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ABSTRACT.	 We previously showed that the promoter region of the human epidermal growth 
factor receptor (hEGFR) gene elicits high transduction efficiency, with transgene expression 
restricted to canine breast tumor cells. However, it was unclear whether this promoter induces 
tumor cell-specific transgene expression in canine urothelial carcinoma cells. Furthermore, 
compared with studies in human cancer cells, the utility of the telomerase reverse transcriptase 
(TERT) gene promoter for therapeutic transgene expression in canine cancer cells has not been 
evaluated thus far. Here, we compared the activity of these promoters in canine mammary tumor 
and urothelial carcinoma cells. Our results showed that compared with the TERT promoter, the 
hEGFR promoter was more useful as a tumor-specific promoter to induce efficient transgene 
expression in canine tumor cells.
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Dogs are among the most popular companion animals worldwide. In recent years, the life expectancy of dogs has been extended 
by the wide use of high-quality commercial pet foods, improvements in environmental hygiene, and advances in veterinary medical 
science. Cancers is the leading cause of death in dogs [9], and mammary tumors are the most common tumor type in female dogs 
[2, 6]. In these tumors, the epidermal growth factor receptor (EGFR) is overexpressed [3, 11]. Moreover, EGFR overexpression has 
also been reported in canine urothelial carcinoma (CUC) of the bladder, the most common urogenital cancer in dogs [14].

Although solo or combinatorial therapeutic approaches, such as surgery, radiotherapy, and chemotherapy, are used to treat these 
cancers, such treatments may induce serious side effects. Furthermore, resistance often develops, resulting in shortened disease-
free survival. Thus, there is an urgent need for additional treatment approaches to alleviate suffering and death caused by cancers. 
Cancer gene therapy might be a promising alternative strategy with improved efficacy. In particular, suicide gene therapy, i.e., the 
introduction of pro-apoptotic genes into cancer cells and the induced overexpression of functional proteins from these genes to 
promote the apoptosis of tumors, as well as cancer-immuno-gene therapy, i.e., the introduction of immunostimulatory genes into 
cancer cells and the production of proteins from these genes to prevent immune escape and activate immune cells, are promising 
approaches for cancer gene therapy [4, 5, 13, 18].

Choosing the optimal promoter, i.e., a tumor-specific promoter, is a key factor for achieving successful tumor-specific transgene 
expression. In a previous study, we evaluated tumor cell-specific transgene expression by a human EGFR (hEGFR) promoter-
driven adenovirus vector in a canine mammary tumor cell line and showed the potential viability of using the hEGFR promoter for 
gene therapy in canine mammary tumors [15]. However, little is known about whether the EGFR promoter can induce efficient, 
tumor cell-specific transgene expression in CUC cells, even when EGFR is overexpressed in these tumors. Studies have shown 
that the human telomerase reverse transcriptase (hTERT) promoter is an appropriate candidate for gene therapy in human cancers. 
TERT, the catalytic submit of telomerase, is expressed in most tumor cells, but not in normal cells; therefore, the hTERT promoter 
is expected to be highly active in tumor cells. In fact, the hTERT promoter has been successfully applied to express various 
therapeutic transgenes in tumor cells only [7, 8, 10, 12, 17, 19]. Although hTERT promoter-driven tumor-specific gene expression 
has been extensively studied in human cancer cells, the utility of the hTERT promoter for the expression of therapeutic transgenes 
in canine cancer cells has not been evaluated yet.
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Therefore, in this study, we investigated tumor cell-specific gene expression driven by the hTERT promoter in canine mammary 
tumor cells and CUC cells. We also examined transgene expression by the hEGFR promoter in CUC cells and compared the 
promoter activation of the hEGFR promoter with that of the hTERT promoter in both cell lines.

MDCK canine kidney cells were obtained from the Health Science Research Resources Bank (Ibaraki, Japan), and canine breast 
tumor (CBT) cells and CUC cells were purchased from Cosmo Bio (Tokyo, Japan). All cell lines were cultured in Dulbecco’s 
modified Eagle’s medium (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) containing 10% heat-inactivated fetal bovine 
serum, 2 mM l-glutamine, and 100 U/ml penicillin/streptomycin. Cells were cultured in an atmosphere containing 5% CO2 at 
37°C. CBT cells were cultured in Celltight C-1 dishes (Sumitomo Bakelite, Tokyo, Japan).

The hEGFR promoter-containing plasmid pHMhEGFR was constructed as described previously [15]. The hTERT promoter, 
located immediately upstream from the ATG translation initiation site (positions −458 to −2, corresponding to positions 
−378 to +78 from the transcription start site) [16], was cloned from human genomic DNA by polymerase chain reaction 
(PCR) using PrimeSTAR Max DNA Polymerase (Takara Bio, Kusatsu, Japan) and the following primers: forward primer, 
5′-CGGAATTCATCATGGCCCCTCCCTCG-3′ and reverse primer, 5′-GCTCTAGACGCGGGGGTGGCCGG-3′. The PCR-
amplified product was digested with EcoRI/XbaI and inserted into pHMCMV10 lacking the CMV promoter/enhancer and 
intron A [15] to generate pHMhTERT. The coding region of the firefly luciferase reporter gene was inserted into pHMhEGFR 
or pHMhTERT cut with BstXI and Acc65I, respectively, to obtain pHMhEGFR-Luc and pHMhTERT-Luc (Fig. 1). Nucleotide 
sequences of all PCR-amplified fragments were sequenced by Fasmac Co., Ltd. (Atsugi, Japan). Before transfection into 
mammalian cells, plasmid DNA was purified using NucleoBond Xtra Midi Plus EF to remove endotoxins (Takara Bio).

Prior to transfection, CBT cells were seeded at 1.0 × 104 cells/well in Celltight C-1 96-well plates, and CUC or MDCK cells 
were seeded at 1.0 × 104 cells/well in 96-well plates. DNA transfection into cells was performed using the X-tremeGENE HP DNA 
Transfection Reagent (Sigma-Aldrich, St. Louis, MO, U.S.A.) with 100 ng of reporter plasmid (pHMhEGFR-Luc or pHMhTERT-
Luc). We used 100 ng of Cy3-labeled control DNA (Label IT Plasmid Delivery Control, Cy3; Takara Bio) as transfection controls. 
After the cells were incubated for 20 hr, luciferase activity was measured with a Dual Luciferase Reporter Assay System (Promega, 
Madison, WI, U.S.A.) according to the manufacturer’s instructions. The fluorescence intensity of Cy3 was measured using a 
PowerScan plate reader (DS Pharma Biomedical, Suita, Japan). Luciferase activity was normalized for transfection efficiency by 
the fluorescence intensity of Cy3-labeled control DNA.

Statistical analyses were performed using two-way analysis of variance followed by Bonferroni’s post-hoc tests. Data are 
represented as the mean ± standard deviation. Differences with P values of less than 0.05 were considered statistically significant.

We previously demonstrated that in CBT cells, the hEGFR promoter induces efficient expression of the downstream-located 
gene [15]. In this study, we first evaluated whether the hTERT promoter could induce high transcriptional activity in CBT cells, 
similar to the hEGFR promoter. CBT and MDCK cells (used as “normal cells”) were transfected with either pHMhEGFR-Luc 
or pHMhTERT-Luc (Fig. 1), and the enzyme activity of luciferase was measured to confirm promoter-driven gene expression. 
As shown in Fig. 2, high luciferase activity was detected in CBT cells transfected with pHMhEGFR-Luc. In contrast, MDCK 
cells transfected with pHMhEGFR-Luc exhibited weak luciferase activity (Fig. 2). This low level of luciferase expression in 
MDCK cells was not due to low efficiency of plasmid transfection, because the luciferase activity was normalized for transfection 
efficiency according to the fluorescence intensity of Cy3-labeled control short-length DNA transfected into cells. Thus, small 
DNAs, such as plasmids or oligonucleotides, could be transfected into both CBT and MDCK cells, and the low level of luciferase 
expression in MDCK cells in this experiment could be due to the inactivation of the hEGFR promoter rather than failure or low 

Fig. 1.	 Schematic representation of reporter expression plasmids used in this study. Numbers in this schema show the number of bases 
upstream of the translation initiation site of each gene. ATG, translation initiation codon; BGH P (A), bovine growth hormone polyad-
enylation signal; Kanr, kanamycin resistance; Ori, origin of replication.
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efficiency of transfection. Furthermore, we detected higher luciferase activity in CBT cells transfected with pHMhTERT-Luc than 
in MDCK cells (Fig. 2); thus, hTERT promoter-driven luciferase gene expression in CBT cells was significantly higher than that in 
MDCK cells. These results suggested that the hTERT promoter was active in CBT cells but relatively quiescent in normal canine 
cells. However, the transcriptional activity of the hTERT promoter was lower than that of the hEGFR promoter in CBT cells. 
Compared with the hTERT promoter, the relative luciferase activity in the hEGFR promoter was about fourfold higher in CBT cells 
(Fig. 2). In MDCK cells, the hEGFR promoter seemed to be more highly activated than the hTERT promoter, but no significant 
differences were found (Fig. 2).

We next examined whether these promoters exhibited high transcriptional activity in CUC cells. CUC and MDCK cells were 
transfected with either pHMhEGFR-Luc or pHMhTERT-Luc, and the enzyme activity of luciferase was measured 20 hr after 
transfection. As shown in Fig. 3, the hEGFR promoter showed significantly higher transcriptional activity in CUC cells than in 
MDCK cells. These results showed that the hEGFR promoter was active in CUC cells and CBT cells. hTERT promoter-driven 
luciferase gene expression was also observed in CUC cells transfected with pHMhTERT-Luc (Fig. 3). Compared with the hEGFR 
promoter, the relative luciferase activity of the hTERT promoter was about 2.6-fold lower in CUC cells (Fig. 3). The transcriptional 
activity of the hTERT promoter was higher in CUC cells than in MDCK cells, although no significant differences were detected 
(Fig. 3). Although we did not determined whether the hTERT promoter could induce the expression of downstream genes as 
efficiently as the canine TERT promoter could, Arendt et al. showed that the hTERT and canine TERT promoters transcribed genes 
at similar levels in canine cells [1]. Taken together, our results indicated that these promoters were active and elicited efficient 
gene expression in CBT and CUC cells; moreover, as a tumor-specific promoter, the hEGFR promoter is more useful than the 
hTERT promoter. In this study, we only examined the utility of tumor-specific promoters in canine cancer cells. In an earlier study, 
we showed that a fusion protein containing a core part of an oxygen-dependent degradation (ODD) domain of hypoxia-inducible 
factor-1 alpha fused to caspase-3 could be stably expressed in CBT cells inducing cell death under hypoxic conditions [15]. 
Because most solid tumors propagate under hypoxic conditions, tumor-specific stable expression may also occur by the combined 
use of the hEGFR promoter and ODD-fused proapoptotic/therapeutic proteins in the treatment of CUC. Further studies are needed 
to explore this aspect. Furthermore, we demonstrated the utility of promoters in canine tumor cells in vitro only, and further in vivo 
studies, such as studies using canine tumor-bearing animal models, are necessary for determining which genes should be inserted 
downstream of the hEGFR promoter for suitable treatment of canine cancers.
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Fig. 2.	 Comparison of luciferase expression driven 
by the hEGFR and hTERT promoters in CBT and 
MDCK cells. Data are expressed as means ± standard 
deviations (n=4). **P<0.01, ***P<0.001. The data 
are representative of three independent experiments.

Fig. 3.	 Comparison of luciferase expression driven 
by the hEGFR and hTERT promoter in CUC and 
MDCK cells. Data are expressed as means ± standard 
deviations (n=4). *P<0.05, ***P<0.001. The data are 
representative of three independent experiments.
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