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Abstract. Drosophila melanogaster multisubstrate deoxy-
ribonucleoside kinase (Dm-dNK) was applied as a cancer 
gene therapeutic approach. To improve the antitumor effect of 
Dm-dNK, a novel suicide gene system based on an oncolytic 
adenovirus vector was developed to produce therapeutic effects 
towards colorectal cancer cells. We constructed an oncolytic 
adenoviral vector (ZD55), which was designed by deletion of 
the E1B-55 kDa gene for selective replication in tumor cells, 
containing suicide gene (Dm-dNK) driven by a cytomegalo-
virus promoter. We analysed the expression and activity of 
Dm-dNK in colorectal cancer cells (HCT-116 and SW620) via 
reverse transcription (RT)-PCR and enzyme assay. We assessed 
selective cytotoxic effects of Dm-dNK with the presence of the 
analogs (E)-5-(2-bromovinyl)-2'-deoxyuridine (BVDU), diflu-
orodeoxycytidine (dFdC) or 1-β-D-arabinofuranosylthymine 
(ara-T) by MTT and FACS; the variation of oncolytic adeno-
virus was detected by titer assay and western blot analysis. Our 
data showed that ZD55-Dm-dNK mediated high expression of 
Dm-dNK in HCT-116 and SW620 cancer cell lines and low 
levels of expression in WI-38 and MRC-5 normal cells, strong 
cytotoxicity was observed only in tumor cells after ZD55-
Dm-dNK infection combined with nucleoside analogs (NA). 
When ZD55-Dm-dNK was combined with BVDU or dFdC, it 
produced a synergistic inhibitive effect of adenovirus replica-
tion while maintaining specific cancer cell killing activity. The 
results suggest that the novel oncolytic virus ZD55-Dm-dNK, 
in combination with NA, has potential as an efficient selective 

antitumoral agent and may produce synergistic effects in safe 
control of adenovirus, which is a new promising therapeutic 
for colorectal cancer.

Introduction

Colorectal cancer ranks third in developed countries, and 
fifth in China in both morbidity and mortality (1). Although 
the incidence of CRC was substantially lower in Asia than in 
the USA in the mid-twentieth century, the incidence in Japan 
and China has been rapidly increasing (2,3). Around 50% of 
newly diagnosed colorectal cancer patients will die of this 
disease due to liver metastasis, surgical resection or surgery 
coupled with systemic chemotherapy of liver metastasis is the 
currently available treatment for these patients, however, only 
25% of liver metastases are amenable to surgery and 60% of 
those patients relapse. These findings underscore the need for 
improved therapeutic approaches to more efficaciously control 
this aggressive type of cancer.

Gene-directed enzyme prodrug therapy (GDEPT), also 
known as suicide gene therapy, using the herpes simplex 
virus thymidine kinase gene (HSVtk)/ganciclovir (GCV) 
system delivered by replication-defective viral vectors has 
been studied extensively as the first-generation gene therapy 
approach for various cancers (4,5). The GDEPT strategy is 
based on the introduction of a nucleoside kinase gene into 
the cancer cells and in most cases, such suicide genes encode 
non-mammalian enzymes that can convert toxicologically and 
pharmacodynamically inert agents into highly toxic metabo-
lites (6-8). Now, our study has introduced a new suicide gene 
Dm-dNK which is derivered from Drosophila melanogaster, 
the only one kinase of Drosophila melanogaster, combines a 
wide substrate acceptance with the exceptionally high turn-
over rates. Dm-dNK plays a key role in the chemotherapeutic 
treatment of cancer and viral diseases as they catalyze the 
first, and often rate-limiting step of the nucleoside analogs 
activation which makes it a unique member of the human and 
viral nucleoside kinase enzyme family (9). We have showed 
that Dm-dNK is expressed in human osteosarcoma cells 
and pancreatic adenocarcinoma cells retaining its enzymatic 
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activity, and it is located in the cell nuclei due to a nuclear 
localization signal in its C-terminal region (10,11).

It is critical to deliver therapeutic gene efficiently into 
target cancer cells for suicide gene therapy strategies (12-14). 
Replication-defective adenovirus vectors have been used for 
different applications for gene therapy of cancers. However, 
because of limitations involving vector delivery and relatively 
low levels of gene transfer, such vector systems have been proven 
relatively inefficient for the treatment of large solid tumors 
(15). One strategy to overcome these limitations is the use of 
a conditionally replicating adenovirus (CRAd), also called 
oncolytic adenovirus, which exert intrinsic antitumor activity 
through selective replication in lysis cancer cells, causing the 
spread of progeny viruses in neighboring cancer cells, and 
eventually lysing the infected cancer cells (16-19). For instance, 
ONYX-015 an E1B-55 kDa deleted mutant adenovirus with 
tumor specific replication was introduced for oncolytic gene 
therapy (20,21). Consequently, several approaches are being 
explored to increase their potency [defined as the viruses ability 
to replicate, lyse cells, and spread (22), including ‘arming’ them 
with therapeutic transgenes (23)].

By using a conditionally replicating adenovirus ZD55 (24), 
which is constructed similarly to ONYX-15, we produced a 
recombiant oncolytic adenovirus ZD55-Dm-dNK, a suicide 
gene-virotherapy, a marriage of Dm-dNK and oncolytic virus 
therapy, which is expected to create synergistic effects supe-
rior to that of each of the single strategies alone.

Materials and methods

Construction of the recombinant adenovirus. Complete cDNA 
sequence of Dm-dNK gene was amplified by PCR from 
plasmid pGEM-dNK by using the upstream primer GT160 
5'‑CCG GAA TTC ACC ATG GCG GA GGCA-3' and down
stream primer GT161 5'-CGC GGA TCC TCA TTA TCT 
GGC GAC-3'. Synthetic DNA sequence was released with 
endonucleases EcoRI and BamHI (New England Biolabs, 
Beverley, MA) and ligated into plasmid pENTR13 (Sinogene, 
Shanghai, China) which contains the sequence of mouse cyto
megalovirus promoter, multiple clone site and SV40 poly A, to 
generate pENTR13-dNK. A 1311-bp fragment expression 
cassette of dNK containing mouse cytomegalovirus promoter 
was inserted into pZD55 to generate pZD55-CMV-Dm-dNK. 
Plasmid ZD55-CMV-Dm-dNK was individually transfected 
into HEK293 cells using Lipofectamine 2000 (Life 
Technologies) together with adenovirus packaging plasmid 
pBGHlox (deltaE1, E3) (Microbix Biosystems). After homolo
gous recombination, we obtained one set of replicative 
adenovirus named ZD55-Dm-dNK, in which the viral 
E1B55-kDa gene was deleted (Fig. 1A). Large-scale amplifica
tion of adenoviruses was carried out in HEK293 cells and 
purified by ultracentrifugation with cesium chloride.

Cell lines and infectivity. The human colorectal carcinoma 
cell lines SW620, and HCT-116, were purchased from the 
Shanghai Cell Collection (Shanghai, China), and the HEK293 
cell line (human embryonic kidney cells) was obtained from 
Cancer institution of China Medical University (Shenyang, 
China). The normal human embryonic lung fibroblast cell 
lines WI-38 and MRC-5 were purchased from the ATCC 

(American Type Culture Collection). The human colorectal 
carcinoma cell lines SW620, and HCT-116, were cultured 
in Leibovitz-15 (Gibco-BRL, Grand Island, NY, USA) and 
McCOY's 5A (Gibco-BRL) medium, respectively. The 
HEK293 cell line (human embryonic kidney cells) and the 
normal human embryonic lung fibroblast cell line WI-38 and 
the MRC-5 were cultured in Dulbecco's modified Eagle's 
medium (Gibco-BRL). All the cell lines was cultured with 
10% heat-inactivated fetal bovine serum (Gibco-BRL), 4 mM 
glutamine, 50 U/ml penicillin, and 50 µg/ml streptomycin at 
37˚C in a 5% CO2 humidified incubator.

Comparison of infectivity of Type 5 adenovirus in the cell 
lines SW620, HCT-116 to WI-38, MRC-5. Cells were exam-
ined by using the wild-type 5 adenovirus Ad-GFP (Green 
fluorescent protein) at multiplicity of infection (MOI) of 1. The 
percentage of positive cells was determined under a fluores-
cence microscope (Nikon, Tokyo, Japan).

RT-PCR. ZD55-Dm-dNK and ZD55 were added to the human 
colorectal carcinoma cells and the normal human embryonic 
lung fibroblast cells and incubated in proper medium with 10% 
FBS, after a medium change, the cells were cultured for 3 
more days. The cells were collected and the total RNA was 
extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA). 
Briefly, according to the manufaturer's instructions, RT-PCR 
analysis was performed with 1 µg total RNA and oligo (dt)-
adaptor primer using the two-step RT-PCR (Takara Bio Inc., 
Shiga, Japan). A cDNA equivalent of 1 µg RNA was amplified 
by PCR using primers specific for the target genes. The 

Figure 1. Construction and infectivity of recombinant adenovirus ZD55-
Dm-dNK. (A) Characterization of ZD55-Dm-dNK, the E1B55-kDa gene 
(2269-3327bp) was replaced by the expression cassette of Dm-dNK con-
taining cytomegalovirus (CMV) promoter, Dm-dNK and SV40 poly A to 
generate ZD55-Dm-dNK. ITR, inverted terminal repeat; ψ, the adenovirus 
5 packing signal. (B) Overview of the infectivity of Type 5 adenovirus in the 
colorectal carcinoma cells SW620 and HCT-116, the normal human fibroblast 
cell lines WI-38 and MRC-5. Nearly the same viral infectivity in the four cell 
lines according to the cells expressed green fluorescence protein.
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thermal cycles were: 94˚C for 0.5 min, 60˚C for 0.5 min, 72˚C 
for 1 min for 25 cycles for Dm-dNK (779 bp); 94˚C for 0.5 min, 
55˚C for 0.5 min, 72˚C for 1 min for 25 cycles for GAPDH 
(452 bp). The Nucleotide sequences of Dm-dNK primers were 
as follows: sense 5'-CCG GAA TTC ACC ATG GCG GAG 
GCA -3'; anti-sense 5'-CGC GGA TCC TCA TTA TCT GGC 
GAC -3'. The Nucleotide sequences of GAPDH primers were 
as follows: sense 5'-ACC ACA GTC CAT GCC ATC AC-3'; 
anti-sense 5'-TCC ACC ACC CTG TTG CTG TA-3'. The 
amplification products were separated by 2% agarose gel elec-
trophoresis and visualized by SYBR-Green staining.

Enzyme assay. Cells were cultured in 6-well plates, and crude 
cell protein extracts were prepared at 5 days after infection 
at MOI 1. Cell protein extracts were prepared as described 
(25). The assays were performed in 50 mM Tris-HCl, pH 7.6, 
5 mM MgCl2, 5 mM ATP, 2 mM dithiothreitol, 15 mM NaF, 
100 mM KCl, 0.5 mg/ml bovine serum albumin, and 0.6 mg 
of protein extract in a total volume of 35 ml. [methyl-3H]- 
dThd (2.5 mM) (Moravek Biochem), were used in the assays 
and mixed with equivalent amounts of unlabeled substrates. 
Aliquots of the reaction mixture were spotted on Whatman 
DE-81 filters after 10, 20 and 30 min of incubation at 37˚C. 
The filters were washed three times in 5 mM ammonium 
formate. The nucleoside monophosphates were eluted from the 
filter with 0.5 M KCL, and the radioactivity was determined 
by scintillation counting.

Cell viability and cytopathic effect assay. Cell viability was 
measured by methyl thiazolyl tetrazolium (MTT) assay. The 
human colorectal carcinoma cells and the normal human 
embryonic lung fibroblast cells was planted at a density of 
1x104 and 3x103 per well in 96-well plates. After incubation 
for 24 h, the cells were infected with ZD55-Dm-dNK, ZD55, 
dl1520 and wild-type adenovirus (WtAd) at a gradient of 
MOI from 0 to 10, mock infected acted as control. The MTT 
assay was performed 5 days post-infection. The absorbance 
was determined at 570 nm on a scanning multi-well pectro-
photometer with a reference wavelength at 655 nm (Bio-Rad 
Laboratories, Hercules, CA). For the combination therapy, 
cells were infected with ZD55-Dm-dNK or ZD55 at MOI 1 
after planting, the medium was replaced for fresh medium 
4 h after infection, after incubation for 24 h, the cells were 
treated with investigated nucleoside analog (NA) compounds, 
whose concentration was from 0.01 to 100 µM. The medium 
containing the NA was changed daily for 4 days, the survival 
rates of the cells were performed as described above. Each 
assay was performed in triplicate. The cells were observed 
every other day for cytopathic effect (CPE) for 5 days, cells 
treated with PBS were used as negative control. All micros-
copy photographs were originally at a magnification of x10.

Apoptosis assay. The cells were seeded in 6-well plates at a 
proper density per well and infected with ZD55-Dm-dNK or 
ZD55 at MOI 1, ZD55-Dm-dNK or ZD55 infection in normal 
cell lines was the control. The cells were co-cultured for 4 h 
and then washed to remove free viral particles. NA was added 
at a concentration of 1 µM 24 h after infection. Apoptotic cells 
were detected using FITC conjugated Annexin-V and prop-
idium iodide (PI) 5 days post-infection. Cells were washed 

twice with PBS and resuspended in Annexin-V binging buffer 
(10 mM HEPES, 140 mM NaCl, 5 mM CaCl), at a concentra-
tion of 1x106 cells/ml. Cell solution (200 µl) was added to a 
1 ml Eppendorf tube, and 5 µl Annexin-V-FITC, and 10 µl of 
PI were added. The tube was gently vortexed and incubated for 
15 min at room temperature in the dark. Binding buffer was 
added to each tube and the cells were analyzed by cytometry 
(Becton-Dickinson, Mountain View, CA, USA).

Titer assay. Selective replication of adenovirus was evaluated 
in colorectal cancer cell lines SW620, HCT-116 and normal cell 
lines WI-38, MRC-5. Wild-type adenovirus (WtAd) was used 
as positive control. The colorectal carcinoma cell lines SW620 
(5x104/well), HCT-116 (5x104/well), and the normal embryonic 
lung fibroblast cell lines WI-38 (3x104/well), MRC-5 (3x104/
well) were seeded in 24-well plates. After 24 h, the cells were 
infected with ZD55-Dm-dNK, ZD55, dl1520 and WtAd. Of 
the above viruses 104 pfu/ml was added in the culture, the 
medium was replaced with fresh medium 4 h after infection. 
The cells were harvested at 0, 1, 3 or 5 days post-infection. 
The harvested cells were subjected to 3 freeze-thaw cycles to 
release viral particles. Limiting dilution (TCID50) method in 
HEK-293 cells was performed to determine the viral titers in 
cell lysate. Each assay was repeated two to three times, aver-
aged, and expressed as pfu/cell ± SD.

Western blot analysis of E1A protein. SW620, HCT-116 and 
WI-38, MRC-5 cells were infected with ZD55-Dm-dNK, 
ZD55, dl1520 and Adwt at MOI of 1. Cells were harvested at 
5 days after infection and lysed in a RIPA lysis buffer (50 mM 
Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS) with a protease inhibitor cocktail containing 
phenylmethyl sulfonylfluoride (PMSF) for 30 min. Cell lysates 
were centrifuged, and protein concentration was determined 
by BCA protein assay (Kaiji, China). Equal amounts (80 µg) of 
cellular protein were electrophoresed in SDS-polyacrylamide 
gels purified rabbit anti-adenovirus type 5 E1A monoclonal 
antibody (SC-430; Santa Cruz Biotechnology) was diluted 
to 1:2000 and goat anti-actin at 1:1000 (SC-1615). Binding 
of the primary antibody was detected by mouse anti-rabbit 
immunoglobulin (Ig) conjugated to horseradish peroxidase 
(Amersham, Arlington Heights, IL). ECL reagents were used 
to detect the signals, according to the manufacturer's instruc-
tions (Amersham).

Statistical analysis. Data were analyzed using GraphPad 
Prism version 5.0 software (GraphPad Software, Inc., San 
Diego, CA). Each result is expressed as the mean value ± stan-
dard deviation of the mean. Statistical analysis was performed 
with the Student's t-test to evaluate differences among the 
experimental groups. Differences were considered significant 
when the P-value was <0.05. The CPE induced by replication-
competent adenovirus vectors ZD55-Dm-dNK, ZD55, dl1520 
and Adwt in the human cell lines were compared and analyzed 
by repeated-measures ANOVA.

Results

Selective replication of ZD55 adenovirus. The amount of viral 
particles in both HCT-116 cells and SW620 cells increased 
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over time after infection with ZD55-Dm-dNK, ZD55 and 
dl1520, as shown in Fig. 2A. In contrast, the amount of viral 
particles increased in colorectal cells but not in normal cells 
WI-38 and MRC-5 except for Adwt 5 days post-infection. 
Viral titer increased by more than 19952- and 34145-fold in 
SW620, 18478- and 23263-fold in HCT-116 cells infected with 
ZD55-Dm-dNK and ZD55, respectively, which was at least 
2531-fold higher than in normal cells. Virus production by 
the ZD55 vectors and dl1520 was similar to that by ZD55-
Dm-dNK in cancer cell lines, but less than that of Adwt. 
Expression of E1A by western blotting further supported 
these results (Fig. 2B). The oncolytic effect of the four kinds 
of adenoviruses was determined by comparing the cytotoxic 
effect between cancer and normal cells. Cancer cells infected 
with ZD55-Dm-dNK, ZD55 and dl1520 shows that the 
survival rate of cancer cells was nearly 90% at 0.1 MOI but 
was 10-15% at MOI 10, 5 days after infection. The cancer 
cells infected with Adwt showed higher cytotoxicity (75-70%) 

compared with other viruses (about 10%) on Day 5 at 0.1 MOI. 
In normal cells, the cytotoxicity of the ZD55-Dm-dNK and 
ZD55 were not markedly different compared with the dl1520 
which is <20% cell killing on Day 5 even at MOI 10, although 
there was an approximately 80-90% cell death rate found 
when we used Adwt as shown in (Fig. 2C). These data suggest 
that there is no difference among ZD55-Dm-dNK, ZD55 and 
dl1520 on its selective replication and oncolytic effect either 
in tumor or normal cell lines.

Selective expression of Dm-dNK. ZD55-Dm-dNK expressed 
Dm-dNK gene with a much higher efficiency in cancer cells 
SW620 and HCT-116 compared to the normal cells WI-38 
and MRC-5, RT-PCR studies show the selective expression of 
ZD55-dNK at MOI 1 after 3-day infection (Fig. 3A).

We determined the dThd kinase activity in crude cell 
extracts of cells incubated with the ZD55-Dm-dNK to verify 
that the enzymatical activity of Dm-dNK retained and 

Figure 2. Selective replication of ZD55 adenovirus. (A) The amount of viral particles in both HCT-116 cells and SW620 cancer cells increased over time 
but not in normal cells WI-38 and MRC-5 after infected with ZD55-Dm-dNK, ZD55 and dl1520 except for Adwt. (B) Expression of E1A by western blot 
analysis proved that ZD55-Dm-dNK, ZD55 and dl1520 could selectively replicate in tumor cell lines. (C) The survival rate of cancer cells infected with 
ZD55-Dm-dNK, ZD55 and dl1520 was from 10-15% at MOI 10, whereas, in normal cells, the cytotoxicity of the ZD55-Dm-dNK and ZD55 were not markedly 
different compared with the dl1520 at MOI 10, there was an approximately 80-90% cell death rate found when we used Adwt.
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increased exponentially and selectively in the four cell lines. 
The kinase activity in HCT-116 cell protein extracts was 
increased 33- and 58-fold compared with wild-type cells or 
ZD55 vector infected alone, to that of SW620 cells. However, 
the normal cells W-I38 and MRC-5 treated with ZD55-
Dm-dNK were slightly increased 12- to 13-fold and 7- to 
8-fold, respectively, compared with the uninfected parent cell 
lines or the cells infected with ZD55 vector alone (Fig. 3B), 
these experiments showed that human colorectal carcinoma 
cells transduced with the ZD55-Dm-dNK expressed selective 
enzymatic activity.

Sensitivity of nucleoside analogs to ZD55-Dm-dNK. The IC50 
of uninfected SW620 and HCT-116 cancer cells was 48 and 
203 µM for BVDU, 68 and 101 µM for dFdC, 47 and 163 µM 
for araT. However, the IC50 of ZD55-Dm-dNK infected 
SW620 and HCT-116 cells was 0.000331 and 0.018125 µM for 
BVDU, 0.000815 and 0.013884 µM for dFdC, 0.001403 and 
0.026276 µM for araT. The highest sensitivity for the colorectal 
carcinoma cells was detected for BVDU, with a 145015- and 
11200-fold decrease in SW620 and HCT-116 compared with 
the uninfected cells (Fig. 4A).

Similar data were observed by microscopy. ZD55‑Dm‑dNK 
infection in combination with BVDU caused the strongest 
CPE in colorectal cancer cells, which are more cytotoxic 
to colorectal cancer cells than araT and dFdC, normal cells 
MRC-5 and WI-38 are resistant to the infection (Fig. 4B).

Apoptosis of combination effect of ZD55-Dm-dNK or 
ZD55 plus NA was evaluated by Annexin-V/PI assay. We veri-
fied that ZD55-Dm-dNK plus NA could induce cell apoptosis, 
the combination effect of ZD55-Dm-dNK and NA was signifi-
cantly greater than that of ZD55 plus NA or ZD55-Dm-dNK 
alone (Fig. 4C).

Nucleoside analogs activated by Dm-dNK inhibit viral repli-
cation. Surprisingly, SW620 cells supported higher levels of 
replication of the virus when used alone, but in the presence of 
1 µM dFdC or BVDU, replication was detected at low levels of 
<9 pfu/cells and <3 pfu/cells after ZD55-Dm-dNK infected. 
Similar scenario was seen in ZD55-Dm-dNK infected 
HCT-116 cells, viral replication was detected at very low levels 
of in the presence of 1 µM dFdC (<19 pfu/cell) or BVDU 
(<4 pfu/cell). Despite a clear increase in replication over time, 
low doses of BVDU (1 µM) or dFdC (1 µM) can lead to inhibi-
tion of the virus replication after ZD55-Dm-dNK infection in 
the two colon cancer cell lines. Attenuation was also observed 
to some extents in normal cell lines (Fig. 5A).

The E1A protein levels in western blot analysis verified 
that the proper NA activated by Dm-dNK could inhibit the 
replication of the adenovirus. The E1A proteins in both SW620 
and WI-38 cells treated by ZD55-Dm-dNK with BVDU were 
at moderate, lower levels compared with ZD55 plus dFdC or 
BVDU or ZD55-Dm-dNK used alone (Fig. 5B), no clear lane 
of E1A was detected in WI-38 cells.

Discussion

Cancer cells are genetically and phenotypically complex and 
frequently harbor multiple abnormalities (26). It is reason-
able that single agent such as oncolytic adenovirus one is not 
sufficient for complete eradication of malignancies. Arming 
oncolytic adenovirus with suicide genes has become a focus 
issue in cancer treatment (27). Suicide genes are transferred 
into cancer cells and express exponentially in the tumor 
region, can improve the anti-tumor effect of CRAd to some 
extent. Among various suicide genes, Dm-dNK is a unique 
member of suicide gene family, which combines a wide 
substrate aceptance with the exceptionally high turnover rates. 
In this study, we applied oncolytic adenovirus vectors ZD55 
combined with suicide genes Dm-dNK to human colorectal 
cells for the first time. These data indicated that our newly 
constructed oncolytic adenoviral vector ZD55-Dm-dNK did 
not only maintain their intrinsic capacity of viral replication 
in tumor cells but also induced high and sustained expression 
of suicide gene to activate the NA for antitumor and antiviral 
effects. Furthermore, the sensitization of the treatment was 
specific for cancer cells and did not occur in normal fibroblast 
cells. The very important issue is that nucleoside analogs 
phosphorylated by Dm-dNK was able to induce cell death by 
apoptosis. The results of FACs analysis of our study showed 
ZD55-Dm-dNK produced more apoptosis of cancer cells than 
ZD55 vector combined with NA, without causing significant 
toxic effects to the normal cells. The FACS data are similar to 
the cell proliferation assays and CPE observations.

Two of the most promising candidate nucleoside analogs to 
use in conjunction with Dm-dNK gene transfer are the pyrimi-
dine analogs dFdC and BVDU. BVDU, the first candidate 
nucleoside analog, was initially developed as an anti-herpetic 
agent, and the compound has been used to treat patients with 
varicella zoster infections (28). BVDU shows low toxicity to 
uninfected cells, but the cells expressing Dm-dNK are highly 
sensitive to the compound. dFdC is currently used in the 
treatment of several types of solid tumors such as pancreatic 
adenocarcinoma and non-small cell lung cancer (29).

Figure 3. Selective expression of ZD55-Dm-dNK. (A) Colorectal cancer 
cells SW620, HCT-116 and normal cells WI-38, MRC-5 were infected with 
(a) ZD55-Dm-dNK, (b) ZD55 or (c) MOCK. RT-PCR analysis indicated 
the selective expression of ZD55-Dm-dNK, the 779 bp and 452 bp indicate 
the sizes of the amplified Dm-dNK and GAPDH. (B) Enzymatic activity of 
Dm-dNK increased exponentially in the cancer cell lines compared with the 
normal cells. Cells treated with either ZD55 alone and wild-type cells were 
used as controls.
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Interestingly, the potent increase in cell death in response 
to combination treatment was not parallel to the viral replica-
tion in our study. ZD55-Dm-dNK combined with dFdC and 
BVDU killed almost 90% colon cancer cells while a greatly 
attenuated replication of ZD55-Dm-dNK was observed. The 
never previously reported finding may be because the triphos-
phate form of NA phosphorylated by Dm-dNK induces cell 
apoptosis while also inducing the death of the adenovirus. As 
an antiviral agent, dFdC combined with adenovirus mutant 
without suicide gene showed a nearly complete inhibition of 
the adenovirus mutant replication to an undetectable level 

(30). Similarly, a much greater attenuation of titers with 
ZD55-Dm-dNK in colon cancer cells combined with 1 µmol/l 
dFdC or BVDU was observed than reported previously, and 
the cell death in response to combination treatment was not 
depend on viral replication in our study. The difference may 
due to the proper antiviral substrate activated by Dm-dNK 
and different construction between the ZD55 and other 
adenovirus mutants. The results of western blot analysis and 
titer assays suggested that the effects of replicated adenovirus 
could be controlled to some extent by proper type of NA acti-
vated by Dm-dNK to reduce the side effect.

Figure 4. Sensitivity of nucleoside analogs to ZD55-Dm-dNK. (A) Cytotoxicity of ZD55-Dm-dNK or ZD55 was assessed by MTT assay. Treatment of cells 
with ZD55-Dm-dNK resulted in a dose-dependent reduction of cell viability within 5 days, without affecting normal cells. (B) Cytopathic effect (CPE) of 
ZD55-Dm-dNK with NA was observed by microscopy in the four cell lines. The (B+) (D+) (T+) (-) indicate ZD55-Dm-dNK or ZD55 plus BVDU, dFdC, araT, 
or PBS at a concentration of 1 µM. 
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Figure 4. Continued. (C) The Annexin-V-PI assay was used to evaluate combination effect of ZD55-Dm-dNK or ZD55 plus NA. Apoptosis was significantly 
increased by ZD55-Dm-dNK at MOI 1 in combination with NA at the concentration of 1 µM. The (B+) (D+) (T+) (-) indicate ZD55-Dm-dNK or ZD55 plus 
BVDU, dFdC, araT, or PBS at a concentration of 1 µM.

Figure 5. Nucleoside analogs activated by Dm-dNK inhibit viral replication. (A) TCID50 titer assay was performed in the cells infected with ZD55-Dm-dNK 
or ZD55. The titers of virus ZD55-Dm-dNK with BVDU or dFdC were much lower (up to 1,000-fold) than the level of ZD55 alone or with drugs in SW620, 
HCT-116 cells, slightly lower (up to 10-fold) in WI-38 and MRC-5 cells. AraT showed less sensitivity than BVDU or dFdC as a substrate to Dm-dNK. (B) 
Western blot assay of E1A gene expression by ZD55-Dm-dNK, ZD55 in the presence of dFdC or BVDU. With the therapy of ZD55-Dm-dNK combined with 
BVDU, the E1A of adenovirus was clearly attenuated in SW620 cells. However, in WI-38 cells, ZD55-Dm-dNK and ZD55 did not produce clearly detectable 
E1A proteins, especially undetectable in the presence of dFdC or BVDU. The Dm-dNK activated dFdC or BVDU prevents viral replication. The (B+) (D+) 
(T+) (-) indicate ZD55-Dm-dNK or ZD55 plus BVDU, dFdC, araT, or PBS at a concentration of 1 µM.
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Therefore, this novel ZD55-Dm-dNK might effectively 
combat colon cancer by decreasing the NA drug concentration 
at the primary tumor site and provide a potentially safe tool 
for the adenovirus.
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