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Inhibition of human non-small cell lung tumors by a
c-Met antisense/U6 expression plasmid strategy
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c-Met is a receptor tyrosine kinase whose activation by
hepatocyte growth factor (HGF) can lead to transformation
and tumorigenicity in a variety of tumors. We investigated the
effects of suppressing c-Met protein expression in human
non-small cell lung tumors. Expression plasmids containing
either sense or antisense sequences of the human c-met
gene were constructed under control of the U6 snRNA
promoter. A U6 control plasmid was also constructed that did
not contain any c-met sequence. These constructs have
been examined both in vitro and in an in vivo tumor xenograft
model. The c-Met protein was downregulated by 50-60% in
two lung cancer cell lines that were transiently transfected
with the c-Met antisense versus U6 control. Tumor cells

treated with the c-Met antisense construct also show
decreased phosphorylation of c-Met and MAP kinase when
exposed to exogenous HGF. Lung cancer cells were grown
as xenografts in mice and treated by intratumoral liposome-
mediated transfer of the c-Met sense, antisense or U6 control
plasmids. The treatment of lung tumors with c-Met antisense
versus U6 control plasmid resulted in the downregulation of
the c-Met protein expression, a 50% decrease in tumor
growth over a 5-week treatment period and an increased rate
of apoptosis. These results suggest that targeting the HGF/c-
Met pathway may be an effective novel strategy to treat lung
cancer patients.
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Introduction

Lung cancer is currently the leading cause of cancer
mortality in US men and women. The 5-year survival
rate for all stages of lung cancer combined is only 15%.
The survival rate is 48% for cases detected when the
disease is localized; however, only 15% of the cases are
diagnosed at this early stage. Surgical resection for cure
is often only applicable to early-stage disease. Lung
cancer patients currently have few therapeutic options
and new approaches are needed to improve long-term
survival. Growth factors and their receptors play
important roles in the growth and progression of lung
tumors and are potential therapeutic targets for lung
cancer treatment.

c-Met was originally identified as the protein product
of the c-met proto-oncogene and is a member of the
tyrosine kinase family of receptors whose activation can
lead to transformation and tumorigenicity."” c-Met has
since been found to be the receptor for hepatocyte
growth factor (HGF), also known as scatter factor.>* As
the name implies, HGF was independently isolated as a
hepatic regeneration factor* and as a fibroblast-derived
mitogen for epithelial cells.>” HGF is primarily produced
by mesenchymal cells, particularly fibroblasts, and acts
on c-Met-expressing epithelial and endothelial cells in a
paracrine manner.® However, there is now growing
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evidence of autocrine HGF production in lung tumor
cells as well as other tumor types.”~'*> Thus, the HGF/c-
Met signaling pathway seems to be mediated by both
paracrine and autocrine mechanisms.

The mature c-Met protein consists of a 50 kDa o-chain
disulfide linked to a 145kDa B-chain. The a-chain is
exposed at the cell surface, whereas the B-chain spans the
cell membrane and possesses an intracellular tyrosine
kinase domain.>*® The o and B chains are derived from
the proteolytic cleavage of a single-chain 170 kDa
precursor protein. Binding of the HGF ligand to c-Met
activates its tyrosine kinase activity and leads to multiple
cellular responses, such as proliferation,* cell scattering,”
and branching morphogenesis.'”> These cellular re-
sponses to c-Met activation by HGF then mediate a
plethora of biological activities, which include embry-
ological development, wound healing, tissue regenera-
tion, angiogenesis, growth, invasion and morphogenic
differentiation.®'* Given that several of these processes
are known to be involved in tumorigenesis, the HGF/c-
Met signaling pathway also plays a significant role in the
pathogenesis and biology of many human cancers.

Several studies have suggested a possible role of the
HGF/c-Met system in tumor development and progres-
sion.**'®> In normal cells, c-Met activation is a ligand-
dependent transient event, whereas in tumor cells c-Met
activity is usually constitutively upregulated. The mole-
cular mechanisms that are thought to activate c-Met
constitutively and thus contribute to tumorigenesis,
including mutations in c-Met as well as overexpression
of c-Met and/or HGF. Several studies support these
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mechanisms of activation. First, many somatic and
germline mutations, mainly in the tyrosine kinase
domain, have been identified in human cancers, includ-
ing lung metastases, which cause constitutive activation
of the receptor.'*'*"'® In some non-small cell lung cancer
cell lines, constitutive activation of c-Met has been
correlated with anchorage-independent, phosphatidyl
inositol 3-kinase-dependent cell survival.'”” Second,
HGEF stimulates the proliferation and migration of tumor
cells in vitro. Third, transgenic mice that overexpress
c-Met develop tumors;*® HGF-expressing transgenic
mice also have been reported to form tumors in various
organs.”' Fourth, several studies have shown that c-Met
is overexpressed in many types of human tumors and
cell lines from tissues of breast,” ovary,* prostate,***
thyroid,***” pancreas,® colorectal,® gastric carcino-
mas,**®! brain,> oral squamous cell carcinomas® and
lung.®* Similarly, elevated levels of HGF have been
reported in most of the above-mentioned human cancers
as well as in inflammatory lung diseases.’ Finally, the
coexpression of c-Met and HGF has been reported
in many types of tumors setting up an autocrine loop
in which secreted HGF binds to c-Met and causes
constitutive activation of the receptor and downstream
signaling pathways.>® Recent reports suggest that c-Met
can also be transactivated through other membrane
receptors independent of HGE*”

Increased c-Met and/or HGF expression by human
tumor cells has been associated with high tumor grade
and poor prognosis. For example, c-Met has been found
to be a strong independent negative prognostic factor in
breast cancer,* biliary tract carcinoma,*® gastric carcino-
ma*” and nasopharyngeal carcinoma.*’ In non-small cell
lung carcinoma cell lines and primary tumors, c-Met
overexpression correlated with a higher tumor stage and
worse outcome than those without overexpression.>* The
strong correlation between c-Met expression and patient
survival clearly supports the hypothesis that the HGF/c-
Met pathway plays an important role in the pathogenesis
of human cancers. Like c-Met, HGF has also been shown
to be a negative prognostic indicator of survival and
recurrence in many cancers, including breast*' and non-
small cell lung cancer.** Interestingly, in the 56 primary
non-small cell lung cancer cases examined for HGF by
quantitative Western blotting by Siegfried et al, the HGF
content of tumors defined a subset of stage I patients
who had relapsed and had shortened survival times. In
addition, patients whose T status was greater than 1 and
had elevated HGF rapidly relapsed and died from their
disease. Thus, in non-small cell lung cancer patients,
HGEF could be a useful prognostic indicator for both early
and advanced stage patients.*> Coexpression of HGF and
c-Met has been reported in approximately 50% of lung
adenocarcinomas and this coexpression has been re-
ported to correlate with poor prognosis.**** Since this
pathway is important in disease progression, it indicates
a potential target for tumor control by inhibiting the
c-Met protein.

In this study, we have constructed U6 expression
plasmids containing either the sense or antisense
sequences targeting the translation start site of the
human c-met gene for delivery into lung tumor cells as
a potential therapeutic strategy to inhibit lung tumor
growth. Such a strategy is expected to block the
translation of mRNA into protein. We have tested these
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constructs both in vitro and in an in vivo tumor xenograft
model and have shown downregulation of the c-Met
protein and decreased tumor growth in vivo. The tumors
transfected with the antisense construct also show
increased apoptosis versus controls. This method may
be a novel approach to treat lung cancer patients alone or
in combination with other agents.

Materials and methods

U6 expression constructs

A modified U6 expression vector, pPGEM2U6, containing
Xhol and Nsil sites for convenient cloning was generated
as described.*> Oligonucleotides specific for the human
c-met sense or antisense sequences, targeting the transla-
tion start site, were synthesized by Invitrogen (Carlsbad,
CA, USA). The oligonucleotides were 40 nt long and
contained asymmetrical tails to allow them to be
annealed and ligated into the Xhol and Nsil sites of the
U6 vector. These constructs were subcloned, sequenced
and verified to contain the c-met sense or antisense
sequences in the correct orientation (Figure 1). Short
RNAs that begin at the translation start codon have been
reported to be the most efficient in binding the target
RNA

Cell lines and culture conditions

Non-small cell lung tumor cell lines, 201T and 128-88T,
were established in our laboratory from primary tissue
specimens.*” These lung tumors were verified to be
primaries to the lung by pathological assessment. These
cells were maintained in vitro in Basal Medium Eagle
(BME) (Sigma, St Louis, MO, USA) supplemented with
10% fetal bovine serum and antibiotics.

Transient transfection

201T and 128-88T cells were plated in BME medium
containing 10% fetal bovine serum and antibiotics at
1 x10° cells/plate in 100 mm plates. The following day,
the cells were transfected in serum-free conditions. The
transfections were performed using LipofectACE (Life
Technologies, Grand Island, NY, USA) according to the
manufacturers’ instructions. The conditions for transfec-
tion in these two cell lines had been optimized using
cotransfection of green fluorescent protein and the U6
constructs (data not shown). Transfection efficiency was
determined to be 60-70%. All plasmids used for
transfection were purified using the Qiagen EndoFree
kit to remove harmful endotoxins. Cells were washed
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Figure 1 Schematic representation of the U6 expression cassette in the

pGEM vector with the c-Met antisense (AS) and sense (S) oligonucleotide
sequence shown.



twice with 1x phosphate-buffered saline (PBS) and
transiently transfected with the c-Met sense, c-Met
antisense or U6 empty vector expression constructs. At
48 and 72 h after transfection, total RNA and protein
extracts, respectively, were prepared.

Protein extraction and Western analysis

At 72h following transient transfection of the U6
constructs in 201T and 128-88T cells, the medium was
removed from the cells and the cells were washed two
times with ice-cold PBS. A measure of 2 ml of homo-
genization buffer (20 mM Tris-HCI, pH 7.5, 2 mM EDTA,
0.5mM EGTA, 5mM MgCl,, 330 mM sucrose, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.01% trypsin
inhibitor, 1 pg/ml leupeptin) was added to each plate
and scraped into a tube. The cells were homogenized two
times, 15s each, with a polytron. The homogenate was
centrifuged at 4°C for 8 min at 1500 r.p.m. The super-
natant was removed and centrifuged at 100000 g for
30 min at 4°C. The resulting pellet was dissolved in
sample buffer (2% SDS, 10% sucrose, 10 mM DTT, 60 mM
Tris, pH 6.8). The protein concentration was measured
using the Pierce BCA-200 Protein Assay Kit.

For experiments in Figures 4 and 5, 10ng/ml
recombinant HGF (rHGF) protein (R&D systems, Min-
neapolis, MN, USA) was added for 10 min to half of the
plates 72 h following transient transfection of the c-Met
antisense, c-Met sense or U6 empty vector constructs.
Cells were washed one time with ice-cold PBS. The
protein was extracted by adding 600 pl of ice-cold RIPA
Buffer (1 xPBS, 1% NP40, 0.5% sodium deoxycholate,
0.1% SDS, 0.1 mg/ml PMSF, 0.045 mg/ml aprotinin
(Sigma Chemical Co., St Louis, MO, USA), and 1 mM
sodium orthovanadate) per 100 mm plate and scraped
into a microfuge tube. The cell lysate was passed through
a 21-gauge needle to shear genomic DNA. A measure of
10 ul of 10 mg/ml PMSF stock was added and incubated
30-60 min on ice. The cell lysate was microcentrifuged at
10 000 g for 10 min at 4°C. The protein concentration in
the supernatant was measured.

For tumor xenografts (Figure 7), tumors were removed
after the 5-week treatment period and a section for
protein extraction was frozen in liquid nitrogen. Tumor
tissue was weighed and diced into very small pieces
using a clean razor blade. The protein was extracted by
adding 3 ml of ice-cold RIPA buffer per gram of tumor
and homogenized using a polytron. A measure of 20 pl of
10 mg/ml PMSF stock were added to each lysate and
incubated on ice for 30-60 min. The cell lysate was
centrifuged at 10000 g for 10 min at 4°C. The protein
concentration in the supernatant was measured using the
Pierce BCA-200 Protein Assay Kit.

For the detection of c-Met (Figures 4 and 7), equal
amounts of protein (25 ug) were separated by size on a
6% SDS-Tris-Glycine gel (Invitrogen) and transferred
onto a nitrocellulose membrane. Nonspecific binding
sites were blocked by incubation in 1 x TBS-T (0.2 M Tris,
0.14 M NaCl, 0.1% Tween 20) containing 5% dry milk for
1h at room temperature, followed by incubation over-
night at 4°C with a 1:250 dilution of rabbit polyclonal
anti-c-Met antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in 1 x TBS-T containing 1% dry milk.
After the blots were washed three times in 1 x TBS-T
(10 min each at room temperature), horseradish perox-
idase-conjugated donkey anti-rabbit IgG (Amersham,
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Piscataway, NJ, USA) was added at a 1:1000 dilution and
incubated for 2 h at room temperature. After three more
washes with 1 x TBS-T, the immunoreactive peptide was
detected by SuperSignal West Pico Chemiluminescent
substrate (Pierce, Rockford, IL, USA), followed by
exposure to autoradiography film. SeeBlue Plus 2
prestained protein standards (Invitrogen) were also
included in each gel. The blots were stripped using
Restore™ Western Blot Stripping Buffer (Pierce). Blots
were reprobed using a mouse anti-actin monoclonal
primary antibody (Santa Cruz Biotechnology) at a 1:1000
dilution and a horseradish peroxidase-conjugated sheep
anti-mouse IgG secondary antibody (Amersham) at a
1:1000 dilution.

For the detection of phospho-c-Met (Figure 4), equal
amounts of protein (25 nug) were separated by size on a
6% SDS-Tris-Glycine gel and transferred onto a nitro-
cellulose membrane. Nonspecific binding sites were
blocked the same as for c-Met as described above. The
primary antibody was a 1:1000 dilution of rabbit
polyclonal anti-c-Met (pYpYpY?*230/1234/123%) phosphospe-
cific antibody (BioSource International, Camarillo, CA,
USA) and secondary was a 1:1000 dilution of horseradish
peroxidase-conjugated donkey anti-rabbit IgG. Washes
and detection were performed as described above.

For the detection of phospho-p44/42 MAP Kinase
(Figures 5 and 7), equal amounts of protein (25 pg) were
separated by size onto a 10% SDS-Tricine gel and
transferred to nitrocellulose membrane. Nonspecific
binding sites were blocked the same as for c-Met as
described above. The primary antibody was a 1:1000
dilution of rabbit polyclonal anti-phospho-p44/42 MAP
kinase antibody (Cell Signaling Technology, Beverly, MA,
USA) and secondary antibody was a 1:2000 dilution of
horseradish peroxidase-conjugated donkey anti-rabbit
IgG. Washes and detection were performed as described
above. Blots were stripped and reprobed with a 1:1000
dilution of rabbit polyclonal anti-total p44/42 MAP
Kinase antibody (Cell Signaling Technology). All blots
were scanned by densitometry and quantitation was
carried out using ImageQuaNT analysis.

RNA isolation and ribonuclease protection assay
RNA was isolated from the cells or tumors by the
guanidinium thiocyanate method.*® For cells, 201T cells
were transiently transfected with c-Met sense, c-Met
antisense or U6 empty vector constructs as described in
the transient transfection section. The total RNA was
isolated from the cells 48 h after transfection. For tumor
xenografts, tumors were harvested after the 5-week
treatment period and stored in RNAlater™ (Ambion,
Austin, TX, USA) until RNA isolation. Ribonuclease
protection assays were performed using the RPAIII™ kit
(Ambion) according to the manufacturer’s instructions.
Total RNA (20 ug) from each transiently transfected
treatment or 50 pg of total RNA from tumor xenografts
was hybridized with 2 x 10* c.p.m. of **P-labeled RNA
probe specific for each treatment. The solution was
treated with a mixture of RNase A and T;. The resulting
hybridized products protected from RNase digestion
were separated on a 5% denaturing polyacrylamide gel.
The gel was dried and exposed to a phosphor screen. The
exposure times were 2 days for the in vitro experiment
and 7 days for the in vivo experiment.
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The endogenous c-Met probe was derived from PCR
amplification of a plasmid containing c-Met cDNA. Primer
1, 5CGGAATTCCTTTGCAGCGCGTTGACTTATT con-
tained an EcoRI site at its 5 end (underline) for
subcloning purposes and the remaining sequence starts
1267 nt past the translation start site. Primer 2,
5 CGCGGATCCTCCTGATCGAGAAACCACAAC con-
tained a BamHI site at its 5 end (underline) and the
remaining sequence starts 1412 nt past the translation
start site. This amplified region of the c-met gene was not
part of the 40 bp of the transgene, thus it should only
recognize the c-met endogenous gene. The PCR-ampli-
fied fragment was subcloned into the EcoRI and BamHI
sites of pSPORT1 (Life Technologies) and linearized with
EcoRI for use in an in vitro transcription reaction using
SP6 RNA polymerase. This probe has been verified to
only recognize a 145 nt endogenous c-met product, not
the transgenes (data not shown). For the probes that
recognize the transgenes, the plasmids that were used for
transfection were digested with Dral, which is 5 of the
expected transgene product. A 1.5kb product was gel
isolated using the Qiagen gel extraction kit. These
products were used for in vitro transcription reactions
using SP6 RNA polymerase to make antisense probes
specific for U6, c-met antisense or c-met sense transgenes.
These probes should recognize an 82nt transgene
fragment representing the 40 bp c-met sense, antisense
or U6 sequences and a portion of the U6 gene on either
side, as well as smaller fragments representing the
endogenous U6 or c-met genes.

Tumor xenograft model

In all, 25 female SCID mice (5 weeks of age; Harlan
Sprague-Dawley, Indianapolis, IN, USA) were used for
each experiment. 201T lung tumor cells were injected s.c.
at two sites per mouse (4 x 10° cells/site). The mice were
divided into four treatment groups (five animals per
group): (a) no treatment (none); (b) liposomes alone; (c)
liposomes plus the U6 empty vector; (d) liposomes plus
c-Met-sense vector; and (e) liposomes plus c-Met-
antisense vector. Each plasmid (50 pg) was complexed
with 50 nmol DC-chol/dioleoylphosphatidyl-ethanola-
mine (DOPE) liposomes*’ in a 50 ul volume and injected
directly into the tumor three times a week for 5 weeks.
Tumor size was measured before each weekly injection
and reported as an average tumor volume, calculated as:
(Ixwxhx9)/2 (mm?), where [ is the length, w is the
width and # is the height of the tumor measured with
calipers. At the end of the 5-week period, the animals
were sacrificed, and the tumors were removed. One-
third of the tumor was harvested for protein analysis,
one-third for RNA analysis and the other third was fixed
in 10% formalin for immunohistochemical analysis.
Animal care was in strict compliance with the institu-
tional guidelines established by the University of
Pittsburgh.

Apoptosis assay

The percentage of apoptotic cells in 201T tumor
xenografts treated with the c-Met antisense construct or
U6 empty vector was determined using the ApopTag®
Peroxidase In situ Apoptosis Detection Kit (Intergen
Company, Purchase, NY, USA). Tumors were harvested
after the 5-week treatment period, fixed in formalin and
paraffin embedded. Sections were deparafinized accord-
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ing to standard procedures, incubated with proteinase K
for 15 min and washed two times with water. Slides were
incubated in 3% H,O, in PBS for 5min at room
temperature and washed two times with PBS. The slides
were then incubated for 15 min at 37°C with a terminal
transferase enzyme that catalyzes the addition of
digoxigenin-labeled nucleotides to the 3'-OH ends of
the fragmented DNA, followed by three washes in PBS.
After color development and counterstain, the specimens
were mounted. Slides were read and scored for the
number of positive cells per five high-power fields.

Results

c-Met protein expression is downregulated in lung
tumor cell lines following transient transfection

with the c-Met antisense construct

Antisense gene therapy relies on the disruption of target
gene expression by binding to the mRNA and preventing
translation. The pGEM2U6 RNA expression cassette has
been used previously for antisense therapy and is an
innovative vector for high expression of antisense
RNAs.55" Plasmid constructs such as the U6 expression
cassette has several advantages over synthetic antisense
oligonucleotide techniques. First, it has been engineered
to express short RNA antisense sequences and almost all
of the U6 gene can be replaced with any other sequence
since there is no internal control region in the sequence
encoding the structural component of the RNA. Second,
the U6 promoter has very strong activity in all types of
cells. Third, it is transcribed by RNA polymerase III,
resulting in high expression levels within the cell. U6
snRNA is constitutively expressed in all mammalian
cells at about 0.5 million copies per cell.>> We tested the
ability of the c-Met antisense U6 expression construct to
inhibit c-Met protein expression in vitro in two non-small
cell lung cancer cell lines that we have shown previously
to express c-met, but not HGF*® (Figure 2). A 50-60%
decrease in c-Met protein expression was observed in
cells treated with the antisense plasmid versus cells
treated with the U6 empty vector. A 100% decrease in
c-Met protein would not be expected since only 60-70%
of the cells take up the plasmid. This suggests that in the
cells that do express the antisense plasmid, approxi-
mately 90% protein inhibition is observed. A slight
decrease (<20%) was observed in c-Met protein expres-
sion in cells treated with the c-Met sense construct versus
the U6 empty vector. These small changes observed with
sense vectors have been reported by others.>" This
decrease was not considered to be significant. Actin
protein expression did not change with these treatments.
This experiment was repeated three times in each cell
line with two samples per treatment. These cell lines
represent both adenocarcinoma (201T) and squamous
cell lung tumors (128-88T). There appears to be no
difference in the effect of the c-Met antisense plasmid
between these two types of tumors.

RNA is expressed from the transfected plasmids

In order to determine if the transfected plasmids could
be transcribed to RNA, a ribonuclease protection assay
was used to distinguish between the endogenous c-met
RNA and the transgenes. We were able to detect the
transgenes in cells that were transiently transfected with
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Figure 2 Immunoblots of whole-cell lysates from lung tumor cell lines. (a)
Cell extracts were prepared from 201T cells or (b) 128-88T cells that were
transiently transfected with the U6 empty vector control, the c-Met sense
plasmid (S) the c-Met antisense plasmid (AS) or no transfection (none)
and analyzed by Western blotting using a rabbit polyclonal anti-Met
antibody or a mouse monoclonal anti-actin antibody (c) Quantitation of
three independent experiments each of which had two samples per
treatment using ImageQuant analysis. The results are expressed relative
to the no treatment control. *P <0.05 compared to U6 control, **P <0.005
compared to U6 control. Data were analyzed by a two-tailed Students’
t-test.

the U6 empty vector, c-Met sense or c-Met antisense
(Figure 3a). The endogenous c-met gene was detected
in all of the samples. The level of expression of the
transgenes was higher than the endogenous gene
probably due to the high transfection efficiency in this
cell line. The transfection efficiency in this cell line as
monitored by cotransfection with green fluorescent
protein was 60-70% (data not shown). It is worth noting
that the conditions optimized for in vitro gene transfer
are not the same as those for in vivo gene transfer.

Biological effects of the antisense construct in vitro

To monitor the biological effects of the antisense
construct in vitro, phosphorylation levels of the c-Met
protein and also the activation of the MAP kinase
pathway were examined. Previous studies have shown
that HGF stimulates phosphorylation of c-Met and
activation of the MAP kinase pathway (data not shown).

¢-Met antisense therapy in lung cancer

e

LP Stabile et a/
329

a b g 5

S £

- =

-U -

QD L=

© 2

@D [1v]

= g

o B

© w5 § o

S w < 2 Z <«

145nt :

endogenous ..
c-Met
80 nt

transgene = .

endogenous ™ = &
ue

Figure 3 RNA is expressed from the transfected plasmids. (a) Total RNA
was isolated from 201T lung cancer cells 48 h after transient transfection
of either the U6 empty vector control, the c-Met sense plasmid (S), the c-
Met antisense plasmid (AS) or no treatment (none). RNA (20 ug) was
analyzed using a ribonuclease protection assay and probes specific for the
endogenous c-met gene or the U6, sense or antisense transgene. (b) Total
RNA was isolated from tumor xenografts either not treated or treated with
the c-Met antisense plasmid. 50 ug of RNA was analyzed using a
ribonuclease protection assay and probes specific for the endogenous c-met
gene or the antisense transgene.

In 201T cells that were transiently transfected with the
c-Met antisense construct and then treated with exogen-
ous recombinant HGF protein, the ability of these cells to
phosphorylate c-Met was approximately six times lower
than in cells transfected with the c-Met sense construct,
U6 empty vector or not transfected at all (Figure 4). In
this regard, cells treated with c-Met antisense followed
by stimulation with HGF showed only a 2.6-fold increase
in phospho-c-Met over c-Met antisense-treated cells that
were not exposed to HGF, whereas cells transfected with
the c-Met sense, U6 empty vector or not transfected at
all show a 13.2-, 12.3- and 21-fold increase with HGF
stimulation, respectively. These blots were stripped and
reprobed with an antibody for total c-Met protein. Since
these cells were transiently transfected with either the
c-Met antisense, sense or U6 empty vector, similar
amounts of c-Met in all samples are not expected. As
expected, the total c-Met levels were approximately 60%
lower in the cells that were transfected with c-Met
antisense construct. An actin blot was performed as a
loading control and the average protein expression of
actin between these treatments did not change.

We next examined the ability of lung tumor cells
treated with c-Met antisense to phosphorylate p44/42
MAP kinase. In 201T cells that were transiently trans-
fected with the c-Met antisense construct and then
treated with exogenous HGEF, the ability of the cells to
activate the MAP kinase pathway was dramatically
lower (1.7-fold over basal levels) than in cells transfected
with the U6 empty vector (8.5-fold over basal levels)
or not transfected at all (164-fold over basal levels)
(Figure 5). Cells transfected with the c-Met sense
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Figure 4 Detection of phosphorylated c-Met in cells transfected with the
antisense plasmid. (a) 201T lung cancer cells were transiently transfected
with the c-Met antisense plasmid (AS), the c-Met sense plasmid (S),
the U6 control plasmid (U6) or no treatment (none). At 72 h after
transfection, half of the samples were treated with 10 ng/ml rHGF for
10 min and the others received no treatment. Total cell lysates were
prepared and 25 ug of total protein was separated by size on a 6% SDS-
Tris-Glycine gel and immunoblotted with a rabbit polyclonal anti-c-Met
(pYpYpY'23011234/1235) phosphospecific antibody. The blots were stripped
and reprobed with a rabbit polyclonal anti-c-Met antibody (not
phosphospecific) and once again with a mouse monoclonal anti-actin
antibody. (b) Quantitation of the blots by densiometric scanning and
ImageQuant analysis. Graph represents the average value of two samples
per treatment.

construct show similar results in this assay as the cells
transfected with the U6 empty vector (data not shown).
The large effect observed in the nontreated cells appears
to be due to the fact that the transfection alone gives
higher background levels of phospho-MAPK as com-
pared to nontransfected samples. A similar pattern of
phosphorylation of MAP kinase was observed in the
transfected cells as with the c-Met phosphorylation
experiments. These results suggest that the antisense
plasmid is affecting downstream signaling pathways.
The total MAP kinase protein expression was similar in
all samples. Similar results were obtained using the 128-
88T cell line (data not shown).

In vivo tumor growth in immunocompromised mice

We first wanted to verify that the chimeric RNA from the
transgenes was expressed in the tumor xenografts. The
results using the ribonuclease protection assay show that
the RNA from the c-met antisense transgene is expressed
in the tumors from the injected plasmid, however, at a
much lower level than that observed in vitro (Figure 3b).
This could be because the transfection efficiency is not as
high in vivo as we had observed in the in vitro system
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Figure 5 Activation of the MAP Kinase pathway in cells transfected with
the antisense plasmid. (a) 201T lung cancer cells were transiently
transfected with either the c-Met antisense plasmid (AS) or the U6 control
plasmid (U6) or no treatment (none). At 72 h after transfection, half of the
samples were treated with 10 ng/ml rHGF for 10 min and the others
received no yHGF treatment. Total cell lysates were prepared and 25 ug
of total protein was separated by size on a 10% SDS-tricine gel and
immunoblotted with a mouse monoclonal anti-phospho-p44/42 MAPK
antibody. The blots were stripped and reprobed with a mouse monoclonal
anti-p44/42 MAPK antibody. (b) Quantitation of the blots by densiometric
scanning and ImageQuant analysis. Graph represents the average values
for phospho-p44/42 protein expression from two samples per treatment.

(20-30% as determined by intratumoral injection of a
HA-epitope-tagged plasmid versus 60-70% as deter-
mined by cotransfection with green fluorescent protein,
data not shown). In addition, U6 RNA is probably
quickly degraded in vivo.

Growth experiments were conducted in vivo to assess
whether the c-Met antisense construct could inhibit
tumor growth. The 201T cell line that was used in this
experiment showed decreased c-Met protein expression
when transiently transfected with the c-Met antisense
plasmid in vitro (Figure 2) and cell growth was reduced
by approximately 30% (data not shown). Figure 6 shows
a representative experiment with five animals per
treatment group each bearing two tumors per mouse.
As shown in Figure 6, c-Met antisense treatment
decreased tumor growth by 51% compared to U6-treated
controls (average tumor volume of 863.6+215 mm?® for
antisense versus 1767.14+280.5 mm> for U6). This was
statistically significant with a P-value of <0.05. Tumor
growth in sense-treated tumors was inhibited by 15%
compared to Ub-treated controls (average tumor volume
of 1519.0+484 versus 1767.1+£280.5 mm?). Tumors that
received no treatment (none) grew the fastest with an
average tumor volume of 2081.7+514 mm? Tumors
treated with DC-Chol liposomes alone grew similarly
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Figure 6 201T tumor growth in SCID mice. Five groups of mice received
the following treatments three times per week for 5 weeks: c-Met antisense
(0), U6 empty vector control (@), c-Met sense (O), DC-Chol liposomes
alone (A) and no treatment (M). Each point represents the mean value for
nine tumors per group. The standard error is reported for U6 and AS
treatments only. This is a representative experiment that was repeated two
additional times. Tumor volume was plotted over time. *P <0.05 (versus
U6 empty vector control). Data were analyzed by a two-tailed Students’ t-
test.

to the Ue6-treated tumors (1775.2+283.0 wversus
1767.1 £280.5 mm?®). This experiment was repeated two
additional times with similar results. Thus, the use of c-
Met antisense plasmid gene therapy may be a valuable
treatment for lung cancer. Although we achieved <50%
tumor growth inhibition, c-Met antisense may be useful
in combination with other available treatments to
achieve further inhibition of tumor growth.

Frozen tumor sections from this experiment were
harvested for protein and used in Western analysis
(Figure 7). c-Met protein expression was decreased an
average of 35-40% in the tumors treated with c-Met
antisense plasmid versus U6 empty vector control.
Phospho-MAP kinase protein expression was decreased
by 48% in these tumors versus U6 control. These changes
were statistically significant (P <0.0001). The decreases in
both c-Met and phospho-MAP kinase protein expression
in c-Met antisense-treated tumors versus DC-Chol or
nontreated tumors also showed statistically significant
changes (P<0.0001 in each case except c-Met levels in
nontreated versus antisense is P <0.005). Actin and total
MAP kinase showed no detectable differences among all
of the treatment groups. In some cases there was a
correlation between phospho-MAP kinase and c-Met
protein expression; however, this was not uniformly
observed. There appeared to be a correlation between
individual tumor growth and c-Met protein expression.
The tumors that grew the slowest also had the lowest
amounts of c-Met protein (data not shown). Vice versa,
the fastest growing tumors had the highest amounts of
c-Met protein. For example, the antisense-treated tumor
sample in lane 1 of Figure 7b shows the lowest c-Met
expression and also the smallest change in tumor growth
among that treatment group.
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Figure 7 Immunoblots of whole-cell lysates prepared from nine individual
201T xenografts grown in SCID mice and treated with either (a) the U6
empty vector or (b) c-Met antisense plasmid for a 5-week period. Each lane
represents an individual tumor extract that was either treated with the U6
control or the c-Met antisense plasmid. An equal amount of protein
(50 pg) for each sample was analyzed by Western blotting using antibodies
for c-Met, phospho-p44/42 MAPK, p44/42 MAPK, or actin. (c) Represents
the mean value ts.e. of the chemiluminescent signals using ImageQuant
analysis. *P<0.0001 versus U6 control, none or DC-Chol (with one
exception in c-Met levels with no treatment versus AS, P<0.005). Data
were analyzed using a two-tailed Students’ t-test.

Apoptosis is increased in tumors treated with c-Met

antisense construct

We next examined whether or not apoptosis is increased
in the tumors treated with the antisense construct. The
possible mechanisms for tumor growth inhibition in-
clude necrosis or apoptosis. Slides stained with hema-
toxylin and eosin revealed no distinguishable differences
among the various treatment groups, indicating that
necrosis is probably not involved. A section of each
tumor was fixed in formalin and paraffin embedded. An
ApopTag® in situ hybridization kit was used to detect
single- or double-stranded breaks associated with apop-
totic cells. This system can also detect early-stage
apoptosis involving chromatin condensation, before
any morphological changes are noticeable. There was a
four-fold difference in the amount of staining in
antisense- versus Ub6-treated tumors (Figure 8). Quantita-
tion was performed by counting the number of positive
cells per five high-powered fields in five U6 control-
treated tumors and five antisense-treated tumors. A
positive control included slides of tissue from a normal
female rodent mammary gland and a negative control
was performed without active terminal deoxynucleotidyl
transferase mix (data not shown). The proteinase K
digestion was included in the negative control to account
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Figure 8 Apoptosis is increased in tumors treated with the c-Met
antisense construct. ApopTag™ staining of (a) a representative tumor
treated with the U6 empty vector control plasmid and (b) a representative
tumor treated with the c-Met antisense plasmid. (c) Quantitation of
ApopTag®™ stained slides from five U6 control treated tumors and five
c-Met antisense-treated tumors.

for nonspecific incorporation of nucleotides or for
nonspecific binding of enzyme conjugate. A similar
difference (three- to four-fold) in the amount of staining
was observed in antisense- versus DC-Chol- or non-
treated tumors (data not shown).

Discussion

c-Met is a receptor tyrosine kinase that plays an
important role in the pathogenesis of many human
cancers. Several lines of evidence suggest that the HGF/
c-Met signaling pathway is a good target for cancer
therapy, including the identification of a number of
activating mutations as well as cancers identified with
overexpression of the receptor. In this study, we report
that lung tumor xenograft volume can be inhibited by
50% when treated with intratumoral cationic injection of
the c-Met antisense in the U6 expression cassette. This
antitumor effect was accompanied by downregulation of
c-Met and phospho-MAP kinase protein expression and
increased apoptosis.

Small nuclear RNAs (snRNAs) are a special class of
RNA molecules that play a central role in splicing
of introns from premessenger RNAs. The U6 snRNA,
which the expression cassette used in this study is
derived from, has several unique properties among this
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class of molecules. First, in contrast to the other snRNA
genes that are transcribed by RNA polymerase II and
do not contain introns or TATA boxes, U6 genes are
transcribed by RNA polymerase III and contain TATA
boxes. Second, it is highly unusual because almost all of
the structural U6 core can be replaced with almost any
other sequence without affecting transcription because
the U6 promoter does not have any internal control
regions. In fact, only the first 6 nt and last 18 nt of the U6
transcript are necessary for the synthesis of the U6
chimeric RNA.** The human U6 promoter is composed
of a proximal region containing a TATA box and a
proximal sequence element and a distal region contain-
ing an octamer motif.

The U6 expression cassette used in this study was
developed specifically to generate sequence-specific
oligonucleotides for antisense gene regulation.*> This
strategy has been used in preclinical studies previously
to inhibit the growth of various tumors in vivo. For
instance, intratumoral liposome-mediated transfer of
either a U6-epidermal growth factor receptor antisense
plasmid® or a U6-transforming growth factor alpha
plasmid® were shown to inhibit tumor growth in a head
and neck cancer xenograft model and this was correlated
with increased apoptosis in the antisense-treated tumors.
Similarly, in this model system, in wvivo liposome-
mediated therapy with an U6-Stat3 antisense plasmid
has been shown to inhibit tumor growth and Stat3
activation, increase apoptosis and decrease Bcl-xL
expression.®* In a cervical tumor model, antisense
sequences from the E6 and E7 oncogenes of human
papillomavirus type 16, which are involved in the
malignant phenotype of cervical carcinoma, were in-
serted into the U6 expression construct and complexed
with DC-Chol liposomes. Intratumoral injection of these
plasmids has been shown to inhibit the in vivo growth of
cervical tumors in mice.>®

Nonviral gene delivery methods such as cationic
liposomes have distinct advantages over adenoviral or
retroviral vectors. DC-Chol is a novel cationic cholesterol
derivative that contains a tertiary amine head and a
cholesterol linked by a carbamoyl bond.** When mixed
with the lipid DOPE in the presence of chloroform,
followed by drying, rehydration and sonication, DC-
Chol produces stable liposomes that are efficient in
transferring DNA. DC-Chol/DOPE liposomes have been
used in several clinical trials. For example, cystic fibrosis
patients received multiple doses of the cystic fibrosis
transmembrane conductance regulator gene complexed
with DC-Chol/DOPE cationic liposomes delivered to the
nasal epithelium with negligible toxicity, inflammation
or immune response reported.> In a separate trial,
patients with advanced breast or ovarian cancer received
intracavitary injection of DC-Chol complexed with the
EIA anticancer gene once a week with only slight
treatment-related effects observed.”® Recently, a phase II
trial has demonstrated no toxicity as well as modest
tumor response of intratumoral injections of the EI1A
gene complexed with DC-Chol in head and neck
squamous cell carcinomas.” The development of aero-
solized preparations of these liposome formulations may
be clinically useful in the further development of these
agents in lung cancer.

Owing to the overwhelming evidence for the role of
the HGF/c-Met pathway in the pathogenesis of human



cancers, the development of therapeutic inhibitors of
c-Met is not without precedence. First, the geldanamycin
family of anisamycin antibiotics has been shown to
inhibit HGF/c-Met signaling. For example, at nanomolar
concentrations, the geldanamycins have been shown to
downregulate c-Met protein expression and inhibit HGF-
mediated cell motility and invasion in MDCK-2 cells.®* In
small cell lung cancer cell lines, geldanamycin has been
demonstrated to decrease cell growth and viability and
to increase apoptosis.®' Second, peptides from the c-Met
receptor tail have been shown to bind to the receptor and
inhibit c-Met kinase activity in vitro and inhibit HGF-
mediated invasive growth of A549 cells by 50%.%* Third,
HGF and c-Met expression have been targeted using an
U1/snRNA /ribozyme approach to inhibit human glio-
ma growth.®>¢* Similarly, the use of a hammerhead
ribozyme encoding c-Met antisense sequences has been
shown to reduce both migration and invasiveness of
breast cancer cell lines in vitro.°> There are many other
inhibitors of this pathway, including antagonists of Grb2
Src homology 2 domain interactions,®® modulation of
Gabl phosphorylation with okadaic acid,*”-*® and domi-
nant-negative Src.®® Recently, it has been shown that an
ATP analog, K252a, can inhibit c-Met autophosphoryla-
tion as well as other oncogenic properties of c-Met-
mediated tumors.”® The cycloxygenase-2 inhibitor, cel-
ecoxib, has also been recently suggested to downregulate
the HGF/c-Met signaling pathway.”"”> To our knowl-
edge, there is no tyrosine kinase inhibitor specific for
c-Met currently available. Collectively, these data show
that c-Met is an attractive target for therapy in a variety
of solid tumor types and c-Met inhibitors could be
clinically useful for lung cancer.

There are many populations of lung cancer patients
who would be candidates for delivery of antitumor
agents by intratumoral injection. For example, neoadju-
vant therapy of lung tumors is being increasingly
performed to reduce tumor burden prior to surgery.
This therapy is usually a combination of irradiation of
the lung and chemotherapy. Since irradiation is known to
induce the expression of c-Met,” inclusion of an agent
targeting the c-Met protein could be of benefit for lung
cancer patients undergoing neoadjuvant therapy. An-
other group of lung cancer patients is those with
bronchioloalveolar carcinoma. This type of lung cancer
progresses almost entirely within the lung and is often
unresectable because of extensive involvement of pul-
monary tissue. A third group of lung cancer patients
who could benefit from intratumoral injection of an
anticancer agent is the patient group with locally
advanced lung cancer. Lung cancer often recurs locally
within the lung, and such patients have usually failed
other types of therapy. Many of these patients are not
eligible for repeat surgery due to poor lung function.
Patients falling into this category have been candidates
for p53 gene replacement therapy, which has been given
by intratumoral injection in phase I and II trials.”* In
some cases, access to the tumors was accomplished by
bronchoscopy. A fourth group of patients who are
candidates are those with metastases to distant organs.
Intratumoral injection of p53 gene vectors has been
accomplished in these patients by CT-guided needle
injection into the metastatic lesion.” Since the role of
HGF in the adult is to initiate response to injury,
substantial side effects are not expected. Likewise,
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targeting of the epidermal growth factor receptor, a
ubiquitously expressed protein, has resulted in few
clinical side effects in cancer therapy.

We have also tested this strategy in a breast cancer
model and have shown similar results (data not shown),
suggesting that this may be an effective therapy in other
c-Met overexpressing tumors. We are currently testing
these constructs in an orthotopic lung model involving
intratracheal injection of the c-Met antisense construct,
and also in combination with HGF inhibitors to try to
inhibit the entire pathway. Our goal is to continue the
preclinical development of therapies to target this path-
way specifically in lung cancer patients who currently
have few therapeutic options.
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