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Abstract

BACKGROUND—Adenovirus (Ad)-mediated E2F-1 gene transfer induces apoptosis in cancer 

cells in vitro and in vivo, but clinical application of E2F-1 in cancer gene therapy remains 

controversial because of the oncogenic potential of E2F-1. This barrier can be circumvented by 

using the truncated form of the E2F-1 gene (E2Ftr) (amino acids 1 through 375), which lacks the 

E2F-1 transactivation domain and cell cycle-promoting effects.

METHODS—The authors constructed 3 adenoviral vectors that expressed E2Ftr under regulation 

of the tetracycline (Tet)-off system (AdTet-E2Ftr1, AdTet-E2Ftr2, and AdTet-E2Ftr3). These 

vectors were compared for E2Ftr expression and apoptosis induction in cancer cells and normal 

cells. E2Ftr antitumor activity in vivo also was assessed in a melanoma xenograft model.

RESULTS—One of the 3 vectors, AdTet-E2Ftr3, had the highest E2Ftr protein expression levels, 

which were correlated with the greatest induction of apoptosis and inhibition of cancer cell 

growth. E2Ftr induced apoptosis in a variety of cancer cell lines independent of p53 status with 

little cytotoxicity in normal cell lines. In a mouse melanoma xenograft model, AdTet-E2Ftr3 

exhibited an approximately 80% decrease in tumor size compared with controls in vivo.

CONCLUSIONS—The current results indicated that AdTet-E2Ftr3 is a novel anticancer agent 

that has significant therapeutic activity in vitro and in vivo.
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Adenovirus (Ad) vectors that express the transcription factor E2F-1 (Ad-E2F-1) efficiently 

induce apoptosis in cancer cells in vitro and in vivo.1–5 However, it is believed that E2F-1 is 

an oncogene, presumably by virtue of its ability to stimulate cell cycle progression from the 

G1 phase to the S-phase.6,7 Thus, the use of wild type (wt) E2F-1 in gene therapy has been 

controversial because of its oncogenic potential. To circumvent this barrier, we deleted the 

transactivation domain of wt E2F-1 and generated a truncated form of the E2F-1 gene 

(E2Ftr) (amino acids 1 through 375). Transactivation-deficient E2F-1 is unable to induce 

cell cycle progression compared with full-length E2F-1 but still is a potent inducer of 

apoptosis.8,9

To generate adenoviral vectors for efficiently transferring the therapeutic E2Ftr gene into 

tumors, we previously tried to use a cytomegalovirus (CMV) promoter to control E2Ftr. 

However, unlike an adenoviral vector that expresses the wt E2F-1 gene, the E2Ftr 

adenoviral vector could not be rescued from the plasmids with the adenoviral backbone in 

Ad host HEK-293 human embryonic kidney cells despite numerous attempts. It is likely that 

high levels of E2Ftr expression driven by the CMV promoter may be toxic to HEK-293 cells 

and may inhibit adenoviral replication. Next, we applied the tetracycline (Tet)-off regulated 

expression system10 to control the expression of E2Ftr in adenoviral vectors. We developed 

new vectors in which the Tet-controlled transactivator (tTA) and the E2Ftr gene were 

integrated into the same Ad construct. Under regulation of the Tet-responsive promoter 

(phcmv), E2Ftr is activated by the tTA only in the absence of Tet.11 This system overcame 

the toxic effects of transgenic gene on HEK-293 cells, allowing us to construct E2Ftr-

expressing adenoviruses.

In this report, we demonstrate that the inducible expression system in our new vectors 

resulted in high-level E2Ftr expression in cancer cells. Compared with Ad-E2F-1–

expressing wt E2F-1, vectors that expressed E2Ftr induced greater cancer cell cytotoxicity 

and lower cytotoxicity in normal cells. In addition, E2Ftr significantly suppressed tumor 

growth in a nude mouse melanoma tumor xenograft model. Our studies indicate that this 

novel Ad that expresses E2Ftr has potent antitumor effects with significant potential for 

clinical application.

MATERIALS AND METHODS

Cell Culture

The human epidermal melanocyte isolated from lightly pigmented adult skin (HEMa-LP) 

cell line was purchased from Cascade Biologics (Portland, Ore). The human foreskin 

fibroblast HS-27 line; the human melanoma SK-MEL-2 (mutant p53), SK-MEL-28 (wt 

p53), A2058, and DM6 cell lines; the human lung cancer A549 (wt p53) and H1299 (partial 

deletion p53) cell lines; and the HEK-293 cell line were purchased from the American Type 

Culture Collection (Rockville, Md). HEMa-LP cells were cultured in medium 254 and 

supplemented with human melanocyte growth supplement (HMGS)-2. SK-MEL-2 and SK-

MEL-28 cells were cultured in α-minimal essential medium (α-MEM). HS-27 and A2058 

cells were cultured in Dulbecco modified Eagle medium. DM6 cells were cultured in Iscove 

modified Dulbecco medium. A549, H1299, and HEK-293 cells were cultured in α-MEM. 

All media were supplemented with 10% heat-inactivated fetal bovine serum and penicillin/
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streptomycin (100 U/mL). All cell culture reagents were obtained from Gibco BRL 

(Bethesda, Md). Cells were cultured in a 5% CO2 incubator at 37°C.

Recombinant Adenoviral Vectors

Six replication-defective, recombinant adenoviral vectors that were used in this study were 

deleted in the viral E1 gene. The Ad5CMV-E2F-1 vector (Ad-E2F-1) and the recombinant 

Ad serotype 5 vector encoding the Escherichia coli β-galactosidase (lacZ) gene controlled 

by the human CMV promoter (Ad5CMV-LacZ [Ad-LacZ]) vector contained the transgenes 

E2F-1 and nuclear-localized β-galactosidase, respectively, under control of the CMV 

promoter as described previously.2 We also constructed an AdTet that expressed the 

reporter-enhanced green fluorescent protein (AdTet-EGFP), AdTet-E2Ftr1, AdTet-E2Ftr2, 

and AdTet-E2Ftr3 (Fig. 1). The 3 vectors that expressed the same E2Ftr gene (amino acids 1 

through 375) differ in structure or orientation of the expression cassette and are described in 

detail in our recent report.11

Western Blot Analysis

Adenoviral infections and Western blot analyses were performed as described previously.2 

The antibodies used in this reports were E2F-1 (KH95) sc-125, a mouse monoclonal 

antibody against human E2F-1 (Santa Cruz Biotechnology, Santa Cruz, Calif), mouse-

antihuman-caspase-3/CPP32 monoclonal antibody (MoAb) (Transduction Laboratories, 

Lexington, Ky), mouse-antihuman MoAb poly(ADP-ribose) polymerase (PARP) and 

mouse-antihuman p53 (both from Calbiochem, San Diego, Calif), and rabbit-antihuman-α-

actin polyclonal antibody (Sigma-Aldrich, St. Louis, Mo). Antimouse immunoglobulin (Ig) 

or antirabbit Ig peroxidase-linked, species-specific whole antibody (Amersham, Piscataway, 

NJ) was used to detect primary antibodies. Electrochemilumines-cent reagents were used to 

detect the signals according to the manufacturer’s instructions (Amersham).

Cell Viability and Cell Cycle Analysis

Cell viability was assessed 72 hours after infection or drug treatment by measuring the 

conversion of the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

(MTT) to formazan according to the manufacturer’s instructions (Boehringer Mannheim, 

Indianapolis, Ind). Cell cycle analysis was performed by flow cytometry on a fluorescence-

activated cell sort scanner (FACScan; Becton Dickinson, San Jose, Calif). Cell cycle 

distribution was analyzed by using Cell Quest software (BD Biosciences, San Diego, Calif) 

as described elsewhere.2,12

Annexin V Staining

Annexin V staining was carried out according to the manufacturer’s instructions (Annexin 

V-Pe Apoptosis Kit; Pharmingen, San Diego, Calif) and as described previously.12 Cells 

were analyzed by FACScan flow cytometer (Becton Dickinson) with FlowJo software (Tree 

Star Inc., Ashland, Ore).

Gomez-Gutierrez et al. Page 3

Cancer. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Melanoma Xenograft Study

Tumors were formed by subcutaneous injection of 5 × 106 A2058 melanoma cells into the 

bilateral flanks of athymic BALB/c nu/nu male mice (aged 6–8 weeks; Charles River 

Laboratories, Wilmington, Mass). Six days later, palpable tumors were randomized and 

injected directly with AdTet-E2Ftr3 (1 × 109 plaque forming units [pfu]) or with AdTet-

EGFP (1 × 109 pfu; n = 6 for each group). Intratumoral injections were performed every 3 

days for a total of 4 treatments. Each injection of purified virus was diluted in a total volume 

of 100 μL 0.9% NaCl solution. Tumors were measured every 3 days, and tumor volume was 

determined by externally measuring in 2 dimensions with a caliper. Volume (V) was 

determined according to the following equation: V = (L × W2)/2, where L is length and W is 

width of the tumor. Animal experiments were performed in accordance with institutional 

guidelines and were approved by the University of Louisville Institutional Animal Care and 

Use Committee.

Immunohistochemistry

Tumors were excised 24 hours after the fourth injection in vivo, fixed in 10% formalin, 

embedded in paraffin blocks, and processed for histologic analysis and detection of E2Ftr 

expression and cleaved caspase-3. A mouse-antihuman-E2F-1 MoAb (KH95) sc-125 (Santa 

Cruz Biotechnology) was used to detect E2Ftr. A rabbit-antihuman cleaved caspase-3 

(Asp175)(5A1E) MoAb (Cell Signaling, Danvers, Mass) was used to detect cleaved 

caspase-3. Photographs were taken with at ×20 magnification and were analyzed with NIS-

Elements BR 3.0 software (Nikon Instruments, Melville, NY)

Statistical Analysis

The results of the in vitro assays and tumor growth in mice from 2 treatment groups were 

analyzed with the Student t test for unpaired data using a 1-way ordinary parametric analysis 

of variance. P < .05 was considered statistically significant.

RESULTS

Increased E2Ftr Expression Enhances Cancer Cell Death

Figure 1A illustrates the 4 adenoviruses that we constructed, ie, 1 that expressed the 

reporter-enhanced green fluorescent protein (EGFP) and 3 that encoded the therapeutic 

E2Ftr gene. The Tet-off system was used to regulate EGFP and E2Ftr expression in these 

vectors. A Western blot analysis confirmed deletion of the E2F-1 transactivation domain, 

which resulted in an approximately 60-kDa product compared with wt E2F-1 which is 

approximately 66-kDa (Fig. 1B).

E2Ftr constructs were assessed for their ability to induce cancer cell killing in SK-MEL-2 

cells. We observed that cancer cell cytotoxicity increased in a virus dose-dependent manner 

in cancer cells that were infected with AdTet-E2Ftr1, AdTet-E2Ftr2, and AdTet-E2Ftr3 

(Fig. 2A). In contrast, cells that were infected with the control AdTet-EGFP vector exhibited 

little cytotoxicity. Cancer cell cytotoxicity was correlated with E2Ftr protein levels (Fig. 

2A,B). Among 3 the vectors, AdTet-E2Ftr3 produced the greatest cancer cell cytotoxicity 

and the greatest E2Ftr transgene expression in Western blot analysis (Fig. 2B).
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To investigate whether apoptosis is involved in E2Ftr-induced cancer cell death, melanoma 

cells were infected with the Ad vectors at a multiplicity of infection (MOI) of 100. We 

performed Western blot analysis to detect activation of the caspases pathway. Induction of 

apoptosis was confirmed by detection of PARP cleavage; PARP is a substrate of caspase-3, 

a well characterized apoptosis marker.5,13 No PARP cleavage was detected in control 

AdTet-EGFP–infected or AdTet-E2Ftr1–infected cells. Low levels of PARP cleavage were 

observed in cells that were infected with AdTet-E2Ftr2. Significant PARP cleavage was 

detected in AdTet-E2Ftr3–infected cells (Fig. 2C). A decrease in proenzyme caspase-3/

cysteine protease (CP) P32 (CPP32) levels also was observed in cells that were infected with 

E2Ftr-expressing vectors compared with AdTet-EGFP. Among the vectors, AdTet-E2Ftr3 

produced the greatest decrease in caspase-3/ CPP32 and the most significant PARP 

cleavage.

By using flow cytometry, we also observed that an increase in the sub-G1 population 

(consistent with apoptosis) was correlated with E2Ftr expression levels in Ad-infected cells. 

AdTet-E2Ftr3 induced the greatest sub-G1 population (40%), whereas AdTet-E2Ftr1 and 

AdTet-E2Ftr2 induced 7% and 15% sub-G1 cells, respectively (Fig. 2D). The baseline level 

of sub-G1 cells was 4% in cells that were treated with the control AdTet-EGFP vector. 

These data demonstrated that AdTet-E2Ftr3 infection was associated with the most potent 

reduction in cell proliferation and induction of apoptosis, which were related to the greatest 

E2Ftr transgene expression levels.

Comparison of Adenoviruses Expressing E2Ftr and E2F-1

Next, we compared AdTet-E2Ftr3 with Ad-E2F-1, which expresses the full-length wt E2F-1 

and has been used extensively in cancer gene therapy by us and others.1–3,5,14 We tested the 

vectors with A2058 cells, which induce tumors in BALB/c nude mice, and with DM6 cells, 

which are used in a rat melanoma model for isolated limb perfusion (ILP).15,16 Both cell 

lines were infected with AdTet-E2Ftr3, Ad-E2F-1, or AdTet-EGFP at increasing MOI. 

Three days after infection, a cell viability assay revealed dose-dependent cell killing with the 

Ad-E2F-1 and AdTet-E2Ftr3 viruses, but little cytotoxicity was observed in AdTet-EGFP–

infected cells (Fig. 3A,B). AdTet-E2Ftr3 infection produced a greater reduction in cell 

viability compared with Ad-E2F-1 infection in both cell lines. These results demonstrate that 

AdTet-E2Ftr3 is a stronger inducer of cancer cell death than Ad-E2F-1.

To study the cytotoxicity induced by AdTet-E2Ftr3 further, both cell lines (A2058 and 

DM6) were infected with Ad-LacZ, AdTet-E2Ftr3, or uninfected (mock) vector. After 72 

hours, caspase-3 activation was analyzed. AdTet-E2Ftr3 induced PARP cleavage (85–90 

kDa), as expected, and decreased the proenzyme caspase-3/CPP32 in both A2058 cells and 

DM6 cells. In contrast, neither a decrease in proenzyme caspase-3 nor PARP cleavage was 

evident in mock-infected or Ad-LacZ–infected cells (Fig. 4A).

We used an Annexin V-phycoerythrin (PE) kit to determine the percentage of cells that 

underwent apopto-sis. AdTet-E2Ftr3 induced 60% apoptosis in A2058 cells and 70% 

apoptosis in DM6 cells at 72 hours postinfection, whereas little apoptosis was observed in 

mock-infected or Ad-LacZ–infected cells (Fig. 4B). We used Ad-LacZ as a control instead 

AdTet-EGFP, because EGFP expression caused a strong background in flow cytometry 
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analysis. These data suggested that cytotoxicity induced by AdTet-E2Ftr3 in A2058 cells 

and DM6 cells was caused at least in part by caspase-3 activation and apoptosis.

E2Ftr-Induced Apoptosis Does Not Require Functional p53

Mutations in the p53 gene are the most frequent genetic events in a wide variety of 

tumors.17 We investigated whether the p53 gene may play a role in E2Ftr-mediated 

apoptosis. To this end, SK-MEL-2 (mutant p53) cells and SK-MEL-28 (wt p53) cells were 

transduced with AdTet-E2Ftr3. A cell viability assay revealed that AdTet-E2Ftr3 infection 

caused cancer cell death in both cell lines; in contrast, no significant cytotoxicity was 

observed in mock-infected or Ad-LacZ–infected cells (Fig. 5A). Western blot analysis 

confirmed activation of the caspase pathway. We observed that both cell lines infected with 

AdTet-E2Ftr3 had an apoptosis-specific PARP cleavage fragment (85–90 kDa) as well as a 

decrease in the proenzyme caspase-3/CPP32, whereas neither a decrease of proenzyme 

caspase-3 nor PARP cleavage was present in mock-infected or Ad-LacZ–infected cells (Fig. 

5B). Although there was significant PARP cleavage in SK-MEL-28 cells that were treated 

with E2Ftr, uncleaved PARP levels remained high. It is possible that PARP may be 

produced continually in E2Ftr-treated SK-MEL-28 cells. A similar result was observed 

when cyclin-dependent kinase 2 was inactivated in v-myc myelocytomastosis viral-related 

oncogene, neuroblastoma derived (MYCN)-overexpressing cancer cells.18

Apoptosis was validated further by Annexin V staining. SK-MEL-2 cells exhibited 92% 

apoptosis, whereas SK-MEL-28 cells exhibited 88% apoptosis 72 hours after infection with 

AdTet-E2Ftr3 (Fig. 5C). Few apoptotic cells were detected in mock-infected or Ad-LacZ–

infected cells at 72 hours (Fig. 5C). Similar induction of caspases activation and apoptosis 

was observed previously with Ad-E2F-1 infection.11

We also investigated the role of p53 in E2Ftr-induced apoptosis in lung cancer cells. A549 

(wt p53) cells and H1299 (partial deletion of p53) cells were infected with Ad-LacZ, AdTet-

E2Ftr3, or mock vector. Three days after infection, the percentage of apoptotic cells was 

determined as described above. Similar to what we observed in melanoma cells, the 

infection of A549 and H1299 cells with AdTet-E2Ftr3 resulted in 75% and 62% apoptosis, 

respectively (Fig. 5D). These results demonstrated that apoptosis induced by E2Ftr does not 

require the presence of functional p53.

Normal Cells Are Resistant to E2Ftr-Induced Apoptosis

The application of adenoviruses that express proapoptotic genes may result in adverse 

effects on normal cells in patients.19,20 Therefore, we assessed the cytotoxic effect of 

AdTet-E2Ftr3 in the normal human cell lines HEMa-LPs and HS-27. Cisplatin, which is 

used as a chemotherapeutic agent in the treatment of melanoma, was used as a positive 

control for apoptosis at a final concentration of 25 μM. We demonstrated previously that 

cisplatin at this concentration induced ~50% cytotoxicity in melanoma cells.2 Infection of 

HEMa-LP or HS-27 cells with Ad-LacZ did not induce significant reduction in cell viability 

(Fig. 6A). Cisplatin produced a substantial reduction in the percentage of viable HEMa-LP 

and HS-27 cells, as expected, resulting in 15% and 36% remaining viable cells, respectively. 

In contrast, with AdTet-E2Ftr3 infection, 75% and 80% of cells remained viable, 
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respectively, indicating only modest cytotoxicity to normal cells (Fig. 6A). In accordance 

with these results, Annexin V staining indicated that cisplatin induced 97% and 80% 

apoptosis in HEMa-LP cells and HS-27 cells, respectively; whereas AdTet-E2Ftr3 induced 

17% and 23% apoptosis, respectively (Fig. 6B).

To exclude the possibility that the low toxicity induced in normal cells by AdTet-E2Ftr3 

was not caused by poor infection efficiency in HEMa-LP and HS-27 cells, we applied 

AdTet-EGFP to determine adenoviral infection, because EGFP expression analysis is the 

most convenient method for evaluating transduction efficiency. HEMa-LP, HS-27, and SK-

MEL-2 cells were infected with AdTeT-EGFP. Twenty-four hours after infection, the 

expression levels of EGFP were evaluated in all 3 cell lines as normalized to the cell count 

(% EGFP positive), and we observed similar infection efficiency, which was approximately 

47% in SK-MEL-2 cells, 45% in HEMa-LP cells, and 41% in HS-27 cells (Fig. 7A). 

Therefore, it is unlikely that the low toxicity induced by AdTet-E2Ftr3 in normal cells was 

caused by poor transduction efficiency. These data suggest that AdTet-E2Ftr3 has a low 

toxicity to normal cells.

E2Ftr Overexpression Induces Caspase-3 Activation in a Tumor Xenograft Model

AdTet-E2Ftr3 was assessed further in vivo in a melanoma mouse subcutaneous xenograft 

model. A2058 cells were injected into the flanks of nude mice. Six days later, palpable 

tumors were randomized and were injected directly with AdTet-E2Ftr3 or AdTet-EGFP. 

Intratumoral injections were performed every 3 days for a total of 4 treatments. Tumors 

from the mice that were injected with AdTet-E2Ftr3 or AdTet-EGFP were harvested 24 

hours after the last treatment and were subjected to histopathologic analysis. 

Immunohistochemical analysis revealed strong E2Ftr expression in tumors from mice that 

were injected with AdTet-E2Ftr3, which was associated with a significant number of 

cleaved caspase-3-positive cells in tumors (Fig. 7B). In contrast, E2Ftr and cleaved 

caspase-3 were not detected in the tumors from mice that were injected with AdTet-EGFP. 

However, AdTet-EGFP treatment resulted in high levels of EGFP expression in tumor cells. 

These results indicate that efficient AdTet-E2Ftr3 transduction also strongly activates 

caspase-3 in solid tumors.

AdTet-E2Ftr3 Has Potent Antitumor Activity In Vivo

We also evaluated the antitumor activity of AdTet-E2Ftr3. The protocol described above 

(see Materials and Methods) produced strong tumor suppression in all 6 mice (100%) that 

were injected with AdTet-E2Ftr3 by Day 27 (Fig. 8A). The reduction in tumor size for those 

mice was ~80% compared with the reduction observed in control AdTet-EGFP–treated 

mice, and the difference was statistically significant (P < .05). Twenty-seven days after the 

first Ad injection, the tumors were excised. The photographs reveal that tumors from the 

mice that were injected with AdTet-EGFP were significantly larger than tumors from the 

mice that were injected with AdTet-E2Ftr3 (Fig. 8B). Tumors from the AdTet-EGFP 

treatment group measured 1.2 ± 0.4 g, whereas tumors from the AdTet-E2Ftr3 treatment 

group measured 0.2 ± 0.04 g (Fig. 8C). E2Ftr treatment resulted in a strong decrease in 

tumor size, and the difference between the 2 treatments was statistically significant (P < .

05). We previously assessed the antitumor activity of Ad-E2F-1 in the same tumor model 
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that was used in the current study. In that assessment, treatment with Ad-E2F-1 reduced 

tumor size in ~37% in infected group compared with controls.2 The results reported here 

clearly demonstrated that Ad that encodes E2Ftr strongly inhibits tumor growth and has 

greater potential antitumor activity compared with Ad that encodes wt E2F-1.

DISCUSSION

Despite numerous studies indicating that E2F-1 has potent antitumor activity in vitro and in 

vivo,1,2,4 its use in cancer clinical trials remains controversial because of its oncogenic 

potential.6,7 Nevertheless, there is strong evidence indicating that truncated E2F-1, which 

lacks the transactivation domain, has no oncogenic properties. Studies have demonstrated 

that E2F-1 mutants that lack the transactivation domain were unable to immortalize normal 

human foreskin keratinocytes and NIH-3T3 cells, and they inhibited colony formation in 

soft agar.9,21 E2F-1 mutants that contained only the DNA-binding domain decreased protein 

levels of cyclins A and D8 and induced apoptosis at a higher percentage than E2F-1 in 

SaOs-2 cells.9,22 Therefore, the controversy surrounding the oncogenic potential of E2F-1 

could be obviated by using a truncated form of E2F-1 like E2Ftr, which lacks the oncogenic-

related transactivation domain. We report here that Ad-mediated E2Ftr gene transfer 

significantly induced apoptosis in cancer cells and resulted in strong tumor suppression in 

mice.

Our previous attempt to construct an Ad-E2Ftr vector with the CMV promoter was 

unsuccessful, probably because high-level expression of E2Ftr is toxic to HEK-293 cells and 

inhibits Ad replication.11 Then, we modified the Tet-off inducible expression system to 

regulate E2Ftr and generated 3 Ad vectors, ie, AdTet-E2Ftr1, AdTet-E2Ftr2, and AdTet-

E2Ftr3. All 3 E2Ftr vectors expressed the same truncated E2F, but AdTet-E2Ftr3 expressed 

the highest E2Ftr protein and exhibited the strongest cancer cell-killing activity (Fig. 2). 

AdTet-E2Ftr3 also had stronger cancer cytotoxicity compared with wt E2F-1 (Fig. 3A,B). In 

addition, we observed that E2Ftr protein was more stable and accumulated to higher levels 

in cells compared with wt E2F-1 (Fig. 1B, unpublished data). Higher E2Ftr protein 

accumulated in cancer cells may lead to stronger cytotoxic effects, which are under further 

investigation. It is noteworthy that AdTet-E2Ftr3 infection resulted in little toxicity to 

normal cells (Fig. 6B), indicating that this vector may be suitable for cancer gene therapy.

Caspase-3 is known as an executioner of the apoptotic process.13,23 Previously, we reported 

that the overexpression of E2F-1 lead to caspase-3 activation.24 Because E2Ftr lacks the 

transactivation domain, it may act in a manner different from that of its counterpart wt 

E2F-1. In the current study, we observed that AdTet-E2Ftr3-mediated cancer cell death also 

was associated with the activation of caspase-3 (Figs. 2C, 4A, 5B, 7B). Although the 

detailed mechanism of E2Ftr-induced apoptosis remains largely unknown, it is likely that 

caspase-3 activation is a common mechanism in both E2Ftr-induced and E2F-1-induced 

apoptosis.

We cannot exclude other cell death mechanisms that are involved in E2Ftr-induced cell 

death, such as mitotic catastrophe and terminal growth arrest. In fact, we observed that E2Ftr 

induced autophagy in cancer cells (unpublished data). Because E2Ftr does not have the 
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transactivation domain but still binds to DNA, it is reasonable to hypothesize that E2Ftr may 

bind to and repress the promoters of genes that normally are activated by wt E2F-1 for cell 

proliferation.

A previous study demonstrated that the infection of prostate cancer cells with Ad-E2F-1 

resulted in increases in p53 compared with controls.25 We questioned whether E2Ftr 

expression affects the p53 levels. Western blot analysis revealed that p53 levels were not 

affected by AdTet-E2Ftr3 treatment in SK-MEL-28 or SK-MEL-2 melanoma cells (data not 

shown), presumably because the transcription domain was deleted in E2Ftr. E2Ftr induced 

apoptosis in cells with both functional and nonfunctional p53. Because cancer cells with 

mutated p53 generally are more resistant to conventional treatments, such as chemotherapy 

or radiation therapy, the ability of E2Ftr to kill cancer cells regardless of p53 status is a 

relative advantage.

Previously, we observed that Ad-E2F-1-treated mice had a reduced tumor size by 

approximately 37%.2 Here, we report an approximately 80% reduction in tumor size in 

AdTet-E2Ftr3-treated mice (Fig. 8A). In those mice, AdTet-E2Ftr3 injections resulted in 

high levels of E2Ftr expression and strongly induced caspase-3 activation in tumors (Fig. 

7B). These results indicate that AdTet-E2Ftr3 can activate the apoptotic pathway efficiently 

and can inhibit the growth of solid tumors. Thus, AdTet-E2Ftr3 may be safer and more 

efficient than Ad-E2F-1 in cancer gene therapy.

The systemic administration of Ad has many potential drawbacks, including effective 

delivery of the virus to the tumor site(s), hepatic and other potential toxicity, and immune 

response against the virus.26 We acknowledge the potential for immune response or pre-

existing immunity against adenoviruses in patients that can render repeated doses of 

adenoviral gene therapy vectors less effective. Innate immunity also can result in an acute 

inflammatory response, which may can result in severe, potentially fatal, hepatic toxicity 

and other complications when very high viral particles (>3 × 1013 viral particles) are 

delivered systemically.27–29 However, melanoma may be an ideal human cancer in which to 

test Ad-mediated cancer gene therapy. In-transit melanoma (regional cutaneous and 

subcutaneous metastases) is a relatively common clinical entity for which local or regional 

gene therapy may be effective. Regional delivery of chemotherapy using ILP often is used 

clinically for the treatment of in-transit melanoma. ILP animal models using adenoviral 

vectors have been reported with promising results.30,31 ILP for in-transit melanoma has 2 

features that somewhat mitigate the potential for either reduced transduction efficiency 

related to immunity or severe acute inflammatory reaction: 1) ILP for in-transit melanoma 

generally is used as a single treatment—it is rare that patients receive a second ILP 

treatment. Even in patients with pre-existing immunity, adenoviral transduction usually is 

efficient at the initial Ad vector administration.28 2) Adenoviral therapy will be confined to 

the extremity by vascular isolation and tourniquet placement around the proximal extremity. 

Thus, significant systemic leaks are rare, and the potential for severe acute inflammatory 

response and potential hepatic toxicity is lessened. Therefore, the problems with immunity 

against the vector for this type of treatment are less of a concern than for systemic 

administration of Ad. The study of AdTet-E2Ftr3 in a preclinical ILP animal model may set 

the stage for human clinical trials.
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In summary, we demonstrated for the first time that E2Ftr, controlled by a modified Tet-off 

promoter in an adenoviral vector, induces high-level transgene expression that results in 

potent antitumor effects in vitro and in vivo. E2Ftr expression induces the apoptosis 

pathway associated with PARP cleavage and activation of proenzyme caspase-3. The in 

vitro and in vivo antitumor efficacy of the AdTet-E2Ftr3 vector suggests that E2Ftr may be 

an effective agent for human cancer gene therapy.
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Figure 1. 
This is a schematic diagram of 4 single, bicistronic adenovirus (Ad) vectors and confirms 

deletion of the E2F-1 transactivation domain. (A) The cytomegalovirus (CMV) promoter 

drives expression of the tetracycline (Tet)-controlled transactivator (tTA). The vector that 

expresses the reporter-enhanced green fluorescent protein (EGFP) or the truncated form of 

the E2F-1 gene (E2Ftr) is under the control of a synthetic minimal promoter composed of a 

Tet-responsive element (TRE) and a CMV mini-promoter (phcmv), which is silent unless 

activated by tTA. In the absence of Tet or doxycycline, tTA binds to phcmv and triggers the 

expression of EGFP or E2Ftr. When Tet is added to the medium, tTA is bound by Tet and is 

unable to bind to phcmv and activate the expression of EGFP or E2Ftr. The left and right 

inverted terminal repeat sequences (LITR and RITR, respectively), encapsidation signal (ES), 

and E1/E3-deleted genes are shown in the Ad structure. polyA indicates RNA with the 

addition of multiple adenosine monophosphates. (B) SK-MEL-2 cells were uninfected 

(Mock) or were infected with AdTet-EGFP, Ad-E2F-1, or AdTet-E2Ftr3 at a multiplicity of 

infection of 100; and, 36 hours postinfection, monoclonal antibody antihuman E2F-1 was 

used to detect both E2F-1 and E2Ftr expression. α-Actin was used to demonstrate equal 

loading for each lane.
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Figure 2. 
Three adenovirus (Ad) vectors that expressed the truncated form of the E2F-1 gene (E2Ftr) 

were evaluated for their ability to induce melanoma cell killing and apoptosis. SK-MEL-2 

cells were infected with Ad vectors that expressed E2Ftr under regulation of the tetracycline 

(Tet)-off system (AdTet-E2Ftr1, AdTet-E2Ftr2, and AdTet-E2Ftr3 or AdTet that expressed 

the reporter-enhanced green fluorescent protein [AdTet-EGFP]) at multiplicities of infection 

(MOIs) of 0, 10, 25, 50, 100, or 200. Three days after infection, cells were used for 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) and Western blot assays. (A) The 

MTT assay was used to determine cell survival. Each point represents the mean of 3 

independent experiments (±standard deviation [bars]). (B) Monoclonal antibody (MoAb) 

antihuman E2F-1 was used to detect E2Ftr. SK-MEL-2 cells were infected with the vectors 

mentioned above at an MOI of 100. Three days after infection, the cells were used for a 

Western blot assay and cell cycle analysis. (C) MoAb antihuman poly (ADP-ribose) 

polymerase (PARP) was used to detect PARP, and MoAb antihuman caspase-3/CPP3 was 

used to detect caspase-3 (proCasp-3). α-Actin was used to demonstrate equal loading for 
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each lane. PARP/C indicates PARP cleavage. (D) For cell cycle analysis, cells were stained 

with propidium iodide and analyzed as describe in the text (see Materials and Methods).
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Figure 3. 
An E2F-1 adenovirus (Ad-E2F-1) vector was compared with an Ad vector that expressed 

the truncated form of the E2F-1 gene (E2Ftr) under regulation of the tetracycline (Tet)-off 

system (AdTet-E2Ftr3) in an assay that inhibited cell proliferation. (A) A2058 cells and (B) 

DM6 cells were infected with AdTet-expressing enhanced green fluorescent protein (AdTet-

EGFP), Ad-E2F-1, or AdTet-E2Ftr3 at multiplicities of infection of 0, 10, 25, 50, or 100. 

Seventy-two hours after infection, the cells were used for a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium (MTT) assay to determine cell survival. Each point represents the mean 

of 3 independent experiments (±standard deviation [bars]).
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Figure 4. 
The induction of apoptosis is illustrated by the truncated form of the E2F-1 gene (E2Ftr) in 

melanoma cells that were used in tumor xenograft models. A2058 cells and DM6 cells were 

uninfected (Mock) or were infected with a recombinant Ad serotype 5 vector encoding the 

Escherichia coli β-galactosidase (lacZ) gene controlled by the human cytomegalovirus 

(CMV) promoter (Ad5CMV-LacZ [Ad-LacZ]) or with an Ad vector that expressed E2Ftr 

under regulation of the tetracycline (Tet)-off system (AdTet-E2Ftr3) at a multiplicity of 

infection of 100. Seventy-two hours after infection, the cells were used for Western blot 

assays or Annexin V staining. (A) Monoclonal antibody (MoAb) antihuman E2F-1 was used 

to detect E2Ftr, antihuman poly (ADP-ribose) polymerase (PARP) was used to detect 

PARP, and MoAb antihuman caspase-3/CPP3 was used to detect caspase-3 (proCasp-3). α-

Actin was used to demonstrate equal loading for each lane. PARP/C indicates PARP 

cleavage. (B) To determine the percentage of apoptosis, cells were stained with Annexin V-
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phycoerythrin (PE) and were analyzed as describe in the text (see Materials and Methods). 

7-AAD indicates 7-aminoactinomycin D.
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Figure 5. 
The role of p53 status on apoptosis induced by the truncated form of the E2F-1 gene (E2Ftr) 

is illustrated. SK-MEL-2 (mutant p53) cells and SK-MEL-28 (wild type [wt] p53) cells were 

uninfected (Mock) or were infected with either a recombinant adenovirus (Ad) serotype 5 

vector encoding the Escherichia coli β-galactosidase (lacZ) gene controlled by the human 

cytomegalovirus (CMV) promoter (Ad5CMV-LacZ [Ad-LacZ]) or with an Ad vector that 

expressed E2Ftr under regulation of the tetracycline (Tet)-off system (AdTet-E2Ftr3) at a 

multiplicity of infection of 100. Seventy-two hours after infection, the cells were used for a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) and Western blot analyses or 

for Annexin V staining. (A) An MTT assay was used to determine cell survival. Each point 

represents the mean of 3 independent experiments (±standard deviation [bars]). (B) 

Monoclonal antibody (MoAb) antihuman E2F-1 was used to detect E2Ftr, MoAb antihuman 

poly (ADP-ribose) polymerase (PARP) was used to detect PARP, and MoAb antihuman 

caspase-3/CPP32 was used to detect caspase-3 (proCasp-3). α-Actin was used to 

demonstrate equal loading for each lane. PARP/C indicates PARP cleavage. (C) For 

Annexin V-phycoerythrin (PE) staining, cells were stained and analyzed as described in the 

text (see Materials and Methods). 7-AAD indicates 7-aminoactinomycin D. (D) A549 (wt 

p53) and H1299 (partial deletion of p53) lung cancer cells were treated as described above 

and in an apoptosis assay.
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Figure 6. 
The cytotoxic effect of transduction in normal cell lines of an adenovirus (Ad) vector that 

expressed the truncated form of the E2F-1 gene (E2Ftr) under regulation of the tetracycline 

(Tet)-off system (AdTet-E2Ftr3) is illustrated. Normal HEMa-LP cells and HS-27 cells were 

uninfected, or infected with a recombinant Ad serotype 5 vector encoding the Escherichia 

coli β-galactosidase (lacZ) gene controlled by the human cytomegalovirus (CMV) promoter 

(Ad5CMV-LacZ [Ad-LacZ]) or with AdTet-E2Ftr3 at a multiplicity of infection of 100, or 

were treated with cisplatin 25 μM. Seventy-two hours after treatments, cell viability or 

apoptosis was analyzed by an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) 

assay or Annexin V staining, respectively. (A) For MTT, each point represents the mean of 

3 independent experiments (±standard deviation [bars]). (B) For Annexin V staining, cells 

were stained and analyzed as describe in the text (see Materials and Methods). 7-AAD 

indicates 7-aminoactinomycin D; PE, phycoerythrin.
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Figure 7. 
Normal cell transduction efficiency and tumor immunohistochemistry were evaluated. (A) 

SK-MEL-2, HEMa-LP, and HS-27 cells were transduced with an adenovirus (Ad) vector 

under regulation of the tetracycline (Tet)-off system (AdTet) that expressed enhanced green 

fluorescent protein (AdTet-EGFP) at a multiplicity of infection of 100. After 24 hours, the 

cells were examined for EGFP expression under fluorescence microscopy. 

Photomicrographs were taken with Kodak MDS 290 software at ×20 magnification. FITC 

indicates fluorescein isothiocyanate; BF, bright field. (B) Immunohistochemistry of 

melanoma tumors is shown 24 hours after the last treatment with AdTet-EGFP or with the 

AdTet vector that expressed the truncated form of the E2F-1 gene (E2Ftr) (AdTet-E2Ftr3) 
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(hematoxylin and eosin [H&E] staining; original magnification, ×20). EGFP expression was 

observed with fluorescence microscopy. Monoclonal antibody antihuman E2F-1 was used to 

detect E2Ftr expression, and polyclonal antihuman cleaved caspase-3 (Asp175; 5A1E) was 

used to confirm apoptosis. GFP indicates green fluorescent protein.
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Figure 8. 
In vivo antitumor effects of treatment with an adenovirus (Ad) vector that expressed the 

truncated form of the E2F-1 gene (E2Ftr) are illustrated. (A) After subcutaneous 

administration of 5 × 106 A2058 cells, palpable tumors were randomized to receive a local 

injection of either an Ad that expressed E2Ftr under regulation of the tetracycline (Tet)-off 

system (AdTet) with enhanced green fluorescent protein (AdTet-EGFP) or the vector 

AdTet-E2Ftr3 on Days 0, 3, 6, and 9 (vertical arrows). The total viral dose was 4 × 2×1 × 

109 plaque forming units. Tumor volume (V) was plotted against time and was determined 

by the equation V = (L × W2)/2, where L is the length, and W is the width of the tumor. (B) 

On Day 27, tumors were excised and photographed: The relative mass of tumors is shown. 

(C) Tumors also were weighed on Day 27. The results are expressed as the mean from each 

treatment group (±standard error [bars]). The differences in tumor size or weight in animals 

that were treated with AdTet-E2Ftr3 were statistically significant by the end of the 

experiments compared with controls (Day 27; P < .05).
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