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Abstract

Among various gene therapy methods for cancer, suicide gene therapy attracts a special attention 

because it allows selective conversion of non-toxic compounds into cytotoxic drugs inside cancer 

cells. As a result, therapeutic index can be increased significantly by introducing high 

concentrations of cytotoxic molecules to the tumor environment while minimizing impact on 

normal tissues. Despite significant success at the preclinical level, no cancer suicide gene therapy 

protocol has delivered the desirable clinical significance yet. This review gives a critical look at 

the six main enzyme/prodrug systems that are used in suicide gene therapy of cancer and 

familiarizes readers with the state-of-the-art research and practices in this field. For each enzyme/

prodrug system, the mechanisms of action, protein engineering strategies to enhance enzyme 

stability/affinity and chemical modification techniques to increase prodrug kinetics and potency 

are discussed. In each category, major clinical trials that have been performed in the past decade 

with each enzyme/prodrug system are discussed to highlight the progress to date. Finally, 

shortcomings are underlined and areas that need improvement in order to produce clinical 

significance are delineated.
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1. Introduction

Dysregulation of proliferation in cells can lead to overgrowth and production of tumor 

masses with aberrant leaky blood vessels, hypoxic environment and elevated interstitial fluid 

pressure due to poor lymphatic drainage[1, 2]. This complex tumor pathophysiology 

therefore demands sophisticated therapeutic modalities for effective treatment. Early 

attempts to cure cancer were based on using agents that can inhibit cell growth. 

Unfortunately, severe side effects on normal high proliferating cells such as those in 

hematopoietic and immune system significantly limited the use of anti-metabolite agents. 

Despite these challenging adverse effects, the proliferative features of cancer remained an 

attractive focus for rational design of “targeted therapeutics” in second half of 20th century. 

Concurrently, advances in cancer biology and genetics opened new horizons and rapidly 

translated into targeted drug design in which the molecular aspects of cancer became as 

important as its proliferative features. Approved in 1996, Imatinib mesylate (Gleevec®) is 

the first targeted chemotherapy agent designed based on advances in genetics [3]. One year 

later, FDA approved bevacizumab (Avastin®) which is the first monoclonal antibody 

against vascular endothelial growth factor receptor. These two drugs among others are the 

milestones of molecular targeted cancer therapy where the basic biological differences 

between cancer and normal cells are exploited to effectively target cancer. Unfortunately, 

these distinctive features are not always available to be exploited. The rationally designed 

drug may enter other organs which share the same biological features with the tumors [4]. 

For instance, Imatinib’s off-target effects such as hypophosphatemia and hypocalcemia are 

caused by its inhibitory effect on c-fms tyrosine kinase in osteoclasts and osteoblasts. In 

general, mere use of active targeting strategy has not been sufficient to effectively eradicate 

cancer.

In parallel to actively targeted antibody-based therapeutics, numerous nanomedicines have 

been developed in an attempt to not only enhance drug localization at the tumor site and 

increase drug efficacy, but also decrease chances of multidrug resistance and toxicity [5]. 

Nanomedicines are designed to take advantage of tumor leaky vessels in order to passively 

target and accumulate in tumor tissues. Doxil® is among the first FDA approved 

nanomedicines that is mainly used for the treatment of Kaposi sarcoma where tumor vessels 

are very leaky. This PEGylated liposomal formulation of doxurubicine passively targets and 

accumulates in the tumors through enhanced permeability and retention effect (EPR) and 

then releases the drug [6]. Due to its small size, the released doxorubicin can then diffuse 

throughout the tumor tissue via concentration gradient and significantly impact tumor 

growth. Although such passively targeted formulations enhance the concentration of drug in 

tumor interstitial fluid but still a significant number of the liposomal particles are picked up 

by the reticuloendothelial system. Furthermore, the efficacy of such nanomedicines that rely 

solely on passive targeting is also limited by the degree of leakiness of tumor blood vessels 
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which varies by cancer type and tumor size. As a result, there is a significant probability to 

observe toxicity in non-target tissues before the drug concentration in tumors reach the 

therapeutic level. Hence, passive targeting by itself may not be sufficient to render an 

effective and safe therapeutic outcome. Published data in the past decades suggest that more 

refined approaches may be necessary in order to overcome the obstacles mentioned above.

2. Cancer Gene Therapy

In recent years, more sophisticated approaches have emerged that combine passive and 

active targeting strategies in order to maximize efficacy at the target tumor site while 

minimizing the potential for off target toxicity. Targeted-shielded nanomedicines (viral and 

non-viral) carrying gene therapy agents (RNAi or DNA) are newer generation of targeted 

therapeutics that first accumulate in tumors passively via EPR effect and then due to the 

presence of ligands can bind to specific antigens on the surface of cancer cells and 

internalize [7–9]. This approach is especially useful for several gene therapy-based 

nanomedicines where the target site is inside the cancer cells. Cancer gene therapy is the 

treatment that is based on the transfer of therapeutic genes into cancer cells in order to slow 

down or cease the progress of malignancy. Cancer gene therapy can be classified into three 

categories: corrective gene therapy, toxin/apoptosis-inducing gene therapy and suicide gene 

therapy. Cancer corrective gene therapy is the approach that applies therapeutic genes into 

cancer cells to adjust the deranged gene profile and consequently moderate or stop cell 

proliferation. Tumor suppressor genes such as p53 or genetic interference agents that 

interfere with cancer cell proliferation (eg., siRNA or miRNA) are two prominent examples 

of this approach [10–13]. Toxin/apoptosis-inducing cancer gene therapy is a more 

straightforward method where the delivered transgene results in production of a toxic 

protein (e.g., diphtheria toxin or TNF-α) that in turn induces cell death. The main weakness 

of corrective gene therapy and toxin/apoptosis-inducing gene therapy is that only the cancer 

cells that have received the therapeutic gene get affected and those that have not received the 

therapeutic gene continue to proliferate. This becomes especially problematic for 

nanomedicines that rely solely on these two gene therapy strategies because they cannot 

penetrate deep into the tumor tissues due to tumor’s dense physiological environment and 

elevated interstitial fluid pressure [14]. As a result, not all cancer cells in tumors can be 

eliminated and this significantly increases the probability of cancer recurrence. Overall, it 

appears that off-target toxicity and lack of access to all cancer cells in the tumor 

environment are among the major obstacles to successful treatment of cancer. Because of 

these reasons, no passively and actively targeted nucleic acid-based nanomedicine has 

reached the clinic yet.

2.1. Suicide Gene Therapy

One idea that has gained significant attraction for cancer therapy with potential to overcome 

the discussed obstacles is targeted suicide gene therapy. In literature, this approach is also 

known as gene directed enzyme prodrug therapy (GDEPT). It allows us to combine passive, 

active, and transcriptional targeting strategies to maximize anticancer activity at the tumor 

site while minimizing impact on normal tissues. By definition, GDEPT is a two step process 

where the cancer cells are first transduced by a gene coding for a non-toxic enzyme (suicide 
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gene) followed by administration of a non toxic prodrug [15]. Cell death occurs as a result of 

prodrug conversion to its toxic metabolite by transduced cells which actively express the 

suicide gene. In the context of GDEPT, therapeutic index increases by reducing side effects 

and restricting the toxicity of a chemotherapy agent only to target cancer cells. This 

approach provides two distinct advantages over the conventional cancer therapeutic 

strategies such as chemotherapy and radiation therapy.

The first advantage is the ability for transcriptional targeting where the suicide gene is put 

under the control of a tumor-specific promoter so that the gene expression occurs only in 

tumor cells but not in normal cells [16]. Consequently, the prodrug gets activated only in 

tumor environment reducing the probability of observing off-target toxicity. The suicide 

genes can then be loaded onto targeted vectors (viral or non-viral) and delivered to the tumor 

cells first passively and then actively [17]. Until early 2000s, variety of cancer/tissue 

specific promoters such as human telomerase reverse transcriptase (hTERT) promoter, 

carcinoembryonic antigen (CEA) promoter, osteocalcin promoter (OC), and hypoxia and 

radiation responsive elements had been developed [18–21]. The application, advantages and 

disadvantages of using these promoters are eloquently reviewed by several groups [16, 22, 

23], and summarized in a book chapter by our group [24]. Over the past decade, several new 

promising promoters have been developed which attracted significant attention (Table 1). 

Although all these promoters have shown promise, hTERT is the only one that has 

successfully entered clinical trials [25]. The major obstacle preventing transcriptional 

targeting strategy moving into the clinic is that the cancer-specific promoters most often do 

not have enough transcriptional power. Accordingly, low level expression of the suicide 

gene may not be sufficient to activate significant number of prodrug molecules into the toxic 

forms. To overcome these challenges, construction of chimeric promoters and artificial 

promoters are currently being investigated which are discussed elsewhere [26, 27] [28, 29].

The second advantage and critical element that governs the success of cancer suicide gene 

therapy over corrective gene therapy and toxin/apoptosis inducing gene therapy is the 

bystander effect. The success of GDEPT is heavily dependent on the bystander effect which 

is defined as the extension of drug cytotoxic effect from transduced cells to surrounding 

non-transduced cells, making a killing zone around the transduced ones (Figure 1). Unlike 

other gene therapy approaches where only the cells which receive the therapeutic genes 

undergo apoptosis or necrosis, in GDEPT the therapeutic effect and cytotoxicity can spread 

from affected cells to neighboring cells. Because the activated forms of prodrugs are small 

molecules, they can simply diffuse toward tumor core due to concentration gradient. This 

phenomenon can explain the observations that transduction of even less than 10% of cells 

could be sufficient to eradicate the whole cancer cell population [30, 31]. The main 

suggested mechanism for bystander effect is through diffusion of toxic metabolites from 

transduced cells to non-transduced ones, either passive or active. For example, ganciclovir 

triphosphate (GCV-TP), the final toxic metabolite of herpes simplex virus thymidine kinase/

ganciclovir (HSVTK/GCV) system is a charged molecule. The bystander effect induced by 

this metabolite is entirely dependent on active transport via gap junctional intercellular 

communication (GJIC) [32]. This can be a drawback for such systems because compared to 

normal tissue, tumor tissues usually lack highly ordered cell junctions.
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Beside diffusion of toxic metabolites through GJIC, another interesting mechanism is 

endocytosis of apoptotic bodies released from dying cells by neighboring untransfected 

ones. It has been shown that by preventing the release of such apoptotic vesicles bystander 

effect could effectively be shut down [33]. The bystander effect either through GJIC or 

apoptotic bodies is effective only in vicinity of transduced cells where cells are connected 

through cell to cell communication or located in a short distance to receive the apoptotic 

bodies or toxic metabolite of prodrug. Another type of bystander effect, namely distant 

bystander effect, involves the activation of immune system [34]. This phenomenon has been 

observed when CD4+ and CD8+ T cells and NK cells are attracted into the primary tumor 

site followed by systemic immune response to the metastatic sites which are anatomically 

far from the primary suicide gene/prodrug treated tumors [35]. Distant bystander effect can 

be quite effective in preventing formation of secondary tumors [36]. It is believed that death 

of tumor cells causes the release of tumor-associated antigens which are stimulators for an 

anti-tumor immune response [37]. Both necrosis and apoptosis can trigger immune 

response; however, the immune reaction after necrosis has shown to be stronger [38]. In 

general, GDEPT provides this opportunity to significantly limit off-target toxicity, 

effectively reach and kill more cancer cells in the tumor tissue and remain relatively 

unaffected by tumor heterogeneity.

In the following section, we will discuss the important factors that play roles in the success 

of suicide gene therapy. The purpose of this review is to give a critical look at the six main 

enzyme/prodrug systems that are used in suicide gene therapy of cancer and discuss the forte 

and weaknesses associated with the efficacy and safety of each system at both preclinical 

and clinical levels. By examining the protein engineering strategies that are utilized to 

enhance enzyme stability/affinity and the chemical modification techniques to increase 

prodrug kinetics and potency, we intend to underline the deficiencies and make suggestions 

in the areas that need improvements. Therefore, the coverage of the literature in this critical 

review is not encyclopedic; rather, select examples have been chosen to highlight certain 

important points.

3. Pillars of Suicide Gene Therapy

As of January 2015, 157 out of 2076 clinical trials (7.7%) conducted worldwide focused on 

suicide gene therapy, indicating that it is considered one of the major approaches for cancer 

gene therapy. The success of suicide gene therapy of cancer is highly dependent on each of 

its three components, i.e. enzyme, prodrug and the delivery system (vector). The choice of 

each component becomes especially critical at the clinical level because only a few numbers 

of vectors are deemed safe and efficient to elicit a significant therapeutic response.

Enzymes that are used in GDEPT can be categorized into two groups. The first group 

includes enzymes that can be found in normal human cells such as cytochrome P450. This 

group of enzymes is less probable to induce any immune response; however, the presence of 

enzymes in normal cells could result in off-target toxicity. The second group of enzymes 

usually originate from viruses or bacteria [39]. Examples of this group include thymidine 

kinase (TK, Viral), cytosine deaminase (CD, bacterial and yeast), carboxypeptidase G2 

(CPG2, bacterial) and nitroreductase (NTR, bacterial) [40]. In contrast to the first group, 
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enzymes in this group are more likely to be immunogenic but there is less probability for 

observing toxicity in non-target tissues [24]. In general, the expression of enzyme should not 

be a metabolic burden for the cell housekeeping activities and should show a higher affinity 

to prodrug than enzyme’s natural substrate. Otherwise, high concentration of prodrug will be 

needed to reach desirable therapeutic effects which then bring about the probability of 

prodrug related side effects. In the past decades, many attempts such as site directed 

mutagenesis and protein recombination techniques have been made to introduce new 

versions of enzymes with not only higher affinity to prodrug, but also more stability and less 

immunogenicity. Besides the enzymes, the prodrugs should also possess several important 

characteristics in order to help maximize therapeutic response. The prodrug should be stable 

under physiological conditions, show low toxicity profile before activation and high toxicity 

to cancer cells after activation. In addition, the activated prodrug should possess a high 

bystander effect in order to overcome the deficiencies related to vectors’ low transduction 

rates. Based on the activation mechanism, the prodrugs are categorized into two groups; 

direct-linked and self-immolative [39, 41]. Direct-linked prodrugs become activated in one 

straightforward reaction to produce the active component. GCV and CB1954 are examples 

of prodrugs in this group which are targets for TK and NTR enzymes, respectively. In Self-

immolative mechanism, the prodrug is converted to an intermediate form which 

spontaneously changes to active form through fragmentation process. The most well-known 

example of this category is doxorubicin prodrug which can break into doxorubicin by CPG2 

enzyme [42]. Self-immolative mechanism makes it possible to use many different well-

known anticancer drugs as prodrugs for GDEPT [43, 44].

The third important component of suicide cancer gene therapy is the vector. The desirable 

features of a suitable vector for clinical applications include low cytotoxicity/

immunogenicity, high transfection efficiency, tissue specificity and cost-effectiveness [45]. 

In general, gene delivery systems can be divided into three major groups including synthetic 

(e.g., polymeric and lipid based) [46, 47], microorganism–based (viral, bacterial, yeast) and 

cell-based (e.g., stem cells or dendritic cells) [48]. To date, most vectors used for suicide 

gene therapy have been viral and amongst them adenovirus occupies the highest share for 

gene delivery in clinical trials [49]. In spite of several advantages such as ability to infect 

both dividing and non-dividing cells and inducing gene expression without integration into 

the host genome, the clearance of adenoviral particles by reticuloendothelial system (e.g., 

liver), potential for significant immune response to the viral capsid proteins, non-specific 

binding to all cells that overexpress coxsackie virus and adenovirus receptor (CAR), high 

costs of production and the fact that the majority of cancer cells do not express CAR have 

limited success of this vector in cancer gene therapy trials [50, 51]. Integrating vectors such 

as retrovirus and lentivirus are the second preferred vectors for suicide gene therapy. Unlike 

adenoviral vectors, these viruses trigger less abrupt immune response and are able to 

integrate their genome into host cell’s genome. As useful as this feature is for a long term 

expression of transgenes, the risk of insertional mutagenesis remains to be addressed [52]. 

Because the focus of this article is not on vectors but on enzyme/prodrug systems, we will 

not discuss them further here. However, for more information on vector development for 

cancer gene therapy, we would like to invite the readers refer to a recent review by Mohit et 

al. (2013) [48].
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4. Enzyme/Prodrug Systems: From Bench to Bed

In the following sections, we take a close look at the most commonly used enzyme/prodrug 

systems and highlight their most significant accomplishments as well as shortcomings at 

both preclinical and clinical levels. To remain focused, we have refrained from elaboration 

on the history, use of less common enzyme/prodrug systems and also application of enzyme/

prodrug systems in cancer imaging which can be found elsewhere [24, 53]. An overview of 

the most widely used enzyme/prodrug systems is presented in Table 2.

4.1. Thymidine Kinase/Ganciclovir System

Thymidine kinase plays an important role in reactivation of herpes simplex virus-1 (HSV-1) 

from latent phase [54]. TK initiates the phosphorylation of deoxythymidine to 

deoxythymidine monophosphate which is then turned into deoxythymidine triphosphate by 

cell’s endogenous kinases [55]. This mechanism, as necessary as it is for viral DNA 

replication in infected cells, has been used for activation of guanosine analogue, GCV, to its 

toxic metabolite GCV-TP by endogenous kinases [56]. The incorporation of GCV-TP in 

DNA structure leads to single-strand breaks and eventually inhibition of cellular DNA 

polymerase (Figure 2) [56]. In comparison to cytosolic TK, the affinity of HSVTK is 1000-

fold higher to GCV. Therefore, the first step of GCV phosphorylation occurs predominantly 

by viral TK [57].

HSVTK/GCV system is the most abundantly used enzyme/prodrug in preclinical suicide 

gene therapy studies. The mechanism of GCV mediated cell death is involved with necrosis 

and apoptosis rather than direct chemical toxicity [58]. In spite of great literature on 

applications of HSVTK/GCV in cancer therapy, there are a number of shortcomings which 

are highlighted by several groups [59, 60]. Firstly, as mentioned earlier, the cytotoxic 

bystander effect of GCV is heavily dependent on the GJIC; thereby, its anticancer activity is 

significantly limited as GJIC is considerably compromised in many tumor tissues [59, 61]. 

The second concern is the relatively high affinity (indicated by Km) of HSVTK for its 

natural substrate thymidine. Although Km of HSVTK for GCV is 100 folds higher than it is 

for thymidine, but the dose of GCV required to win the competition for active site is still too 

high. This subsequently generates nonspecific toxicity such as severe bone marrow and 

immune system suppression, slow cancer cell killing kinetics and to some extent incomplete 

killing [31, 62]. In order to alleviate this problem, Black et al. (2001) modified HSVTK’s 

active site at five different residues generating a mutant, namely SR39. This mutant showed 

294-fold decrease in the dose of prodrug that was needed to render the same effect as wild 

type HSVTK (wt-HSVTK) (Table 3) [63]. Ardiani et al. (2010), later developed a construct 

made of HSVTK mutants fused to the second enzyme in GCV phosphorylation pathway, 

guanylate kinase. In the presence of GCV (as low as 0.1 mg/Kg), the combination of SR39 

with guanylate kinase showed improved tumor growth inhibition in comparison to SR39 

alone [64].

Other groups have also made attempts to enhance the affinity of HSVTK for GCV. Balzarini 

et al. (2006), reported a mutant TK (A168H mutation) which showed significantly lower 

kinase activity towards enzyme’s natural substrate thymidine, but with 4-fold increase in 

activity towards GCV [65]. Preuss et al. (2011) splice corrected the A168H mutant to make 
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another mutant, namely TK007 (Table 3). The in vitro results showed an improved cancer 

cell killing efficiency and significantly higher bystander effect over the wt-HSVTK. The in 

vivo studies also showed complete remission of glioblastoma xenograft tumors in the 

presence of GCV with doses as low as 10 mg/kg [60].

Considering the outstanding cancer cell killing efficiency of HSVTK/GCV system at the in 

vitro level, it has been studied for its anticancer efficacy against leukemia[66], glioma[67], 

bladder cancer[68], ovarian cancer [69], oral cancer, as well as others in various animal 

models. The promising preclinical results encouraged a number of clinical trials in the past 

decade, in which HSVTK/GCV system been used as an adjunct therapy in patients with 

glioblastoma, prostate, hepatocarcinoma, head and neck carcinoma and others (Table 4) 

[70–72]. Most of the clinical trials so far have been in phase I/II with the focus on the safety 

of suicide gene therapy treatment. This is mostly due to the use of adenoviral vectors in 

these clinical trials. Review of the data show a number of such studies that have addressed 

the safety of adenoviral vectors after local administration [71]. For example, Nasu et al. 

(2007) injected escalating doses from 109 to 1010 of viral particles directly to prostate of 

patients with prostate cancer. Their study showed neither viral DNA in systemic circulation 

nor any change in phenotype distribution in peripheral blood samples [71]. Later, Xu et al. 

(2009), tried intratumoral injection with dose escalation from 2.5 × 1011 to 1 × 1012 virus 

particles in patients with head and neck carcinoma. In spite of minor side effects, the authors 

demonstrated the safety of the study and also reported a partial response in the loci of 

injection [73]. In a more recent study by Sangro et al. (2010), patients with hepatocellular 

carcinoma received different intratumoral doses of first generation adenoviral vector bearing 

HSVTK followed by systemic administration of GCV. Even at the high dose of 2 × 1012 

viral particles per patient no serious side effects was observed. In patients who received high 

doses, partial tumor stabilization and intratumoral necrosis was also reported. The authors 

confirmed the safety and feasibility of such local therapy in patients with hepatocellular 

carcinoma [74]. As the first in this category, Cerepro® (Sitimagene ceradenovec) is an 

adenoviral vector-based HSVTK/GCV system with the potential for the treatment of high 

grade glioma. Cerepro® (Ark Therapeutics; UK and Finland) has passed preclinical and 

phase I/II clinical trials (2010) in patients with operable high-grade glioma [75, 76]. 

Although significant increase in survival rate has been observed in patients who received 

intra-cavity injection of Cerepro® after tumor resection, but the efficacy results so far have 

not been satisfactory to receive approval by the European Committee for Medicinal Products 

for Human Use [76]. So far, in none of the clinical trials based on localized HSVTK suicide 

gene therapy any serious vector related toxicity has been reported.

Overall, it seems that the efficiency of therapy and not the safety is the main problem with 

this enzyme/prodrug system that should be addressed. The bottleneck of the most studies is 

the low percentage of transduced tumor cells by adenoviral vectors. To address this problem, 

redirecting the tropism of adenoviral vectors has been suggested to be a potential solution 

for higher rate of transduction, especially in cancer tissues which barely express CAR [77]. 

Redirecting the tropism of adenoviral vector through changing the surface ligands has been 

reported in various studies [52, 78, 79]. Different strategies have been suggested such as the 

incorporation of new targeting moiety in the body of viral surface protein or using a 
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bispecific adaptor which can facilitate the internalization of virus by attaching to both viral 

and cell surface proteins. Molecules such as single chain variable fragment (ScFv), Fab 

fragment or IgG binding domain have been used for viral tropism modifications [80]. The 

pros and cons of these molecules is beyond the scope of this review and the reader is invited 

to refer to the most updated review paper by Verheije and Rottier [80]. In a recent phase I 

clinical study by Kim et al. (2012), the application of this technique has been demonstrated 

by using a tropism modified adenovirus carrying RGD sequence in the fiber knob[81]. As a 

result, the transfection of adenovirus depended on integrin receptors rather than CAR. 

Although the safety profile of this adenoviral vector was tested before the clinical trial and 

deemed satisfactory [77], but the efficacy results have not been posted and still in progress.

In parallel to the strategies mentioned above for the enhancement of vectors’ transduction 

efficiency and therapeutic efficacy, tissue- or cell-specific promoters with elevated activity 

in tumor tissue have also been utilized to increase vectors’ safety as they tend to accumulate 

in non-target tissues such as liver and lungs. The most common promoters which have been 

used to enhance the expression of suicide genes at the target tumor site are human 

telomerase reverse transcriptase (hTERT) promoter, carcinoembryonic antigen (CEA) 

promoter, osteocalcin promoter (OC), and hypoxia and radiation responsive elements [18–

21, 24]. The last reported clinical trial using this approach was conducted by Kubo et al. 

which goes back to year 2003. A DNA construct with HSVTK under the control of 

osteocalcin promoter was designed in an adenoviral vector backbone for local suicide gene 

therapy of prostate cancer [82]. Although the treatment was well-tolerated but due to the low 

expression of CAR in prostate tumors of the patients, this study did not produce significant 

results in terms of efficacy and did not move forward.

In summary, it is apparent that the therapeutic efficacy of HSVTK/GCV system in the clinic 

has stagnated mostly due to the low efficiency of vectors and dependency of GCV-TP on 

GJIC. Therefore, to overcome these obstacles there is a need for the development of a potent 

GCV derivative that works independent of GJIC and/or new targeted vectors with extremely 

high rate of transduction efficiency.

4.2. Cytosine Deaminase/5-Fluorocytosine System

The anticancer drug, 5-flourouracil (5-FU) has been used over four decades for the treatment 

of colorectal, breast and head and neck solid tumors. Its side effects include 

myelosuppression, mucositis, dermatitis, diarrhea and cardiac toxicity among others [83]. A 

precursor of 5-FU, 5-FC is shown to be converted to 5-FU by bacterial or fungal CD which 

does not exist in mammalian cells [84]. Once converted to 5-FU, it can easily diffuse to 

neighboring cells thanks to its small size and neutral charge [85]. 5-FU is converted by 

intracellular enzymes to several metabolites which lead to formation of fraudulent 5FU-

RNA and 5FU-DNA, inhibition of thymidylate synthase and eventually apoptosis (Figure 3). 

At high 5-FU concentrations, the level of mRNA inhibition is reported to be so high that can 

even lead to protein starvation in non-dividing cancer cells [86]. CD/5-FC system has a 

number of advantages over HSVTK/GCV including gap junction independent bystander 

effect and induction of significant distant bystander effect [87]. 5-FC, but not 5-FU, is able 

to diffuse through blood brain barrier; hence, many studies have focused on using this 
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property for treating hard-to-reach tumors such as glioblastoma [87]. The other advantage of 

CD/5-FC system is the radiosensitizing ability of 5-FU which can enhance its tumor killing 

efficiency in combination with radiotherapy [88]. It is feasible to detect the conversion of 5-

FC to 5-FU in patients using fluorine magnetic resonance spectroscopy (19F MRS) and 

fluorine magnetic resonance spectroscopic imaging (19F MRSI) which makes the system 

suitable for clinical translation [89]. It has also been reported that the immune reaction is 

directed toward the cells expressing CD and is independent of 5-FC treatment [90]. This 

feature might be beneficial in terms of vaccination but in the context of suicide gene therapy 

it might lead to the early removal of CD expressing cells.

In spite of the above mentioned advantages, there are few drawbacks which overshadow the 

clinical usefulness of CD/5-FC system. One is that 5-FC might be converted to 5-FU by 

normal flora in the gut resulting in side effects. The other is the high affinity of bacterial 

cytosine deaminase (bCD) for its natural substrate, cytosine, which necessitates the higher 

dose of 5-FC. Several attempts have been made to improve bCD kinetics characteristics 

such as higher affinity and lower IC50 for 5-FC. Kaliberova et al. (2008), reported the 

sequence of a mutant, bCD-D314A, which showed a significant specificity towards 5-FC 

with a lower IC50 in comparison to wt-bCD. This mutant has been successfully used in 

combination with low dose radiation to reduce tumor sizes in various cancer models [91, 

92]. Another mutant, reported by Fuchita et al. (2009), has showed the most desirable 

features for suicide gene therapy in terms of significant shift to 5-FC, decrease in IC50 and 

an outstanding bystander effect compared to wt-CD[93].

While many studies have been focused on improving bCD toxicity profile, cytosine 

deaminase from the yeast saccharomyces cerevisiae (yCD), possesses the natural 

characteristics which overtakes bCD in enzyme kinetics. It comparison to bCD, yCD has 

significantly higher affinity for 5-FC. However, the thermolability of yCD and its short half 

life in vivo has limited its use at the clinical level [31]. New mutants of yCD, namely yCD 

double and yCD triple seem to overcome these problems, imparting more thermostability 

and in case of yCD triple, even greatest enhancement in sensitivity [94, 95]. In another 

approach, the combination of yCD with uracil phosphoribosyltransferase (UPRT) gene 

which converts 5-FU to 5-fluorouridine 5′-monophosphate produces a higher sensitivity to 

5-FC in comparison to yCD alone [96, 97]. While CD/5-FC alone has been tested 

successfully on a variety of tumors in preclinical settings, there are studies that show the 

significant advantages of using of CD along with HSVTK/GCV, or as a radiation sensitizer 

in combination with radiotherapy [98, 99].

Despite the vast use of CD/5-FC system at the preclinical level, examples of clinical studies 

are more limited than HSVTK/GCV system (Table 4). Freytag et al. (2003 and 2007), in two 

separate studies examined the combination of CD/HSVTK in phase I clinical trials against 

prostate cancer using first and second generation adenoviral vectors [100, 101]. The 

expression of transgene was detectable up to three weeks after injection and no serious side 

effects related to adenoviral vector or prodrug were reported. It was observed that PSA 

doubling time increased from 17 to 31 months in these patients, delaying androgen salvage 

therapy for 2 years [101, 102]. These findings established adenoviral mediated double 

suicide gene therapy as a potentially safe and effective treatment for prostate cancer. These 
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studies also raised the possibility that it may be used to improve the outcome of conformal 

radiotherapy. Recently (2012), a commercialized viral vector (Toca 511) for heat stabilized 

yCD suicide gene therapy was introduced by Tocagen Inc. Toca 511 is a non-lytic retroviral 

vector armed with yCD which has been deemed suitable for clinical trials. Tocagen Inc. is 

currently conducting a phase I/II clinical trial in the United States on patients with recurrent 

or progressive Grade III or Grade IV gliomas after tumor resection (clinicaltrials.gov; see 

NCT01156584 and NCT01470794). Although no results has been posted yet but their 

protocol was based on in vivo data demonstrating the safety and effectiveness of Toca 511 

therapy followed by oral dose of extended-release 5-FC in animals [103, 104].

To date, significant progress has been made in stabilizing and optimizing the cytosine 

deaminase enzyme. Given that the 5-FU has significant bystander effect, is able to 

effectively kill dividing cells and at high concentrations even the non-dividing cancer cells, 

this enzyme/prodrug system emerges with great potential to succeed in the clinic. The major 

limitation at this point comes from the low transduction efficiency of the targeted vectors.

4.3. Nitroreductase/CB1954 System

CB1954 is a DNA alkylating agent which becomes activated after conversion to its toxic 

metabolite by E. coli NfsB nitroreductase (NTR)[105]. After reduction by cellular 

thioesterase, CB1954 becomes a potent DNA chelating agent which can freely diffuse to 

surrounding cells and trigger extensive DNA damage and a P53 and cell cycle independent 

apoptosis in both replicating and non-replicating cells (Figure 4) [106]. Because NTR 

enzyme needs NADPH or NADH as an electron donor, the activation of prodrug happens 

only intracellularly; therefore, side effects are limited to modified cells and the cells in 

vicinity. The major drawback of NTR/CB1954 system is the low activation rate of prodrug 

as CB1954 is not the natural substrate of NTR. Chung-Faye et al. (2001), reported that 

CB1954 shows a dose-dependent hepatotoxicity [107], which provoked others to focus on 

the improvement of enzyme kinetics [108]. In a study by Grohmann et al. (2009), the 

bacterial NTR was codon optimized to enhance and stabilize its expression in mammalian 

cells [109]. Other groups have also worked to assess other prokaryotic enzymes which are 

able to activate CB1954 or design nitroaromatic derivatives which are potentially better 

prodrugs for nitroreductase [106, 108, 110]. For example, Prosser et al. (2010), evaluated all 

E. coli nitroreductases with the ability to activate CB1954 and reported few new NTRs such 

as AzoR, NFsA and NemA. In comparison to NfsB NTR, NfsA in the form of purified 

protein was 10 fold more efficient in CB1954 activation [108]. In addition, they observed 

wild type and mutated version of other nitroreductase enzymes such as flavin reductase 

FRase I from Vibrio Fischeri are able to activate CB1954 and its analogues [106, 111]. In 

parallel, others have developed new generation of nitroaromatic prodrugs such as nitro-CBI-

DEI and PR-104A which can be activated both by hypoxia and bacterial nitroreductases 

[112]. Under hypoxic conditions (e.g., tumor environment), these two compounds undergo a 

one-electron transfer reduction reaction by human endogenous oxidoreductases but in 

normal cells they rapidly get reoxidazed [110]. Bacterial nitroreductases catalyze the same 

reaction through a two step electron transfer in an oxygen-independent fashion which results 

in toxic metabolites [110]. Therefore, these two mechanisms induce synergistic cytotoxic 

effects.
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So far, a limited number of clinical trials have been conducted with NTR/CB1954 system 

(Table 4). In a phase I/II clinical trial conducted in 2009, replication-defective adenoviruses 

encoding nitroreductase and systemic administration of prodrug CB1954 were used for the 

treatment of patients with localized prostate cancer [113]. The trial assessed the effect of 

dose, route of administration and volume of injection on biodistribution of viral vectors. 

Although immune response against adenoviral vectors was detected, but signs of decrease in 

tumor sizes were also observed in some patients (decrease in PSA >10% and in two patients 

>50%) which lasted for six months. Another piece of evidence which supported the 

effectiveness of therapy was a delayed PSA progression. In a 2012 phase I clinical study 

which has conditionally been approved in UK, a tumor specific promoter (human 

telomerase) has been used in an adenoviral vector along with NTR/CB1954 system. The 

system was injected to the patients with advanced intra-abdominal cancer followed by the 

injection of prodrug CB1954 [114]. This clinical trial (UK-0125) is still in progress and no 

data has been released so far.

This enzyme/prodrug system overall has the advantage of being able to kill both dividing 

and non-dividing cancer cells with significant distant bystander effect; however, concerns 

related to CB1954 conversion rate and dose-dependent hepatotoxicity has slowed down its 

progress. In a study by our group using genetically-modified theranostic mesenchymal stem 

cells as gene delivery vehicles, we also observed significant limitations with the use of NTR/

CB1954 system [115]. Our comparative studies using quantitative imaging technique clearly 

showed CB1954 prodrug’s slow conversion rate in vivo resulting in superior anticancer 

activity with yCD:UPRT/5-FC system over NTR/CB1954. Although, new generation of 

prodrugs such as PR-104A (Proacta Inc.) and nitro-CBI-DEI in recent years have revived 

hope and several new studies are underway to evaluate their therapeutic potential in clinical 

trials [116], but the limited availability of these prodrugs through commercially available 

sources has restricted the number of studies that are necessary for comprehensive preclinical 

evaluation.

4.4. Carboxypeptidase G2/Nitrogen Mustard System

In all other enzyme/prodrug systems discussed so far, the prodrug undergoes more than one 

step to get activated. If one of these steps is dependent on intracellular enzymes, then the 

activity of the enzyme imposes rate limit which could decelerate the prodrug activation 

reaction. Bacterial enzyme Carboxypeptidase G2 (CPG2) from Pseudomonas RS-16 with no 

mammalian equivalent cleaves glutamic acid from nitrogen mustard-based drugs to release 

the cognate drug which unlike the product of other systems such as HSVTK/GCV or CD/5-

FC is active by itself and does not require further modification (Figure 5). The final 

alkylating metabolite is lipophilic which freely diffuses from cell to cell, independent from 

gap junctions and eventually makes inter- and intra-strand DNA linkage. This enzyme/

prodrug system affects both dividing and quiescent cells and potent bystander effect has 

been observed both in vitro and in vivo [117, 118]. CMDA (4-[(2-chloroethyl)(2-

mesyloxyethyl)amino]benzoyl-L-glutamicacid) is among the first developed nitrogen 

mustard-based prodrugs which can be hydrolyzed to glutamic acid and DNA alkylating 

agent 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoic[105]. Sribbling et al. (2000), 

reported that after treating xenograft breast tumors that expressed CPG2 with prodrug 
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CMDA, most of the tumor cells were in apoptotic phase, even though the percentage of 

transduced cells was low [119]. Other nitrogen mustard (NM) derivates such as ZD2767P 

with at least 300 times more potency than CMDA have also been introduced (Figure 5) 

[120]. Friedlos et al. (2002), reported the design of three new prodrugs for CPG2 which 

showed much greater (19 to 27 folds) cytotoxicity to cancer cells as compared to CMDA. 

Surprisingly, these prodrugs were more effective when the lower percentage of cells (10% to 

50%) expressed CPG2 enzyme [121]. In another attempt to develop a new prodrug for 

CPG2, Mancini et. al (2009) designed a new non-toxic derivative suitable for evaluating 

gene delivery and expression of enzyme. The conversion of compounds to their cleaved 

byproducts was detectable by 19F magnetic resonance spectroscopy, thanks to the fluorine 

groups [122]. One of the drawbacks of CPG2/NM system is the toxicity caused by secretion 

of the enzyme from transduced cells into blood circulation. In addition, due to the bacterial 

origin of the enzyme, a potent immune reaction might be triggered. In order to prevent these 

problems, the secretory tag has been cut off from the enzyme to restrict its localization to 

cytosol while maintaining its activity [119].

The main application of CPG2/NM system in clinical studies has been in combination with 

antibodies in Antibody-Directed Enzyme Prodrug Therapy (Table 4). In this approach, the 

enzyme is attached to a tumor-specific antibody via chemical reaction or recombinant 

protein fusion technology [123]. Early clinical trials with this kind showed the feasibility of 

technique, with the evidence of localized CPG2 activation only in tumor tissues [124]. The 

main reported toxicity was myelosuppression due to long half life of the drug and its leakage 

to the blood. Later, in another dose-escalating phase I clinical trial, Francis et al. (2002) used 

A5CP, a conjugation of bacterial carboxypeptidase to a Fab2 fragment of a mouse 

monoclonal antibody for carcinoembryonic antigen (CEA) in 27 patients with advanced 

colorectal carcinoma. The prodrug ZD2767P was used because it had higher potency than 

CMDA and shorter half life after conversion to its toxic metabolite [120]. The maximum 

tolerated dose of ZD2767P was reached at 15.5 mg/m−2 × three administrations with a 

serum CPG2 level of 0.05 U ml−1. Overall, no significant therapeutic effect was observed 

because of an inadequate localization of enzyme/antibody conjugate and a humoral immune 

reaction against CPG2 and mouse antibody. However, the prodrug had a fast clearance and 

no active form of drug was detectable in blood which resulted in less Myelosuppression 

[120].

From the review of literature, it appears that success in the clinic may be achieved when a 

NM-based prodrug with suitable half-life (e.g., ZD2767P) in combination with non-

secretory CPG2 and an efficient targeted vector are used. Unfortunately, there have been no 

clinical trials using this system in the past decade to discuss at this point.

4.5. Cytochrome P450/Oxazaphosphorine System

P450 enzymes are the most important super family in metabolism of xenobiotics. They are 

located mostly in liver; however, their activity in other organs and to some extent in tumors 

has been detected. Although the role of P450 enzymes in metabolism and inactivation of 

chemotherapy agents is well-understood [125], but the effect of P450-mediated metabolism 

on oxazaphosphorine drugs such as cyclophosphamide (CPA) and ifosfomide (IFO) is quite 
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different. While most of the chemotherapeutics are deactivated by P450 enzymes, these 

enzymes convert CPA and IFO to their unstable but active metabolites (Figure 6). The 

metabolites also show a strong bystander effect quite independent of gap junctions [125]. 

With a high level of P450 activity in liver, the goal of GDEPT has been set on inhibition of 

hepatic P450 while localizing the activity of recombinant P450 enzymes in tumors so that 

the systemic side effects of oxazaphosphorine drugs such as neurotoxicity, nephrotoxicity, 

and urotoxicity could be avoided. Huang et al. (2001) used CYP2C inhibitors to inhibit the 

conversion of CPA in liver while gliosarcoma xenografts were able to express CYP2B1. 

Unfortunately, the results were not significant indicating that the inhibitors were not specific 

for hepatic P450 [126]. Another approach to shut down hepatic P450 is co-administration of 

cytochrome P450 reductase (CPR) inhibitors and anti-thyroid drugs such as Methimazole 

since thyroid hormone controls the expression of CPR [127]. Utilizing this strategy, a 

number of clinical trials have been carried out worldwide for P450/oxazaphosphorine 

system (Table 4). In one of the most successful phase I/II trials conducted in 2003 with this 

system, fourteen patients with pancreatic tumor were treated with genetically modified 

allogenic cells to express CYP2B1. The cells were delivered to the tumors via tumor 

vasculature followed by administration of low dose IFO two days after cell injection. In four 

patients the tumor regression was complete whereas other 10 patients had a stabilized tumor 

size. The median survival time was doubled from 22 weeks to 44 weeks [128]. In another 

phase I/II clinical trial (2005), human CYP2B6 a commercial retroviral vector, MetXia®, 

was used to deliver CYP2B6 (human cytochrome P450 type 2B6 gene) [129]. A total of 

nine patients with breast cancer and three with melanoma received MetXia® followed by 

oral administration of cyclophosphamide. The results demonstrated safety and moderate 

efficiency of MetXia supporting the idea of using P450 isoforms/CPA in future clinical 

trials. However, no other clinical trial with this enzyme/prodrug system has been reported in 

recent years. At present, several groups are working to engineer new mutants of CYP2B6 in 

order to improve the affinity towards CPA. For example, Touati et al. (2014), reported the 

structure of a triple mutant CYP2B6 in fusion with NADPH cytochrome P450 reductase that 

showed superior ability in converting CPA into its cytotoxic form [130]. While this system 

has shown great promise at the preclinical level, its safety and efficacy in clinical trials 

remains to be determined.

4.6. Purine Nucleoside Phosphorylase/6-Methylpurine Deoxyriboside (PNP/MEP) System

The E. coli purine nucleoside phosphorylase (PNP) is a hexameric enzyme, catalyzing the 

glycosidic cleavage of purine ribonucleoside prodrugs such as 6-methylpurine 2-

deoxyriboside and fludarabine to 2-deoxyribose-1-phosphate (or arabinose-1-phosphate) and 

free base compounds such as 6-methylpurine and 2-fluoroadenine, respectively (Figure 7). 

Both compounds are freely diffusible across cell membranes, allowing their spread from 

PNP transduced to untransduced cells and are toxic to both proliferating and non-

proliferating cells; thereby, achieving a potent bystander effect [131, 132]. The ability of the 

activated prodrug in killing both proliferating and non-proliferating cancer cells is attributed 

to its mechanism of action which is independent of DNA synthesis [132]. The bystander 

activity is facilitated by the nucleotide and nucleobase transporters across membranes in 

both directions not requiring cell-cell contact or gap junctions. Initial in vivo studies on 

prostate tumors suggested that PNP/MEP system is superior to HSVTK/GCV system [133, 
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134]. Metabolites from PNP are incorporated during RNA synthesis and hence eventually 

block protein synthesis. Limitations related to immunogenicity from the bacterial PNP led 

investigators to develop human PNP (hPNP) mutants that can cleave adenosine based 

prodrugs which are not recognized by wild-type hPNP [135]. These mutants are an attractive 

target because the endogenous wild-type hPNP cannot use (deoxy) adenosine-based 

prodrugs as substrate, whereas the mutants are highly effective in cleaving (deoxy) 

adenosine-based prodrugs and generating high levels of cytotoxic drugs in preclinical 

models [136]. Preclinical studies with PNP have shown that the enzyme activity from PNP 

transfected tumor cells are more than that of endogenous APRT possibly causing MEP to 

diffuse away from the tumor. However, unlike CD/5-FC system where UPRT plays a role in 

increasing sensitivity of the prodrugs, APRT overexpression did not improve the efficiency 

of the PNP system [137]. In an effort to improve anti-tumor activity, designer nucleosides 

have been reported in combination with a structurally modified PNP enzyme [138, 139]. 

Unfortunately, this approach has not yet been successful in identifying prodrug/enzyme 

combinations that demonstrate better in vivo anti-tumor activity. In addition to MEP, the 

PNP gene is able to metabolize a series of other prodrug substrates such as fludarabine 

phosphate (F-araAMP) and 2-fluoro-2-deoxyadenosine (F-dAdo) [140–142]. To date, there 

has been only one phase I clinical trial with this system which started in 2011 by PNP 

Therapeutics®. This trial investigates the safety of E. coli PNP/fludarabine phosphate in 

patients with head and neck cancers or other solid tumors (clinicaltrials.gov; 

NCT01310179). This is an ongoing clinical trial and no data has been released yet.

4.7. Other Enzyme/Prodrug Systems

In addition to the six main enzyme/prodrug systems that were discussed so far, a few other 

potentially effective systems have also been investigated. One enzyme/prodrug system that 

has been studied is the horseradish peroxidase/indole-3-acetic acid (HRP/IAA) system, 

which is especially active under hypoxic conditions [143]. In combination with radiation 

therapy, this system has shown significant effectiveness against solid tumors [144]. 

Unfortunately, this enzyme/prodrug combination has not reached clinical trials yet. Another 

enzyme/prodrug system worth mentioning is the carboxylesterase/irinotecan (CE/Irinotecan) 

system. The irinotecan (CPT-11) prodrug can be converted into cytotoxic SN38, which is 

able to inhibit DNA topoisomerase I, an essential component for DNA relaxation machinery 

[145]. In an interesting approach, Metz et al. (2013), engineered secretary form of CE which 

could be transported outside of the cell; thereby, expanding the prodrug activation radius 

[146]. One safety concern with this system is that after systemic administration of 

irinotecan, it could get activated by CE that exist in normal tissues (e.g., liver) resulting in 

off-target toxicity [147, 148]. Currently there is one ongoing study in Phase I clinical trials 

with CE/Irinotecan using neural stem cells as delivery vehicle for the treatment of glioma 

(clinicaltrials.gov; NCT02192359).

4.8. Combination Therapy

To maximize the therapeutic efficacy and safety, several studies have examined combination 

of the suicide gene therapy with other therapeutic modalities. For example, suicide gene 

therapy has been used in combination with conventional cancer therapy approaches such as 

surgery, radiation therapy, cell therapy, immunotherapy and chemotherapy. To minimize the 
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possibility of cancer recurrence, suicide gene therapy could also be utilized as the follow-up 

strategy after surgery (tumor excision) in order to eradicate the leftover cancer cells [149, 

150]. In an attempt to achieve more precise targeting, radiation responsive promoters are 

also used to switch on or enhance the expression of suicide gene thorough a remote and non-

invasive radiation control [151, 152]. As a result, less dose of radiation is required and fewer 

side effects are produced. Suicide gene therapy can also be combined with immunotherapy 

to enhance the safety of treatment protocol. Adoptive T cells, especially chimeric antigen 

receptors (CARs) T cells have shown great potential in treating a broad range of 

malignancies [153–155]. A recent report has shown that complete remission can be achieved 

by applying this strategy to treat acute lymphoid leukemia [156]. Since unexpected T cell 

proliferation could induce several severe adverse effects [157], T cells are engineered to 

express a suicide gene that could serve as an artificial kill switch [158]. Combining suicide 

gene therapy with chemotherapy could also provide superior efficacy over each therapeutic 

modality individually [104, 159, 160]. For this purpose, over the past decades various 

delivery systems such as micelles, liposomes and inorganic particles have been developed 

and used for multimodal deliveries [161]. Duarte et al. (2012), have recently discussed the 

use of such biomaterials for combination therapy of cancer [162]. Given the broad 

therapeutic potential of suicide genes and our current understanding of the mechanisms of 

cancer resistance, we expect to observe an exponential growth in the use of biomaterials for 

multimodal drug/gene delivery.

5. Conclusions and Future Direction

Significant progress has been made in the field of suicide gene therapy of cancer since its 

introduction in 1984. While promising, the overall progress appears to be somewhat slow as 

only 45 clinical trials have reached phase III, one in phase IV and none approved for clinical 

use. One of the major contributing factors to this slow progress has been the low 

transduction efficiency of the vectors, especially in solid and dense tumors where the cells at 

the inner layers of tumor are not easily accessible. In order to transition ideas effectively and 

efficiently from bench to bedside, issues such as lack of an appropriate delivery method, 

short-term and low expression of transgenes, and prodrug’s conversion rate and bystander 

effect need to be addressed. Therefore, more assets need to be diverted towards enzyme 

engineering and prodrug development to accelerate the development of stable/high affinity 

enzymes in combination with safe prodrugs with potent bystander effect. Given that clinical 

trials are extremely costly, development of a reliable method for screening a large number of 

enzyme mutants or prodrugs with different levels of bystander effects at the preclinical level 

has also become a necessity. The success and failure stories in the past decades clearly show 

that cancer is a complex and evolving disease; therefore, a combination of conventional and 

newly emerging strategies are required to effectively deal with this health issue. These 

altogether signify that to win the war against cancer, a coherent approach backed by 

appropriate investment in this field are needed.
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Figure 1. 
Schematic representation of the two step process in suicide gene therapy. In step 1, with the 

help of a vector the cancer cells are transduced by suicide genes resulting in expression of an 

enzyme. In step 2, prodrug is administered which can be converted into its cytotoxic form by 

the enzyme and kill not only the transduced cells but also the neighboring ones.
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Figure 2. 
Mechanism of action for ganciclovir (GCV). HSVTK phosphorylates thymidine to 

thymidine monophosphate (thymidine-MP) which undergoes more phosphopylation steps by 

cell endogenous kinases. The final product, thymidine triphosphate (thymidine-TP) is one of 

the building blocks of DNA structure. GCV competes with thymidine and gets 

phosphorylated to ganciclovir-MP first and then ganciclovir-TP. Ganciclovir-TP blocks 

DNA elongation by inhibiting DNA polymerase.
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Figure 3. 
Deamination of 5-FC by cytosine deaminase (CD). The product, 5-FU is converted to 5-

FUMP and eventually 5-FUTP which blocks RNA synthesis. Other byproducts such as 5-

FdUMP and 5-FdUTP block DNA synthesis after incorporation into DNA structure.
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Figure 4. 
Activation of CB1954 by bacterial nitroreductase. After activation, both 4-hydroxylamine 

and 2-hydroxylamine metabolites cause DNA damage.
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Figure 5. 
Activation of CMDA and ZD2767P to their toxic metabolites by bacterial carboxypeptidase 

G2 (CPG2).
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Figure 6. 
The two-step process which produces the toxic metabolites, phosphoramide mustard and 

acrolein from cyclophosphamide. CYP enzyme super family catalyzes the first step whereas 

the second step is a self-immolative reaction.
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Figure 7. 
The conversion of 6-methylpurine deoxyriboside to 6 -methylpurine by bacterial purine 

nucleoside phosphorylase.
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Table 1

This table highlights the list of recently discovered cancer-specific promoters.

Name In Vitro Targets In Vivo Model Ref.

ARF U-2 OS, Saos-2 (osteosarcoma), C-33 A, HeLa (cervix)
H1299, A549 (lung) NA [163]

CgA SH-SY-5Y, SK-N-DZ(neuroblastoma), BON (pancreas), T47D(breast), 
T24(bladder) BON (pancreas) Xenografts [164]

GRP78 NA U87 (glioma) Xenografts [165]

CXCR4
MDA-MB-361(breast), OVCAR-3, SKOV3(ovary)

Melanoma cells from patients A498, SN12C, SN12C-MMP, 786-0, and CAKI-1 
(renal cell carcinoma)

Colorectal Tumors [166–168]

HMGB2 U87, U251 (glioma), HeLa(cervix) H1299(lung) U87 (glioma) Xenografts [169]

INSM1
NCI-H69, NCI-H1155, NCI-H727, DMS53, U87MG (lung), IMR-32, SK-N-SH, 

SK-N-BE, D283 Med (brain), Y79, WERI-Rb1(eye), HeLa(cervix), PANC1, 
RIN(pancreas), HepG2(liver)

D283Med (brain) Xenografts [170]

Mesothelin SK-OV-3, OV-3, OV-4, Hey (ovary)
HeLa (cervix) SK-OV-3 (ovary) Xenografts [171]

OPN HTB-1, HTB-5, MB49 (bladder)
PC-3 (prostate) NA [28]

RAD51 HCC1954, T47-D MCF-7 (Breast)
Hela (cervix) HeLa (cervix) Xenografts [172, 173]

TETP M000301, M21-L4, MeWo, SK-Mel23 (melanoma), A549 (lung), HeLa,(cervix)
SW480, DLD-1 (colon) NA [174]
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Table 4

The list of clinical trials performed with the major enzyme/prodrug systems in the past decade. Clinical trials 

before year 2003 are not shown.

Enzyme/Prodrug System Clinical Stage Tumor Type Vector Reference

HSVTK/GCV I/II Glioblastoma multiform Liposomal [70]

HSVTK/GCV I Prostate cancer Adenoviral [71]

HSVTK/GCV I Head and neck cancer and other malignant 
tumors Adenoviral [73]

HSVTK/GCV I Prostate cancer Adenoviral [82]

HSVTK/GCV I Hepatocellular carcinoma Adenoviral [74]

HSVTK/GCV I Recurrent Gynecologic Cancer Adenoviral [81]

CD/5-FC and HSVTK/GCV I Prostate cancer Adenoviral [98]

CD/5-FC and HSVTK/GCV I Prostate cancer Adenoviral [101]

CD/5-FC and HSVTK/GCV I Prostate cancer Adenoviral [100]

NTR/CB1954 I Gastrointestinal Adenoviral [107]

NTR/CB1954 I Liver cancer Adenoviral [118]

NTR/CB1954 I/II Prostate cancer Adenoviral [113]

CPG2/Nitrogen Mustard I Colorectal carcinoma ADEPT [120]

P450/Oxazaphosphorine I/II Pancreatic carcinoma Encapsulated Allogeneic Cells [128]

P450/Oxazaphosphorine I Breast cancer or Melanoma MetXia-P450 (Retroviral) [129]
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