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1 0.77968 0.28237 0.22279

2 -0.03210  0.29887 0.51119
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1 0.77968 0.28237 0.22279 1 0.75167 0.27391 0.29840
2 -0.03210 0.29887 0.51119 2 0.61789 0.21487 0.10756
3 0.33721 -0.28206 0.47143 3 0.77095 0.27265 0.08469
4 0.71089 0.23783 -0.22951 4 0.83799 0.28544 -0.03151

5 0.65927 0.01273 0.32794 5 0.28670 0.30906 0.18284

6 0.79815 0.04666 0.13636 6 0.40383 0.26171 0.63924

7 0.86634 0.09015 0.21014 7 0.49097 0.00742 0.59886
8 0.86332 0.00533 0.13567 8 0.62110 0.29832 0.34554

9 0.80179 0.11662 0.27760 9 0.08553 0.24321 0.54614
10 0.53589 0.17839 0.52517 10 0.77482  -0.05369 0.17436
11 0.87268 0.21517 0.13402 1 0.23160 0.16681 0.85578

12 0.22574 0.15304 0.80080 12 -0.04649 0.24668 0.73413
13 0.61007 0.08665 0.56246 13 0.31477 0.65150 0.14116
14 0.05859 0.18215 0.29105 14 0.14776 0.61214 0.41565
15 0.20324 0.83390 0.26505 15 0.04235 0.57032 0.16822
16 0.15389 0.86225 0.01404 16 0.23283 0.63548 0.21335
17 0.16897 0.73909 0.43798 17 0.21554 0.85333 0.09838
BHRNMATF (TF v oK) L EF (BHERIEK) AT F (f % U w2 )
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Effect of Smad7 Expression on Metastasis of Mouse
Mammary Carcinoma JygMC(A) Cells

Haruhito Azuma, Shogo Ehata, Hideyo Miyazaki, Tetsuro Watabe,

Osamu Maruyama, Takeshi Imamura, Takeshi Sakamoto, Satoshi Kiyama,
Yuko Kiyama, Takanobu Ubai, Teruo Inamoto, Shiro Takahara, Yuko Itoh,
Yoshinori Otsuki, Yoji Katsuoka, Kohei Miyazono, Shigeo Horie

Background: Transforming growth factor p (TGF-B) facili-
tates metastasis during the advanced stages of cancer. Smadé,
Smad7, and c-Ski block signaling by the TGF-§ superfamily
proteins through different modes of action. We used adeneovirus-
mediated gene transfer of these natural inhibitors in a mouse
model of breast cancer to examine the roles of TGF-J super-
family signaling in tumor growth and metastasis. Methods:
We systemically administered, by iniravenous injection,
adenoviruses (AACMYV) containing the mouse ¢cDNAs for
Smad7, Smad6, c-Ski, the c¢-Ski mutant ¢-Ski (ARPG), or
LacZ (control) to nude mice (>19 mice/group) bearing tu-
mors derived from mouse mammary carcinoma JygMC(A)
cells, which spontaneously metastasize to lung and liver, and
examined their effects on survival and metastasis. High-
throughput western blotting analysis was used to examine
the expression levels for 47 signal transduction proteins in
JygMC(A) cells and primary tumors. We also investigated
the proliferation, migration, and invasion of JygMC(A) cells
that stably overexpressed Smad6 or Smad7. Nonparametric
comparisons were done by Kruskal-Wallis H statistic and
Wilcoxon’s rank sum tests. Parametric comparisons were
done by one-way analysis of variance or two-sided unpaired
Student’s 7 tests. All statistical tests were two-sided. Results:
Control mice bearing tumors derived from JygMC(A) cells
showed many metastases to the lung and liver; all animals
died by 50 days after cell inoculation. By contrast, mice treated
with AdCMV-Smad7 or AdCMV-¢-Ski demonstrated a
dramatic decrease in metastasis and statistically significantly
longer survival than control mice (Smad7 versus LacZ: me-
dium survival = 55 days versus 41 days, difference = 14 days
[95% confidence interval {CI} = 6 days to 22 days], P<.001),
whereas mice treated with AACMV-Smad6 or AdCMV-c-Ski
(ARPG) did not. Expression of Smad7 in JygMC(A) cells was
associated with increased expression of major components of
adherens and tight junctions, including E-cadherin, decreased
expression of N-cadherin, and decreases in the migratory and
invasive abilities of the JygMIC(A) cells. Conclusion: Smad7
inhibits metastasis, possibly by regulating cell-cell adhesion.
Systemic expression of Smad7 may be a novel strategy for the
prevention of metastasis of advanced cancers. [J Natl Cancer
Inst 2005;97:1734-46]

Transforming growth factor  (TGF-p) signaling has two dis-
tinct and opposite roles in tumor progression and metastasis
(1-3). During the early stages of carcinogenesis, TGF-f signaling
suppresses tumor cell growth. For example, some gastrointestinal
tumors have mutations in genes encoding components of the
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TGEF-B signaling pathway, and those mutations are associated with
the aberrant growth of cancer cells (4,5). However, as carcinogen-
esis proceeds and tumor cells begin to escape from TGF-f—induced
growth arrest, TGF-f accelerates tumor progression and metasta-
sis (6—9). In fact, increased expression of TGF-p has been found in
many human cancers relative to nontransformed cells, and the
level of TGF-f is statistically correlated with enhanced invasion
and metastasis of tumors [reviewed in Derynck et al. (8)].
Members of the TGF-B superfamily, which include TGF-B,
activin, and bone morphogenetic proteins (BMPs), transmit their
signals through Smad proteins (4,10). Signals from TGF-p and
activin are transduced through two receptor-regulated Smad pro-
teins (R-Smads), Smad2 and Smad3, whereas signals from BMPs
are transduced through other R-Smads (i.e., Smadl, Smad5, and
Smad8). Smad4 is a common-partner Smad (Co-Smad) that
forms complexes with activated R-Smads. The R-Smad and
Co-Smad complexes translocate into the nucleus, where they
regulate transcription of target genes (e.g., plasminogen activator
inhibitor 1 [PAI-1]). By contrast, Smad6 and Smad7 inhibit intra-
cellular signaling by the TGF- superfamily proteins, mainly by
interacting with activated type I receptors for the TGF-B super-
family proteins. Smadé predominantly inhibits BMP signaling,
whereas Smad7 inhibits both TGF-p and BMP signaling.
Positive and negative regulation of target gene transcription
by TGF-f is mediated by the binding of Smads to transcriptional
coactivators and corepressors, respectively (7). The protoonco-
protein c-Ski is a transcriptional corepressor that interacts
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strongly with Smad2, Smad3, and Smad4 but only weakly with
Smadl and Smad5 (/2-14). ¢c-Ski suppresses signaling of both
TGF-B and BMPs through its binding to Smad proteins and
recruitment of histone deacetylases by means of N-CoR and
mSin3A (/5-17). A mutant form of c-Ski, c-Ski (ARPG), which
has an insertion of four amino acids (Ala—Arg—Pro-Gly), inhibits
signaling by TGF-B but not by BMPs because of its lack of
binding to Smad4 (17,18).

In this study, we used adenovirus-mediated gene transfer to
modulate TGF-B signaling in an established mouse model of
breast cancer to elucidate the roles of TGF-§ superfamily signals
in cancer growth and metastasis (79).

MATERIALS AND METHODS
Cell Culture and Reagents

JygMC(A) cells, which spontaneously metastasize to lung
and liver when inoculated subcutaneously into nude mice, were
originally isolated from a mammary carcinoma that arose in a
Chinese wild mouse (Mus musculus Sub-Jyg) (19). The cells
were cultured in Dulbecco’s modified Eagle’s minimal essential
medium (Sigma, St. Louis, MO) containing 10% fetal calf serum
(FCS) and 100 U/mL penicillin and 100 pg/mL streptomycin
(GIBCO, Grand Island, NY). We established JygMC(A) cells
that stably overexpressed mouse Smad6, Smad7, or neither by
transfecting the cells with expression plasmids pCAG-IP-Smad6,
pCAG-IP-Smad7, or pCAG-IP-empty (20), respectively, using
FuGENES6 reagent according to the manufacturer’s instructions
(Roche, Indianapolis, IL). Transfected -cells were cultured for
3 weeks in medium containing 5 pg/mL puromycin (Sigma),
and the puromycin-resistant JygMC(A) cells that remained in
culture were then subcloned and maintained in medium containing
5 ug/mL puromycin. Recombinant human TGF-$3 and BMP-4
were obtained from R&D Systems (Minneapolis, MN).

Adenoviruses

Recombinant El-deleted adenoviral vectors carrying mouse
cDNAs encoding Smad6 (AdCMV-Smad6), Smad7 (AdCMV-
Smad7), c¢-Ski (AdCMV-cSki), c-Ski (ARPG) (AdCMV-
c-SkifARPG]), or the B-galactosidase (LacZ) reporter gene
(AdCMV-LacZ) under control of cytomegalovirus (CMV) pro-
moters were generated and purified as previously described
(17,21,22). We used AACMV-LacZ as control (LacZ), and we
also used virus buffer only as another control group (Controtl).

Adenovirus-Mediated Gene Transfer Into Cells In Vitro
and Into Tissues In Vivo

For in vitro experiments, JygMC(A) cells (10%) were plated
and incubated with each adenovirus at various concentrations
(1, 10, or 100 multiplicity of infection) for 2 hours with gentle
agitation. The cells were incubated for 12 hours after the addi-
tion of fresh medium containing 1% FCS. Cells incubated with
virus buffer served as controls. For in vivo gene transfer, intra-
venous administration of each virus was performed through
the penile vein. We detected expression of B-galactosidase
by incubating adenovirus-infected tissues or cells in 0.2%
glutaraldehyde for 10 minutes followed by incubation at 37 °C
for at least 4 hours in 1 mg/mL 5-bromo-4-chloro-3-indolyl-
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beta-p-galactopyranoside (X-Gal; Sigma) and observation with
a phase-contrast microscope.

In Vivo Experiment With Adenovirus-Mediated Smadé or
Smad7 Expression

JygMC(A) cells (107 cells, unless otherwise specified) were
inoculated subcutaneously into the flanks of 5-week-old male
BALB/c nu/nu mice (Nihon Slc, Shizuoka, Japan). Ten days after
the inoculation of the cells, when the primary tumots were ap-
proximately 10 mm % 10 mm, mice were randomly assigned to
six groups; mice in each group received an intravenous adminis-
tration of a virus or virus buffer once weekly (109 plaque-forming
units/week) until the animals died (30 mice per group for the
Smad6, Smad7, LacZ, and Control groups, and 20 mice per group
for the c-Ski and c-SkifARPG] groups). On days 7, 21, 28, 36,
and 42 after adenovirus administration was initiated, we ran-
domly selected mice from each group (total n > 9 per group),
killed them by administering xylazine (20 mg/kg of body weight)
and ketamine (120 mg/kg) in one intraperitoneal injection, and
harvested their lungs, livers, and primary tumors for histologic
and molecular analyses. The remaining mice from each group (at
least 10 mice per group) were used to evaluate survival, which
was defined as the time from inoculation of JygMC(A) cells to
the time of death. None of the mice had to be killed because of
criteria specified in the experimental protocols. All experimental
protocols were conducted in accordance with the policies of the
Animal Ethics Commiitee at the Osaka Medical College.

In Vivo Experiment Using JygMC(A) Cells that Stably
Express Smad6 or Smad7

To investigate tumor growth and metastasis in mice bearing
tumors derived from JygMC(A) cells that stably express Smad6
or Smad7 (Jyg-Smad6 cells and Jyg-Smad7 cells, respectively),
we injected 107 Jyg—Smadé6 cells (Jyg—Smad6 group), Jyg—Smad7
cells (Jyg-Smad7 group), Jyg—Empty cells (Jyg-Empty group),
or parental JygMC(A) cells into the flanks of male 5-week-old
BALB/c nu/nu mice (n > 40 mice/group). In vivo tumor growth,
metastasis, and survival times of animals were examined in a
same way as they were in the adenoviral experiment.

Analyses of Tumor Growth and Metastasis

Tumors were measured every 3 days in two dimensions: the
longest axis (a) and the shortest perpendicular axis (b). We cal-
culated tumor volume (TV) using the formula 0.4 ab? and trans-
formed the resulting absolute values for tumor volume into
relative values (v) using the formula Vy/Vp, where Vo was the
tumor volume on the day adenovirus administration was initi-
ated and ¥y was the tumor volume on day x thereafter (23). We
evaluated tumor metastasis by counting the number of meta-
static colonies in one histologic section of the midportion of
each sample of liver and lung from each mouse, by measuring
lung and liver weights, and by determining the ratio of the met-
astatic area to the total area in histologic sections from the mid-
portion of each organ harvested on day 36 after the initiation of
the virus administration (n > 9/group). The ratio of metastatic
area to total area in the histologic section was calculated by
using a public-domain image analysis program (NIH Image;
written by Wayne Rasband at National Institutes of Health and
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available at http://rsb.info.nih.gov/nih-image/download.html).
The result was expressed as a percentage.

Reverse Transcription—Polymerase Chain
Reaction Analysis

Total RNAs isolated from JygMC(A) cells and from mouse
tissues by using an RNeasy Mini kit (QTAGEN, Hilden, Germany)
were used for first-strand synthesis of ¢DNAs by using an
Omniscript RT kit (QIAGEN). We used a Lightcycler system
(Roche Diagnostics), as previously described (24), to perform
quantitative real-time reverse transcription-polymerase chain
reaction (RT-PCR) analyses of RNA levels for the mouse genes
encoding Smad6 and Smad7, and of target genes of TGF-f super-
family signals, including PAI-1 and inhibitor of differentiation/
inhibitor of DNA binding 1 (Id-1), and various cell adhesion
molecules, including E-cadherin (Cdh-1), N-cadherin (Cdh-2),
a-catenin (Catn-a), B-catenin (Catn-B), nexillin (Nexn), profilin 1
(Pfn-1), gelsolin (Gsn), Occludin (Ocln), and zonula occludens 2
(ZO-2). The primer sequences and PCR conditions are described
in Supplemental Table 1 (available at: http://jncicancerspectrum.
oxfordjournals.org/jnci/content/vol97/issue23).

Western Blot Analysis

JygMC(A) cell pellets or mouse tissues were homogenized
and sonicated three times for 3 seconds each on ice in radioim-
munoprecipitation assay (RIPA) buffer. The lysates were centri-
fuged (at 12 000g for 15 minutes), and their protein concentrations
were determined using a bicinchoninic acid (BCA) assay kit
(Pierce Biotechnology, Rockford, IL). Proteins (equal amounts
of lysate loaded per lane) were resolved by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
transferred onto the polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad, Hercules, CA). All gels were stained with
Coomassie blue to confirm equal protein loads and homogenous
protein transfer. Membranes were incubated with blocking
solution (20 mM Tris—HCl [pH 7.5], 100 mA NaCl, 0.1% Triton-
X-100, and 3% bovine serum albumin) overnight at 4 °C. The
filters were then incubated overnight with the following primary
antibodies: rabbit anti-mouse phospho-Smad1/5 antibody, which
recognizes the phosphorylated forms of Smadl and Smads,
(1:200 dilution; Cell Signaling Technology, Beverly, MA); rabbit
anti-mouse Smad1/5 antibody, which recognizes the phosphory-
lated and unphosphorylated forms of Smad! and Smad5, (1:200
dilution; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit
anti-mouse phospho-Smad2 antibody, which recognizes the
phosphorylated form of Smad2, (1:200 dilution; United Bio-
medical, Hauppauge, MA), and rabbit anti-mouse Smad2/3
antibody, which recognizes the phosphorylated and unphosphor-
ylated forms of Smad2 and Smad3 (1:200 dilution; Transduction
Laboratories, Lexington, KXY). The filters were washed exten-
sively with Tris-buffered saline-0.1% Triton-X (TBST), and
immunoreactive bands were visualized by using an enhanced
chemiluminescence (ECL) blotting system (Amersham Pharma-
cia Biotech, Uppsala, Sweden).

PowerBlot Western Array Analysis

Total cell extracts from JygMC(A) cells and from the primary
tumors from mice in each group harvested on the day 36 after
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initiation of the virus injection were processed by the PowerBlot
facility (Becton Dickinson Biosciences, Bedford, MA), which
determined the expression levels of 47 different signal transduc-
tion proteins using a combination of SDS-PAGE (5%~—15% gra-
dient acrylamide gels); immunoblotting with specific monoclonal
antibodies as revealed by a horseradish peroxidase—conjugated
goat anti-mouse secondary antibody; capture of chemilumines-
cence data by a charge-coupled device camera; and computerized
processing of densitometric data (for details about the methodol-
ogy, see http://www.clontech.co.jp/custom/powerblot). Data were
normalized by dividing the signal obtained for each protein by
the sum of signals obtained for all 47 proteins for one given
sample. Proteins whose expression levels in two initial Power-
Blot analyses varied by at least 20% were subjected to a third
independent analysis to verify their expression levels.

Cell Growth, Migration, and Invasion Assays

For cell growth assays, we plated JygMC(A) cells, Jyg—
Smad6 cells, or Jyg-Smad7 cells in six-well plates in fresh
medium (104 cells/well), incubated the cells at 37 °C for 72
hours, and then determined the number of cells per well. For
migration assays, we prepared 80% confluent monolayers of each
cell line and infected cells with each adenovirus. A wound was
incised in cultured cells of each dish for 24 hours after infection
with each virus, and the edge of the wound was marked on
the bottom of each well, as previously described (25). After
another 24 hours, photographs were taken while viewing the
cells by phase-contrast microscopy. We counted only the cells
that had migrated into the midportion of each trisected wound
area to exclude the influence of cell growth at the edge of
wounded area. In vitro invasion assays were performed using
BioCoat Matrigel Invasion Chambers (Becton-Dickinson Bio-
science) according to the manufacturer’s instructions. In brief,
JygMC(A) cells were cultured for 24 hours in medium contain-
ing 1% FCS and then seeded into the transwell insert chamber
with a filter coated with Matrigel, and the inserts were placed in
the lower chambers, which were filled with medium containing
5% FCS. The cells were incubated for 12 hours, after which we
counted the cells that had invaded the lower side of the filter in
at least 10 fields of view of a phase-contrast microscope. All
assays (i.e., the cell growth, migration, and invasion assays)
were done in triplicate, and two independent experiments were
performed.

Statistical Analysis

We used the Kruskal-Wallis H statistic to compare tumor
metastasis data from multiple groups of mice, including organ
weight, number of metastatic colonies, and the ratio of meta-
static area to total area, as well as in vitro data from JygMC(A)
cells infected with each adenovirus tested in the cell growth,
migration, and invasion assays. When the P values for the
overall comparlsons were less than .05, we perfornied posthoc
pairwise comparisons by using Wilcoxon’s rank sum test.
Unpaired Student’s ¢ tests were performed for parametric com-
parisons between two groups (assumptions of the test were
verified). Parametric comparisons among more than two groups
were subjected to one-way analysis of variance (ANOVA)
without replication. When the ANOVA result was statistically
significant, posthoc pairwise comparisons were performed by
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using the Scheffe test (26). Mouse survival was evaluated by
Kaplan-Meier analysis and the log rank test. P values less than
.05 were considered statistically significant. All statistical tests
were two-sided.

REsuLts

Effect of Systemic Smad7, Smadé, ¢-Ski, and c-Ski
(ARPG) Expression on Metastasis of JygMC(A) Cells

Mice bearing tumors derived from injection of JygMC(A)
cells were treated with intravenous administration of AACMV-
Smad7 (Smad7 group, n = 30), AdACMV-Smad6 (Smad6 group,
n = 30), AdCMV—c-Ski (c-Ski group, n = 20), AdCMV—c-Ski
(ARPG) (c-Ski [ARPG] group, n = 20), AdCMV-LacZ (LacZ
group, n = 30), or virus buffer (Control group, n =30). More than
half of the mice in the Control and LacZ groups developed meta-
static lesions in lung and liver by 3 weeks after virus or virus
buffer administration. In these two groups of control mice, meta-
static lesions progressed aggressively and diffusely thereafter,
and almost all mice developed metastases in these organs by
5 weeks (Fig. 1, A and B).

By contrast, we observed only a few metastatic colonies in the
lungs and livers of mice treated with systemic gene transfer of
Smad7 or ¢-Ski 5 weeks after adenovirus administration (Lung:
Smad7 versus Control, median number of colonies = 13 versus
128, difference = 115 [95% confidence interval {CI} = 104 to
130], P<.001; Smad7 versus LacZ, median number of colonies =
13 versus 124, difference = 111 [95% CI = 92 to 147}, P<.001;
¢-Ski versus Control, median number of colonies = 12 versus
128, difference = 116 [95% CI = 100 to 138], P = .0022; c-Ski
versus LacZ, median number of colonies = 12 versus 124, differ-
ence =112 [95% CI= 92 to 154], P=.0026; Liver: Smad7 versus
Control, median number of colonies = 2.2 versus 15, difference =
12.8 [95% CI = 6.0 to 19], P<.001; Smad7 versus LacZ, median
number of colonies = 2.2 versus 19.8, difference = 17.6 [95%
CI = 6.0 to 22], P = .001; c-Ski versus Control, median number
of colonies = 3.5 versus 15, difference = 11.5 [95% CI = 4.0 to
20], P =.0073; c-Ski versus LacZ, median number of colonies =
3.5 versus 19.8, difference = 16.3 [95% CI = 4.0 to 23], P =
.0084) (Fig. 1, A and B). The lungs and livers of mice in the
Smad7 and c-Ski groups weighed statistically significantly less
than the respective organs of mice in the Control and LacZ groups
(Lung: Smad7 versus Control, median weight = 0.184 g versus
1.026 g, difference = 0.842 g [95% CI = 0.646 g to 0.913 gl,
P<.001; Smad7 versus LacZ, median weight = 0.184 g versus
1.007 g, difference = 0. 823 g [95% CI = 0.646 g to 0.982g],
P<.001; c-Ski versus Control, median weight = 0.213 g versus
1.026 g, difference = 0.813 g [95% CI = 0.478 g to 0.886 gJ,
P<.001; c-Ski versus LacZ, median weight = 0.213 g versus
1.007 g, difference = 0.794 g [95% CI1 =0.444 g t0 0.957 g], P =
.0013; Liver: Smad7 versus Control, median weight = 1.411 g
versus 2.297 g, difference =0.886 g [95% CI=0.679 g to 1.007 g],
P<.001; Smad7 versus LacZ, median weight = 1.411 g versus
2.223 g, difference = 0.812 g [95% CI = 0.657 g to 1.069 g],
P<.001; c-Ski versus Control, median weight = 1.567 g versus
2.297 g, difference = 0.73 g [95% CI = 0.598 g to 1.039 g],
P<.001; c-Ski versus LacZ, median weight = 1.567 g versus
2.223 g, difference = 0.656 g [95% CI = 0.573 g to 1.015 g,
P<.001) (Fig. 1, C). A quantitative evaluation of the extent of
metastasis, which we performed by calculating the ratio of
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metastatic area to total area in histologic sections of lung and
liver, confirmed this apparent decrease in metastasis (Lung:
Smad7 versus Control, median ratio = 6.41% versus 48.3%, dif-
ference = 41.9% [95% CI = 23.7% to 46.0%], P<.001; Smad7
versus LacZ, median ratio = 6.41% versus 46.7%, difference =
40.3% [95% CI = 24.0% to 51.5%), P<.001; c-Ski versus
Control, median ratio = 8.91% versus 48.3%, difference = 39.4%
[95% CI =20.5% to 44.7%], P<.001; c-Ski versus LacZ, median
ratio = 8.91% versus 46.7%, difference = 37.8% [95% CI =
23.8% to 51.2%], P<.001; Liver: Smad7 versus Control, median
ratio = 2.15% versus 15.0%, difference = 12.9% [95% CI
9.77% to 19.3%], P<.001; Smad7 versus LacZ, median ratio
2.15% versus 19.8%, difference-= 17.7% [95% CI = 13.4% to
22.8%], P<.001; c-Ski versus Control, median ratio = 3.48% ver-
sus 15.0%, difference = 11.5% [95% CI = 6.76% to 22.0%],
P<.001; c-Ski versus LacZ, median ratio = 3.48% versus 19.8%,
difference = 16.3% [95% CI = 8.16% to 21.9%)], P = .001) (Fig.
1, D). By contrast, mice treated with systemic gene transfer of
Smad6 or c-Ski (ARPG) had many metastases in lung and liver
(Fig. 1, A). In fact, there were no statistically significant differ-
ences in metastatic colony number, organ weight, or metastatic
area in the lung and liver among Smad6-treated, c-Ski (ARPG)-
treated, and control mice (Fig. 1, B-D).

Representative macroscopic and microscopic images of
hematoxylin—eosin-stained sections of lung and liver from mice
that were killed after 5 weeks of treatment with AACMV-Smad7
or AACMV-Smadé and from Control (virus buffer) mice are
shown in Fig. 1, E. In control mice, we observed more than 100
metastatic lesions (i.e., hematoxylin—eosin-stained areas) in a
lung section, and more than 20 metastatic lesions in a liver
section from each mouse (n = 10 or more sections/group).
Microscopic observation revealed aggressive cancer growth, with
structural deformity in each organ (Fig. 1, E, left panels). By con-
trast, in the mice treated with AACMV-Smad7, only minute
metastatic lesions were observed macroscopically, and only a few
cancer cells were observed at higher resolution, both in lung and
liver (Fig. 1, E, middle panels). However, mice treated with
AdCMV-Smad6 showed many metastases (Fig. 1, E, right pan-
els), similar to what we observed in the control mice. There were
no statistically significant differences in primary tumor growth
among all groups of mice examined, and in all mice, subcutane-
ously inoculated tumor cells became bulky masses by 35 days
after inoculation (Fig. 1, F).

i

Effect of Systemic Gene Transfer of Smad7 or ¢-Ski on
Mouse Survival

We evaluated the survival of mice that received the various
systemic treatments from the time of JygMC(A) cell inocula-
tion to the time of death due to the lung and liver metastasis
(n > 10 mice per group). Among the control mice (LacZ and
Control), more than 50% of the mice in each group (LacZ: 13 of
15 mice; Control: 10 of 15 mice) died within 43 days of
JygMC(A) cell inoculation with marked body weight loss
and cachexia; no mice survived beyond 50 days (Fig. 1, G).
There was no difference in median survival between mice
treated with AACMV-LacZ and Control mice (i.e., mice treated
with virus buffer; P = .37). By contrast, mice systemically
treated with AACMV-Smad7 or AdCMV—c-Ski lived statisti-
cally significantly longer than mice in each of the control groups
(Smad?7 versus LacZ: median survival = 55 days versus 41 days,
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