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Abstract
AIM: To evaluate bacterial cytosine deaminase (bCD) 
mutant D314A and 5-fluorocytosine (5-FC) for treat-
ment of colon cancer in a mouse model.

METHODS: Recombinant lentivirus vectors that con-
tained wild-type bCD gene (bCDwt), and bCD mutant 
D314A gene (bCD-D314A) with green fluorescence 
protein gene were constructed and used to infect hu-
man colon carcinoma LoVo cells, to generate stable 
transfected cells, LoVo/null, LoVo/bCDwt or LoVo/bCD-
D314A. These were injected subcutaneously into Balb/c 
nude mice to establish xenograft models. Two weeks 
post-LoVo cell inoculation, PBS or 5-FC (500 mg/kg) was 
administered by intraperitoneal (i.p.) injection once daily 
for 14 d. On the day after LoVo cell injection, mice were 
monitored daily for tumor volume and survival.

RESULTS: Sequence analyses confirmed the construc-
tion of recombinant lentiviral plasmids that contained 
bCDwt or bCD-D314A. The lentiviral vector had high ef-

ficacy for gene delivery, and RT-PCR showed that bCDwt 
or bCD-D314A gene was transferred to LoVo cells. 
Among these treatment groups, gene delivery or 5-FC 
administration alone had no effect on tumor growth. 
However, bCDwt/5-FC or bCD-D314A/5-FC treatment 
inhibited tumor growth and prolonged survival of mice 
significantly (P < 0.05). Importantly, the tumor volume 
in the bCD-D314A/5-FC-treated group was lower than 
that in the bCDwt/5-FC group (P  < 0.05), and bCD-
D314A plus 5-FC significantly prolonged survival of mice 
in comparison with bCDwt plus 5-FC (P  < 0.05).

CONCLUSION: The bCD mutant D314A enhanced sig-
nificantly antitumor activity in human colon cancer xe-
nograft models, which provides a promising approach 
for human colon carcinoma therapy.
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INTRODUCTION
Colorectal cancer has one of  the highest mortalities world-
wide[1]. Conventional therapies consist of  surgery, chemo-
therapy, radiotherapy, and biotherapy. Despite advances 
in the treatment of  colorectal cancer, the prognosis for 
locally advanced or metastatic disease remains relatively 
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poor[2]. Therefore, it is crucial to develop novel therapeutic 
strategies, not only to completely cure cancer, but also to 
prevent its recurrence. Among these approaches, gene-
directed enzyme-prodrug therapy (GDEPT) has received 
considerable attention[3,4].

Suicide gene therapy for cancer is an appealing alterna-
tive to standard methods of  chemotherapy because most 
chemotherapeutic agents lack tumor specificity. Classic 
chemotherapeutic agents are often unable to distinguish 
tumor cells from normal dividing cells, which results in in-
discriminate toxic effects. In contrast, suicide gene therapy 
allows for specific targeting of  the tumor while preventing 
damage to normal cells. This is accomplished by introduc-
ing a gene that encodes a prodrug-activating enzyme into 
cancer cells. Although delivery systems have not been fully 
optimized, delivery of  the gene is typically done using 
either a viral vector (retrovirus or adenovirus) or by other 
non-viral means[5-7]. Once the gene is delivered into the 
cancer cell, a non-toxic prodrug is administered. The en-
zyme converts the non-toxic prodrug into its active and le-
thal form that results in cancer cell death. Escherichia coli or 
bacterial cytosine deaminase (bCD) is responsible for the 
activation of  the non-toxic prodrug 5-fluorocytosine (5-FC) 
to its toxic form, 5-fluorouracil (5-FU)[8]. The absence of  
an endogenous cytosine deaminase in mammalian cells 
provides for deamination of  5-FC only in cells that express 
bCD. This is followed by the conversion of  5-FU into its 
deoxyribonucleoside, fluorodeoxyuridine (FUdR) by thy-
midine phosphorylase. Upon phosphorylation of  FUdR 
by endogenous thymidine kinase, thymidylate synthase is 
irreversibly inhibited by the product, 5FdUMP, thereby 
preventing dTTP formation and ultimately leading to inhi-
bition of  DNA synthesis.

One of  the key advantages of  the bCD/5-FC enzyme/
prodrug system is the phenomenon known as the “bystander 
effect”, which is defined as the killing of  untransfected cells 
neighboring those cells transfected with the suicide gene[8]. 
This type of  killing has been described extensively with 
regard to the herpes simplex virus-1 thymidine kinase and 
ganciclovir enzyme/prodrug system, and occurs primar-
ily by the transfer of  toxic antimetabolites through gap 
junctions[9,10]. Unlike phosphorylated ganciclovir, 5-FU is a 
small, uncharged molecule that can pass freely in and out 
of  the cell by diffusion. Consequently, cell-cell contact is 
not required for the bystander effect with bCD/5-FC; an 
advantage for those cell types with limited gap junctions[11]. 
bCD has been used successfully in gene therapy for a vari-
ety of  animal tumor models and is currently under investi-
gation for the treatment of  human cancers[12-15].

The limiting factors for successful suicide GDEPT 
are transfection efficiency and the ability of  the enzyme 
to turn over the prodrug, which is an analog of  its natural 
substrate. From a kinetic perspective, 5-FC is a poor sub-
strate for bCD (Km = 3.3 mmol/L) compared with its na-
tive substrate, cytosine (Km = 0.2 mmol/L)[16]. Thus, high 
doses of  this prodrug must be administered to achieve cell 
killing. The plasma levels of  5-FC required to obtain a sig-
nificant amount of  active metabolites may lead to adverse 
effects. This is observed with 5-FC, whereas deamination 

by CD of  bacterial intestinal microflora into 5-FU is re-
sponsible for side effects[17]. Other studies have suggested 
that the CD from Saccharomyces cerevisiae (yCD) displays a 
kinetic advantage towards 5-FC over bCD[18]. However, 
yCD is considerably less thermostable than bCD; a char-
acteristic that may make the bacterial enzyme a preferable 
catalytic system for gene therapy.

Fortunately, Mahan et al[16,19] have used random muta-
genesis to create novel bCDs that demonstrate an increased 
preference for 5-FC over cytosine. Among these mutants 
isolated, the mutant D314A [substitution of  an alanine 
(A) for the aspartic acid (D) at position 314 of  bCD] en-
zyme demonstrates a dramatic decrease in cytosine activity 
(17-fold), as well as a slight increase in activity toward 5-FC 
(twofold), which indicates that mutant D314A prefers the 
prodrug over cytosine by almost 20-fold. Despite the ther-
molability of  yCD, others have suggested that yCD is supe-
rior to bCD in gene therapy settings because of  a 23-fold 
relative substrate preference for 5-FC that is displayed by 
yCD[18]. However, given the thermostability of  bCD and the 
19-fold relative substrate preference that the bCD mutant 
D314A displays towards 5-FC, bCD D314A may be a su-
perior suicide gene to yCD. These results indicate that bCD 
mutant D314A is a superior candidate for suicide gene ther-
apy. Recently, this mutant D314A has been demonstrated to 
enhance cytotoxicity of  human glioma and pancreatic can-
cer cells, and to increase therapeutic efficacy against human 
glioma and human pancreatic tumor xenografts, especially 
combined with radiotherapy[20,21]. However, there have been 
only a few studies of  bCD mutants in colorectal cancer.

Previously, we have used the bCD gene to treat colon 
cancer, and have found that the efficacy of  wild-type bCD 
is not sufficient to abolish cancer cells in vitro or in vivo, 
therefore, combination therapy with other genes, such 
as interleukin-2 or interferon-γ, is needed to improve the 
cytotoxicity of  bCD[7,22,23]. Recently, we have constructed 
bCD-D314A using site-directed mutagenesis[19], and have 
demonstrated that it has significantly increased cytotoxic-
ity in human colon cancer cell line LoVo, compared with 
wild-type bCD (bCDwt) in vitro[24].

The aim of  the present study was to investigate whether 
bCD-D314A suicide gene and 5-FC prodrug therapy pro-
duce increased therapeutic efficacy in vivo for human colon 
cancer in nude mice using lentiviral vectors. The results 
presented here indicated that mutant bCD-D314A was able 
to significantly enhance antitumor efficacy in human colon 
cancer xenograft models in vivo compared with bCDwt.

MATERIALS AND METHODS
Cells and cell culture
Human colon cancer cell line LoVo (CCL-229; ATCC, 
Manassas, VA, USA) was cultured in RPMI-1640 me-
dium (Gibco, Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco). 
HEK 293T (human embryonic kidney 293T cell line 
containing SV40 large T antigen) (CRL-11268; ATCC) 
was cultured in Dulbecco’s Modified Eagle’s Medium 
(Gibco) supplemented with 10% cosmic calf  serum (Hy-
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clone, Logan, UT, USA), 2 mmol/L L-glutamine (Sigma, 
St. Louis, MO, USA), 100 U/mL penicillin (Sigma) and 
0.1 mg/mL streptomycin (Sigma). LoVo and HEK 293T 
cells were in a 5% CO2-humidified atmosphere at 37℃.

Reagents, animals, plasmids and vectors
5-FC was obtained from Sigma. Restriction enzymes Hind
Ⅲ, KpnⅠ, NheⅠ, EcoRⅠ and DpnⅠ, T4 DNA ligase, 
pfu DNA polymerase, DNA marker DL2000 and PCR 
reagents were obtained from Takara (Otsu, Shiga, Japan). 
Primers were chemically synthesized by Shanghai Generay 
Co. Ltd. (Shanghai, China). The plasmid DNA extraction 
(Mini) kit was provided by Qiagen (Crawley, West Sussex, 
UK). TRIzol and Lipofectamine 2000™ transfection re-
agent were obtained from Invitrogen. 

Female athymic Balb/c (nu/nu) nude mice were pur-
chased from Shanghai SLAC Laboratory Animal Co. Ltd. 
(Shanghai, China) and were housed under aseptic condi-
tions in micro-isolator cages, which were approved by the 
local Institutional Animal Care and Use Committee.

The plasmid pcDNA3.1/bCDwt that contained whole-
length wild-type bCD gene, and pcDNA3.1/bCD-D314A 
that contained the mutant D314A gene, were prepared 
and stored in our department. The pLJM1-GFP lentivirus 
vector with green fluorescence protein (GFP) gene was a 
generous gift from Prof. J Li (Nanjing Medical University). 

Recombinant bCDwt or bCD-D314A plasmids 
construction and identification
The pcDNA3.1-bCDwt and pcDNA3.1-bCD-D314A 
plasmids were all double digested with HindⅢ and KpnⅠ. 
The products of  enzyme digestion were connected to the 
lentiviral vector pLJM1-GFP, which was double digested 
with NheⅠ and EcoRⅠ, to produce pLJM1-bCDwt-GFP 
and pLJM1-bCD-D314A-GFP. These plasmids were then 
transformed into E. coli XL1-Blue. The colonies were se-
lected for PCR identification. The sense sequence of  bCD 
primers was 5'-CGCAAATGGGCGGTAGGCGTG-3', 
whereas the antisense sequence was 5'AATTCTCAAC-
GTTTGTAATCGATGG-3'. These recombinant plasmids 
were extracted and sent to BGI Sequencing Company 
(Shanghai, China) for sequencing. 

Recombinant lentivirus construction, cell infection and 
stable cell line generation
To produce recombinant lentiviruses that encoded bCD-
wt, bCD-D314A or GFP gene, three types of  plasmids 
(pLJM1-bCDwt-GFP, pLJM1-bCD-D314A-GFP and 
pLJM1-GFP) were transfected to 293T cells according to 
the instructions for Lipofectamine 2000™ (Invitrogen). 
The virus-containing supernatant was collected 48 h after 
transfection, concentrated by centrifugation (4000 r/mim, 
4℃ for 5 min), and filtered with a 0.45-µm membrane fil-
ter. The virus titers were determined in 293T cells. 

For LoVo cell infection, there were three groups: 
bCDwt-GFP, bCD-D314A-GFP, and GFP (null). LoVo 
cells were seeded at a density of  1 × 105 cells in a 60-mm 
plate and infected with different lentiviral vectors in the 
presence of  10 µg/mL polybrene (Millipore, Billerica, 

MA, USA). At 10-12 h post-infection, the growth medium 
was replaced. Forty-eight hours later, the GFP expression 
of  transduced cells was observed under fluorescence mi-
croscopy. LoVo cells were infected twice in the same way. 
At 3 d after transfection, the FACSCalibur flow cytometer 
(BD, Franklin Lakes, NJ, USA) was used for fluorescence-
activated cell sorting and then stable transfected cells, 
LoVo/null, LoVo/bCDwt and LoVo/bCD-D314A were 
cultured in a 5% CO2-humidified incubator at 37℃.

Detection of bCD gene in transfected LoVo cells with RT-
PCR
Total RNA was extracted from transfected LoVo cells 
harvested from the different groups with TRIzol reagent. 
First-strand cDNA was synthesized by reverse transcrip-
tion according to the instructions for M2MLV (Promega, 
Madison, WI, USA). The sense sequence of  bCD primers 
used in RT-PCR was 5'TTATGTCGAATAACGCTT-
TACAAAC-3', whereas the antisense sequence was 
5'TACCTCCACGTTTGTAATCGATGGC-3'. PCR was 
performed for 35 cycles (94℃ for 1 min, 60℃ for 1.5 min, 
72℃ for 1.5 min) in an automated DNA Thermal Cycler 
(Perkin-Elmer Cetus, Norwalk, CT, USA).

Xenograft tumor model study
To compare antitumor effects of  bCDwt- and bCD-
D314A-mediated molecular chemotherapy in vivo, combina-
tion of  5-FC, pools of  LoVo, LoVo/null, LoVo/bCDwt or 
LoVo/bCD-D314A cells [5 × 106 cells in 100 µL PBS (pH 
7.3)] were injected subcutaneously (s.c.) into the right flanks 
of  5-6-wk-old female Balb/c nude mice (n = 20, respec-
tively). Two weeks post-LoVo cell inoculation, PBS or 5-FC 
(500 mg/kg) was administered by i.p. injection once daily 
for 14 d. Starting at day 1, the tumor volume was moni-
tored daily using caliper measurement, calculated using the 
formula: π/6 × (width × length2). On the day after LoVo 
cell injection, mice were monitored daily for survival.

Statistical analysis
The treatment groups were compared with respect to 
tumor size. To test for significant differences in tumor 
volume among treatment groups, one-way ANOVA was 
conducted. When ANOVA indicated that a significant 
difference existed (P < 0.05), multiple comparison pro-
cedures were used to determine where the differences 
lay. Kaplan-Meier survival curves were analyzed by the 
log-rank test, and specific pairwise multiple comparisons 
were made using the Holm-Sidak method. All compari-
sons were made using the 0.05 level of  significance.

RESULTS
Identification of recombinant lentiviral plasmids
Sequencing results of  recombinant lentiviral plasmids 
showed that pLJM1-bCDwt-GFP contained the wild-
type bCD gene, and pLJM1-bCD-D314A-GFP con-
tained the mutant D314A (Figure 1), which indicated that 
the two recombinant lentiviral plasmids were constructed 
successfully. 
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Efficacy of gene delivery by lentiviral vectors
Lentiviral vectors have improved efficiency to deliver 
genes. In this study, GFP was used as a reporter gene. 
Figure 2 shows that the efficacy of  gene delivery by len-
tiviral vectors was satisfactory.

Identification of bCD gene in LoVo cells transfected with 
lentiviral vectors
LoVo cells transfected with different lentiviral vectors, 
LoVo/null, LoVo/bCDwt and LoVo/bCD-D314A, were 
subjected to RT-PCR to identify bCD gene expression. As 
shown in Figure 3, LoVo/bCDwt and LoVo/bCD-D314A 
cells had bCD gene expression, while bCD gene was not 
detected in LoVo/null cells. 

Antitumor effects of bCDwt and bCD-D314A in 
combination with 5-FC in human colon carcinoma 
xenograft model 
To evaluate the potential of  bCD-D314A gene therapy 
with 5-FC in vivo, LoVo cells with different stably gene de-
livery were injected s.c. into the right flank of  athymic nude 
mice. Two weeks after cell inoculation, before treatment, 
the tumors in each group were palpable and the mean vol-
umes in each group did not differ significantly among the 
treatment groups (P > 0.05), and within treatment variances 
(PBS vs 5-FC) were not significantly different (P > 0.05). 
The baseline mean tumor volume at 14 d after tumor cell 
injection was 412.63 ± 36.79 mm3. 

PBS or 5-FC (500 mg/kg) was administered i.p. once 
daily for 2 wk. Starting at day 1, mice were monitored for 
tumor volume and survival. Inhibition of  tumor growth 
was initially noted in mice treated with LoVo/bCDwt or 
LoVo/bCD-D314A in combination with 5-FC compared 
with the other groups on day 20 (P < 0.05) (Figure 4). 
There were no significant differences in tumor growth 
between the other groups (P > 0.05), which indicated that 
gene delivery or 5-FC administration alone had no influ-
ence on tumor growth. From day 20 onwards, tumors 
in the mice treated with LoVo/bCD-D314A and 5-FC 
shrunk daily, whereas the tumors in mice treated with 
LoVo/bCDwt and 5-FC increased gradually. The differ-
ence in tumor volume between these two groups became 
increasingly marked (P < 0.05). At the same time, the tu-
mors in the other groups kept growing (Figure 4).

As to the influence of  bCD-D314A and bCDwt on 
survival, we showed that bCD-D314A/5-FC or bCDwt/
5-FC treatment significantly prolonged survival of  mice 
in comparison with the other groups. As shown in Figure 
5, the median survival time of  other groups was about 
35 d and there was no difference among them (P > 0.05), 
whereas it was prolonged to 62 or 94 d in the bCDwt/5-
FC or bCD-D314A/5-FC group, respectively (P < 0.05). 
Furthermore, bCD-D314A plus 5-FC significantly pro-
longed survival of  mice in comparison with bCDwt plus 
5-FC (P < 0.05).

DISCUSSION
Worldwide, more than one million individuals will develop 
colorectal cancer annually, and the disease-specific mortal-
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Figure 1  Sequencing results of recombinant plasmid pLJM1-bCDwt and 
pLJM1-bCD-D314A. The codon 985 of bCDwt, A, was mutated to C in bCD-
D314A, which was the mutant D314A of bCD.

A

B

Figure 2  LoVo cell with fluorescence after transfection with lentiviral 
vector containing bCDwt-GFP gene (× 100). A: Green fluorescence field; B: 
Visible light field.

1.38 kb
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         M       1        2         3        4         5 

Figure 3  Identification of bCD gene in LoVo cells transfected with differ-
ent lentiviral vectors. M: Marker; 1: Positive control (pcDNA3.1/bCDwt); 2: 
LoVo/bCDwt; 3: LoVo bCD-D314A; 4: LoVo/null; 5: Negative control (LoVo).
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ity rate is nearly 33% in the developed world[1]. Substantial 
progress has been made in understanding the molecular 
pathogenesis, diagnosis (hereditary and sporadic), and treat-
ment of  colorectal cancer during recent decades. Despite 
the use of  5-FU-based combination chemotherapy and 
active targeted drugs for treatment of  metastatic colorectal 
cancer in the past decade, and improvement in overall sur-
vival for non-resectable disease, cure rates remain low[25]. 
There is a need for the development of  new alternative 
therapeutic strategies. Gene therapy is a novel approach 
that might lead to improved treatments for colorectal can-
cer. Among these approaches, GDEPT using the bCD/5-
FC system has been developed. The gene that encodes the 
CD that converts the prodrug 5-FC to 5-FU is delivered to 
the target tumor cells, which results in their death. 

The most important characteristic of  suicide gene ther-
apy is its bystander effect. Although the viral or non-viral 
gene delivery systems currently available have poor efficacy 
for in vivo gene transfer, complete eradication of  tumors 
has been seen in some experimental animal models, which 
is thought to depend on the bystander killing effect. In the 
bCD/5-FC system, the bystander effect is caused by the 
passive diffusion of  5-FU into the extracellular milieu and 
its diffusion into the adjacent cells, which requires no gap 
junctions[11]. The immune-related response also contrib-
utes to the bystander effect[26], which has been confirmed 
by our experimental results from the immunocompetent 
and immunodeficient mice[27]. Although this approach has 
been in development for several decades, new combina-
tions with cancer therapies, such as selective conventional 
chemotherapy[28] and radiotherapy[29], are being tested.

Unlike conventional chemotherapy, suicide gene therapy 
renders specific killing of  the tumor cells that express the 
suicide gene, but it may lead to systemic toxicity if  these 
genes are delivered to normal cells. Thus, target specificity is 
of  great importance to suicide gene therapy. The rationale 

behind suicide gene therapy is that, after targeted transfer 
of  these genes into tumor cells, only tumor and neighbor-
ing cells will be rendered sensitive to their cytotoxic action. 
Specifically, targeted expression of  the prodrug-activating 
enzyme avoids systemic toxicity, and results in high drug 
concentrations in the tumor mass and an improved thera-
peutic index compared with non-targeted gene delivery. To 
kill carcinoembryonic antigen (CEA)-positive colorectal 
carcinoma cells specifically using the bCD/5-FC system, we 
have constructed a new replication-deficient recombinant 
adenoviral vector that contains the bCD gene controlled by 
the CEA promoter, AdCEACD, and have evaluated its in 
vitro cytotoxic effects. We have shown that this vector can 
transfer bCD to CEA-positive tumor cells specifically by 
comparing the vector with cytomegalovirus (CMV) pro-
moter, AdCMVCD[7]. However, the cytotoxic effects of  
bCD/5-FC decreased to some extent[22,23]. Although this 
loss of  activity may be due to differences in transcriptional 
activation between the CEA and CMV promoters, the low 
affinity displayed by wild-type bCD towards 5-FC in com-
parison with cytosine is thought to be the principal factor 
that leads to the relatively poor turnover of  5-FC of  wild-
type bCD and limits the overall therapeutic response.

It has been shown previously that the bCD mutant, 
D314A, decreased efficiency for endogenous cytosine, 
which can compete with the prodrug for the active enzyme 
site, in combination with increased efficiency for 5-FC that 
resulted in a 19-fold relative substrate preference for 5-FC 
in comparison with bCDwt[16,19]. The bCD mutant D314A 
has been demonstrated to be an excellent candidate for 
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Figure 4  Growth of LoVo, LoVo/null, LoVo/bCDwt, and LoVo/bCD-D314A 
xenografts treated with PBS or 5-fluorocytosine. Treatment was started on 
14 d after tumor cell inoculation. PBS or 5-fluorocytosine (5-FC) (500 mg/kg) 
was injected intraperitoneal once a day for 14 d. Data points represent the 
mean tumor volume of each group of animals. bCD: Bacterial cytosine deami-
nase; bCDwt: Wild-type bCD; bCD-D314A: bCD mutant D314A; LoVo/null: 
LoVo cell transfected with pLJM1-GFP; LoVo/bCDwt: LoVo cell transfected with 
pLJM1-bCDwt-GFP; LoVo/bCD-D314A: LoVo cell transfected with pLJM1-bCD-
D314A-GFP.
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Figure 5  Efficacy of wild-type bCD gene or bCD mutant D314A gene sui-
cide gene therapy in human colon carcinoma xenografts. LoVo human co-
lon carcinoma cells with different gene transfection (5 × 106 cells/mouse) were 
injected into the right flank of athymic nude mice (10 mice/group). Two weeks 
after tumor cell injection, PBS or 5-fluorocytosine (5-FC) (500 mg/kg) was in-
jected intraperitoneal once a day for 14 d. On the day after LoVo cell injection, 
mice were monitored daily for survival. bCD: Bacterial cytosine deaminase; 
bCDwt: wild-type bCD; bCD-D314A: bCD mutant D314A; LoVo/null: LoVo cell 
transfected with pLJM1-GFP; LoVo/bCDwt: LoVo cell transfected with pLJM1-
bCDwt-GFP; LoVo/bCD-D314A: LoVo cell transfected with pLJM1-bCD-D314A-
GFP.
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subsequent preclinical comparisons with wild-type bCD 
and yCD.

Recently, we have constructed the bCD mutant D314A 
using site-directed mutagenesis. The in vitro results have in-
dicated that its killing and bystander effects on human colon 
cancer LoVo cells are enhanced significantly as compared 
with wild-type bCD[24]. Thus, the rationale for using the mu-
tant bCD gene for colon carcinoma in vivo is that the bCD 
mutant D314A can more effectively convert 5-FC to 5-FU, 
and increase the antitumor activity and prolong survival.

In the present study, we investigated mutant bCD 
gene transfer with lentiviral vector for treatment of  
human colon cancer in xenograft models. Lentivirus-
based vectors (lentivectors) have been developed with 
improved efficiency, specificity, and safety, and are being 
increasingly used in basic and applied research. Clinical 
trials of  human gene therapy are currently underway us-
ing lentivectors in a wide range of  human diseases[30]. In 
the present study, lentiviral vector was used to transfer 
suicide genes. These preliminary results confirmed the 
efficacy of  lentiviral vector for suicide gene delivery.

After the LoVo cells stably transfected with bCDwt 
gene or mutant bCD-D314A gene were established, they 
were inoculated into athymic nude mice to produce xeno-
graft tumor models. Afterwards, 5-FC was administered. As 
expected, a more potent cytotoxicity effect for colon cancer 
was obtained using bCD-D314A/5-FC treatment in com-
parison with bCDwt/5-FC. During 5-FC administration, 
the tumors treated with bCDwt/5-FC or bCD-D314A/5-
FC grew slower than those in other treatment groups, 
which indicated that 5-FC or suicide gene transfer alone 
had no effect on colon cancer. The comparative study 
of  bCD-D314A/5-FC and bCDwt/5-FC showed an in-
creased antitumor effect, and decreased tumor growth was 
observed following bCD-D314A/5-FC gene therapy. Fur-
thermore, survival analysis showed that bCD-D314A/5-FC 
therapy prolonged life significantly, which confirmed the 
enhanced antitumor activity of  bCD mutant D314A. 

Although the intratumoral or blood 5-FU concentra-
tion was not estimated after 5-FC administration in this 
study, the enhanced antitumor effect of  bCD mutant 
D314A in combination with 5-FC was thought to be due 
to its ability to convert 5-FC to 5-FU more effectively, 
which is consistent with recently published data in other 
tumor models[20,21]. The blood and tumor levels of  5-FC 
and 5-FU are a subject for future studies that will enable a 
rational dosing strategy. 

In summary, our studies provide preliminary evidence 
that treatment using bCD mutant D314A for suicide 
gene/5-FC prodrug therapy is a promising approach for 
treatment of  human colon carcinoma. Further studies on 
delivery systems, doses and protocols would be worthwhile 
to optimize this approach.
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COMMENTS
Background
Suicide gene therapy is an appealing alternative to conventional therapies for 
colorectal cancer. Bacterial cytosine deaminase (bCD) can convert the non-toxic 
prodrug 5-fluorocytosine (5-FC) to its toxic form, 5-fluorouracil (5-FU). However, 
5-FC is a poor substrate for bCD compared with its native substrate, cytosine, and 
its antitumor effect is limited.
Research frontiers
The bCD mutant, D314A, has been shown to prefer 5-FC over cytosine by nearly 
20-fold, and has been demonstrated to enhance therapeutic efficacy against 
human glioma and human pancreatic tumors. However, there have been only a 
few studies of bCD mutants in colorectal cancer.
Innovations and breakthroughs
Recently, the authors have constructed the bCD mutant, D314A, using site-
directed mutagenesis, and have demonstrated that D314A has significantly 
increased cytotoxicity on human colon cancer cell line LoVo compared with wild-
type bCD (bCDwt). The present study indicated that mutant D314A was able to 
significantly enhance antitumor efficacy in human colon cancer xenograft models 
compared with bCDwt.
Applications 
Collectively, these studies provide preliminary evidence that treatment using 
bCD mutant D314A for suicide gene/5-FC prodrug therapy provides a promising 
approach for human colon carcinoma.
Terminology
Suicide gene therapy is a form of gene-directed enzyme-prodrug therapy. 
When the suicide gene is delivered to cancer cells and a non-toxic prodrug is 
administered, the enzyme converts the non-toxic prodrug into its active and lethal 
form, which results in cancer cell death.
Peer review
The authors investigated whether bCD mutant D314A suicide gene and 5-FC 
prodrug therapy increased therapeutic efficacy in a nude mouse model of human 
colon cancer, using lentiviral vectors. It revealed for the first time that D314A 
significantly enhanced antitumor activity in human colon cancer xenograft models. 
The results are useful and may provide a new strategy to treat colorectal cancer.
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