Hirosaki Med. J. 61:26—34, 2010

ORIGINAL ARTICLE

EFFICIENT GENE TRANSDUCTION IN HER2-EXPRESSING CANCER
CELLS BY TWO RECOMBINANT ADENOVIRUS VECTORS WITH HER2
PROMOTER AND CRE/LOXP SYSTEM

Tatsuya Nodagashira, Hiroki Odagiri*, Shojiro-Kazunori Ikenaga, Masaki Maruyama,
Toshiyuki Sato and Kenichi Hakamada

Abstract Tissue-specific promoter has been used for cancer-specific suicide gene therapy, but its transcriptional
activity is relatively low. For more efficient gene therapy of HER2-expressing tumor, a double adenovirus infection
system was established, in which a ‘regulator’ vector carried Cre gene under the control of HER2 promoter and ‘target’
vectors carried target genes activated by Cre. We constructed a Cre recombinase expression vector, AxXHER2Cre, for
the ‘regulator’ vector. By the combination of this vector and AxCALNLZ, B-D-galactosidase was induced in 90% and
70% of MKN7 and MDA-MB-453, HER2-overexpressing cell lines, but only about 20% and 10% of MKN28 and MCFE7,
low HERZ-expressing cell lines. By the quantification analysis, the B-galactosidase activities induced by this system
were comparable to those by the combination of AXCANCre and AxCALNLZ. These results indicated that Cre/
loxP system under the regulation of HER2 promoter could induce efficient gene expression, maintaining the HER2-
expression specificity. Breast cancer with HER2 overexpression is treated with trastuzumab. However, refractory
or resitance of HER2 positive breast cancer against trastuzumab becomes a severe clinical problem, recently. This
system seemed to be another therapeutic option.
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INTRODUCTION

HER2 (neu/c-erbB-2) is a tyrosine kinase and
a member of epidermal growth factor receptor
subgroup. HER2 is frequently overexpressed in
a number of types of cancers"™?, including non-
small cell lung cancer, breast cancer, pancreatic
cancer, stomach cancer and ovarian cancer.
Expression of this gene in noncancerous tissue
is not comparable to that in tumor cells. Thus,
the expression of HERZ is a tumor specific
phenomenon. The overexpression of HER2
protein is also related to the poor prognosiss'6).
Hence, HER2-overexpressing tumor should be an
important therapeutic target. The development
of trastuzumab, a humanized monoclonal
antibody that binds to the extracellular domain
of HERZ, has led to a significant improvement in
outcomes of patients with HER2-positive breast
cancer. However, many patients with HERZ2-
positive metastatic breast cancer do not respond
to trastuzumab, or eventually become resistant
to it”.

Adenovirus vector is a highly efficient, and
is widely used for gene transduction. But, since
recombinant adenovirus infect various cell types,
it is desirable to limit gene expression only to
tumor cells in order to avoid possible damage to
noncancerous tissue when the adenovirus vector
is used for suicide gene therapy.

For that purpose, tissue or tumor specific
promoters are used to regulate the gene
expression. However, the activity of tissue
specific or tumor specific promoters is relatively

810" To enhance the expression level by the

low
tumor specific promoters, the two recombinant
adenovirus with AFP promoter or CEA promoter
and Cre/loxP system were developedS)'”'lg). A
‘regulator’ recombinant adenovirus AxAZ2ANCre
expresses Cre-recombinase under the control of
AFP promoter. Cre expression by the regulator’
recombinant adenovirus allows the excisional

deletion of a DNA sequence flanked by a pair of

loxP site in a ‘target’ or ‘reporter’ recombinant
adenovirus AxCALNLZ, which in turn, activates
a potent nonspecific, but strong promoter to
repress the linked lacZ gene at high levels. Using
this system, lacZ expression was enhanced 50
times more than single recombinant adenovirus
infection method driven by AFP promoter in
AFP-producing cells®.

In this paper, we have tried to develop a novel
therapeutic system to overcome trastuzumab
resistance.

In this study, we developed the Cre/loxP
regulator system to enhance the specific
gene expression by HER2 promoter in HER-2
producing tumor cells, and examined whether
sufficient transcriptional activity of HER2
promoter could be obtained without loosing its
specificity.

MATERIALS and METHODS

Cell lines
obtained from Riken gene bank (Tsukuba). Human
stomach cancer cell lines, MKN-7, MKN-28 and
MKN-45 were cultured in RPMI1640 medium
(GIBCO, Gaithersberg, MD) supplemented with
heat-inactivated 10% fetal bovine serum (FBS;
GIBCO). Human breast cancer cell lines, MCF-
7 and MDA-MB-453, and human embryonic
kidney cell line, 293 were maintained in Dulbecco's
modified Eagle’s medium (DMEM) containing 10%
FBS.

All cell lines used in this study were

Immunoblot analysis Immunoblot analysis was
performed as follows. 10° cells were lysed by
incubating for 15 min on ice in modified RIPA
buffer (50 mM Tris-HCl, pH74, 1% NP40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1mM
EGTA, 1 mM PMSF, 1pg aprotinin, leupeptin,
pepstatin, 1 mM Na;VO, 1 mM NaF), and
the protein content of the supernatant was
determined by Bradford protein assay (Bio-Rad
Laboratories, Hercules, CA). An equal volume

of 2x loading buffer (100 mM Tris-HCI, pH 6.8,
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Table I Primers for PCR.

primer sequence position
ebl 5-CCCTTCTTGACCAGTATAGCTGC-3' -1416 ~ -1438
eb2 5-AAAGATTCCAGAAGATATGCC-3 676 ~ 695
eb3 5-AAAGATTCCAGAAGATATGCC-3 425 ~ -444
eb4 5-AAAGATTCCAGAAGATATGCC-3 -246 ~ -265
ebr 5-AAAGATTCCAGAAGATATGCC-3' -142 ~ -161

200 mM dithiothreitol, 4% SDS, 10% glycerol,
0.2% bromophenol blue) was added to the
supernatant, and this was boiled for 5 min. Equal
amounts of protein from each extract (15ug per
lane) were separated using 10% polyacrylamide
gels and transferred onto PDVF membranes,
ImmobilonP (Millipore, Eschborn, Germany).
After having blocked with 5% dried milk in TBS
(10 mM Tris-Cl pH 7.5, 150 mM sodium chloride),
the membranes were incubated with the primary
antibody, anti-HERZ2 mouse monoclonal antibody,
Ab-3 (Oncogene Research Products,Cambridge,
MA) for 24 h at 4C. After washing, the mem-
brane was incubated with 12ul (per 6 ml) of
horseradish peroxidase-conjugated rabbit anti-
mouse IgG, EnVision + (Dako, Carpinteria,
CA). Staining was carried out using the ECL
kit (Amersham, Buckinghamshire, England),
according to the manufacturer’s instructions.
Signals were measured using Light Capture
(ATTO, TOKYO), and analyzed with a Software,
CS-Analyzer (ATTO). Data are expressed as
relative light units per microgram protein.

Luciferase assay Reporter plasmids were generated
as follows. PCR of genomic DNA, which extracted
from lymphocytes of a healthy volunteer, was
performed using ebl, eb2, eb3 or eb4 as forward
primers, and ebr, as a reverse primer (Table I).
1300bp, 555bp, 330bp or 125bp HERZ promoter
fragments produced by PCR were subcloned into
multicloning site of pGL3-Basic vector (Promega,
Madison, WI) which located upstream to
the luciferase gene. The nucleotide sequence
and direction of the inserts were checked by

sequencing. pGL3-Promoter (Promega) and
pRL vector (Promega) were used as a positive
control or an internal control (Fig. 1).

Plasmids were transfected into cultured
cells using Effectin Reagent (Qiagen, Hilden,
Germany). The luciferase assay was carried
using ‘Dual luciferase assay kit" (Promega)
as manufacturer’s instruction. Signals were
measured by Lumat LB9507 (Perkin Elmer ,
Boston, MA). The luciferase activity observed
was expressed by the ratio to the levels obtained
in parallel transfections with the parent,
promoterless pGL3-Basic plasmid.
Generation of recombinant vectors The 555bp
promoter fragment was excised from pGLHERZ2/
neu555, and subcloned into pCANCre' after
removing CAG promoter to yield pHER2Cre. To
construct a cosmid vecter, pAXxHER2Cre, the
HER2-Cre-poly (A) expression cassette from
the pHER2Cre was ligated to the Swal site
of pAxcw cosmid¥ (Fig. 2a, 2b). To produce
a recombinant adenovirus, AxHERZCre, the
expression cosmid pAxHER2Cre and adenovirus
DNA terminal protein complex were transfected
into the 293 cells by calcium phosphate precipita-
tion. Recombinant adenovirus was isolated from
single plaque and expanded in the 293 cells. The
virus solution was stored at -80C. The virus
titer was measured by plaque assay on 293 cells
as described””. AxCANCre'” and AxCALNLZ"Y
(Fig. 2¢) were kindly provided from Dr I. Saito
(Institute of Medical Science, University of
Tokyo)
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Fig. 1 Circular map of the control luciferase reporter plasmids(a,h) and HER2 promoter deletion constructs(c). Arrow shows
the subcloning site of HER2 promoter fragments (a). The regions of HER2 5 flanking region used in each construct
are indicated(c). The 3’ end point of all construct was the BglIl site at -140 which was fused to luciferase gene (Luc+).
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Fig. 2 Structure of cosmids(a,b) and Cre-mediated activation units of LacZ gene and recombinant adenovirus(c). Also shown
is the position of the Swal restriction endonuclease site (a). SpA, SV40 early poly(A) site, HER2/neu, 555bp HER2/
neu promoter, GpA, rabbit B-globin poly(A) site, loxP, loxP site, &, deletion of an adenovirus sequence.

In vitro transduction by recombinant adenovirus of 5 X 10° cells/well. Twenty-four h later, the
vectors During the exponential growth phase, culture medium was aspirated, and suspension
cells were plated in 6-well culture plates of adenovirus at various MOI (multiplicity of

(Becton Dickinson, SanJose, CA) at a density infection) was distributed on to the monolayers.



30 T. Nodagashira, et al.

MDA-MB453

MCF7

205kD
116kD —

MKN7

MKN45
MKN28

Fig. 3 Expression of HER2/neu protein in human stomach cancer cell lines and breast cancer cell lines.

Table II Production of HER2/neu protein in human cancer cell lines.

cell line MCF7

MDA-MB-453

MKN7 MKN45 MKN28

Relative light unit 494 x 10° 2.10 x 10°

2.05 x 10° 944 x 10° 248 x 10°

After 48-h culture, p-D-galactosidase expression
was evaluated. For cell staining, the cells were
washed twice with phosphate buffered saline,
fixed with 0.25% glutaraldehyde and stained
with 0.1% 5-bromo-4-chloro-3-indolp-D-galacto-
pyranoside (X-gal, WAKO, Osaka). To quantify
B-galactosidase activity, 3 X 10° infected cells
were disrupted by sonication and 1/10 th volume
of lysate was subjected to the color reaction
with o-nitrophenyl-B-D-garactopyraniside
(ONPG). Absorbance was measured using
Titertek Multiscan (EFLAB, Finland). Relative
B-galactosidase activity was expressed by the
average of OD420 of lysates.

RESULTS

Production of HER2/neu protein in human cancer

cell lines HERZ/neu protein levels were measured

by immunoblotting. In all of cell lines tested,
185 kd bands were detected (Fig. 3). Among
stomach cancer cell lines, HER2/neu protein
were expressed 8.3-fold and 3.8 fold more in
MKN-7 and MKN-45 than in MKN-28 by the
quantification (Table II). In breast cancer cell
lines, MDA-MB-453 expressed 4.3-fold more than
MCF-7 (Table II).

Transcriptional activity of HER2/neu promoter
Except pGLHERZ2/neul25, all chimeric plasmid,
pGLHER2/neul300, pGLHERZ2/neu555 and
pGLHERZ2/neu305 showed moderate to high
luciferase activity in stomach cancer cell lines.
Transcriptional activities by both pGLHER2/
neul300 and pGLHERZ/neub55 were 3 to 5-fold
higher in HERZ-overexpressing cell line, MKN-7,
relative to low HERZ2-expressing MKN-28 cells.
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Fig. 4 Luciferase assay. The averages of the triple experiments were shown. [ ], MKN-7 and I, MKN-28.

On the other hand, pGLHERZ/neu305 showed
2-fold more activity in MKN-28 than in MKN-7
(Fig. 4).

Tranduction efficiency of adenovirus vecters When
the LacZ gene expression in MKN7, a HER2-
overexpressing stomach cancer cell line, was
examined, the double infection of AxHER2Cre
and AxCALNLZ (MOI of 50, each)
intense staining in about 90% of cells. The
double infection of AxCANCre and AxCALNLZ
(MOI of 50, each) was about 100%. On the other
hand, in the case of the MKN28 cells, a HER2-
low expressing stomach cancer cell line, the
double infection of AxHERZ2Cre and AxCALNLZ
induced only about 20% staining, though double
infection of AXCANCre and AxCALNLZ gave
about 80%. In the case of breast cancer cell
lines, the HERZ-overexpressing MDA-MB-453
showed much higher rate of staining cells than
low HERZ2-expressing MCF-7.

induced

p-galactosidase enzymatic activity induced by two

recombinant adenovirus vecters with Cre/loxP

system At MOIs of 10-25, the mixture of two
recombinant adenovirus vectors, AXHER2Cre and
AxCALNLZ, showed no significant difference of
MKN-7 cells and MKN-28 cells. At a MOI of 50,
co-infection of those vectors yielded about 3-fold
more P-galactosidase activity in MKN-7 than
MKN-28. At a MOI of 100, these two recombinant
adenovirus vectors with Cre/loxP system induced
markedly high enzymatic activity, comparable to
the activity by co-infection of AxCANCre and
AxCALNLZ, in MKN-7 cells, though the activity
was low in MKN-28 cells(Fig. 5A). In the case
of MDA-MB-453 and MCF-7, almost the same
results were obtained (Fig. 5B).

DISCUSSION

Among the stomach cancer cell lines we
tested, HER2 protein levels were high in MKN-
7, moderate in MKN-48, and low in MKN-28.
These results were consistent with a previous
report'?. In breast cancer cell lines, HER2 levels
were high in MDA-MB-453, and low in MCF-7.
These results also agreed with other reportm.

There was a report of marked reduction
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Fig. 5 Quantification of the B-galactosidase activity. Relative B-galactosidase activity was expressed by the average of OD420

of lysates. Stomach cancer cells(A), Breast cancer cells(B).

in CAT activity on deletion from -213 to -100
indicating that an important transcriptional
activating elements lies between these two
deletion end points in breast cancer cell line,
ZR75-1"Y. However, in our results, 125bp
promoter, which contained whole sequence of
those elements, showed little transcriptional
activity, though 305 bp or longer promoter
exhibited moderate to high activities in MKN-7.
The reason of this result was unclear, but it may
be due to the defference of the tissue types from
which those cells derived.

OB2-1, which is responsible for up-regulating
transcription of HER2 gene, the binding site was
shown to lie within 0.5 kb upstream from the
transcription start site of HERZ gene and 0.5 kb
promoter had the greatest promoter activitylg).
Our results showed that 555 bp and 1300 bp
promoter exhibit relatively high transcriptional
activity and HERZ-expression specificity,
coincident with those reports.

CAG promoter is consisting of cytomega-
lovirus IE enhancer, chickenp-actin promoter
and rabbitp-globin polyadenylation [poly (A) ]

19 .
1 known as a quite strong promoter, and

signa
applied widely for gene transduction systems.
By the double infection of the AxHER2Cre and
AxCALNLZ, we obtained quite high efficiency
of gene transduction, which was comparable to
the combination of AxCANCre and AxCALNLZ.
The induction rates were also HERZ2-expression
specific in both stomach cancer cell lines and
breast cancer cell lines.

The PB-galactosidase activity by the co-
infection of the AxCANCre and AxCALNLZ
was very high even at MOI 10, and the activity
did not show marked increase by increase of
MOI. The B-galactosidase activity by the co-
infection of the AxHER2Cre and AxCALNLZ
was increased almost linear up to MOI 100. By
the quantification analysis, the activity induced
by those recombinant adenovirus vectors was
confirmed to be comparable to the combination
of AxXCANCre and AxCALNLZ. The induced
activity was also HER2-expression specific.

Recently, cancer specific gene therapies
using two recombinant adenovirus vectors with
AFP promoter or CEA promoter and Cre/loxP
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systems were reported®’. Those systems had
distinct advantages compared to the single viral
vector infection method. The HER2 promoter
and Cre/loxP system, we established, exhibit
high efficiency and specificity. Using suicide
genes, e.g. cytosine deaminase, herpes simplex
virus thymidine kinase, as the ‘target’ gene, this
system can be applied for another cancer specific
gene therapy.
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