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Introduction

Breast cancer is one of the leading causes of cancer-
related death among adult females in the world.1 Due to the 
heterogeneous feature of the breast cancer, individualized 
treatment is crucial for breast cancer therapy. Estrogen receptor 
(ER) and progesterone receptor (PR) as well as HER2 (human 
epidermal growth factor receptor-2) expression are routinely 
examined for the prediction of prognosis and selection of 
therapy regimen. However, one subtype of breast cancer 
called triple-negative breast cancer (TNBC) does not express 
ER, PR, or HER2 and has poor prognosis.2 TNBC patients 
are generally resistant to hormone-based therapy due to the 
absence of ER/PR expression. TNBC patients are also not 
sensitive to herceptin therapy since no HER2 amplification 
is present. Therefore, chemotherapy still represents the major 
regimen in TNBC therapy.2 However, relapse rate and chance 
of metastasis of TNBC is much higher than non-TNBC breast 
cancer.3 Identifying new targets or developing more efficient 

and specific approaches against TNBC represents one of the 
biggest challenges in this field.

TNF-related apoptosis inducing ligand (TRAIL) induces 
apoptosis through death receptor 4/5, which are expressed on the 
surface of target cells. Upon TRAIL binding, receptors facilitate 
the assembly of the death-inducing signaling complex (DISC) 
involving procaspase-8 or -10.4,5 Activation of procaspase-8/-10 
leads to the subsequent caspase cascade activation resulting in 
apoptotic cell death. Multiple reports showed that TRAIL can 
induce cell death in a broad range of human cancer cells but not 
in most normal cell types indicating the value of TRAIL as a 
candidate for cancer therapy.6-8 Accumulating evidence suggests 
the following features of TRAIL as an anti-cancer molecule: 
(1) p53 suppressor gene is independent of TRAIL-induced cell 
death though TRAIL itself and its receptor are p53 targets;9 
(2) combinations of TRAIL and chemotherapy generally restore 
tumor cell sensitivity to apoptosis;10 (3) TRAIL is naturally 
involved in tumor metastasis immune surveillance by natural killer 
cells.11 However, accumulating data also demonstrated various 
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Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) is a promising cancer therapeutic target due to its 
selective apoptosis-inducing effect in cancer cells. To efficiently deliver TRAIL to the tumor cells, an oncolytic adenovirus 
(p55-hTERT-HRE-TRAIL) carrying the TRAIL coding sequence was constructed. In the present study, we aimed to 
investigate the effect of p55-hTERT-HRE-TRAIL on the growth and metastasis of triple-negative breast cancer (TNBC). We 
observed that infection of the recombinant adenovirus resulted in expression of TRAIL and massive cell death in a TNBC 
cell line MDA-MB-231. This effect is much weaker in MCF-10A, which is a normal breast cell line. Administration of P55-
HTERT-HRE-TRAIL significantly reduced orthotopic breast tumor growth and extended survival in a metastatic model. 
Our results suggest the oncolytic adenovirus armed with P55-HTERT-HRE-TRAIL, which exhibited enhanced anti-tumor 
activity and improved survival, is a promising candidate for virotherapy of TNBC.
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tumor cells can develop resistance to 
TRAIL12 which means combinatorial 
approaches may be desirable for more 
effective tumor therapy. Previously, 
most studies treated the cells with 
recombinant antibody of TRAIL, a 
pharmacological approach, to test its 
efficacy in tumor therapy, which is 
not feasible for in vivo study due to the 
pharmacokinetic/pharmacodynamic 
(PK/PD) limitations

In recent years, molecular 
therapies by delivering anti-cancer 
genes using modified adenovirus 
to target tissue emerged as an 
attractive approach in tumor therapy. 
Traditional replication-defective 
adenovirus cannot specifically target 
tumor cells, therefore replication 
selective virotherapy holds great 
promise for the treatment of 
cancer whose appealing features 
include tumor-selective targeting, 
viral self-spreading in cancer cells 
and no cross-resistance to current 
treatments.13-15 Tumor specificity can be achieved by using tumor 
or tissue-specific promoters, such as MUC1, PSA, or PS2, to drive 
adenoviral genes that are essential for replication, which allows 
the oncolytic adenovirus to selectively replicate in tumor cells 
without affecting normal tissues.16-18 hTERT (Human telomerase 
reverse transcriptase) promoter and hypoxia response element 
(HRE) promoter are also ideal promoters which can drive the 
expression of oncolytic adenovirus in tumor cells but not normal 
cells. hTERT is a catalytic subunit of telomerase. The expression 
of hTERT is found in more than 85% of tumor cells, whereas it is 
absent in most normal cells.19 Therapeutic genes under the control 
of the hTERT promoter will selectively express in telomerase-
positive tumor cells at a high level.20 Hypoxic signaling in tumor 
cells induces the expression of hypoxia-inducible factor-1 (HIF-1), 
which binds to the hypoxia response element (HRE) and activates 
the transcription of target genes.21 Combining these specific 
promoters into dual-promoter constructs will further enhance the 
targeting of virus and improve the safety of the treatment.22

Here, we used hTERT promoter and HRE promoter to 
regulate the adenoviral E1A and E1B gene respectively (E1B-
55 kD-deficient), and inserted the CMV promoter driven TRAIL 
expression cassette between E1A and E1B which formed the 
oncolytic adenovirus P55-HTERT-HRE-TRAIL. We aimed to 
assess the anti-tumor selectivity and therapeutic potential of P55-
HTERT-HRE-TRAIL for breast cancer both in vitro and in vivo.

Results

Oncolytic activity of P55-HTERT-HRE-TRAIL in vitro
We generated an oncolytic adenovirus expressing TRAIL (P55-

HTERT-HRE-TRAIL) whose replication was tightly regulated 

by tumor specific promoters (hTERT and HRE). The general 
procedures for vector construction and virus preparation were as 
described in the Materials and Methods and were illustrated in 
Figure 1. After harvest and purification of P55-HTERT-HRE-
TRAIL, we first evaluated the proliferation of our recombinant 
virus in invasive breast tumor (MDA-MB-231) and normal 
breast cells (MCF10A). MDA-MB-231 is a breast cancer cell 
line with no expression of ER, PR, and very low level of HER2, 
which is generally regarded as triple negative.23 MCF10A is a 
non-tumorigenic human breast cell line. We first examined the 
production of virus in both cell lines. Infection of P55-HTERT-
HRE-TRAIL in MDA-MB-231 cells for 4 d lead to a viral load 
of 2.3 × 105 TCID50/ml (Fig. 2A) whereas a marginal increase 
was observed in MCF-10A cell (1 × 103 TCID50/ml). We next 
measured cell viability after adenovirus infection. It is observed 
that, at the MOI of 10, P55-HTERT-HRE-TRAIL led to over 
50% of cell death which was further elevated to over 70% at the 
MOI of 100 (Fig. 2B). Cell killing effect of P55-HTERT-HRE-
TRAIL is significant compared with its vector control though it 
also induced obvious cell death (P = 0.0286, t test, Fig. 2B). On 
the other hand, P55-HTERT-HRE-TRAIL had only minimal 
effects on normal breast cell line MCF-10A (Fig. 2B). We also 
measured the cell viability after treating cells with recombinant 
TRAIL. Indeed, in accordance with previous reports,24,25 
MDA-MB-231 and MCF-10A cell are similarly sensitive to 
TRAIL ligand (Fig.  2C). Thus, the striking difference in cell 
lysis between MDA-MB-231 and MCF-10A is caused mainly by 
the selective replication of P55-HTERT-HRE-TRAIL.

The expression of TRAIL in breast cancer cells and normal 
breast cells was quantified by ELISA and western blotting assays. 
As expected, 48 h after infection of P55-HTERT-HRE-TRAIL, 

Figure  1. Construction of the oncolytic adenovirus encoding the TRAIL coding sequence 
(P55-HTERT-HRE-TRAIL).
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the concentration of TRAIL protein in supernatants of infected 
breast cancer cells was significantly increased to 3.21 ng/ml 
(96 h), whereas the level of TRAIL in MCF-10A cells increased 
marginally (0.44 ng/ml, 96 h) (Fig. 3A). Similarly, the expression 
of TRAIL protein in the lysates of breast cancer cells was 
significantly increased, whereas the TRAIL levels in normal 
breast cells expressed minute amount of TRAIL 96 h after 
transfection (Fig.  3B). Taken together, the distinct effects of 
P55-HTERT-HRE-TRAIL on normal and malignant breast 
tumor cells confirmed its oncolytic potency and specificity.

Recent reports suggested that TRAIL can induce apoptosis 
in some but not all breast cancer cell lines. Triple-negative 
breast cancer seemed to be far more sensitive compared with 

cells with HER-2 amplification or ER overexpression.25 We 
also evaluated our recombinant virus on three non-TNBC cell 
lines, i.e., SK-BR-3 (HER-2 amplified), MDA-MB-453 (HER-2 
amplified), and MCF-7 (ER positive). It is observed that although 
P55-HTERT-HRE-TRAIL can also efficiently replicate in these 
cells (Fig.  4A), the oncolytic potential was not enhanced by 
addition of the TRAIL coding region (Fig. 4B). Furthermore, in 
accordance with previous reports, recombinant TRAIL did not 
show significant apoptotic effect (Fig. 4C). These data suggest 
that our oncolytic virus encoding TRAIL is specific for triple-
negative breast cancer.

P55-HTERT-HRE-TRAIL inhibited orthotopic breast 
tumor growth and tumor metastasis in vivo

Next, we test the oncolytic effect of P55-HTERT-HRE-
TRAIL virus in vivo, an orthotopic breast tumor model was 
established in nude mice and the growth of tumor can be 
visualized by live luminescence imaging. After injection of breast 
cancer cells, the tumors were monitored weekly with in vivo 
imaging system and the photon counts were recorded (Fig. 5A 
and B). Injection of cancer cells formed palpable tumors within 
14 d (Fig. 5A and B) and tumor size peaked after 35 d (Fig. 5B). 
It is noticeable that P55-HTERT-HRE also reduced tumor 
growth compared with the PBS control, which is consistent with 
its oncolytic effect in vitro (Fig. 5C and D). Administration of 
P55-HTERT-HRE-TRAIL at either low or high dose resulted 
in enhanced tumor growth inhibition compared with vector 
group (one-way ANOVA and the Dunett multiple comparison 
test, P < 0.05). Terminal tumor size and volume (day 42) of 
TRAIL-expressing group was also markedly smaller than vector 
group (Fig. 5C and D). Immunohistochemistry staining showed 
significant increased expression of TRAIL (Fig. 6B) and Hexon 

Figure 2. P55-HTERT-HRE-TRAIL induced cell death in MDA-MB-231 and 
but not MCF-10A cells. (A) MDA-MB-231 and MCF-10A cells were infected 
with P55-HTERT-HRE-TRAIL at a MOI of 5 and virus titers from the super-
natant were measured by the TCID50 method at indicated time points. 
*Indicates the statistical significance (P < 0.05). (B) Five days after infec-
tion with P55-HTERT-HRE-TRAIL or its vector control at the indicated 
range of MOI, the viability of the cells was measured by MTT assay and 
normalized against mock infected group. (C) MDA-MB-231 and MCF-
10A cells were treated with recombinant TRAIL ligand at concentrations 
ranging from 10 to 80 ng/ml for 24 h and cell viability was measured by 
MTT assay.

Figure 3. Expression of TRAIL in MDA-MB-231 and MCF-10A cells. (A) The 
concentration of TRAIL in the supernatant after infection of P55-HTERT-
HRE-TRAIL, as measured by ELISA. (B) TRAIL expression was determined 
by western blotting, the expression of β-actin served as loading con-
trol. The quantity of TRAIL, normalized with β-actin, was estimated by 
densitometry.
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(Fig.  6D) indicating efficient delivery of P55-HTERT-HRE-
TRAIL to the tumor cells in vivo. As the evidence of the cell 
killing effect of TRAIL in vivo, TUNEL staining indicate 
massive apoptosis occurred in the mice infected P55-HTERT-
HRE-TRAIL (Fig. 6F) but not in the mice infected by the vector 
control (Fig. 6E).

To assess the anti-metastatic effect of P55-HTERT-HRE-
TRAIL, a metastatic model by left ventricular injection was 
applied in the present study. The tumor metastases were observed 
from day 10 by using in vivo image system every 7 d. At day 
38, in vivo images showed metastatic tumors were visible in the 
skull, mandible, scapula, clavicle, femur, brain, lung, and liver 
in mice of PBS group, while P55-HTERT-HRE-TRAIL group 
was largely tumor-free (Fig. 7B and C). Mice in control group 
died within 42 d, while mice treated with P55-HTERT-HRE 
and P55-HTERT-HRE-TRAIL had 20% and 60% survival 
rate at 42 d post inoculation respectively (Fig. 7A). The survival 
in TRAIL group is significantly better than vector group 
(P = 0.0212, Mantel–Cox test)

Discussion

TNBC is resistant to most effective therapies (endocrine 
therapies, e.g., tamoxifen, aromatase inhibitors, or HER2-
directed therapy, e.g., trastuzumab) available for breast cancer. 
Moreover, metastatic TNBC patients usually develops visceral 
metastasis in lung, liver, and brain.26 Interestingly, TNBC cells 
are relatively sensitive to TRAIL treatment compared with HER2 
or ER-positive breast tumor cells.27 Therefore, targeted oncolytic 
adenovirus carrying TRAIL may serve as an efficient strategy in 
TNBC molecular therapy.

Most of preclinical trials used recombinant human TRAIL 
(rhTRAIL) to induce apoptosis in multiple malignant cell lines, 
derived from both solid and hematologic malignancies, either 
alone or in combination with various chemotherapy agents or 
radiation.6,28-31 However, rhTRAIL has only 23–31 min half-
life after administration suggesting only a short time window 
for the drug to reach the target tissue. Besides, rhTRAIL could 
not be delivered to the tumor site in a tissue-specific manner. 
Compared with small molecule drug or recombinant proteins, 
viruses have their unique properties, i.e., they can replicate and 
spread in addition to their carrier function to deliver anti-tumor 
therapeutic genes, and may be targeted specifically to tumor cells. 
For instance, infection of a tumor cell with Ad5-TRAIL leads 
to the rapid expression of TRAIL and apoptosis and TRAIL 
expression was observed up to seven days after an intra-tumoral 
injection of Ad5-TRAIL.32 So far, multiple studies have shown 
the TRAIL cDNA was delivered by recombinant viral vector into 
tumor cells.33–39

In this study, we attempted to construct an adenovirus with 
enhanced tumor specificity and oncolytic activity. The dual-
regulated oncolytic adenovirus has better safety and specificity 
and thus is more suitable for clinical treatment of cancer.40 Here, 
we constructed a modified adenovirus plasmid (P55-HTERT-
HRE-TRAIL), whose expression is driven by both the hTERT 
and HRE promoter. Our replication selective vector design 

is superior to replication defective adenoviruses as the latter 
type cannot specifically target cancer cells. Indeed, our results 
showed P55-HTERT-HRE-TRAIL can replicate in TNBC 
cells efficiently and induce cell death at low concentration 
while had minimal effects on normal cells. ELISA and western 
blotting assays confirmed increased TRAIL concentration in cell 
supernatant and in cell lysate. However, TRAIL expression was 
only mildly increased in normal breast cells indicating tumor cell 
selective expression of TRAIL, which also explains the cell death 
specifically in TNBC but not in normal breast cells. In addition, 
we observed a synergetic effect of oncolytic adenovirus and 
TRAIL expression as cell death inducing effect of P55-HTERT-
HRE-TRAIL is markedly stronger than oncolytic adenovirus 
vector only, which also warrants the subsequent in vivo study. It 
is worth noting that our recombinant adenovirus did not show 
enhanced tumor cell lysis in three breast tumor cell lines that are 

Figure 4. The effects of P55-HTERT-HRE-TRAIL and recombinant TRAIL 
on non-TNBC cell lines. (A) SK-BR-3, MDA-MB-453, and MCF-7 cells were 
infected with P55-HTERT-HRE-TRAIL at a MOI of 5 and virus titers from 
the supernatant were measured by the TCID50 method at indicated time 
points. (B) Five days after infection with P55-HTERT-HRE-TRAIL or its vec-
tor control at the indicated range of MOI, the viability of the cells was 
measured by MTT assay and normalized against mock infected group. 
(C) SK-BR-3, MDA-MB-453, and MCF-7 cells were treated with recombi-
nant TRAIL ligand at concentrations ranging from 10 to 80 ng/ml for 24 h 
and cell viability was measured by MTT assay.
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either ER-positive or HER2 amplified. This is in accordance with 
previous reports indicating the TRAIL is only active in TNBC 
(mesenchymal) cells.25 Hence, the use of the TRAIL expressing 
adenovirus would only be suitable to a subset of patients with 
favorable phenotyping data.

To evaluate the effects of P55-HTERT-HRE-TRAIL in vivo, 
we established an orthotopic and a metastatic model of breast 
cancer by injecting TNBC cell line MDA-MB-231 harboring 
a luciferase gene (luc) into the recipients’ fat pads or by left-
ventricular injection. In vivo results demonstrated P55-HTERT-
HRE-TRAIL inhibited the orthotopic tumor growth, which 
is consistent with the anti-tumor effects of in vitro study. As a 
major coat protein in adenoviruses, expression of Hexon protein 
indicates the efficient delivery and replication of P55-HTERT-
HRE-TRAIL in target tumor site.

In tumor metastatic model, P55-HTERT-HRE-TRAIL and 
P55-HTERT-HRE group showed significant higher survival 
rate compared with the control group. Again, P55-HTERT-
HRE-TRAIL is superior to P55-HTERT-HRE in prolong the 
survival of the mice and reducing metastasis sites indicating the 
synergetic effect of the virus and TRAIL also holds true for in 
vivo experiment.

Micrometastases of bone marrow or other organs in breast 
cancer patients could lead to replase and metastasis.41 The strategy 
of “gene targeting with vector” makes full use of the specific 

targeting tumor cell feature of oncolytic adenovirus, which has 
powerful replication potential and delivers the therapeutic gene 
to the primary and metastatic sites of tumor. The expression 
of therapeutic gene is amplified in combination with oncolytic 
effect of adenovirus demonstrating superior anti-tumor effect. 
Our study represents a novel approach using oncolytic adenovirus 
carrying TRAIL in treating TNBC tumor in vitro and in vivo 
and the results indicate oncolytic adenovirus-delivered TRAIL is 
a promising approach in TNBC therapy.

Materials and Methods

Cells and tissue culture
Human embryonic kidney 293 (HEK293) cells were 

purchased from Microbix Biosystems (Canada). The human 
breast cancer cell line MDA-MB-231 and the normal breast 
cell line MCF-10A were purchased from Shanghai Laboratory 
Animal Center of Chinese Academy of Sciences.

HEK293 and MDA-MB-231 cells were maintained in 
Dulbecco’s minimum essential medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), at 37 °C, 5% CO2. MCF-
10A cells were cultured in DMEM/F12 medium containing 
5% horse serum, 10 ug/ml insulin, 20 ng/ml EGF, 100 ng/
ml cholera toxin, and 0.5 ug/ml hydrocortisone at 37 °C. 
Recombinant human TRAIL was purchased from Peprotech.

Figure 5. Suppression of the tumor in nude mice bearing orthotopic breast cancer by P55-HTERT-HRE-TRAIL. Log phase MDA-MB-231-luc cells were 
injected into the fat pad of nude mice. At 14, 16, 18, 20, and 22 d after the injection of cells, viruses were administered through intravenous injection at 
the dose of 2 × 108 pfu. The doses for P55-HTERT-HRE low and high group were 1 × 108 and 4 × 108 pfu respectively. Luminescent images were visual-
ized every week (A), photon counts (B), and tumor volume (C) were also measured. Mice were sacrificed and tumor weight was measured on day 42 (D). 
*Indicates statistical significance (P < 0.05).
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Construction and preparation of the oncolytic 
adenovirus P55-hTERT-HRE-TRAIL

pClon9, pUC19-INS, SG502-ΔCR2, and the 
adenovirus backbone plasmid pPE3 were constructed 
by the Laboratory of Gene and Viral Therapy 
(Eastern Hepatobiliary Surgical Hospital, Shanghai). 
Restriction enzymes were purchased from New 
England Biolabs. The oncolytic adenovirus was kindly 
provided by Professor Xin-yuan Liu from the Shanghai 
Institutes for Biological Sciences of the Chinese 
Academy of Sciences. Plasmid pCLON9 was digested 
with XhoI and KpnI, and SG502 was digested with 
XbaI and SalI. The resulting 2680 bp and 1211 bp 
DNA fragments were ligated to create pCLON9-
INS. The TRAIL expression cassette includes the 
human cytomegalovirus (hCMV) immediate-early 
promoter, the TRAIL gene and the SV40 PolyA 
sequence. It was extracted from ZD55-IL24 by BglII 
digestion and inserted into pCLON9-INS, which was 
digested with BamHI. The recombinant product was 
named pCLON9-INS-TRAIL and sent to Shanghai 
GeneCore Biotechnologies Co. Ltd. for sequencing. 
After digestion with AgeI and NotI, SG502-ΔCR2 
and pCLON9-INS-TRAIL were ligated to form 
SG502-INS-TRAIL.

To obtain the virus, the plasmid p55-hTERT-
HRE-TRAIL and type 5 adenovirus pPE3 were 
cotransfected into HEK293 cells with Lipofectamine 
2000 (GIBCO BRL) (Fig. 1). The recombinant virus 
was verified by repeated PCR amplification. The 
correct recombinant virus, named p55-hTERT-HRE-
TRAIL, was amplified in 293 cells and purified by 
cesium chloride density gradient centrifugation. 
Median tissue culture infective dose method 
(TCID50) was used to determine the virus titer. The titer of p55-
hTERT-HER-TRAIL after amplification and purification was 2.1 
× 1010 pfu/ml. The titer of p55-hTERT-HER was 2.0 × 1010 pfu/ml.

Fluorescence microscopy
MDA-MB-231 cells and MCF-10A cells were infected with 

p55-hTERT-HER-TRAIL at a multiplicity of infection (MOI) of 
1 and observed under the fluorescence microscope. Images were 
taken 48 h, 72 h, and 96 h after infection.

Viral replication assay
Logarithmic phase MDA-MB-231 and MCF-10A cells were 

seeded at 1 × 105 cells/ml into 6-well plates. The cells were 
transfected with p55-hTERT-HER-TRAIL or corresponding 
control virus at MOI of 5 for 2 h, followed by normal culture 
medium. To determine titer of virus, culture supernatants were 
collected at 0, 12, 24, 48, 72, or 96 h after infection. The TCID50 
method was used to determine titer.

Cell growth inhibition assay
MDA-MB-231 or MCF-10A cells, were adjusted to 1 × 105 

cells/ml and seeded in 96-well plates with culture medium. Cells 
were infected with p55-hTERT-HER-TRAIL or p55-hTERT-
HER at different MOI values. To measure cell proliferation, MTT 
experiments were performed after 5 d, as mentioned previously.42

Western blotting
Protein expression was determined by western blot analysis. 

Cells in 6-well-plate were washed with cold PBS and lysed with 
500 μl lysis buffer (10 mM Tris-Cl, pH 7.4, 0.15 M NaCl, 5 mM 
EDTA, 1% Triton X100, 5 mM DTT, 0.1 mM PMSF, 5 mM 
-aminocaproic acid) per well. The cell lysates were centrifuged 
at 10 000 g, 4 °C for 10 min, and then the supernatants were 
stored at -80 °C until used for western blotting to detect the 
expression of TRAIL protein.

ELISA
Supernatants were collected at 12, 24, 48, and 96 h after 

infection. The expression of TRAIL was measured by standard 
ELISA assay as previously described.42

Establishment and treatment of the orthotopic breast cancer 
model in nude mice

Nu/nu female mice (5 to 6 weeks, 18 to 20 g) were cultivated 
by the Shanghai Experimental Animal Center of Chinese 
Academy of Sciences. All procedures were approved by the 
Committee on the Use and Care on Animals and done in 
accordance with the institution guidelines. Log phase MDA-
MB-231-luc cells (Xenogen Corporation) were diluted with 
sterile PBS to 8 × 107 cells/ml and mixed with matrigel at a 1:1 

Figure 6. Infection of P55-HTERT-HRE-TRAIL induced apoptosis and enhanced TRAIL 
and Hexon expression. After infection with P55-HTERT-HRE (A, C, and E) or P55-
HTERT-HRE-TRAIL (B, D, and F), the expression of TRAIL (A and B) and Hexon protein 
(C and D) were monitored by immunohistochemistry. Cell apoptosis were measured 
by TUNEL assay (E and F).
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ratio. After inhalation anesthesia, 50 μl cells were injected into 
the fat pad of nude mice. p55-HTERT-HRE-TRAIL viruses 
were administered through intravenous injection on 14, 16, 18, 
20, and 22 d after cancer cells transplantation. Twelve nude mice 
were divided into four groups: control group injected with 100 
μl saline, the p55-HTERT-HRE group injected with 2 × 108 
pfu virus (100 μl), the low-dose group of p55-HTERT-HRE-
TRAIL received 1 × 108 pfu virus (100 μl), and the high-dose 
group of p55-HTERT-HRE-TRAIL received 4 × 108 pfu (100 
μl). Bioluminescence was measured weekly using an in vivo 
imaging system (IVIS 50, Xenogen Corporation). Tumor size was 
quantified with photon counts. On day 42, mice were sacrificed 
after anesthesia and the tumors were separated, weighed, and 

fixed in 4% formaldehyde. The tumor inhibition rate was 
calculated according to the following formula: Tumor Inhibition 
Rate = (mean of tumor weight in control group - mean of tumor 
weight in treatment group)/mean of tumor weight in control 
group × 100%.

Immunohistochemistry and in situ TUNEL assay
Immunohistochemical analysis of hexon (GENWAYBIO) 

and TRAIL (Santa Cruz, K-18) was performed on paraffin 
sections. Briefly, sections were deparaffinized in xylene, hydrated 
through graded alcohols and water. Antigen retrieval was 
performed by microwave treatment for 10 min in 0.01 M citrate 
buffer (pH 6.0). Endogenous peroxidase was inactivated with 3% 
hydrogen peroxide in phosphate-buffered saline (PBS) followed 
by incubation with the primary antibody for two hours at room 
temperature and then with the biotinylated secondary antibody 
(anti-mouse IgG) for 1 h. After incubation with streatavidin-
HRP for 10 min, sections were washed and developed with 
DAB substrate for 3–10 min. For in situ TUNEL (Keygen 
Bio-Technology Development Co., Ltd.) assay, sections were 
deparaffinized and hydrated as described above. After proteinase 
K digestion, Terminal deoxynucleotidyl transferase (TdT) 
and dUTP-biotin was applied for 1 h at 37 °C. After washing 
with PBS, sections were incubated with streptavidin-HRP and 
developed with DAB for 10 min.

Establishment and treatment of metastatic model of breast 
tumor

MDA-MB-231-luc cells were adjusted to 1 × 106 cells/ml, and 
injected into the left heart ventricle after inhalation anesthesia. 
An image was taken immediately to confirm success of modeling. 
Viruses were intravenously administrated on day 10, 12, 14, 16, 
and 18 after cell injection. Twenty-four nude mice were evenly 
divided into three groups: control group, p55-HTERT-HRE 
group, and p55-HTERT-HRE-TRAIL groups. In vivo imaging 
of tumors was performed using IVIS 50 on day 0, 10, 17, 24, 31, 
and 38. The survival of mice in each group was recorded. On 
day 45, mice were sacrificed after anesthesia, and organs were 
separated, immersed immediately in d-luciferin and tested for 
bioluminescence ex vivo.

Statistical analysis
The experimental data are presented as mean ± SD. All 

statistical analyses were performed with the Statistical Product 
and Service Solutions 12.0 (SPSS Inc) and Prism 5 (Graphpad) 
software. The Student t test and one-way ANOVA analyses were 
employed to compare two groups and multiple groups respectively. 
Survival curves were plotted according to the Kaplan–Meier 
method and log-rank test was used to compare survival of mice 
receiving different therapies. Data were considered statistically 
significant when P < 0.05.
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Figure 7. Inhibition of breast tumor metastasis by P55-HTERT-HRE-TRAIL. 
(A) Survival curves of mice in the metastatic model created by left ven-
tricular injection of cancer cells. n = 8 for each group. In vivo imaging of 
the control (B) and P55-HTERT-HRE-TRAIL infected group (C) were docu-
mented in the metastatic model.
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