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Abstract

Suicide gene therapy is an attractive strategy to selectively destroy cancer cells while minimizing
unnecessary toxicity to normal cells. Since this idea was first introduced more than two decades
ago, numerous studies have been conducted and significant developments have been made to
further its application for mainstream cancer therapy. Major limitations of the suicide gene therapy
strategy that have hindered its clinical application include inefficient directed delivery to cancer
cells and the poor prodrug activation capacity of suicide enzymes. This review is focused on
efforts that have been and are currently being pursued to improve the activity of individual suicide
enzymes towards their respective prodrugs with particular attention to the application of
nucleotide metabolizing enzymes in suicide cancer gene therapy. A number of protein engineering
strategies have been employed and our discussion here will center on the use of mutagenesis
approaches to create and evaluate nucleotide metabolizing enzymes with enhanced prodrug
activation capacity and increased thermostability. Several of these studies have yielded clinically
important enzyme variants that are relevant for cancer gene therapy applications because their
utilization can serve to maximize cancer cell killing while minimizing the prodrug dose, thereby
limiting undesirable side effects.
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INTRODUCTION

In the United States cancer is the second leading cause of death after heart disease. Standard
cancer treatments include chemotherapy, radiation and surgery individually or in
combination. While the goal of cancer treatment is to rapidly and effectively eradicate tumor
cells without harming normal cells, chemotherapy and radiation lack the ability to limit
toxicity solely to tumor sites. The effectiveness of these standard treatments is also
frequently impeded by the emergence of drug- and radiation-resistant cancer cells that

© 2012 Bentham Science Publishers

"Address correspondence to this author at the School of Molecular Biosciences, P.O. Box 647520, Washington State University,
Pullman, WA 99164-7520. USA, Tel: (509) 335-6265; blackm@vetmed.wsu.edu.

#Contributed equally in the authorship and should be listed as co-first authors.

CONFLICT OF INTEREST

The authors declare no conflict of interest.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Ardiani et al.

Page 2

subsequently lead to treatment failure. In addition, chemotherapy and radiation have short-
term negative side effects, such as hair loss, drastic weight loss, extreme fatigue and nausea.
Long-term effects, such as infertility, organ damage and cataracts have also been commonly
reported. Furthermore, exposure to chemotherapy and radiation treatments may induce
genetic mutations that cause secondary cancers [1-5].

The discovery of safer and more potent tumor-specific treatments is a goal shared by cancer
researchers worldwide. While numerous cancer therapeutic strategies are currently under
rigorous investigation, most treatments either fail to reach clinical trials, yield disappointing
results or reveal safety issues in clinical trials. One relatively new and promising treatment
for cancer is suicide gene therapy. This approach is based on the successful delivery and
expression of the suicide gene in tumor cells. The suicide gene encodes an enzyme with the
unique ability to activate an otherwise impotent prodrug. Following suicide gene expression
in transfected cells, an appropriate prodrug is administered and is converted to a cytotoxic
compound by the actions of the suicide gene product Fig. (1). As most suicide genes encode
enzymes belonging to the class of nucleotide metabolizing enzymes, the general mode of
action of activated prodrugs is interference with DNA synthesis that consequently results in
induction of apoptosis. The potency of these drugs is maximized in cancer cells due to their
greater proliferative rate as compared to normal cells. Because of the prospect to
preferentially deliver genes to tumor cells, this strategy has the potential to offer selective
tumor killing while sparing normal cells, a feature that standard chemotherapeutic and
radiotherapy approaches do not generally afford.

Although suicide gene therapy is a fairly new anti-cancer approach, the concept was
originally described more than two decades ago in 1986 by Moolten [6]. He also proposed
the existence of what is currently known as the bystander effect, now widely recognized as a
fundamental feature of suicide gene therapy success. By definition the bystander effect is the
extension of cytotoxic effects from transfected cells to non-transfected neighboring cells
such that complete tumor regression is observed when only a small subpopulation of tumor
cells is successfully transfected. This phenomenon is crucial to the overall effectiveness of
suicide gene therapy today due to low transfection efficiencies achievable by available
delivery systems. The bystander effect is thought to occur via two major mechanisms: local
and immune-mediated [7]. The local mechanism involves the killing of untransfected nearby
cells due to the transfer of toxic materials or suicide enzymes through gap junctions [8-10],
apoptotic vesicles [11] or through diffusion of soluble toxic metabolites [12, 13]. Gap
junctions are important in cell-cell interactions and are responsible for the transfer of ions,
nucleotides and small molecules to adjacent cells [14]. The transfer of toxic drugs through
gap junctions, however, may not be available in certain types of tumors that down regulate
intracellular gap junction communication and display disorganized and non-functional gap
junctions [7. 15], To address this problem, several studies have increased the expression of
connexins, the building blocks of gap junctions, and demonstrated that enhanced bystander
and cell killing effects were achieved [16, 17].

Accumulating evidence from /n vivo experiments suggests that the immune-mediated
bystander effect plays an important role in tumor regression as well. The presence of
inflammatory infiltrates, chemokines, and cytokines have been found elevated in regressing
tumors of immunocompetent animals receiving suicide gene therapy treatment [18-23].
These cytokines and chemokines further induce the production of immune-regulatory
molecules able to stimulate a more robust anti-cancer effect and additionally, because death
of transfected cells is through apoptosis, numerous inflammatory signals may be released to
evoke a potent immune response.
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The success of suicide gene therapy therefore appears to rely on several key factors. First,
the suicide enzyme must be selectively expressed in tumor cells or at least be expressed at
significantly higher levels within tumor cells as compared to normal cells, a factor mainly
reliant upon the vector or delivery vehicle. Second, the suicide enzyme should have high
catalytic activity towards the prodrug in order to rapidly and efficiently convert the prodrug
to a cytotoxic form even when present at low concentrations. Third, the prodrug should be
tolerable and non-toxic to normal cells. Fourth, the expression of the suicide enzyme itself
should not result in any significant toxicity. And finally, a strong bystander effect should
take place. In reality, however, such perfect suicide enzyme/prodrug combinations do not
exist to date. Wild type (wt) suicide enzymes often display poor prodrug converting abilities,
thus necessitating administration of high prodrug doses to achieve clinically beneficial
results, potentially causing undesired negative side effects. Several approaches have been
reported to overcome this limitation including the use of multiple gene copies to yield higher
expression levels [24], synthesis of novel prodrugs for gene therapy [25], other
chemotherapeutic drugs to modulate the nucleoside metabolizing pathway [26], multimodal
therapies [27], fusion suicide enzymes [28-30] and mutant suicide genes with improved
activity towards clinically relevant prodrugs [31-35]. Moreover, while Herpes Simplex
Virus thymidine kinase (HSVTK) is widely used, it is advantageous to optimize current
suicide genes and to search for alternative/novel suicide genes for two key reasons: 1) not all
cancers are equally responsive to the same drug and 2) should treatment with one suicide
gene fail, alternate suicide genes that the immune system has not been exposed to previously
could be used in additional rounds of therapy to ablate tumors.

Since the first description of suicide gene therapy in 1986, hundreds of clinical trials have
been conducted worldwide that explore various elements of suicide gene therapy strategies.
As of June 2007, three of these trials had advanced to phase 111 multicenter programs [36,
37] and there are more than twenty suicide gene therapy/prodrug systems described in the
literature [38]. While other literature reports the general strategy of suicide gene therapy,
this review will be dedicated to describing the extensive efforts that have been pursued to
optimize several suicide enzymes using protein engineering strategies Table (1).

ENZYME ENGINEERING

Oligonucleotide-directed, random and recombination mutagenesis strategies are three
cornerstones of protein engineering methodologies that have been widely used by many
investigators as a means to understand and to alter enzyme function [39-42].
Oligonucleotide-directed mutagenesis can generally be divided into two methods: site-
directed and random mutagenesis. Site-directed mutagenesis is usually done to introduce
rationally chosen single amino acid substitutions. This technique is relatively easy to
perform and commercial kits are available (e.g., Stratagene QuikChange® Mutagenesis Kit).
The ability to create enzymes with significantly altered substrate preferences, however, often
requires restructuring the active site to accommodate nucleoside analog structures and
cannot always be predicted. Analysis of single amino acid substitutions, and/or a
combination of multiple substitutions can be laborious and time consuming [43]. White
some beneficial mutants may be generated using this technique [44], some of the most
phenotypically desirable mutants (in this case, those with the most improvement towards
their prodrugs) have been discovered by random mutagenesis and almost always contain
multiple mutations [31, 33, 41]. Random mutagenesis is a powerful method used to
introduce multiple random mutations within a target region or across the entire open reading
frame and is used to generate large random sequence libraries containing millions of variants
[39, 42,43].
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Error prone PCR, one such random mutagenesis method, is a relatively straightforward
technique used to introduce random mutation(s) across the entire open reading frame of the
gene of interest. This approach requires no structural or mechanistic information and can be
used in sequential rounds of mutagenesis to diversify amino acid substitutions. The low
fidelity of 7ag DNA polymerase combined with an increased concentration of MgCly, the
addition of MnCl,, and increased and/or unbalanced dNTP levels are key elements to
perform error prone PCR [40, 42]. This technique can be easily done and many Kkits are
commercially available (e.g., Stratagene’s GeneMorph and Clontech’s Diversify PCR
Random Mutagenesis Kit) [40], DNA shuffling may also be used in combination with error
prone PCR to provide a degree of recombination among mutations in the PCR pool. DNA
shuffling is initiated by digesting the entire PCR-amplified gene fragment pool with DNase |
to generate short fragments that are then subjected to primerless PCR wherein the fragments
prime each other and lead to the generation of a recombined full-length gene. This approach
can be repeated in several rounds and consequently results in an increased library size of
mutants and an enhanced opportunity to obtain phenotypically desirable mutants [42].

A more directed approach, region-specific or random sequence mutagenesis, is used to
target specific residues thought to be important in catalysis or substrate binding for
mutagenesis. The first step in performing region-specific random mutagenesis is to design
one or two overlapping random oligonucleotides. The random oligonucleotides are designed
to introduce mutations within the target region and to exclude amino acid residues that are
conserved (or immutable) in sequence alignments. Once annealed and extended with DNA
polymerase, the ends are then digested with restriction enzymes to allow directional ligation
into the plasmid vector containing the rest of the gene of interest in which the targeted
region has been excised. Following transformation into the appropriate £. colistrain, the
bacterial transformants are plated on selective media.

With both site-directed and random mutagenesis strategies, the ability to rapidly and
efficiently identify functional variants is greatly facilitated by the use of genetic
complementation or positive selection schemes. Especially in the case of random
mutagenesis where large numbers (millions) of mutants are generated, the establishment of a
positive selection system allows for the facile identification of only active mutants without
the necessity to screen mutants individually, a very labor intensive task. £. coliis
predominantly used because it yields high numbers of transformants, grows rapidly and
numerous strains with genetic deficiencies are available. For example, a thymidine kinase
deficient £. colihas been widely used to select functional plasmid-borne HSVTK variants
when plated onto selective media. With the establishment of a positive selection system, the
inclusion of the prodrug in the selective medium can provide the means to select for variants
with activity towards the prodrug (negative selection). The prodrug concentration is set to
allow for £. coli harboring the wt gene to grow and any variant with improved prodrug
activation capacity, will succumb. In this fashion one can identify functional mutants by
positive selection and then test those for prodrug activity by negative selection using
prodrug-containing plates.

In the follow sections we discuss six distinct suicide enzymes that have been manipulated
through mutagenesis to alter their respective prodrug activity for suicide gene therapy
applications.

SUICIDE GENE/PRODRUG THERAPY FOR CANCER
Herpes Simplex Virus Type 1 Thymidine Kinase (HSVTK)

Herpes Simplex Virus type 1 thymidine kinase (HSVTK, EC 2.7.1.21), a homodimer with a
subunit molecular mass of 45kDa Table 1 Fig. (3A), is responsible for the phosphorylation
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of thymidine, deoxycytidine, deoxythymidylate (dTMP) as well as various pharmaceutically
important pyrimidine and guanosine analogs. Of particular note, HSVTK is responsible for
the initial and rate limiting phosphorylation of the antiviral guanosine analogs acyclovir
(ACV) and ganciclovir (GCV). Once monophosphorylated these analogs can be further
phosphorylated by endogenous enzymes (guanylate kinase and nucleoside diphosphokinase)
before being incorporated into nascent DNA to cause double strand destabilization and,
subsequently, cell death Fig. (2)[45-47]. Clinically, GCV has been successfully used since
the 1980s to treat cytomegalovirus (CMV) infections while ACV is widely used to treat and
control alpha herpes infections such as those that cause cold sores and genital lesions. In
1986 Moolten first suggested the use of HSVTK in combination with GCV as a novel
suicide gene/prodrug system for cancer treatment [6] and two recent review articles
highlight advances that have been made using the HSVTK/GCV approach [48, 49]. One
advantage of HSVTK is that it exhibits approximately 1000-fold higher activity towards
GCV than cytosolic thymidine kinase, making it an excellent candidate for suicide gene
therapy [6, 50]. ACV was initially considered a more suitable prodrug because of its low
toxicity, however, the K, value of HSVTK towards ACV is extremely high (K, ~400..M)
compared to that of GCV (47.M) which reduces its effective application in suicide gene
therapy strategies [51]. Today GCV is the prodrug of choice for suicide gene therapy
applications with HSVTK although there are still dose limitations with the use of this
prodrug.

Despite the more favorable kinetic parameters with GCV compared to ACV, the K, value
of HSVTK for GCV is approximately 100-fold higher than its Ky, value for thymidine
(Km=47uM versus Ky,=0.51.M) [51]. Because of competition for the active site, clinically
relevant doses of GCV are necessarily high and result in undesirable side effects such as
severe bone marrow toxicity and myelosuppression in patients [7]. As a means to overcome
this, several studies were directed at creating novel HSVTK variants with increased activity
towards GCV, so that lower doses of this prodrug could be used to achieve efficient tumor
cell death [33, 52-54].

Alignment studies between thymidine kinases from members of the Herpesviridae family
reveal six highly conserved motifs. Two motifs (Sites 3, residues 162-164 and 4, residues
170-172) were suggested to play a role in substrate binding and residues neighboring these
conserved sites were targeted for random sequence mutagenesis studies [55]. From a library
of over 1 million, two key HSVTK mutants containing 5 and 4 amino acid substitutions,
mutant 30 (L1591/1160L/F161A/A168Y/L169F) and mutant 75 (1160L/F161L/A168V/
L169M), respectively, were isolated and characterized. Initial results using baby hamster
kidney (BHK) tk™ cells stably transfected with mutants 30 or 75 revealed a 4.5- and 43-fold
decrease in ICsq for GCV, respectively, when compared to wt HSVTK [52]. In a separate
study, rat C6 glioma cells stably transfected with mutant 30 showed a significant decrease in
ICgq value of 0.025p.M for GCV when compared to the ICgq value exhibited by wt enzyme
(30pM for GCV) whereas mutant 75 was unable to significantly improve the sensitivity of
cells to GCV, relative to wt HSV-transfected cells [56]. Kinetic parameters for mutants 30
and 75 suggest two distinct mechanisms for the observed difference in cell line specific
prodrug-mediated cell killing. When thymidine is used as a substrate, mutant 30 displays a
3,000-fold reduction in overall enzyme catalytic efficiency compared to wt enzyme. In
contrast, mutant 75 exhibits a K, for thymidine similar to that of wt HSVTK and a 5-fold
lower K, for GCV. While mutant 75 demonstrates a more robust GCV-mediated cell killing
in BHK tk™ transfected cells, this did not translate to cells containing a functional
endogenous thymidine kinase. Because both endogenous thymidine and administered GCV
compete for the enzyme active site, it is important to consider the ratio of specificity
constants for both substrates. Taking this into consideration, mutant 75 displays a 14-fold
higher value than wt HSVTK whereas mutant 30 displays a 67-fold improvement in relative
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catalytic activity towards GCV. Therefore, mutant 30 was the focus of further
characterization. From /n vivo studies a 10-fold decrease in GCV concentration was shown
to be sufficient to achieve tumor growth inhibition in nude mice bearing mutant 30
transfected tumor rat C6 cells compared to those expressing wt HSVTK [56]. Further /n vivo
bystander experiments with C6 tumors containing an 80:20 ratio of vector transfected to wt
HSVTK. or mutant 30 expressing cells reiterated the superior antitumor activity of mutant
30. In this study mutant 30 expressing tumors demonstrated a significant impairment in
tumor growth in mice treated with GCV (5mg/kg) relative to the saline control while wt type
HSVTK expressing tumors displayed no bystander activity at the GCV concentration used
[56], Other studies using mutant 30 /77 vitro demonstrated high sensitivity in many different
tumor cell lines towards GCV with the brain cancer cell line, SKMG-4 being the most
sensitive [57].

While mutant 30 demonstrated significant improvement in the ability to sensitize transfected
cells to GCV at low concentrations, additional improvements in the kinetic parameters
toward the prodrugs was suggested as a means to provide more clinically relevant reductions
in GCV doses. Towards that end, a restricted or semi-random library was generated using
select codons at 5 residues within the putative active site. From that mutagenesis and
subsequent /n vitro studies, rat C6 glioma cells stably transfected with mutant SR39 (L1591/
1160F/F161L/A168F/L169M) exhibited the greatest GCV sensitivity among seven identified
active HSVTK variants. The observed low ICsq value of 0.017M with SR39 corresponds
to a 294-fold reduction in prodrug dose relative to wt HSVTK for GCV. /n vivo xenograft
tumor studies demonstrated that SR39 was effective at inhibiting tumor growth, requiring a
10-fold lower GCV concentration (0.5mg/kg) needed to see growth inhibition of tumors
expressing wt HSVTK (5mg/kg) [33]. This low GCV dose (0.5mg/kg) is a significant
decrease from reported doses used in other /n7 vivo mouse experiments (up to 300mg/kg/day)
[7]. Mutant SR39 has also shown to be an effective suicide gene for metastatic prostate
cancer where it demonstrated increased sensitivity towards GCV as compared to wt HSVTK
or mutants 30 and 75 [58]. In a xenograft tumor model using immunodeficient (SCID) mice
injected with metastatic prostate CL1 cells expressing the suicide enzymes and treated with
20mg/kg GCV, SR39 showed a 63% reduction in tumor growth in comparison with tumors
expressing HSVTK or mutants 30 or 75 [58]. Mutant SR39 as well as mutant 30 have also
been shown to increase tumor cell killing of various cell lines following treatment with GCV
as indicated by lower 1Cs5q values when compared to wt HSVTK. Wiewrodt ef a/. (2003)
reported a reduction in I1Csq values displayed by mutant 30 and SR39 for GCV ranging from
1.1- to 5.9-fold lower than wt HSVTK in several cell lines including rat glioma (C6), human
mesothelioma (1-45, REN, LRK, H513, H2052), human NSCLC (A549), cervical carcinoma
(C33A) and mouse fibroblast tumors (EJ62), that also correlated with xenograft tumor
studies in SCID mice and /n vivo bystander experiments using pretransduced tumors
containing a 95:5 ratio of untransduced cells to cells infected with wt HSVTK, mutant 30 or
mutant SR39 expressing adenoviral vectors [59]. Ardiani et a/. (2009) compared the
bystander activity of mutant 30 and mutant SR39 /7 vitro and demonstrated that both
mutants displayed significant and similar bystander activity at a GCV concentration where
co-cultures containing vector transfected and wt HSVTK expressing rat C6 cells remained
unresponsive. Further /n vivo bystander experiments demonstrated that wt HSVTK and
mutant 30 were unable to exhibit sufficient bystander activity while mutant SR39 induced a
strong bystander effect at the low GCV (1mg/kg) dose used [60]. In addition to its
application for suicide gene therapy strategies, mutant SR39 was previously reported to have
improved sensitivity for non-invasive imaging in positron emission tomography (PET) [61-
65].

Balzarini et al. (2006) employed site-directed mutagenesis to target residues in the active
site as a means to understand the influence of particular side chains on substrate interactions

Curr Gene Ther. Author manuscript; available in PMC 2013 January 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Ardiani et al.

Page 7

and catalysis and to alter substrate preference. One such mutant, A168H abolished
thymidine kinase activity while preserving GCV activity approximately 4-fold higher than
that of wt HSVTK and preliminary reports indicated that A168H transfected OST TK™ cells
were more sensitive to several prodrugs compared to parental cells although it was not noted
to what degree [66]. An extension of those studies employed a splice corrected and codon-
optimized version of A168H, TK.007, that demonstrated cell growth inhibition of several
cancer cell lines in the presence of GCV with 1Csq values ranging from 25 to 100-fold lower
than for the splice corrected HSVTK [67]. Significant /n vivotumor growth inhibition with
TK.007 transduced cells was also observed using a human glioblastoma xenograft mouse
model following GCV administration of 10mg/kg/day for five days. In bystander
experiments using 50mg/kg daily GCV doses, mixtures of 10% or 50% TK.007 transduced
cell tumors exhibited tumor growth inhibition compared to controls [67].

Another candidate for site-directed mutagenesis was the active site residue Q125 due to its
ability to form hydrogen bonds with substrates. To test the role played by this residue in
HSVTK activity, Hinds et al. (2000) created three Q125 mutants (Q125E, Q125N and
Q125D) [68]. Among these three mutants, HSVTK variant Q125N retained both thymidine
and GCV activity although much reduced from wt HSVTK with a 10-fold reduction in Kgq/
K, for thymidine and a 4-fold reduction in the kqq/Kpy, for GCV [68]. In other studies,
Q125N showed GCV phosphorylation comparable to wt HSVTK in mouse embryonic
fibroblast NIH3T3 cells and human colorectal HCT116 cells. Furthermore, Q125N resulted
in the selective abolishment of HSVTK thymidylate kinase activity toward thymidine-MP
and bromovinylde-oxyuridine-monophosphate (BVDU-MP). Computational modeling of the
HSVTK active site led Balzarini ef al. (2002) to create the site-specific mutant A167Y. This
HSVTK variant is reported to display a complete loss in pyrimidine nucleoside kinase
activity but maintains purine nucleoside kinase activity towards analogs like GCV [66, 69,
70]. Since intracellular accumulation of BVDU-MP results in the inhibition of thymidylate
synthetase, the enzyme responsible for converting dUMP to dTMP, a new approach was
proposed to take advantage of two mechanisms of drug action by using HSVTK-Q125N and
HSVTK-A167Y with prodrugs BVDU and GCV [71, 72].

While many studies have been devoted to HSVTK, only a few have identified variants with
significantly altered substrate preferences and, of those, only a small subset has been
evaluated /n vitroand /n vivo. Of those, HSVTK SR39 has garnered the most attention as a
therapeutically important contributor in reducing GCV concentrations necessary for tumor
growth inhibition and as an important PET imaging agent.

Escherichia coli Cytosine Deaminase—Cytosine deaminase (CD; EC 3.5.4.1) isan
enzyme in the pyrimidine salvage pathway that catalyzes the deamination of cytosine to
form uracil and ammonia [73]. CD from E. coli (bCD) is a hexamer of 48kDA subunits with
a catalytic metal iron Table 1, Fig. (3B). This enzyme is absent in mammals and uniquely
present in fungi and bacteria. It is used in suicide gene therapy because of its ability to
deaminate the anti-fungal drug, 5-fluorocytosine (5FC), to 5-fluorouracil (5FU), a potent
anti-neoplastic drug [74]. 5FC was originally synthesized in 1957 as a potential antitumor
agent but was later found to be inactive against tumors [75]. It was not until 1993 when the
bCD gene (codA)became available, that the use of bCD in combination with 5FC became a
promising gene therapy approach for cancer [76]. 5FU, the active anti-metabolite of 5FC,
has been widely used in first line chemotherapeutic regimens to treat colorectal, breast and
prostate cancers. In cells, 5FU is converted into several active metabolites: 5-fluoro-2’-
deoxyuridine 5"-monophosphate (5SFdUMP), 5-fluorodeoxy uridine-triphosphate (SFdUTP)
and 5-fluorouridine-triphosphate (5FUTP), all of which cause cell apoptosis via different
mechanisms Fig. (2) [77]. The major mechanism of action is inhibition of thymidylate
synthetase (TS) by 5SFAUMP, which results in disruption of dTTP synthesis and ultimately,
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DNA synthesis and repair [75]. 5FdUTP can be misincorporated during DNA synthesis and
repaired by the base excision repair enzyme uracil-N-glycosylase (UNG). However, repair is
generally futile and results in further false-nucleotide incorporations that cause DNA strand
breaks and cell death [77]. Finally, 5SFUTP can also be mis incorporated into RNA synthesis
and interrupt normal RNA processing and function [77].

One of the advantages of utilizing the CD/5FC strategy in suicide gene therapy compared to
HSVTKI/GCYV is that the bystander effect mediated by this system functions independent of
gap junctions [7]. This is because 5FU is a small, uncharged molecule and therefore able to
diffuse across cellular membranes. An additional advantage of the CD/5FC system, when
compared to direct 5SFU chemotherapy treatment, that can be clinically beneficial in patients
is the ability of 5FC to cross the blood-brain barrier, a unique property that 5FU lacks [75].
Furthermore, 5FU has radiosensitizing properties, that serves to augment drug potency when
combined with radiotherapy [78]. Despite these advantages, the presence of bacteria in the
intestinal flora can be problematic as they can deaminate 5FC that can lead to normal cell
killing and unwanted side effects, such as severe bone marrow depression and
gastrointestinal complications [75]. Additionally, the poor activity of bCD towards 5FC (a
36-fold lower preference for 5FC compared to cytosine) serves to exacerbate this problem
since high doses of 5FC are needed to achieve significant tumor killing.

Several mutagenesis studies aimed to obtain bCD variants with improved activity towards
5FC and to identify what residues may be responsible for this relative specificity have been
done in an attempt to resolve these problems [31, 44, 74]. Mahan et al. (2004) performed a
site-directed mutagenesis study targeting residues 310-320 since this region has been shown
to undergo a conformational change upon substrate binding and contains several amino
acids in direct contact with the substrate. In that study, residues 310-320 were individually
replaced by alanine (alanine scanning mutagenesis), and analyzed for enhanced 5FC activity
relative to wt bCD in £. coliin a negative selection assay. One bCD mutant, D314A,
demonstrated a significant decrease in cytosine activity (17-fold) as well as a slight increase
in activity toward 5FC (2-fold) [44], In a separate study, error prone PCR was used to
introduce mutations randomly throughout the entire bCD open reading frame [74], The
mutant that conferred the highest degree of sensitivity to 5FC in the negative selection
system contained two amino acid substitutions, Q102R and D314G, the latter of which was
identified as being solely responsible for the enhanced sensitivity. To further investigate the
role of D314 in substrate selectivity, several other substitutions were made at this position.
All mutants from this later study, except mutant D314S, were inactive towards cytosine as
assessed by genetic complementation [74]. Kinetic studies indicated that bCD mutants
D314G and D314S displayed a 2.5- and 4.2-fold shift in substrate preference towards 5FC,
respectively [44]. However /n vitro analysis using rat C6 glioma cells revealed that all three
bCD mutants (D314G, D314A, and D314S) provided modest benefit with only a 2- to 4-fold
decrease in ICsq for 5FC as compared to wt bCD transfectants [31]. Since mutant D314A
appeared to exhibit the highest shift in substrate preference towards 5FC, Buchsbaum et al.
(2007) constructed adenoviral vectors encoding mutant D314A (AdbCD-D314A) and used
the construct to treat several human glioma cell lines in combination with 5FC and radiation
treatment. Results from /n vitro studies indicated a more potent tumor cytotoxicity effect in
all three tested human glioma cell lines (D54MG, U87MG, and U251MG) in comparison
with the use of wt bCD (AdbCD-wt). In all cell lines, AdbCD-D314A demonstrated a
reduction in 1Csq values for 5FC of approximately 7- to 33-fold lower than that of AdbCD-
wt [34]. Significant tumor growth inhibition was seen in mice receiving adenoviral vectors
expressing D314A, 500mg/kg/d 5FC, and irradiation with 2Gy when compared to mice
receiving adenoviral vectors expressing wt enzyme and the same amount of 5FC and
radiation dose. When the radiation dose was increased to 5Gy in the mice receiving D314A
and 500mg/kg/d 5FC, 50% tumor reduction was observed. The same AdbCD-D314A
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vectors were also used to treat pancreatic cancer cells and similar results with mutant
D314A displaying increased tumor Killing /n vitro and in vivo were seen [79]. Deng et al.
(2011) showed similar improvements using human colon cancer xenograft models after
lentiviral delivery of bCD-D314A and 5FC treatments [80].

More recently, using structural information as well as previous mutagenesis results. Fuchita
et al. (2009) targeted two regions lining the active site of bCD (residues 149-159 and 310—
320) for random mutagenesis in an effort to identify mutants with the capacity to confer
enhanced sensitivity to 5FC /n vitro and in vivo [31]. From this double site-targeted library
containing over 1.35 million transformants, three bCD variants were identified that
conferred sensitivity towards 5FC in £. coliand were further analyzed biochemically and in
three different cancer cell lines. Kinetic and /n vitro studies revealed that all mutants showed
improvement in 5FC activity. One particular mutant (bCD1525) containing three amino acid
substitutions (V152A/F316C/D317G) displayed the greatest sensitivity with an
approximately 19-fold shift in substrate preference toward 5FC. Results from prodrug
sensitivity assays demonstrate that bCDI525 confers increased sensitivity to 5FC in all cell
lines examined, albeit to varying degrees in the different cell lines. In rat C6 glioma
transfectants, a modest reduction in 1Cgq of approximately 2.7-fold was observed compared
to wt bCD-transfected cells. The 1C5q value of mutant bCD1525-transfected human prostate
DU145 cells was 5-fold lower than wt bCD-transfectants. bCD1525 displayed the greatest
reduction in 1Csq value in human colorectal HCT116 transfectants at 17-fold lower values
than wt bCD transfected cells. Furthermore, bCD1525 displayed a robust bystander effect in
every cell line examined [31].

Fuchita et al. (2009) reported that significant tumor growth inhibition was observed in a
xenograft tumor model using nude mice harboring bCD 1525-transfected tumors compared
to mice harboring wt bCD-transfected tumors when 5FC was administered. Throughout the
course of 5FC administration, wt bCD tumors increased in volume by 30.8-fold whereas the
bCD1525 tumors increased by only 5.7-fold. In an attempt to understand the structural
changes incurred by the three amino acid substitutions found in bCD1525, X-ray
crystallography experiments were carried out. Interestingly, the D317G mutation found in
bCD1525 allows D314 to swing away from the fluorinated substrate and appears to
recapitulate the cavity observed in the D314A structure [31]. Thus the improved kinetic
parameters towards 5FC are likely a reflection of the structural changes observed with
substitutions of smaller residues at positions D314 or D317 to accommodate 5FC. Taken
together, the kinetic, /n vitro, in vivo and structural studies indicate that bCD1525 is the
most suitable choice of bCD gene for gene therapy applications.

Saccharomyces cerevisiae Cytosine Deaminase—Saccharomyces cerevisiae or
yeast cytosine deaminase (yCD, EC 3.5.4.1) is a homodimer of 17.5kDa subunits Table 1,
Fig. (3C) and has been shown to be more active towards 5FC than bCD (22-fold lower K ;)
with a slightly better catalytic efficiency (kqa/ K;) toward 5FC relative to its natural
substrate cytosine. Yet, yCD is thermolabile at physiological temperatures with a half-life of
around 4 hrs, a characteristic that may preclude its full therapeutic potential [81]. To extend
the half-life and enhance the stability of yCD, Korkegian et a/. (2005) took a computational
approach to thermostabilizing yCD by utilizing an energy function that evaluates the fitness
of a particular sequence for a given fold and a search algorithm in the program Rosetta
Design. A series of point mutations were predicted to thermostabilize yCD and initial
experimental studies identified two interacting mutations, A23Land 1140L to be key to its
thermostabilization. The mutant with these two substitutions was designated yCDyouple
while an additional distant mutation, V1081, was added onto yCDgqple tO Create the mutant
YCDyriple- Both of these mutants displayed increased apparent melting temperatures ( 7).
longer half-life activity and similar catalytic efficiency relative to wt yCD [81]. Of the two

Curr Gene Ther. Author manuscript; available in PMC 2013 January 22.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Ardiani et al.

Page 10

mutants, yCDyipje displayed the greatest improvement in thermostability with a 10°C
increase in 7, and a 30-fold increase in half-life (117 hr) at 50°C relative to wt yCD. The
thermostabilization of yCDygypie had a lesser effect with a 6°C and 5-fold (21 hr) increase in
Tm and half-life, respectively. Structural studies of yCDggypje and yCDyripje found that the
mutated residues packed more tightly in the enzyme’s hydrophobic core and created
stabilizing interactions, such as hydrophobic packing amongst neighboring residues, to
allow for increased yCD thermostability [81].

In an attempt to improve the catalytic efficiency of yCD towards 5FC, Stolworthy ef al.
(2008) created a large library of yCD variants by regio-specific random mutagenesis and the
identification of functional variants by genetic complementation in £. coli. Three single site
mutants (D92E, M93L and 198L) were found to confer the highest degree of 5FC sensitivity
in negative complementation assays. Of these three, D92E conferred the greatest reduction
in 1C5q (~30%) for 5FC in rat C6 glioma cells. These mutants were then overlaid onto the
thermostabilized mutant yCDyjpje and tested /7 vitro using C6 cells to investigate the
combined effects of these mutations in terms of their ability to confer enhanced 5FC
sensitivity. Surprisingly, none of the overlaid mutants enhanced 5FC-mediated cytotoxicity
but rather negated the effects of yCDyjpje. The thermostabilized mutant yCDyyjpje alone
displayed the greatest enhancement in sensitivity, with an approximate 50% reduction in
ICsq value relative to wt yCD, indicating that the primary limiting behavior of yCD may be
its thermostability. A combination of enzyme kinetics, thermostability studies and structural
information revealed that the D92E mutation failed to significantly influence the kinetic
parameters of yCD but rather increased its thermostability by forming a stabilizing
interaction at the dimer interface of the enzyme. This interaction potentially reduced the
flexibility of the protein backbone and may be the reason why the overlaid mutant yCDyyipje/
D92E failed to synergistically amplify 5FC sensitivity /n vitro. Both yCDyipje and D92E
were later tested /n7 vivo using a xenograft tumor model and mice bearing yCDyyjpje-
expressing tumors treated with 500mg/kg/day 5FC displayed the greatest reduction in tumor
growth [32]. These results indicate that yCDyipe is the most efficient yCD variant tested to
date.

Drosophila melanogaster Deoxyribonucleoside Kinase (Dm-dNK)—Drosophila
melanogaster deoxyribonucleoside kinase (Dm-dNK; EC 2.7.1.145) is a 29kDa
homodimeric, multisubstrate kinase Table 1, Fig. (3D) able to phosphorylate all four natural
deoxyribonucleosides required for DNA synthesis. In addition to its broad substrate
specificity, Dm-dNK. exhibits higher catalytic rates toward these natural deoxynucleosides
and several nucleoside analogs as compared to mammalian deoxynucleoside kinases [82].
These distinctive characteristics make Dm-dNK a unique candidate for suicide gene therapy
applications. Zheng et al. (2000) reported that the TK deficient osteosarcoma 143B and MIA
PaCa-2 adenocarcinoma human cell lines transduced with a Om-dNK expressing retroviral
vector demonstrated up to 400- to 6,400-fold increases in sensitivity, respectively, towards a
number of pyrimidine and purine nucleoside analogs compared to untransduced cells. This
enhanced sensitivity was more prominent when pyrimidine analogs were used as Om-dNK
naturally prefers pyrimidine substrates [83]. Bystander effect studies using the combination
of Dm-dNK and the pyrimidine analog 2’ -bromovinyl-2’-deoxyuridine (BVDU) revealed
that the presence of 10% Dm-dNK expressing cells could cause a significant bystander
effect (>50% cell killing) in mixed cultures of 143B osteosarcoma cells. However, this
combination was unable to induce a bystander effect in MIA PaCa-2 cells, a cell line with
low connexin expression levels and therefore presumably unable to efficiently transfer
activated BVDU via gap junctions [3,4].

As a means to manipulate the substrate specificity of DmdNK, and further enhance cancer
cell prodrug sensitivity, multiple enzyme engineering strategies have been implemented to
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create Dm-dNK mutants with improved kinetic properties for nucleoside analog activation.
Knecht et al. (2000) created a series of first generation mutants via high frequency random
mutagenesis and thymidine kinase genetic complementation in £. coli Of the thirteen
reported mutants, the double mutant MuD (N45D/N64D) was chosen for further molecular
characterization due to its ability to lower lethal dose (LD1qg) values in the fdk deficient £.
coli KY 895 strain for all four nucleoside analogs tested. Kinetic analyses predicted a 324-
fold and 28-fold increase in specificity towards the prodrugs azidothymidine (AZT) and
dideoxycytidine (ddC), respectively. This increased specificity was due to a decreased
activity towards natural substrates concomitant with decreased feedback regulation levels by
dTTP [84].

In an attempt to further improve kinetic properties for nucleoside analog activation Knecht
et al. (2007) performed DNA shuffling using MuD and other first generation mutant genes.
Based on kinetic analysis results, two mutants from this library, B5S (V84A/N210D/L239P)
and B10 (N45D/N64D/N210D/L239P), were transduced into multiple human cancer cell
lines and evaluated for optimal suicide gene/prodrug combinations. Human 143B
osteosarcoma cells transduced with mutant B5 were 9-fold more sensitive to the cytotoxic
effects of cladribine (CdA) relative to wt Dm-dNK transduced cells. A 470-fold difference
in sensitivity was seen when 1Csq values were compared between mutant B5 transduced
cells and the parental cell line. Human U87MG glioblastoma cells transduced with mutant
B10 were ~1000-fold more sensitive to fludarabine (F-AraA) relative to wt Dm-dNK
transduced cells. The success of these mutants in combination with their respective prodrugs
can be attributed to their decreased ability to phosphorylate natural pyrimidine substrates,
which wt ODm-dNK naturally prefers, while maintaining similar ke,/Kp, ratios for the tested
purine analogs [85].

Structure-function analysis of the Dm-dNK MuD variant was performed to elucidate the
specific function of the two mutated residues, N45D and N64D. Results suggest the N64D
mutation is responsible for enzymatic changes as the introduction of a charged aspartate
residue at this location destabilizes the LID region, a flexible loop structure important in
ATP binding and catalysis. This destabilization is thought to provide space for more bulky
3’-substituents, like those found in AZT, while negatively influencing feedback inhibitor
interactions, such as those with dTTP [86]. The V84A mutation found in mutant B5 defines
its altered substrate specificity as this amino acid exchange mimics the alanine found at the
same position in human deoxycytidine kinase, and may be responsible for the increased
preference towards deoxycytidine and its analogs [87]. The role of the additional
substitutions found in mutant B5 is unclear although it has been suggested that these
mutations may impart a general effect on Dm-dNK sensitivity to nucleoside analogs [85].

A separate study was performed by Knecht ef a/. (2002) to modify Dm-dNK to display a
preference for purine substrates. A comparison between the three-dimensional structures of
Dm-dNK, human deoxyguanosine kinase, and HSVTK was used to identify three amino
acid residues (84, M88, A110) lining the substrate binding pocket of Dm-dNK as
candidates for involvement in purine specificity. Mutations at these residues converted Drm-
dNK from a mainly pyrimidine specific to purine specific kinase with expanded activity
towards multiple purine analogs [87]. Solaroli ef a/. (2007) further characterized these
engineered enzymes in terms of their ability to sensitize 143B osteosarcoma cells to various
purine analogs, including GCV and nelarabine (AraG). In these studies, cells transduced
with the most promising mutant, M88R, acquired more than 10-fold and ~100-fold lower
ICsq levels for GCV and AraG, respectively, compared to wt Om-dNK transduced cells. The
increased sensitivity to these purine analogs has been attributed to the arginine substitution
of methionine at position 88 as this reflects the same position in human deoxyguanosine
kinase that has been shown to be responsible for purine deoxynucleoside selectivity [87].
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Although Dm-dNK the 20 amino acid C-terminal truncated form of has been reported to
increase the catalytic rate of Om-dNK, the truncated form of mutant M88R did not increase
cancer cell sensitivity to either GCV or AraG [88, 89]

Gerth et al. (2007) reported a recombination mutagenesis study aimed at creating humanized
enzymes with increased activity towards nucleoside analogs. Hybrid enzymes of Dm-dNK
and human thymidine kinase 2 (hTK2) were produced via the non-homologous
recombination techniques ITCHY and SCRATCHY and then screened for thymidine kinase
activity using genetic complementation. Two of the most active chimeras, HDHD-12 and
HD-16, were tested for activity to multiple nucleoside analogs. Of greatest interest was their
novel activity towards the anti-HIV prodrug 2,3’ -didehydro-3’-deoxythymidine (d4T), an
activity that neither wt Dm-dNK nor hTK2 possess, and was also two orders of magnitude
greater than all reported natural or engineered deoxynucleoside kinases [90]. The reason for
this novel activity was unclear from available structural information.

Liu et al. (2009) designed and validated a novel FACS-based approach to screening for
functional Dm-dNK mutants with altered substrate specificity to the prodrug
dideoxythymidine (ddT). Combined with conventional random mutagenesis and DNA
shuffling techniques, this approach identified a DrmdNK variant, R4.V3 (T85M/E172V/
Y179F/H193Y), with a 20-fold increased substrate preference for ddT over thymidine. Both
active site mutations EI72V and Y179F were determined to discriminate against natural
substrates by both removing favorable hydrogen-bonding interactions in the Dm-dNK
binding pocket and optimizing the pocket for the hydrophobic 2”,3"-dideoxyribose moiety
of ddT. While the H193Y mutation was found neutral, the T85M mutation was argued to
provide favorable binding interactions for the fluorescent analog of ddT selected for during
screening by enlarging the Dm-dNK substrate binding pocket. Reversion of this mutation
allowed for a 10-fold improvement in catalytic performance for ddT [91]. A more in depth
coverage of the multiple strategies used and recent mutagenesis efforts performed by the
Lutz group is the focus of a recent review [92].

While the unique properties of the majority of the aforementioned Dm-dNK mutants have
shown promise /n vitro, these mutants have yet to be further characterized in an /n vivo or
clinical setting. For example, although advancements have been made to improve Dm-dNK
activity towards GCV, the HSVTK variant SR39 remains the suicide gene of choice with
GCV. Nonetheless, the future use of Drm-dNK variants for suicide gene therapy applications
may augment the cytotoxic potential of current strategies by providing a range of new
suicide gene/prodrug combinations.

Human Deoxycytidine Kinase (dCK)—Human deoxycytidine kinase (dCK; EC
2.7.1.74) is a 30.5kDa homodimeric enzyme Table 1, Fig. (3E) in the salvage pathway of
deoxyribonucleosides and is responsible for activating all natural deoxyribonucleosides,
excluding thymidine, as precursors for DNA synthesis. Due to its broad substrate specificity,
dCK is able to activate multiple nucleoside analogs effective against different types of
cancer. However, wt dCK is intrinsically a relatively poor catalyst with low turnover rates
and prodrug activation is dependent on its expression levels [93]. Indeed, nucleoside analogs
that are efficient substrates of dCK, such as cytarabine (AraC), fludarabine (F-AraA),
cladribine (CdA), and gemcitabine (dFdC) Fig. (2), are effective anti-leukemic agents as
lymphoblasts have been shown to have high dCK expression levels whereas cancer cells
lacking dCK activity are resistant to these same analogs. To overcome this resistance, and
restore drug sensitivity, Stegmann et a/. (1995) transfected an AraC resistant rat leukemic
cell line with a vector encoding the wt dCK gene. ICgq levels for the resistant cell line were
>10mM, while dCK transfected cells fully restored drug sensitivity to levels comparable to
the parental cell line (IC5g ~0.851.M) [94]. In other studies, dCK has been used as a
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candidate suicide enzyme against different cancer cell types including, but not limited to, 9L
(glioma), Panel (pancreatic carcinoma), MCF-7 (breast carcinoma) and HT-29 (colon
carcinoma) cells [95-97]. Similar to the bystander effect with HSVTK and GCV, gap
junctions and direct cell-to-cell contact are key factors for the bystander effect of nucleoside
analogs activated by dCK [96, 98].

As a means to improve the catalytic efficiency of dCK, and in turn further improve drug
sensitivity and selectivity, Sabini et al. (2007) exploited structural information of dCK to
mutate three active site residues to those found in Dm-dNK. The designed A100V/R104M/
D133A triple mutant displayed a 50-fold increase in efficiency toward its natural substrate
deoxycytidine and a 4-fold increase in efficiency toward the prodrug gemcitabine [93].
Harza et al. (2009) sought to better understand the differences in substrate specificity and
enzymatic activity between dCK and Dm-dNK, or more specifically why the Dm-dNK
enzyme is more efficient than dCK and displays thymidine kinase activity. These studies
further emphasized the importance of dCK residues R104 and D133 in substrate specificity
and revealed that site-directed mutations at these residues can not only render dCK more
active but also endow this enzyme with novel thymidine kinase activity. On a D133A
background, residue R104 was mutated to a hydrophobic residue, glutamine, or lysine as
these residues were predicted to accommodate the C5-methyl group present in the thymine
base. Of the double mutants (DM) tested for thymidine kinase activity, both DMya
(R104M/D133A) and DM a (R104L/D133A) were more efficient in converting natural
deoxynucleoside substrates, including thymidine, along with a number of tested nucleoside
analogs. In terms of relevance to suicide gene therapy applications is the novel catalytic
activity of these mutants toward the L-form of thymidine (L-dT) with DMpya
phosphorylating the L-form twice as fast as the D-form. Structural analysis of DM in
complex with L-dT revealed that the R104M mutation facilitated penetration of L-dT deeper
into the nucleoside binding site by making space for the C5 methyl group of the thymine
base. Furthermore, the concomitant mutation of D133A was found necessary to compensate
for the removal of the charged R104 residue [99].

Separate random and site-saturation mutagenesis studies done by lyidogan et a/. (2008)
reiterated the key importance of dCK residues R104 and D133 in substrate specificity.
Published prior to reports describing the DMpa and DM a4 mutants, these studies used error
prone PCR random mutagenesis and genetic complementation in £. coli or site-saturation
mutagenesis using degenerate primers targeting codons for residues R104 and D133 to
enhance the catalytic activity and tailor the substrate specificity of dCK. The created
mutants, all carrying R104/D133 mutations, showed significant thymidine kinase and
nucleoside analog activity and the six mutants tested for nucleoside analog activity exhibited
up to a 100-fold increase in AZT turnover and up to a 30-fold increase in ddT activity. Of
the mutants tested for nucleoside analog activity, mutant epTK6 (D47E/R104Q/D133G/
N1631/F242L) displayed a broader specificity and elevated turnover for all natural and
nucleoside analog substrates. This activity was later linked to the two active site residues
R104 and D133 as reversion of the remaining distant mutations to wt dCK showed little
impact on catalytic activity [100].

Taking a different approach to increase dCK catalytic activity, McSorley et al. (2008)
targeted amino acid residue S74 based on a previous study by Smal et a/. (2006) that
demonstrated the importance of S74 phosphorylation in the control of dCK activity [101].
To mimic S74 phosphorylation, S74D and S74E mutants were generated. Kinetic analyses
of mutant S74E showed the most marked changes in A4 values with a 11-fold and 3-fold
increase for the cytidine analogs gemcitabine and AraC, respectively. Specific enzymatic
activity in HEK 293T cell lysates was interpreted to be 10-fold higher in cells expressing the
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S74E mutant compared to wt dCK expressing cells, suggesting that phosphorylation may be
a mechanism for modifying and enhancing the catalytic activity of the dCK. enzyme [102].

Although the previously described dCK mutants displayed an overall increased catalytic
activity toward their tested nucleoside analogs, many displayed an unfavorable relative
specificity compared to deoxycytidine suggesting that competition for the active site may
limit their efficacy in cells. Indeed several attempts have been made to generate novel dCK
variants with improved gemcitabine activity for gene therapy applications, yet it appears that
wt dCK. is sufficiently active towards clinically relevant prodrugs such that making any
kinetic improvement may not translate to reduced ICgq values.

Escherichia coli Purine Nucleoside Phosphorylase—Escherichia coli purine
nucleoside phosphorylase (EC 2.4.2.1; E. coli PNP) is a homohexameric enzyme with a
molecular weight of about 150kDa Table 1, Fig. (3F) that catalyzes the reversible
phosphorolysis of 6-amino and 6-oxopurine (2’-deoxy) ribonucleosides to (2”-deoxy)ribose-
I-phosphate and purine base [103], Additionally, £. co/iPNP can cleave nontoxic adenosine
analogs such as 9-(2-deoxy-B-D-ribofuranosyl)-6-methylpurine (MeP-dR), 2-fluoro-2’-
deoxyadenosine (F-dAdo) and 9-(p-D-arabinofuranosyl)-2-fluoroadenine (fludarabine or F-
araA) to the adenine analogs 6-methylpurine (MeP) or 2-fluoroadenine (F-Ade). The
distinctive nucleoside analog activity of £. co/i PNP makes it a unique suicide enzyme
candidate and has therefore been developed as a suicide gene therapy strategy for the
treatment of solid tumors [103-105]. The adenine analogs, MeP and F-Ade, formed by £.
coli PNP are further activated to cytotoxic ATP analogs in the cytosol by adenine
phosphoribosyltransferase, are then incorporated into RNA, and in turn inhibit both RNA
and protein synthesis, killing both proliferating and non-proliferating tumor cells [106]. As
tumors grow at variable rates, the cytotoxic activity of these analogs against non-
proliferating cells facilitates complete tumor ablation. Additionally, MeP and F-Ade are 10-
and 1000-fold more potent against human leukemic CEM cells than 5FU, respectively [107].
Moreover, MeP and F-Ade are membrane permeable and can thus readily diffuse to adjacent
tumor cells, resulting in robust bystander killing effects [108]. Low level expression of £.
coli PNP, even in less than 1% of transfected tumor cells, was shown to lead to complete
bystander killing of non-transfected tumor cells following MeP-dR dosing [109].

The E. coli PNP system has demonstrated exceptional /7 vivo anticancer activities in a
variety of tumor cells, such as gliomas, ovarian, pancreatic, prostate and bladder cancers
[103, 104, 108-112]. However, this approach is limited because the prodrug can be cleaved
by endogenous PNP present in the intestinal flora, leading to systemic toxicity [111, 113,
114]. One strategy to reduce this toxicity is to create an anti-cancer prodrug that would be
selectively cleaved by an engineered PNP but not by either £. co/i PNP present in the
intestinal flora or by any human enzyme. Secrist et al. (1999) found analogs with 5-
modifications in the ribose ring, such as 9-(6-deoxy-a-L-talofuranosyl)-6-methylpurine
(Me(talo)-MeP-R), 9-(6-deoxy-p-D-allofuranosyl)-6-methylpurine [Me(a/lo)-MeP-R], and
9-a-L-lyxofuranosyladenine (/yxo0-Ado) are poorly cleaved by £. co/i PNP compared to
MeP-dR [115]. Computer modeling studies of the £. col/i PNP/Me (talo)-MeP-R complex
suggested that poor cleavage results from a steric clash between the C6” methyl group of Me
(talo)-MeP-R and the side chain of methionine 64 (M64), an important residue involved in
ribose binding. To relieve this clash, smaller hydrophobic residues were introduced to
replace M64 and several mutants (M64A, M64V, M64l, M64Q) appeared to create the
required space for the C6” methyl group of Me(ta/0)-MeP-R [116].

Bennett et al. (2003) further analyzed the PNP M64 mutants with four 5”-modified prodrugs

including Me(a/o)-MeP-R, Me(allo)-MeP-R, lyxo-Ado and 9-(5"-5-di-C-methyl-p-D-
ribofuranosyl)-6-methylpurine (5”,5"-dimethyl- MeP-R) in search of the most effective
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enzyme/prodrug combination [114]. Results suggested that mutant M64V cleaved the
modified nucleoside analogs more efficiently than wt £. co/i PNP. Of greatest interest was
the superior activity of mutant M64V with analog Me(#a/0)-MeP-R, where mutant M64V
displayed a keqt/Kry, Value approximately 140-fold greater than that of the wt enzyme. /n
vitro studies using human astrocytoma D54 cells transfected with PNP M64V showed that
these cells were killed at a low concentration of Me(#a/o)-MeP-R (20iM). Further in vivo
evaluation resulted in tumor regression for atleast 60 days when mice were treated with
100mg/kg/day of Me(talo)-MeP-R given on three consecutive days. The maximum tolerated
dose (MTD) of Me(talo)-MeP-R was only 4-fold greater than that of MeP-dR (from 100 mg/
kg/day to 400 mg/kg/day given on 3 consecutive days), a value less than the difference in
catalytic rates between Me(za/o)-MeP-R and MeP-dR with wt £. co/i PNP (about 1000-
fold). This suggests a mechanism of toxicity not associated with £. co/i PNP as being a
limiting factor for Me(zalo)-MeP-R potency. The three best substrates of M64V, Me(talo)-
MeP-R, 9-[6-deoxy-a-L-talofuranosyl]-2-F-adenine (Me(ta/o)-F-Ado) and 9-a-L-
lyxofuranosyl-2-F-adenine (/yxo-F-Ade), were further evaluated /n vivo. Results from those
studies indicated that Me(#a/o)-MeP-R toxicity was due to its cleavage to MeP by a bacterial
enzyme not likely to be £. coliPNP, and that the toxicity of the two purine analogs was due
to their cleavage to F-Ade by mammalian methylthioadenosine phosphorylase [114].
Silamkoti et al. (2005) also evaluated the activity of M64V towards a novel series of MeP
nucleoside derivatives with substitutions at 5”-position in the ribose ring. Results showed
the mutant to cleave three compounds with similar structure, including 9-H-purine-6-
amine-9-(2-deoxy-a-L-lyxofuranosyl)-2-fluoro, 9-H-purine-6-amine-2-fluoro-9-a.-L-
lyxofuranosyl and 9-H-Purine-9-a.-L-lyxofuranosyl-6-methyl with 12-, 30- and 50-fold
greater activity, respectively, compared to £. co/i PNP [117].

While steps have been made to enhance the efficacy and lower the toxicity of the £. coli
PNP based suicide gene therapy strategy, its success appears to be limited by side toxicity
caused by enzymes found in the natural flora of the gut or endogenous enzymes that are
capable of cleaving the tested adenine analogs. Therefore, the future success of this strategy
may rely on the design of adenine analogs that are poorly cleaved by wt £. coliPNP or other
endogenous enzymes but are efficiently activated by designed £. co/i PNP variants.
Nonetheless, the aforementioned studies describe an alternative strategy to create a suicide
enzyme/prodrug system via the synthesis of prodrug analogs that are poorly activated by wt
suicide enzyme and the design of variants with activity catered to the synthesized analog.

CONCLUSION

Tremendous hurdles in the feasibility and therapeutic response of gene therapy have
gradually been overcome in the past two decades. However, despite the vast preclinical
information available that demonstrates the efficacy of suicide gene therapy to treat cancer,
successes observed in preclinical studies have yet to be fully attained in clinical settings.
Many limiting factors are likely responsible for this discrepancy, including insufficient gene
transfer, rapid clearance of delivery vectors by the hosts’ immune system, and poor activity
of wt suicide enzymes towards their respective prodrugs. Nevertheless, suicide gene therapy
is maintaining momentum because it offers much safer and less toxic treatments than
chemotherapy. However, it is apparent that further advances to improve suicide gene
therapy must be addressed before it becomes a mainstream therapeutic approach for treating
cancer. As focused on this review, one approach to address this problem is to improve the
suicide enzyme itself. When engineered suicide enzymes with improved activity towards
their prodrugs are used to replace wt enzymes, lower doses of prodrugs could be
administered to obtain the same or even better tumor cytotoxicity and, subsequently
minimize unwanted side effects in patients. Similarly, utilizing a fusion gene has also proven
to be a more effective means to kill tumor cells /n vitroand /n vivo[28, 29, 118],
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Additionally, with the generation of higher levels of active antimetabolites, greater and
broader bystander effects should take place, ultimately leading to an enhanced reduction in
tumor cell burden. Towards that end, the application of optimized suicide enzymes will
likely improve the clinical outcome of suicide gene therapy in cancer patients and
compensate, in part, for inefficiencies of current delivery methods.

Although suicide gene therapy may be used as a single treatment for cancer therapy, it is
reasonable to state that the field has been gradually moving towards combining suicide gene
therapy with standard radiation, chemotherapy and/or surgery approaches. By combining
suicide gene therapy with these treatments, reduced doses of chemotherapeutic/radiation-
based therapies can be administered to achieve complete tumor ablation while minimizing
toxicity to normal cells. Advances in the gene delivery field have allowed complicated and
refined techniques to be performed to enhance the transduction efficiency, safety, and
tumor-specific cytotoxicity of current delivery vectors. Sophisticated delivery vehicles will
continue to be generated as a means to overcome the barriers of adequate gene delivery for
transduction efficiency and safety. With the future use of such vectors and/or carrier cells to
deliver optimized enzyme/prodrug combinations to achieve superior prodrug-mediated
tumor cytotoxicity and bystander effect, it is anticipated that significant and reproducible
clinical success using suicide gene therapy strategies will be realized sooner rather than
later. These approaches will also serve to extend the applicability of improved suicide genes
beyond the treatment of solid tumors to the elimination of graft versus host disease
following allogeneic hematopoietic stem cell transplantation, as safety genes and in non-
invasive imaging technologies such as positron emission tomography (PET).
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Overview of suicide gene therapy.
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Fig. 2.

Prodrug activation pathways and mechanisms of action. A representative prodrug for each
suicide enzyme and their corresponding mechanism(s) of action are denoted in this figure.
CD, cytosine deaminase; HSVTK, Herpes Simplex Virus thymidine kinase; dCK,
deoxycytidine kinase; PNP, E. coli purine nucleoside phosphorylase; Dm-dNK, Drosophila
melanogaster deoxynucleoside kinase; 5FC, 5-fluorocytosine; MeP-dR, 9-(2-deoxy-B-D-
arabinofuranosyl)-6-methylpurine; GCV, ganciclovir; dFdC, gemcitabine; AZT,

azidothymidine. Dotted lines = enzyme inhibition.
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Fig. 3.

Crystal structures of suicide enzymes. Residues targeted by mutagenesis are highlighted in
red and the substrate of each enzyme is highlighted in orange. (A) HSVTK (PDB: 1K12),
(B) bCD (PDB: 1K70), (C) yCD (PDB: 1P60), (D) Dm-dNK (PDB: 10T3), (E) dCK (PDB:
2A30), (F) E. coliPNP (PDB: 1PK7).
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