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Abstract. Adenoviruses are currently widely used as vectors 
in gene therapy. The steps involved in adenoviral infection 
have been investigated, but the factors regulating viral entry 
to the cell have not been clearly identified. We observed a 
high adenoviral infection rate in HER-2/new-overexpressing 
breast cancer cells in vitro (435.ebl and MCF-7/H18) and 
in vivo (435.ebl). We used emodin, a tyrosine kinase 
inhibitor that suppresses autophosphorylation and trans-
phosphorylation activities of the HER-2/?ieu tyrosine kinase, 
to test the role of HER-2/neu in adenoviral transduction. 
Emodin treatment resulted in a marked decrease in the 
transduction efficiency of HER-2//zew-overexpressing cells 
but not in the parental cells. Because previous studies have 
shown that epidermal growth factor and tumor growth factor-a 
increase the expression level of integrin. Because integrin av 
is known as a promotor of viral internalization, penetration, 
or both, we investigated whether the observed increased 
transduction rate in HER-2/neu transfectants was mediated 
through the increased expression of integrin av. To test this 
hypothesis, we examined the level of integrin av of in 
HER-2/neu overexpressing cells. We found that the level 
of integrin av expression detected in HER-2/neu over-
expressing cells by immunoblot analysis was similar to the 
level of integrin av found in its parental cells. These results 
suggest that HER-2/neu expression may have a significant 
role in the viral transduction efficiency through an integrin 
av independent pathway. 

Introduction 

Human adenoviruses (DNA viruses) are widely used as 
vectors in the study of both preclinical and clinical gene 
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therapy for various cancers and cystic fibrosis (1). The 
advantages of adenoviral vectors include their ability to 
transduce both proliferating and quiescent cells, and their 
wide tropism. Another benefit to their use is the existence of 
efficient protocols for producing clinical-grade amount of 
vectors at high concentrations (2). Adenoviral entry is 
initiated by binding of the virus particles to cell-surface 
receptors such as fiber protein (3,4) and the new 
coxsackievirus and adenovirus receptor (CAR) protein, 
which was identified in HeLa cells (5). After binding the 
receptors, adenovirus is internalized into clathrin-coated 
vesicles. This process has been shown to be mediated by the 
av integrins because of its ability to bind to the Arg-Gly-Asp 
(RGD) motif of the viral penton base (4,6-9). Integrins 
consistently have been shown to play a significant role in 
adenoviral transduction (9-11). RGD peptide and integrin 
antibody have been shown the ability to inhibit adenoviral 
transduction in other studies (12,13). However, Qiu et al (14) 
showed improved adenoviral gene delivery using a cationic 
liposome via an integrin-independent pathway. 

The HER-2/neu oncogene (also known as c-erbB-2 or 
NGL), which is a member of the epidermal growth factor-
related tyrosine kinase receptor family, encodes a 185 kDa 
transmembrane protein (p 185"^") with intrinsic tyrosine 
kinase activity (15-17). The HER-2/neu gene is frequently 
amplified, overexpressed, or both in as many as 30% of 
breast cancers, and its presence is an unfavorable prognostic 
factor of the disease (18-21). Overexpression of HER-2/neu 
correlates with a decreased survival rate among breast cancer 
patients (16,17) and increased resistance to chemotherapy 
(22). Some investigators have attempted HER-2/new-targeting 
gene therapy using the erbB-2 promoter, monoclonal 
antibody, ribozyme, or antisense oligodeoxynucleotides 
(23-26). The role of HER-2/neu in adenoviral transduction in 
gene therapy is not well known. We found a high adenoviral 
transduction efficiency in HER-2/rcew-overexpressing breast 
cancer cells in vitro and in vivo. Recent studies have 
demonstrated that epidermal growth factor (EGF) or tumor 
growth factor-a (TGF-a) signaling events have a functional 
cooperation with integrins (27,28). We investigated whether 
the increased transduction efficiency of HER-2/new is caused 
by increased expression of integrin av. To confirm the effect 
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of P185"''" in adenoviral transduction, emodin (3-methyl-
1,6,8-trihydroxyanthraquinone), a tyrosine kinase inhibitor 
that suppresses phosphorylation activities of UER-2lneu (29), 
to test whether it could inhibit the high adenoviral transduction 
rate induced by HER-2//*ew overexpression in breast cancer 
cells. 

Materials and methods 

Cell culture. Human breast cancer cell lines MDA-MB-435 
and MCF-7 were obtained from the American Type Culture 
Collection (Rockville, MD). MCF-7/H18 and 435.ebl, 
435.eb2, and 435.eb3 cell lines are new-transfected stable cell 
lines (22). All cells were grown in Dulbecco's modified 
Eagle's medium (DMEM)/F12 medium (Gibco, Grand Island, 
NY) supplemented with 10% fetal bovine serum and 
antibiotics (Gibco BRL, Grand Island, NY), then grown at 
37°C in an atmosphere of 5% C02 and 90% relative humidity. 

Adenoviral vectors and transduction efficiency. Recombinant 
replication-deficient adenoviral vectors were prepared by 
superinfection of 293 cells. Adenoviruses were purified, 
titered by plaque assay and stored in 10% glycerol phosphate-
buffered saline (PBS) at -70°C in accordance with a standard 
protocol (30). Plaque assay was done as follows: the 293 cells 
were grown and reached confluence in 60-mm dishes. The 
media was then removed, and 2 ml of serially diluted adeno
virus in PBS was added and incubated at 37°C for 30 min. 
After that, 0.5% agarose in DMEM media was gently added to 
the dish. Cells (lxlOVwell) in 6-well plate were infected once 
with Ad.RSV LacZ at different virus/tumor cell (V/T) ratios. 
Ad.RSV LacZ, and adenovirus type 5 based vector lacking 
El A, E1B, and E3 and containing the Rous sarcoma virus long 
terminal repeat as a promotor driving the Escherichia coli LacZ 
gene, which codes for the ß-Gal protein. Two days after 
infection, cells were fixed with 4% paraformaldehyde at 4°C 
for 5 min and then stained with 1 mg/ml X-gal in 5 mM 
potassium ferricyanide, 5 mM potassium ferrocyanide, and 
2 mM MgCl2 in PBS at 37°C overnight. The transduction 
efficiency was determined by observing the percentage of ß-gal 
positive cells. This was done by counting the number of blue 
cells among 500 cells each on replicated dishes, then dividing 
this by 500 and multiplying the quotient by 100. 

In vivo model and preparation of DNA-liposome complexes. 
Female nu/nu mice (n=10) were obtained from Harlen Sprague 
Dawley Inc. Each mouse was injected at a mammary fat pad 
with 2xl06 of MDA-MB 435 cells and at another mammary 
fat pad with the same number of 435.ebl cells. Ten days after 
injection, when palpable solid tumors were detected, five 
mice were given a local injection of either 10 JLLI (2X108 plaque 
forming units) of Ad.RSV LacZ or 200 [i\ of DNA-liposome 
complexes (15 jLig LacZ DNA; 15 nmole DC Choi) once at 
each tumor. Then, two mice in each group were sacrified at 
24 h, and the rest of mice were sacrified at 48 h after 
treatment for tumor-tissue collection and ß-gal staining. 

X-gal staining of the tumor. The histologic sections were 
taken from mice bearing MDA-MB 435 cells and 435.ebl 
cells treated with either Ad.RSV LacZ or DNA-liposome 

complexes. For X-gal (5-bromo-4-chloro 3-indolyl ß D 
galactoside) staining, the tumor tissues on the slide were 
routinely fixed in 10% formalin solution. They were washed 
three times with PBS and stained with a solution of PBS 
containing 1 mg/ml X-gal, 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide and 2 mM MgCl2 in PBS at 37°C 
overnight. Then, stained tumor tissues which were embedded 
in paraffin were sectioned serially at 5 jj,m. After routine 
deparaffinization, nuclear fast red (Kernechtrot) 0.1% solution 
was used for counterstaining. 

Immunoprecipitation and Western blot analysis. Cells were 
washed three times with PBS and collected in lysis buffer 
(20 mM Na2P04, pH 7.4; 150 mM NaCl; 1% Triton X-100; 
1% aprotinin; 1 mM phenylmethylsulfonyl fluoride; 100 mM 
NaF; and 2 mM Na3V04) by scraping the adherent cells from 
the plates. The cell extracts were then centrifuged at 14000 rpm 
for 15 min, and the supernatant was collected. Protein content 
was determined against a standardized control using the Bio-
Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). 
A total of 500 jig of protein was immunoprecipitated with an 
anti-pl85"f" mAb [c-neu (Ab-3); Oncogene Science, Inc., 
Uniondale, NY] on protein A-Sepharose. The immune 
complexes were washed, separated by 8% sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to nitrocellulose filter paper (Schleicher and 
Schuell, Inc., Keene, NH). Non-specific binding on the nitro
cellulose filter paper was minimized with a blocking buffer 
containing non-fat dry milk (5%) and Tween 20 (0.l%,v/v) 
in PBS. The treated paper was incubated with primary 
antibodies [anti-av (Chemicon international Inc., Temecula, 
CA) for detection of integrin av or anti-pl85m'" antibody c-
neu(Ab-3) [Dako, Inc.] for detection of pl85nf,u, or anti PY 
antibody (Upstate Biotechnology, Inc., Lake Placid, NY) for 
detection of PY], followed by incubation with horseradish 
peroxidase conjugated goat anti-mouse antibody (1:1000 
dilution; Boehringer Mannheim Corp., Indianapolis, IN). 
Bands were visualized with an enhanced chemiluminescence 
system (Amersham Corp., Arlington Heights, IL). 

FITC-FACS analysis. Cells were prepared at a concentration 
of 2xl06 cells per ml in 100 \xl and incubated with mono
clonal antibody CD 51-FITC (Immunotech, France) in dark 
room for 15 min. Then, the cells were washed with PBS and 
prepared in 500 jul PBS and introduced into flow cytometer 
machine (Beckman Coulter flow cytometer, EPICS XL). 
Fluorescence was measured and data analysed. 

Emodin treatment and immunoblot or X-gal staining. The 
cells (MDA-MB 435 and 435.ebl) were seeded as 2xl05 cell/ 
well in 6-well plates for X-gal staining and lxlO6 cells in 10-cm 
dishes for immunoblotting. After 24 h, cells were treated 
with various concentrations (0 \xM, 10 \xM, and 20 fxM) of 
emodin in serum-free media at 37°C overnight. After 
normalization of cell number, cells were infected with Ad.RSV 
LacZ (25 V/T) in serum-free media for another 24 h. The 
treated cells were fixed and stained as described previously. 
Transduction efficiency was calculated by counting blue-
stained cells as per the previously described method. 
Immunoblotting was done after 24 h of incubation with 



ONCOLOGY REPORTS 6: 1237-1242, 1999 1239 

Figure 1. Transduction efficiency of genes delivered by Ad.RSV LacZ in MDA-MB-435 and its transfectants (A) and MCF-7, and its transfectant (B). Cells 
(lxl05)/well seeded in 6-well plates were infected once with Ad.RSV LacZ at different V/T ratios. Two days later, cells were fixed and stained with X-gal. 
Transduction efficiency, number of positive cells/number of total cells xl00%. Bars, SD. 

emodin. The cells were harvested and extracted proteins were 
immunoblotted as previously described. 

Results 

Adenovirus transduction efficiency in vitro and in vivo. The 
adenovirus transduction efficiency of MDA-MB 435; MCF-7; 
435.ebl, 435.eb2, and 435.eb3; and MCF-7/H18 cells were 
tested using Ad.RSV LacZ (Fig. 1). MDA-MB 435 cells 
showed low transduction efficiency at 4.5% (1:25 V/T ratio), 
10.1% (1:50 V/T ratio), 14.4% (1:100 V/T ratio), 26% (1:200 
V/T ratio) and 38.5% (1:400 V/T ratio). 435.eb2 and 435.eb3 
cells showed a transduction efficiency similar to that of 
MDA-MB 435 cells. However, 435.ebl cells showed much 
higher transduction efficiency such as 10.5% (1:25 V/T 
ratio), 20.3% (1:50 V/T ratio), 34.8% (1:100 V/T ratio), 
55.9% (1:200 V/T ratio) and 79.6% (1:400 V/T ratio). MCF-7 
cells were relatively well transduced at 24.5% (1:25 V/T 
ratio), 42.6% (1:50 V/T ratio), 55.9% (1:100 V/T ratio), 
68.4% (1:200 V/T ratio) and 82.7% (1:400 V/T ratio). 
MCF-7/H18, the HER-2//zew-overexpressing cell line, 
showed a higher transduction efficiency than the MCF-7, 
parental cells at 45.9% (1:25 V/T ratio), 60.6% (1:50 V/T 
ratio), 71.3% (1:100 V/T ratio), 82.7% (1:200 V/T ratio) and 
91.1% (1:400 V/T ratio). 

To test the viral transduction efficiency in vivo, tumors 
derived from MDA-MB 435 or 435.ebl cells were established 
in nude mice and injected with Ad.RSV LacZ. The tumors of 
435.ebl cells showed higher transduction efficiency than 
tumors derived from parental MDA-MB 435 cells. The 
high transduction efficiency of 435.ebl is specific to viral 

transduction because cell types showed low transduction 
efficiency by DNA-liposome complexes (Fig. 2). These 
results suggest that HER-2/neu overexpression may have a 
role in enhancing transduction efficiency by adenoviral 
infection but not by transduction of DNA-liposome complexes. 

Effect of emodin on Ad.RSV LacZ transduction efficiency and 
pl85ne" level. It is possible that the pi85"''" associated 
tyrosine kinase activity is required for high viral transduction 
efficiency. To test this possibility, cells were treated with 
tyrosine kinase inhibitor emodin, which has been shown to 
be a potent inhibitor of pi 85"''" kinase activity (29). Emodin 
treatment was performed in MDA-MB 435 cells and 435.ebl 
cells at various concentrations (0 |^M, 10 |0,M, and 20 (iM). 
MDA-MB 435, which is a low expressor of pi85"™, was not 
influenced by emodin treatment; however, adenoviral 
transduction efficiency in the 435.ebl cells, which express 
high level of pi85"'", was dramatically decreased in a dose-
dependent fashion (Fig. 3). The protein level of pl85"e" after 
emodin treatment were tested by Western blot analysis. The 
results showed that expression level of pi85"'" was decreased 
in according with the dosage of emodin (Fig. 4). 

The level of integrin av in breast cancer cells. The expression 
level of pi85"'" in each cells are confirmed by immunoblot 
analysis. The 435.ebl cells showed the highest level of 
pl85" f", whereas 435.eb2 and 435.eb3 cells showed 
moderately increased levels of endogenous expression of 
pl85"f" compared with MDA-MB 435 and 435. pc DNA3 
transfect cells, consistent with a previous report (22). MCF-7 
cells showed low levels of pi85"™, but in MCF-7/H18 cells, 
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Figure 2. In vivo efficiency of adenovirus mediated LacZ gene delivery into tumors originating from MDA-MB 435 and 435.ebl cells. Mice were 
administered MDA-MB 435 and 435.ebl cells (2xl06) per mouse. Ten days later, the tumor bearing mice were injected with 2xl08 PFU of Ad.RSV 
LacZ or 15 ij.g/15 nmole of DNA-liposome complexes. Tranduced cells were evaluated for the presence of ß-gal by using X-gal staining. A, MDA-MB-435 
cells with DNA-liposome complex transduction; B, 435.ebl cells with DNA-liposome complex transduction; C, MDA-MB-435 cells with Ad.RSV LacZ 
transduction; D, 435.ebl cells with Ad.RSV LacZ transduction. 

Figure 3. The emodin effect in transduction efficiency. MDA-MB-435 and 
435.ebl cells (2xlOVwell) were seeded in a 6-well plate. After 24 h, the 
cells were incubated in serum-free media with 10 \\M or 20 |iM emodin or 
without emodin. After normalization of cell number, cells were infected 
with Ad.RSV LacZ (1:25 V/T ratio) for another 24 h. Then, X-gal staining 
was performed. 

Figure 4. Effect of emodin in expression of pl85"''". MDA-MB 435 ebl cells 
in serum-free media were incubated with 10 uM or 20 |uM emodin or no 
emodin at 37°C for 24 h, then cell extracts were made from the treated cells. 
Western blot analysis was performed with either anti-pl85m'" antibody as 
described in Materials and methods. 

the level of pi85"'" was increased significantly (data not 
shown). These results suggest that enhanced transduction 
efficiency is associated with high expression of endogenous 
pi 85"™. 



ONCOLOGY REPORTS 6: 1237-1242, 1999 1241 

Figure 5. Western blot analysis and immunoprecipitation blot of av expression in the indicated cells. Protein extracts were prepared from the cells and 50 u.g 
sample was run on an 8% SDS-PAGE. The integrin av showing at =150000 Da. For immunoprecipitation, 500 |0.g of protein was precipitated with av 
antibody, then blotted with anti-av antibody or anti-PY antibody. 

Integrin av has been shown to play a role in viral 
transduction (9-11). To investigate the relationship between 
transduction efficiency and integrin av expression levels, 
cell lysate was tested by immunoblot analysis using mouse 
monoclonal anti-integrin av antibody. No significant 
difference in the integrin levels was detected. And the result 
was the same at FITC-FACS analysis (data not shown). 
These results suggest that pi85"''" overexpression associated 
high virus transduction efficiency is not mediated by the av 
integrin (Fig. 5). 

Discussion 

Despite the disadvantage of stimulating the production of 
neutralizing antibodies, adenovirus has become an important 
gene transfer vector because of the high transduction 
efficiency achieved by the viral transduction (1,2). It is 
believed that the mechanism of adenovirus-mediated 
transduction consists of multiple steps, including recognition 
and attachment of virion to the cell-surface receptor, 
clustering of receptors and their invagination into a coated 
pit, internalization of the virus particles bound to the 
membrane, and release of virus into the cytoplasm followed 
by translocation into the nucleus (3,4). The effectiveness of 
gene delivery appears to depend on the availability of 
specific cell-surface receptors and integrins (3,4,6-9). 
However, the mechanism regulating the adenoviral gene 
transfer pathway is not fully understood. 

We observed high adenoviral transduction efficiency in 
HER-2/neu overexpressing cell lines in vitro and in vivo. The 
role of HER-2/neu gene in cell growth and its clinical 
importance has been well investigated (18-21), but the role of 
YŒLR-2/neu in controlling adenoviral transduction efficiency 
has not been reported. To test whether the intrinsic tyrosine 
kinase activity is required for enhanced adenoviral 
transduction efficiency, we used emodin, an inhibitor of the 
HER-2/neu tyrosine kinase (24). Adenoviral transduction 
efficiency was mitigated by emodin in HER-2/neu-
overexpressed cells but not in cell lines expressing basal 
levels of pi 85"™. It is likely that the level of pi85"™ is a 

critical factor for transduction efficiency because in the 
moderately increased HER-2/new-expressing cells, such as 
435.eb2 and 435.eb3, transduction efficiency was as low as 
the MDA-MB 435 parental cells (22). 

Previous studies have demonstrated that integrins, 
especially integrin av are required for efficient adenovirus 
internalization or penetration (4,9). Adenovirus-mediated 
gene transfer was efficiently inhibited by monoclonal 
antibody against a variety of integrins or RGD motif (Arg-
Gly-Asp) (7,8,12,13). However, integrin alone is apparently 
not sufficient to induce high levels of viral transduction 
efficiency, because MDA-MB 435 cells exhibit low 
adenovirus transduction efficiency even though they have a 
high level of integrin expression. 

We have evaluated the level of integrin av in various cell 
lines with various HER-2/neu expression levels using 
immunoblotting and FITC-FACS analysis (data not shown) 
and detected no significant correlation between the 
transduction efficiency and the expression level of integrin 
av. The mechanism of pl85"™-induced adenoviral trans
duction pathway and the possibility of a threshold level of 
pi85"™ for adenoviral transduction has to be elucidated in 
further studies. Because high pi85"™ expression in cancer 
cells is tightly correlated with a more malignant prognosis, 
further study of the mechanism of the pl85"™-associated high 
adenovirus transduction may provide important clinical 
information. 
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