatment. However, the poor binding affinity of CD towards
5-FC compared to the natural substrate cytosine limits its application for suc-
cessful suicide gene therapy. Redesigning a bacterial mutant CD with site-
directed mutagenesis showed higher potency compare to wild-type CD (wtCD)
in vitro. In the present study, we conducted a comparative analysis of F186W
mutant and wtCD in a human lung cancer cell line (A549).

Methods and Results A comparative investigation was initiated with cell
viability analyses by MTT and trypan blue dye exclusion assays on A549 cells
transfected with wtCD and F186W genes. The mode of cell death was
confirmed by acridine Orange/ethidium Bromide dual staining. Furthermore,
flow cytometric assessments were performed by cell cycle analysis and caspase
3 assay. The experimental results showed a drug dependent decrease in cell
viability; interestingly, mutant (F186W) reached IC50 at a much lower concen-
tration of prodrug (5-FC) than wtCD. Cell cycle analysis showed that G1 arrest
of a larger population of 5-FC treated F186W transfected cells, in contrast to
that of wtCD under similar conditions. The caspase 3 assay revealed progres-
sion and execution of apoptosis.

Conclusions We report a novel bacterial CD mutant that provided a superior
alternate to the wtCD suicide gene. The F186W mutant required a much lower
dose of 5-FC to reach its ICsg, thus minimizing the systemic side effects of large
doses of 5-FC as required for wtCD. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords cytosine deaminase; mutant; site-directed mutagenesis; suicide gene
therapy

Introduction

Gene therapy currently has a great impact on the treatment options of various
diseases, including cancer. As suicide gene therapy has entered various clinical
trials, the factors limiting its potency cannot be overlooked. Gene-directed en-
zyme prodrug therapy (GDEPT) based on the principles of suicide gene ther-
apy incorporates the intratumoral delivery of genes encoding enzymes,
which activates prodrug [1]. GDEPT has potential to overcome the limitations
of conventional cancer therapeutics because the former has the advantage of
bystander effect, as well as targeted therapy [2-4]. Two combinations of
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enzymes and prodrugs have been widely studied: the
Escherichia coli cytosine deaminase (CD; EC 3.5.4.1) with
antifungal drug 5-fluorocytosine (CD/5-FC) and the her-
pes simplex virus thymidine kinase (HSVtk) with the
anti-herpetic ganciclovir (GCV) [5-10]. HSVtk/GCV ther-
apy exhibits more cytotoxicity towards cancer cells as a re-
sult of its gap junction-dependent bystander effect [5].
Because the triphosphate GCV cannot diffuse through
the cell membrane, its efficacy is limited towards gap
junction deficient cancer cells [11]. However, the CD/5-
FC system does not rely on gap junction because the toxic
product 5-fluorouracil (5-FU) can freely diffuse across the
cell membrane, overcoming the limitations of the
HSVtk/GCV system [12].

The CD enzyme catalyzes the hydrolytic deamination of
cytosine into uracil. It can also convert the inert prodrug
5-FC into highly toxic chemotherapeutic drug 5-FU, which
is then further converted into potent antimetabolites (5-
FAUMP, 5-FAUTP, 5-FUTP) by cellular enzymes. Thus,
the series of events, namely irreversible inhibition of
thymidylate synthase and formation of (5-FU) RNA and
(5-FU) DNA, results in cell death [13,14]. This enzyme is
found in several bacteria and fungi but not in mammalian
cells [15]. Thus, drug-resistant mammalian cells become
sensitive towards 5-FC when transfected with CD.

Although the CD/5-FC system has shown its efficacy in
a number of clinical trials, its application in therapy has
been limited [16-18]. Despite having various contrasting
features, bacterial CD (bCD) still faces setbacks because
of its low specificity towards prodrug, 5-FC, thus limiting
the overall therapeutic response [19]. It has been shown
that yeast cytosine deaminase has better affinity towards
5-FC compared to bCD. However, it is less thermostable
than bCD, making bCD a better choice for GDEPT applica-
tions. An attempt has been made to create a stable mutant
of bCD by random mutagenesis, with marginally im-
proved affinity towards prodrug, 5-FC [20].

During a previous study by our group, computational
and genetic engineering approaches were exploited to de-
sign bCD mutants with an improved specificity towards
prodrug, 5-FC, aiming to overcome the limitation of bCD
[21]. Unlike earlier reports on the design of mutants by
random mutagenesis [22], we performed site-directed
mutagenesis to alter the substrate specificity of bCD, both
in silico and in vitro. Out of these promising mutants, we
chose F186W based on kinetic values (Table 1) for study
on human lung cancer cells (A549). The aim of the

Table 1. Relative specificity of wtCD and F186W enzymes [21]

Enzyme Specificity with respect to 5-FC Relative to wtCD
wtCD 0.094 1.0
F186W 0.556 5.95

Copyright © 2015 John Wiley & Sons, Ltd.
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present study was to investigate the activity of the mutant
F186W/5-FC on lung cancer cells and its potency in com-
parison with wild-type bCD (wtCD). The results obtained
demonstrate that this mutant significantly enhanced the
therapeutic efficacy of CD/5-FC mediated suicide gene
therapy on A549 cells and has the potential to emerge
as a substitute for wtCD.

Materials and methods
Cell line and culture conditions

Adenocarcinomic human alveolar basal epithelial cell
line (A549) was procured from the National Centre for
Cell Science (NCCS), Pune, India. The cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM
high glucose), supplemented with 10% fetal bovine se-
rum (FBS) and 1% penicillin/streptomycin (100 U/ml;
all from Sigma-Aldrich, St Louis, MO, USA), at 37°C in
humidified air containing 5% CO,. Treatments with drug
5-FC were performed (usually for 72 h) at various
concentrations.

Construction of mammalian expression
vector

The wtCD and F186W mutants were subcloned from pGEX-
4T2 (Amersham Bioscience, Piscataway, NJ, USA) contain-
ing wtCD and F186W into the mammalian expression vec-
tor, pVITRO2-hygro-GFP/LacZ (Invivogen, Carlsbad, CA,
USA). The wtCD and F186W genes were amplified from
their corresponding bacterial expression vectors, namely
PpGEX-wtCD and pGEX-F186W, respectively. The
pVITRO2-GFP/wtCD and pVITRO2-GFP/F186W were con-
structed by replacing the LacZ gene with wtCD and
F186W, respectively, by wusing forward primer 5-
CGTCCATGGGAATGGTGTCGAATAACGC-3' and reverse
primer 5-CCTG CTAGCTTAGCTCCGCTGATACGTTT-3
with Ncol and Nhel restriction sites. Furthermore, the con-
structs were confirmed by restriction enzyme digestion
using Ncol and Nhel.

Transient transfection and detection of
wtCD/F186W expression

A549 cells were transiently transfected using Lipofecta-
mine 3000 reagent (Invitrogen) in accordance with
the manufacturer’s instructions. The concentrations of
DNA and Lipofectamine were kept constant throughout
the experiments. After 6h of transfection, cells were
further treated with prodrug. For confirmation of
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wtCD and F186W expression, the total RNA of the
transfected A549 cells (A549-wtCD and A549-F186W)
was isolated using the GenElute Mammalian Total
RNA Miniprep Kit (Sigma-Aldrich). Furthermore, 1pug
of RNA was used for the generation of cDNA with
the help of the Verso ¢cDNA Kit (Thermo Scientific,
Waltham, MA, USA). A semi-quantitative polymerase
chain reaction (PCR) was performed with CD primers
using cDNA of the wtCD and F186W. B-actin gene ex-
pression was used as an internal control. The PCR
products were ran on a 1.2% agarose gel and stained
with ethidium bromide. As the wtCD and F186W
genes were inserted in a GFP expressing vector, the
extent of transfection was visualized under a fluores-
cence microscope after 6h of transfection.

Assessment of cell viability by the MTT
assay

The initial comparative analyses between parental, wtCD
and F186W transfected A549 cells were performed by
assessing cell viability after 5-FC exposure. A549 cells
were seeded in 96-well plates at a density of 7000
cells/well in DMEM medium supplemented with 10%
FBS. The cells were allowed to adhere overnight and
transfection was performed in serum-free medium. After
6h of transfection, the serum-free medium was replaced
with experimental medium. The cells were exposed to
various concentrations of 5-FC (0.05, 0.1, 0.5, 1 and
5mM) or PBS (control) for 72h. After the indicated
time, the anti-cell proliferative activity of wtCD and
F186W was assessed by the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium-bromide MTT) assay
(HiMedia, Mumbai, India) [23]. Fractional cell survival
at each drug concentration was calculated by measuring
absorbance at 550 nm (Bio-Rad, Hercules, CA, USA) and
subtracting the background measurement at 650 nm.
Cell viability (%) was calculated relative to untreated vi-
able cells. Each experiment was performed in triplicate
and at least twice. The proliferation of the control group
was set at 100%.

Trypan blue dye exclusion assay

Cells at a density of 1 X 10° were seeded in a six-well plate.
After transfected cells were exposed to 5-FC (0.01 and
1mM) for 72h, the cells were harvested and mixed with
an equal volume of 0.4% trypan blue dye (Invitrogen). Cells
were loaded over the counting chamber. Live and healthy
cells were unstained or excluded from dye, whereas dead
or membrane compromised cells appeared to retain the

Copyright © 2015 John Wiley & Sons, Ltd.
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dye and appeared blue. The viable cells (%) were counted
using a Countess-automated cell counter (Invitrogen).

Acridine orange/ethidium bromide dual
staining

Morphological identification of live, apoptotic and ne-
crotic cells was performed by dual staining with acridine
orange (AO)/ethidium bromide (EtBr) (Sigma-Aldrich).
Cells were grown to 70-80% confluency in a 12-well
plate. After transfection with wtCD and F186W, cells were
treated with 1mM 5-FC for 74h. After the indicated
times, the media were removed and washed with cold
PBS. Fresh PBS containing 2 pg/ml AO and 6 ug/ml EtBr
was added to the cells and kept in the dark for 10 min.
The cells were then washed thoroughly with fresh PBS
and visualized under a fluorescence microscope (Nikon
Eclipse Ti-U, Tokyo, Japan; excitation filter of 480/15nm
for AO and 540/25 nm for EtBr, respectively).

Cell cycle analysis

The proportions of cells in different cell cycle phases were
determined by flow cytometric analysis of their DNA con-
tent. Cells were seeded at a density of 1 x 10° in a six-well
plate and left overnight for attachment. The cells main-
tained in serum-containing media were replaced with
serum-free media and left for cell synchronization for 48 h.
Subsequently, cells were transfected with wtCD and
F186W, and then exposed to 1mM 5-FC for 48h. At the
end of the treatment period, cells were harvested and fixed
in 70% alcohol solution for 15min in ice. The fixed cells
were collected by centrifugation and stained with propidium
iodide (PI; Sigma-Aldrich) staining solution (50 ug/ml PI,
0.1 mg/ml RNase A and 0.05% Triton X-100) at 37°C for
30 min in the dark. Furthermore, the stained cells were ana-
lyzed by flow cytometry (FacsCalibur, BD Biosciences, NJ,
USA) at 10 000 events each. The various phases of cell cycle
were then assessed by CellQuest and ModFit LT software
(Verity House Software, Topsham, ME, USA).

Caspase-3 assay for apoptosis detection

For assessing the apoptotic cell population, phycoery-
thrin (PE) conjugated caspase-3 antibody (BD Biosci-
ences, Clontech, Palo Alto, CA, USA) was used. Cells
were grown in a six-well plate at 70-80% confluency.
After treatment for 62h, as described above, cells were
harvested with trypsin-ethylenediaminetetraacetic acid.
The detached cells were fixed with 0.1% formaldehyde
in PBS at 37°C for 10 min. Fixed cells were centrifuged
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at 450g for 6min at 4°C and washed with cold PBS.
Then, the cells were permealized with 0.5% Tween-20
in PBS for 10 min. Furthermore, the cells were washed
with PBS for two times, 20 ul of caspase-3 conjugated
with PE antibody (in accordance with the manufac-
turer’s instructions) was added to each sample, before
incubation in the dark for 30min. The samples were
then analyzed with flow cytometer (FacsCalibur, BD Bio-
sciences, NJ, USA) at 10 000 events each. The data
were analyzed by Cell Quest Pro software (BD Biosci-
ences) in the same instrument.

Statistical analysis

Significant differences between wtCD and F186W during
cell viability assay were assessed by two-way analysis of var-
iance using Prism, version 5.01 (GraphPad Software Inc.,
San Diego, CA, USA). Statistically significant values were:
*p <0.05, **p <0.01, ***p < 0.001 and ****p < 0.0001.

a @6\&
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c
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Results and Discussion

Subcloning and characterization of
wtCD and F186W genes

A 1298-bp fragment of each of wtCD and F186W genes,
having Ncol and Nhel overhangs, was amplified from their
respective pGEX-4T2 bacterial expression vector. The
genes were further subcloned into the mammalian expres-
sion vector, pVITRO2-hygro-GFP/LacZ, replacing LacZ
gene. The clones were confirmed by performing restric-
tion digestion with the enzymes, Ncol and Nhel
(Figure 1a).

Transient transfection and expression
analysis

Mammalian expression vectors containing genes, pVITRO2-
GFP/CD and pVITRO2-GFP/F186W, respectively, were

b S
& >
SRR
£
CD gene
B-actin

Figure 1. Subcloning, transfection and expression of wtCD and F186W genes. (a) Agarose gel electrophoresis depicted clone confir-
mation by restriction digestion of wtCD and F186W genes (approximately 1.3 kb) containing vector, using Ncol/Nhel restriction en-
zymes. The undigested vector with a size of approximately 8 kb was taken as the control. (b) Expression of wtCD and F186W genes
was evaluated by reverse transcriptase-PCR (RT-PCR) after transfection. B-actin gene was taken as a control. After 6 h of transfection,
the expression of GFP was visualized under a fluorescence microscope (scale bar = 200 pm). The GFP expression of wtCD and F186W

is shown in (c) and (d), respectively.

Copyright © 2015 John Wiley & Sons, Ltd.
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then transfected in A549 cancer cell lines. Transfection effi-
ciencies were initially assessed by visualizing in fluorescence
microscope for GFP expression (Figure 1c and 1d). Further-
more, to examine the expression of wtCD and F186W, the
whole RNA from the transfected A549 cells was isolated
and cDNA was prepared. Using CD gene-specific primers,
expression of wtCD and F186W gene was analyzed by
semi-quantitative PCR (Figure 1b). The transfected cell
lines showed a distinct band at 1.3 kb, which coincided
with the position of CD gene amplified from vector alone
(data not shown), whereas, in the untransfected cell line,
the band was absent.

Comparative analysis of wtCD and
F186W by cell viability assays

To address whether the mutant F186W is more efficient
than wtCD, initial analysis was performed by a cell viabil-
ity assay of wtCD and F186W transfected cell lines, after
being exposed to different concentrations of 5-FC. Figure 2
showed the comparative analysis of wtCD and F186W
transfected A549 cells, treated with the different concen-
trations of the prodrug 5-FC. After 72h of treatment, the
data obtained clearly indicated that the F186W was much
more effective than wtCD, whereas the parental cells

remained unresponsive towards 5-FC exposure.
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Figure 2. Cell viability assay. A cell viability assay (MTT assay)
was performed for initial comparative analysis between wtCD
and F186W expressing A549 cells. The data showed a significant
advantage of F186W over wtCD. After 72 h of treatment with in-
creasing doses of 5-FC, the resulting data suggested that F186W
reached its ICs, at a far lower concentration than wtCD. Statisti-
cally significance: *p <0.05, **p<0.01, ***p<0.001 and
*#Exp < 0.0001.

Copyright © 2015 John Wiley & Sons, Ltd.
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Therefore, it was observed that the F186W had better 5-
FC utilization activity than wtCD. The ICs, value of wtCD
was found to be at 1 mM 5-FC concentration, whereas, for
F186W, it was 0.3 mM 5-FC, which was far lower. Hence,
1mM (~ICso of wtCD) of 5-FC was chosen for further ex-
perimental analysis and comparisons.

Furthermore, the trypan blue dye exclusion assay sup-
ported the results obtained from the MTT assay (Figure 3).
The trypan blue dye exclusion assay provided a direct
identification and calculation of live (unstained; excluded
from trypan blue) and membrane compromised or dead
cells (blue, stained) in the treated cell population.

Assessment of mode of cell death by
dual staining with AO/EtBr

To gain further insight into the manner of cell death, the
treated cells were stained with fluorescent DNA interca-
lating dye namely AO/EtBr and observed under a fluores-
cence microscope. From Figure 4, it is evident that
untreated transfected cells had uniformly stained green
nuclei indicating healthy viable cells. When both wtCD
and F186W tansfected cells were treated with an ICsq
dose of wtCD, green, orange and red nuclei were ob-
served, implying the presence of live, early and late apo-
ptotic cells. However, by analyzing the cell population
microscopically, it could be inferred that the F186W-
containing cell lines had much more apoptotic cells than
wtCD harbouring cells. Thus, the AO/EB staining results
showed that the possible induction of apoptosis was
greater in F186W cell lines.
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Figure 3. In further support of the experimental data obtained
from the MTT assay, a trypan blue dye exclusion assay was
performed.
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A549-wtCD A549-F186W
AO EtBr Merged AO EtBr Merged
Control
<+
1 mM 5-FC
“—>

Figure 4. Assessment of mode of cell death. Representative image of AO/EtBR dual staining: the transfected cells were treated with
1 mM 5-FC for 72 h. At the end of the treatment, cells were stained with AO/EtBr. The upper images correspond to transfected but
untreated stained cells and the lower image represents treated cells (1 mM 5-FC). The AO and EtBr stained cell images were merged
to distinguish between live (green), early apoptotic (orange) and dead (red) cells F186W transfected cells, when treated with 1 mM 5-
FC, showed a large number of apoptotic nuclei compared to wtCD transfected cells. Scale bar = 200 pm.

5-FC induces G1 arrest in CD transfected attributed to the same. The flow cytometric analysis of
cells DNA content of wtCD and F186W transfected cells, after

5-FC treatment, showed G1 arrest. Cells were serum de-
5-FU induced G1 arrest in cells was reported previously prived for 48h, resulting in G1 arrest of cells. Replace-
[24]. CD catalysed 5-FC conversion to 5-FU may also be ment of serum-enriched media led to synchronized
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Figure 5. Cell cycle analysis using PI. The synchronized A549 cells were transfected and treated with 1 mM 5-FC for 48 h. Flow cyto-
metric analysis of the DNA content of wtCD and F186W transfected and treated cells revealed that, when treated with 5-FC, the G1
population of wtCD transfected cells was increased to 70.36% compared to the untreated control, which comprised 61.93% of the
G1 cell population. Interestingly, F186W showed 83.07% of cells arrested in the G1 phase of cell cycle, which was 13.66% higher com-
pared to wtCD.
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Figure 6. Caspase 3 assay for the progression and execution of apoptosis. wtCD and F186W transfected A549 cells were treated with
1 mM 5-FC for 72 h. The flow cytometric analysis of active caspase 3 conjugated with PE revealed that the treated F186W-A549 cells
comprised a 1.5-fold more apoptotic cell population compared to wtCD cells.

progression of cells into the S-phase of the cell cycle. Ex-
posure of parental cells towards 5-FC resulted in no signif-
icant cell cycle arrest. wtCD and F186W transfected cells,
when treated with 5-FC, remarkably increased the G1
population of cells (Figure 5). However, the percentage
of cells in F186W transfected cells was much more pro-
nounced than the wtCD one. Thus, it could be concluded
that the conversion of 5-FC to 5-FU by F186W mutant was
more compelling than wtCD, supporting previously re-
ported in vitro data [21]. The apoptotic cell population
was excluded when analysing treated cells using ModFit
LT software. Furthermore, for the analysis of apoptotic
cells, the caspase 3 assay was performed.

Caspase 3 activity was more
pronounced in F186W expressing cells
than wtCD expressing cells

Caspase 3 cleavage is a crucial evidence for the progres-
sion and execution of apoptosis [25]. F186W transfected
cells, when exposed to 5-FC, showed 44.87% caspase 3
activity compared to the parental cell line. On the other
hand, the wtCD transfected cells depicted only 28.99%
of caspase 3 activity (Figure 6) under similar conditions.
Thus, our experimental data provided a clear insight into

Copyright © 2015 John Wiley & Sons, Ltd.

the mode of cell death and the comparative analysis of the
activity of wtCD and F186W. Caspase 3 activity in F186W-
A549 cells was increased by approximately 1.5-fold com-
pared to wtCD-A549 cells. It was previously established
that 5-FU, generated from 5-FC by CD, substantially medi-
ates bystander effects irrespective of gap junction [26]. As
F186W-A549 achieved an IC50 value with a much lower
concentration of 5-FU, it may be inferred that the by-
stander effect is much more prominent in mutant than
wtCD-A549, at the same time as minimizing the side ef-
fects of a high concentration of 5-FC [27].

Conclusions

In summary, a simple transfection based experiment
established that the redesigned F186W mutant has supe-
rior therapeutic potency compared to the wtCD. Our
experimental results suggest that the F186W is signifi-
cantly more efficient in utilizing prodrug 5-FC and
converting it into toxic metabolite 5-FU when expressed
in a mammalian cancer cell line. Because a higher 5-FC
drug dose leads to systemic side effects as a result of con-
version of 5-FC into 5-FU by intestinal microflora [27],
our study provides an alternate mutant, which has high
affinity towards 5-FC, thus requiring a much lower dose
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of 5-FC to achieve ICso. Our experimental analysis on
computationally designed mutant F186W has established
the mutant enzyme as a superior candidate in cancer ther-
apeutics. Hence, F186W mutant will be more suitable
than wtCD for further gene therapy applications.
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