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Fig. 2. (a—f) Representative immunohistochemical findings of type IV collagen (a, ¢ and ¢) and laminin (b, d and f}, and as for grades
of basement membrane preservation, (2 and b) grade A shows almost total preservation of both BM components along cancer cell
nests (BAC type of growth patiern), (c and d) grade B reveals well-preserved type IV collagen, but not laminin (papitlary type), and
(e and £} grade C shows the total lack of BM components around cancer cells nests in the desmoplastic area. Original magnification:
x 50 (p-j) representative immunohistochemical findings of MMP-2 (g}, -9 (h) and -14 (i}, and TIMP-2 (j}. Cancer cells proliferating
in the papillary type of growth pattern are strongly positive for MMP-2 (g) and MMP-14 (i} (different case), and solid type cancer

cells are positive for MMP -9 (h). BAC type cancer cells show an apparent positive reaction for TIMP-2 (§). Original magnification:
% 50.

Statistical analyses _ estimate overall survival time, and differences were
analyzed using the log-rank test based on the clinico-

To estimate the correlation between the growth/ pathologic parameters of clinical stage, lymph node
fibrosis pattern, BM antigens and expression of MMPs metastasis, histologic subtypes, expression of MMP-2
and TEMP-2, the chi-square test and the Kruskal-Wallis and TIMP-2, and the existence of fibrotic foci. Re-
test were used. The Kaplan-Meier method was used to garding the expression of MMP-2 and TIMP-2, the
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relationship between BM preservation and the degree of
MMP-2 or TIMP-2 expression was found to be
statistically significant by the Kruskal-Wallis® test as
shown in Fig. 4 (MV+SD of MMP-2 and TIMP-2
expressions were 11.5+1.5 and 21.9+1.7%, respec-
tively). Therefore, we subdivided the high expression
group of each protein and analyzed the survival carves
for statistical differences, i.e., the high expression group
of MMP-2 whenr its positive cell ratio was greater than
10% in at least one of the growth pattern foci examined,
and the high expression group of TIMP-2 if the positive
cell ratio was greater than 20% in afl growth pattern foci
examined. Analyzing the relationship beiween the
presence of fibrotic foci and overall survival time, we
considered the desmoplastic type if there was a
coexistence between the desmoplastic and the coflapse
type in each case. For uni- and multivariate analyses of
the parameters described above, we used the Cox
proportional hazards model. Probability values of less
than 0.05 were regarded as significant in all analyses.

Results
Histologic findings

The frequency of growth and fibrosis patterns in each
histologic subtype of 76 lung adenocarcinomas is
summarized in Table 2. The 76 adenocarcinoma lesions
examined consisted of 6 non-mucinrous BACs, including
one with invasive growth, 49 papillary/acinar adeno-
carcinomas, and 21 solid adenocarcinomas. We sub-
divided the 76 lesions into 147 foci according to the
predominant growth pattern of the cancer cells and
the occurrence of fibrosis; there were 19 foci of BAC
(Fig. la, 12.9%), 53 foci of papillary (Fig. 1b)/acinar
adenocarcinomas (Fig. 1¢) (36.1%), and 31 foci of solid
growth patterns (Fig. 1d) (21.1%), as well as 9 foci of
the collapse type (Figs. le and g) (6.1%) and 35 foci of
the desmoplastic type of stromal fibrosis (Figs. 1f and h)
(23.8%). The papillary/acinar and solid subtypes of
adenocarcinoma lesions were frequently associated with
other growth patterns (36.7% and 28.6%, respectively).
All desmoplastic foci, except one focus in the BAC
subtype, were found in the papillary/acinar and solid
subtypes, and the incidence for three histologic subtypes
was 16.7% in BAC, 42.9% in papillary/acinar, and
61.9% in solid subtypes, respectively.

The relationship between growth pattern/fibrosis
type and grade of basement membrane antigens
preservation

The grades for BM antigens preservation in each
growth pattern or fibrosis type are summarized in

Table 3. Relationship between growth/fibrosis pattern and
grade of basement membrane antigens preservation

Grades of BM preservation® ~ Total
A B C
Growth pattern
BAC 8(42.1) 10(52.6) 1 (5.3)* 19
Papillary/acinar 1 (1.9)  12(22.6) 40 (75.5) 53
Solid 0 (0) 5(16.1) 26 (83.9) 31
Total 9 27 67 103
Fibrosis pattern
Collapse 3(333) 1L  5(55.6"" 9
Pesmoplastic X (1)] 0{0) 35 (100) 35
Total 3 1 44 44

*Grade A or C means that both laminin and type IV collagen were
preserved more or less than 90% around cancer cell nests, respectively,
and grade B corresponds in cases in which either laminin or type IV
collagen is preserved more than 90%. The number in parentheses
expresses each percentage.

* P<0.01: vs. papillary/acinar and solid type (chi-square test).

** P<0.0): vs. desmoplastic type (chi-square test).

Table 3. Grade A or B of BM preservation (Figs. 2a-d),
i.c., a preservation rate greater than 90% for either
laminin or type IV collagen, or for both of these types
means that the state of the BM components was well
preserved, and this applied to 94.7% of BAC growth
patterns, to 24.5% of papillary/acinar, and to 16.1% of
solid growth patterns. By contrast, grade C of BM
preservation (Figs. 2e and {), i.e., a preservation rate of
less than 90% for both type IV collagen and laminin was
considered a poorly preserved state of BM antigens,
noted in more than 75.5% of papillary/acinar and solid
growth patterns. All foci of the desmoplastic fibrosis
and 55.6% of the foci of the collapse type were assigned
to grade C, and, characteristically, the BM completely
disappeared in foci in case of desmoplastic fibrosis.
Destruction of BM structures significantly correlated
with the growth and fibrosis patterns (Table 3, p<0.01).

The relationship between growth pattern/fibrosis
type and expressions of MMPs and TIMP-2

Representative findings of MMP-2, -9 and -14, and
TIMP-2 expressions in cancer cells are shown in Figs.
2(g~j). The immunoreaction products for MMPs and
TIMP-2 were finely granular and localized in the
cytoplasm of tumor cells, In the desmoplastic foci,
cancer cells occasionally showed strong immunoreactiv-
ity for MMPs and TIMP-2 antigens, but this number
was frequently so smal! that we had to exclude it from
the evaluation. Stromal fibroblasts in desmoplastic
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fibrotic foci also showed immunohistochemical positiv-
ity for the antigens (data not shown). Examining the
relationship between the growth pattern of cancer cells
and MMPs or TIMP-2 expression in cancer cells, the
expression of TIMP-2 correlated well with the growth
pattern, i.e., the TIMP-2-positive cell ratio was lower in
solid and papillary/acinar growth patterns (12.5+2.2
and 21.9+1.4%, respectively) than that of BAC growth
pattern (39.0+4.0%) (»<0.001) (Fig. 3). However, no
significant correlation was found between the expression
of MMPs and each growth pattern (data not shown).
Regarding the relationship between the grade of BM
preservation and the expression of MMPs and TIMP-2,
MMP-2 correlated revetsely with the grade of BM
preservation (p<0.05, Fig. 4). By contrast, TIMP-2
expression correlated positively with the BM preserva-
tion (p<0.05), while MMP-9 and -14 expressions did
not correlate for whole lesion foci (Fig. 4). In addition,
the expression of MMP-2 was significantly higher in
poorly preserved foci of BM antigens (grade C of BM
preservation; 14.441.1%) than that in well-preserved
foci (grades A and B; 9.7+3.7% and 10.2+42.3%,
respectively) (p<0.05), while TIMP-2 expression was

significantly lower in poorly preserved foci (17.6 +1.0%)
of BM antigen than that in well-preserved foci (grades
A and B; 34.8+3.8 and 24.41+2.7%, respectively)

(p<0.05).

The prognostic values of the expression of MMPs/
TIMP-2, growth pattern, fibrosis type, and other
clinicopathologic parameters

From the findings that the degree of BM preservation
correlated well with the expression status of MMP-2 and
TIMP-2 antigens (Fig. 4), we also subdivided each case
into high and low expression groups (MMP-2-10%:;
TIMP-2-20%), because these values were equivalent to
the mean value minus standard deviation (MV-SD) of
MMP-2 (10.0%) and TIMP-2 (20.2%) positive ratios.
If more than two foci were examined for MMP-2
and TIMP-2 expression in each case, the mear value
of these parameters was used as the representative for
the individual case, and the respective prognostic value
of these antigen expressions was then evaluated statis-
tically.
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Fig. 3. Relationship between growth pattern and TIMP-2 expression. There are significant differences in positive cell ratio of
TIMP-2 among three growth patterns. TIMP-2 expression is highest in BAC type cancer cells and lowest in solid type cancer
cells.*p<0.001 (Kruskal-Wallis’ test and Mann-Whitney’s U test).
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Fig. 4. Relationship between the grade of BM antigen preservation and expression of MMPs and TIMP-2. Grade A or C means that
both laminin and type IV collagen were preserved more or less than 60% around cancer cell nests, respectively, and grade B
corresponds to cases in which either laminin or type IV collagen is preserved more than 60%. MMP-2 expression is significantly
higher in grade C foci of BM preservation than in grade A foci, while the relationship between TIMP-2 expression and grade of BM
preservation is reverse. *p <0.05 {Kruskal-Wallis” test), N.S.; not significant.

The results of statistical survival analyses for clin-
icopathologic variables and immunohistochemical para-
meters are summarized in Figs. 5a-c and Table 4.
Thirty-seven cases were categosized in the high expres-
sion gronp of MMP-2, and 22 cases were assigned
to the high expression group of TIMP-2. Using the
Kaplan—Meier method, the prognosis of patients with
high expression of TIMP-2 was significantly better
than that for the low expression group (p=0.0003,
Fig. 52), while the MMP-2 expression status did not
correlate with prognosis {data not shown). Analyses
of the relationship between survival rates and growth

patterns also revealed that the prognosis of the
patients with papillary/acinar or solid subtypes was
significantly worse than that of the patients with
the BAC subtype (p=0.0084, Fig. 5b). The survival
rate for patients without desmoplastic fibrosis was
also significantly better than for those with desmo-
plastic fibrosis (p=0.018, Fig. 5c), while there was no
significant correlation between collapse fibrosis and
Prognosis.

Cox univariate regression analyses identified the
pathologic stage {(p=90.0004), nodal metastasis {p=

0.0031), high expression of TIMP-2 (p=0.026), the

»

Fig. 5. Kaplan-Meier survival curves for all patients with respect to TIMP-2 expression (a), histologic subtypes (b}, and presence of
desmoplastic fibrosis (¢). Survival curves are shown for patients with high/low expression of TIMP-2 (a}, for each histologic subtype
such as BAC, papillary/acinar and solid adenocarcinomas (b}, and for those with or without desmoplastic fibrosis (c). The prognosis
of the TIMP-2 high expression group was significantly better than that of the fow expression group. The prognosis of the patients
with papillary/acinar and solid types is significantly poorer than that of the patients with BAC type (a). There is a significant
difference between patients with and without the focus of desmoplastic fibrosis (b). *Logrank test.
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Fig. 5 (continued).

existence of desmoplastic fibrosis (p=0.0216), and the
histologic subtype (p =0.0013) as significant prognostic
predictors (Table 4). Multivariate analyses revealed that
high expression of TIMP-2 and the pathologic stage
were independent prognostic factors (p=0.0165 and
0.0078, respectively, Table 4),

Discassion

Human peripheral lung adenocarcinoma is histologi-
cally heterogeneous [11,33]. In the new classification of
lung cancer proposed by WHO/IASLC (International
Association for the Siudy of Lung Cancer) in 1999 [33},
lung adenocarcinomas are subdivided into four subtypes
representing a mixture of four major growth patterns:
BAC, acinar, papillary, and solid patterns. Our study
shows that heterogeneous properties occur not oanly in
histopathology, but also in the immunoreactivity for
BM antigens, MMPs and TIMP-2 within 147 foci
showing four major growth patterns and collapsed or
desmoplastic fibrosis, observed in 76 Japanese lung
adenocarcinomas. The BM was well preserved in foci of
BAC growth pattern, where TIMP-2 expression in
cancer cells was enhanced, while MMP-2 expression
was suppressed. BM antigens, type IV collagen, and
laminin disappeared in desmoplastic foci, and desmo-

plastic alteration of stroma was more frequently
observed in non-BAC lesions. In addition to better
prognostic parameters such as the BAC subtype with or
without invasive growth and pathologic stage, patients
affected by adenocarcinomas with high expression of
TIMP-2 had a better survival rate thap those with low
TIMP-2 expression. Conversely, nodal involvement and
stromal desmoplasia were poor prognostic factors. The
high expression of TIMP-2 in cancer cells, as well as the
pathologic stage, was found to be independent of
beneficial effects for survival time as determined by a
multivariate analysis. To our knowledge, this report is
the first to suggest that histologic heierogeneity of lung
adenocarcinoma partly correlates with the cancer cell-
stromal interaction, probably because of the preserved
structure and function of BM caused by high expression
of TIMP-2 in cancer tissue.

Distribution of BM antigens and molecular and
immunohistochemical expression of MMPs and TIMPs
have been observed in various human tumors
[4,5,7,12,13,16), including lung adenocarcinomas
[8,10,14,21,23], and the enhanced expression of MMPs
has been assumed to be related to cancer cell invasive-
ness associated with destruction of BM around cancer
cells. Previous studies [14,23] showed that BM antigens
were well preserved in the BAC lesion without stromal
fibrosis or scar formation compared with other types
of adenocarcinoma, and the desmoplastic reaction of
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Table 4. Univariate and multivariate analyses with Cox’s proportional hazards model

Variables Univariate Multivariate
Hazards ratio 95% CI* P Hazards ratio 95% CI* P

Pathological stage 1.422 1.168-1.731 0.0004 1.560 1.124-2.165 0.0078
Lymph node metastasis 1.692 1.194-2.398 00031 0.641 0.351-1.170 0.1475
Histologic subtype 2,952 1.526-5.709 0.0013 1.941 0.921-4.093 0.0812
Desmoplastic focus 2316 1.131-4.743 0.0216 1.882 0.898-3.947 0.0941
MMP-2 high expression 1.314 0.652-2.648 0.4456 1.585 0.744-3.373 0.2323
TIMP-2 high expression 0.110 0.026-0.464 0.026 0.155 0.034-0.712 0.0165

2CI: confidence interval.

stroma is closely associated with the enhanced expres-
sion of MMPs, particularly of MMP-2, and with an
extensive destruction of BM. However, concomitant
expression and the pathophysiologic role of TIMPs are
controversial. In lung adenocarcinoma, Kitamura et al.
[10] showed that TIMP-2 expression was strongly
associated with the presence of central sclerosis, and
Kumaki et al. [14] also reported that TIMP-2 was co-
expressed with MMP-2 by cancer cells in invasive areas.
They suggested that TIMP-2 accumulation in cancer
stroma following its expression by cancer cells and
stromal cells might participate in stromal fibrosis, but
not directly in the regulation of cancer cell invasiveness.
By contrast, Giannelli et al. [4] reported that up-
regulation of MMP-2 and down-regulation of TIMP-2
in cancer cells were observed not only in primary lesions
of hepatocellular carcinoma patients with metastasis,
but also in their metastatic foci. As the immunohisto-
chemical expression of MMPs and TIMP-2 in cancer
cells varied in intensity, and distribution was hetero-
geneous even within an individual lung adencocarcinoma
lesion, we considered it important to examine and assess
these labeling indices in each focus of the four major
growth patterns, We found that the destruction of the
BM correlated well with the down-regulation of TIMP-2
and up-regulation of MMP-2 among the MMPs
examined, and was frequent in non-BAC foci that were
significantly associated with low expression of TIMP-2,
but not with high expression of MMP-2. These results
suggest that the reduced balance of the TIMP-2/MMP-2
expression ratio in cancer cells plays a critical role in the
disruption of the BM in lung adenocarcinoma, but other
MMPs such as MMP-3, -7 and -11 [8,20] may also
contribute to this. As TIMP-2 expression in cancer cells
was closely related to each growth pattern, the decreased
expression of TIMP-2 may be regarded as the most
important factor involved in BM destruction of lung
adenocarcinomas. In fact, TEIMP-2 has been shown to
have a broader and stronger inhibitory effect on MMPs
than TIMP-1 [9,27],

In the Kaplan—Meier and Cox univariate regression
analyses, the histologic subtype, the existence of
desmoplastic fibrosis, the pathologic stage, and nodal
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metastasis showed a significant correlation with the
survival rate of lung adenocarcinoma patients, and these
results are comparable to those reported in previous
studies [11,22,29,34]). In addition, the expression of
TIMP-2 was also a prognostic factor of lung adeno-
carcinoma. The prognosis of patients with high expres-
sion of TIMP-2 in all foci examined was apparently
better than that of the patients with low expression of
TIMP-2. In the multivariate regression analyses, high
expression of TIMP-2, as well as the pathologic stage,
was identified to be an independent prognostic factor.
Therefore, the evaluation of TIMP-2 expression in each
growth pattern focus is useful for predicting the
prognosis,

In summary, lung adenocarcinoma is histopathologi-
cally and immunohistochemically heterogeneous, based
on the growth pattern of cancer cells and distribution of
several antigens, including constituents of BM, MMPs
and TIMP-2, but the growth pattern of lung adenocar-
cinoma cells correlates well with the disruption or
preservation of the BM components and the expression
of TIMP-2. High expression of TIMP-2 may be one
determinant of the histologic subtypes and may
constitute an important prognostic factor in lung
adenocarcinoma.
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Essential Role of PDGFRa-p70S6K Signaling in
Mesenchymal Cells During Therapeutic and Tumor
Angiogenesis In Vivo |
Role of PDGFRa During Angiogenesis

Norifumi Tsutsumi, Yoshikazu Yonemitsu, Yasunori Shikada, Mitsuho Onimaru, Mitsugu Tanii,
Shinji Okano, Kazuhiro Kaneko, Mamoru Hasegawa, Makoto Hashizume,
Yoshihiko Maehara, Katsuo Sueishi

Abstract—Discovery of the common and ubiquitous molecular targets for the disruption of angiogenesis, that are
independent of the characteristics of malignant tumors, is desired to develop the more effective antitumor drugs. In this
study, we propose that the platelet-derived growth factor receptor-a (PDGFR)-p70S6K signal transduction pathway in
mesenchymal cells, which is required for functional angiogenesis induced by fibroblast growth factor-2, is the potent
candidate. Using murine limb ischemia as a tumor-free assay system, we demonstrated that p7086K. inhibitor rapamycin
(RAPA) targets mesenchymal cefls to shut down the sustained expression of vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF), via silencing of the PDGFRa-p70S6K pathway. hrespective of the varied
expression profiles of angiogenic factors in each tumor tested, RAPA constantly led the tumors to dormancy and severe
ischemia in the time course, even associated with upregulated expression of VEGF from tumors. Because RAPA showed
only a minimal effect to hypoxia-related expression of VEGF in culture, these results suggest that RAPA targets the
host-vasculature rather than tumor itself in vivo. Thus, our current study indicates that the PDGFRa-p7086K pathway
is an essential regulator for FGF-2-mediated therapeutic neovascularization, as well as for the host-derived vasculature
but not tumors during tumor angiogenesis, via controlling continuity of expression of multiple angiogenic growth
factors. (Circ Res. 2004;94:1186-1194.)

Key Words: tumor m angiogenesis m mesenchymal cells m PDGF-AA m p70S6K

Angiogenesis is required for tumor progression, as sup-
ported by a number of animal studies demonstrating a
reduction in tumor growth by antiangiogenic agents.'-* Vas-
cular endothelial growth factor (VEGF) is a key mediator of
tumor angiogenesis, and inhibition of VEGF activity by the
overexpression of a soluble high-affimity receptor, fins-like
tyrosine kinase-1 (FL.T-1), induced tumor dormancy.*-* These
studies thus suggest that VEGF-related signaling could be a
target for tumor angiogenesis; however, an independent study
indicated that the antitumor effect of FLT-1 was highly
dependent on the expression level of VEGF in each tumor
type studied, suggesting a possible limitation of the anti-
VEGF strategy. Therefore, the discovery of common molec-
ular targets of tumor angiogenesis that are independent of the
profile of angiogenic growth factor expression in each tamor
type would be desirable for the development of broad-acting
antitumor agents.

A recent elegant study explored the potential of an immu-
nosuppressive drug, rapamyein (RAPA), which is antiangio-
genic; in that stdy, tumor regression was successfully
demonstrated.” Although immunosuppressive therapy for pa-
tients after organ transplantation promotes the risks of cancer
development and recurrence, the use of RAPA or related
derivatives was thought to possibly reduce the chance of the
development of malignancies. The antiangiogenic effect of
RAPA was suggested to involve the reduced expression of
VEGF by tumor according to the data from cultured cells”;
however, its exact mechanism of action in vivo remains
unknown.

Independently, we recently demonstrated the critical role
of mesenchymal, but not endothelial cell (EC), expression of
angiogenic polypeptides during therapeutic angiogenesis us-
ing fibroblast growth factor-2 (FGF-2) to freat critical limb
ischemia.®® FGF-2 stimulated the local expression of VEGF
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and hepatocyte growth factor/scatter factor (HGF/SF), an
alternative angiogenic factor, in mesenchymal cells (MCs;
including pericytes, vascular smooth muscle cells and adven-
titial fibroblasts) i the vasculature.® Interestingly, the time
course of FGF-2-mediated HGF/SF expression was biphasic;
early upregulation did not require new protein synthesis,
whereas later upregulation was mediated and maintained by
endogenous platelet—derived growth factor receptor-oe
(PDGFRa)- p7086K pathways.®

Because not only VEGF but aiso host-derived FGF-2
activity is likely to be involved in tirmor progression,'® and
also because RAPA is a specific inbibitor of p70S6K via
reducing the activity of target of rapamycin (TOR), we
hypothesized that the antitumor effect of RAPA might in-
volve the PDGFRo-p70S6K signaling pathway in host-
originated stromal MCs, which should be independent of the
various angiogenic signals from each tumor. In this study, we
provide evidence indicating that RAPA targets stromal MCs
rather than tumor cells, thereby turning off the PDGFRa-
p70S6K system, and in tum silencing angiogenic signals.

Materials and Methods

Cells and Reagents

All cells used in this study were purchased from American Type
Culture Correction. The following intracellular signal inhibitors wete
used at each of the following concentrations on human smooth
muscle cells (HSMCs) and MRCS cells, as previously described®:
Ras, Ras-inhibitory peptide (50 pumol/L, Alexis Japan); p70S6K,
rapamycin (100 ng/mL, Sigma-Aldrich Japan); PKC, bisindolylma-
leimide (100 nmol/L, Signa); PI3K, wortmanmin (120 nmol/L,
Sigma); MEK, U0126 (10 umol/L, Promega KX.K.); PKA, PKA-in-
hibitory peptide (1 pmol/L, Calbiochem); and NF-«xB, ALLN (5
pmol/L, Roche Diagnostics). Neutralizing antibodies (anti-
PDGF-AA and anti-PDGFR« from goat), and control goat IgG were
from R&D systems. Stocks of recombinant SeVs (SeV-FGF2 and
SeV-luciferase) were prepared as previously described.2® Recombi-
nant SeV-expressing extracellular domain of human PDGFRa was
constructed as follows: ¢cDNA fragment {amplicon size=1575 bp)
was amplified using synthetic primers with restriction enzyme tag
(forward Bgfll: 5'-aaAGATCTatgggpacticec-atceppe-3';  reverse
Nhel: 5'-tGCTAGCtcacitgtcatcgtegtectigtagtcticagaacgeaggat-3'),
and whole sequence was determined as complefely matched to
teported sequence (GenBank No. NMO006206) by capillary se-
quencer. The clone was inserted into 2 template plasmid encoding
SeVi8+, and SeV-hsPDGFa was recovered as described.s%1! The
secretion of soluble human PDGFa via SeV-hsPDGFa was deter-
mined by Western blotting (data not shown).

Animals

Male C57BL/6 (6 weeks old) and balb/c s/t mice (5 weeks old)
were fiom KBT Oriental Co, Ltd {Charles River Grade, Tosu, Saga,
Japan). All animal experiments were performed according to ap-
proved protocols and in accordance with recommendations for the
proper care and use of laboratory amimals by the Committee for
Animals, Recombinant DNA, and Experiments Using Infecticus
Pathogen at Kyushu University, and according to The Law (Ne. 105)
and Notification (No. 6) of the Fapanese Government.

Limb Ischemia Models

The details of the surgical treatment and evaluation of limb prognosis
were described previousty.®® For the gene transfer, 25 uL of vector
solutions were injected into two portions of the thigh muscle soon
after the completion of the surgical procedures. In vivo suppression
of endogenous PDGF-AA activity was performed as previously
described using PDGF-AA-specific neutralizing goat polyclonal IgG
{cross-reactive to human and murine proteins) via a disposable
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micro-osmotic pump (Model 1007D, ALZA Co) as previously
described ®#

Tumer Implantation

For tumor implantation, 10° SAS or MH134 cells were intradermally
implanted into the abdominal wall, and the tumor volume was
evaluated every other day. Seven days after implantation, RAPA (1.5
mg/kg per day) was intraperitoneally administered daily. On day 7 or
28, mice were euthanized, and the tumors were subjected to
enzyme-linked immunosorbent assay (ELISA).

Enzyme-Linked Immunosorbent Assay

Protein contents in murine limb muscles, tumors, and culture
medium were determined using Quantikine Immunoassay systems
for murine (recognizes both 164 and 120 amino acid residue forms)
and human VEGF-A, human FGF-2 (available to both human and
murine}, human HGF (R&D Systernis Inc), and rat HGF (available to
murine HGF, Institute of Immunology Inc) according to the manu-
facturer’s instructions, as previously described 2

Northern Blot Analysis

Total cellufar RNA, isolated using the ISOGEN system {Wako Pure
Chemicals), was electrophoresed and transferred onto a nylon
membrane. The filters were hybridized overnight at 60°C with
random {o-**P] @CTP-labeled probes. The bands were then visual-
ized and subjected to densitometry using a photoimager.

Real-Time PCR

Total RNA was extracted from ischemic limb muscles with the
ISOGEN systsm followed by RNase-free DNase I (Boelringer).
Aliquots of total RNA(25 ng) were reverse-transcribed and amplified
in triplicate with the TagMan EZ RT-PCR kit and a Sequence Detection
Systern, model 7000 (PE Biosystems). The nucleotide sequences of
PCR primers and TagMan probes are listed in the Table. The murine
GAPDH control reagents were used as the internal standard. The target
quantity was determined from the relative standard curves constructed
with serial dilutions of the control total RNA. The expression level of
the target gene was normalized by the GAPDH level in each sample.

Laser Doppler Perfusion Images

Intratumor blood perfusion was evaluated using a laser Doppler
perfusion image (LDPI} analyzer (Moor Instruments), as previously
described.?® To eliminate background noise due to intestinal blood
flow, a blue sheet was inserted into the peritoneal cavity just before
the measurement. To minimize the data variables due to ambient
light and temperature, the LDPI index was expressed as the ratio of
intratumor pixels to those in the scroturn.

Statistical Analysis

All data were expressed as mean=SEM and were analyzed by
one-way ANOVA with Fisher's adjustment. For the survival analy-
sis, the survival rate, expressed by limb salvage score,!? was
analyzed using Kaplan-Meyer’s method. The statistical significance
of the survival experiments was determined using the log-rank test,
and P<0.05 was considered to be statistically significant.

Resulis

FGF-2 and PDGF-AA Cooperatively Enhance
VEGF and HGF/SF Expression via
FGF-2-Mediated Upregulation of PDGFR«

To assess the role of PDGF-AA signaling in the angiogenic
response of the host vasculature, we first examined the
induction of VEGF and HGF via FGF-2 using cultured
buman MCs (MRCS and HSMCs) under serum-free condi-
tions. As shown in Figure 1A, FGF-2, but not PDGF-AA
stimulated VEGF in the culture medium of MRC3 cells
(Figure 1A, left), and inversely, PDGF-AA, but not EGF-2,
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Sequences of Primers aml Probes Used for Real-Time PCR

Primer Name (Musine) Sequence
VEGF amplicon size: 137 bp
VEGF, forward 5-GCAGGCTECTRTAACGATGAA-3’
VEGF, reverse 5 -TGACATCTGCTGTGCTGTAGGA-3

VEGF, hybridization probe
HGF amplicon size: 87 bp

HGF, forward

HGF, revesse

HEF, hybridization probe
PDGF-A amplicon size: 125 bp

PDGF-A, forwzrd

PDGF-A, reverse

PDGF-A, Wybridization probe
PDGFR« amplicon size: 148 bp

POGFRz, forward

PDGFR«, reverse

PDGFRx, hybsidization probe
GAPDH amplicon size: 117 bp

GAPDH, forward

GAPDH, reverse

GAPDH, hybridization probe

5'-FAM-CATGCAGATCATGCGGATGAAACCTC- TAMRA-3'

5'-CAGCAATACCATTIGGAATGGAAT-3
5 -TTGAAGTTCTCGGGAGTGATATCA-3'
5'-FAM-CGTTEGGATTCGCAGTACCCTCACA-TAMRA-3”

5" -CGTCAAGTGCCAGCCTTCA-Y
&-ATGCACACTCCAGGTGTTCCT-3
5 -FAM-CACTTTGGCCACCTTGACACTGOG- TAMBA-3/

5'-GAGCATCTTCGACAACCTCTACAC-3
5 -COGGTATCCACTOTTGATCTTATTG-3
5'-FAM-CCCTATCCTGGCATGATGGTCGATTCT-TAMRA-3

5 -CCTGGAGAAACCTGCCAAGTAT-3'
5 -TIGAAGTCGCAGGAGACAACCT-3'
5'-FAM-TGCCTGCTTCACCACCTTCTTGATGT-TAMRA-3/

upregulated VEGF in the medium of HSMCs (Figure 1A,
right). On the other hand, costimulation nsing FGF-2 and
PDGF-AA demonstrated a synergistic effect as regards both
VEGF expression (Figure 1A) and HGF/SF (data not shown),
in both types of cell. Similar to MRC-5 cells, a cell line of
murine fibroblasts, NIH3T3, also showed synergistic effect of
FGF-2 and PDGF-AA on expression of VEGF and HGF (data
not shown), indicating that such effect might be a common
system in mesenchymal cells irrespective of animal species.
Northern blot analyses showed FGF-2-mediated upregulation
of PDGFRe transcription in both types of cell (Figure 1B),
whereas PDGF-AA did not alter FGFR1 expression {data not
shown); these findings suggest that FGF-2 modulates the
response to PDGF-AA regarding VEGF and HGF/SF expres-
sion in mesenchymal cells via the transcriptional reguiation
of PDGFRex.

FGF-2-Dependent, Mesenchymal Expression of
VEGF and HGF/SF Expression Is Mediated by
PDGFRe, Which Can Be Shut by RAPA

In addition to the cooperative effect of FGF-2 and PDGF-AA
on VEGF and HGF/SF expression in MCs, we previously
found that FGF-2 also enhanced the endogenous expression
of PDGF-AA via Ras and p7086K signaling, which contrib-
uted to the sustained expression of HGE/SF in HSMCs.# We
thus considered the possibility that a similar system might
also be seen in the context of VEGF and HGF/SF expression
in fibroblasts (MRCS5). As also observed in previous studies,
it was found that FGF-2 representatively upregulaied both the
VEGF and HGF/SF proteins, and these effects were abolished
by an MEK. inhibitor, Ras-inhibitory peptide, and the p70S6K
inhibitor (RAPA) (Figure 2A). Repetitive MNorthern blot

analysis of the time course of FGF-2-mediated VEGF ex-
pression exhibited the biphasic (at 3 hours and later) upregu-
lation of VEGF (Figure 2B), as previously seen in the case of
HGF/SF expression using HSMCs.? Early VEGF expression
was not affected, but the later/sustained expression was
completely diminished by RAPA treatment (Figure 2B).
Furthermore, FGF-2—mediated upregulation of VEGF protein
was completely abolished by anti-PDGFR« antibody (Figure
2C); a similar finding observed with RAPA (Figure 2A). As
the same results were obtained regarding HGF/SF expression
{data not shown), the PDGFR« system was suggested to play
a critical role in FGF-2-mediated enhancement and continu-
ity of VEGF and HGF/SF expression in MCs.

PDGFRe Plays a Critical Role in the Therapeutic

Effect of FGF-2 in Murine Critical Limb Ischemia
To examine the possible cascade-like link of FGF-2-
PDGFRa-VEGF/HGF in vivo, we assessed two independent
murine models of limb ischemia, namely a “limb salvage
model” in C57 B1./6 mice and an “autcamputation model” in
balb/c nu/nu mice,? using SeV-FGF2 in vivo.8910-1% Qverex-
pression of FGF-2, which was assessed by ELISA (data not
shown), resulted in the npregulation of both PDGF-A and
PDGFRe mRNA quantitatively assessed by real-time PCR in
a limb salvage model (Figure 3A). Similar enhancement of
VEGF and HGF/SF expression by FGF-2 was also observed
in the same tissue samples; this effect was diminished by
anti-PDGF-AA neutralizing antibody, as well as by RAPA
treatment (Figure 3B). This effect of RAPA was also con-
firmed on the protein level (Figure 3C); furthermore, the
therapeutic effect of FGF-2 in the autoamputation model was
abolished by anti-PDGF-AA antibody and RAPA (Figure
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Figure 1. A, FGF-2 and PDGF-AA cooperatively enhance VEGF
secretion in fibroblasts (MRCS) and vascular smooth muscle
cells (HSMCs). After 48 hours of preincubation without serum,
each cell type was stimulated with FGF-2 and/or PDGF-AA.
Seventy-two hours later, the cutture medium was subjected to
ELISA. Each group contained n=3. "P<0.01 and #P<0.05. B,
Time course of FGF-2-mediated PDGFR« expression in MRCS
cells and HSMCs (Northem blotting). After 48 hours of preincu-
bation without serum, each cell type was stimulated with FGF-2,
and the cells were harvested at each indicated time point. This
experiment was performed twice with similar results,

3D), indicating tbat the PDGFRa system plays a critical role
in FGF-2-mediated therapeutic angiogenesis,

RAPA Induces Tumor Dormancy Irrespective of
the Variety in the Expression of Angiogenic
Factors in Each Type of Tumor

These resuits from the tumor-free systems suggest that the
PDGFRa-p7036K. signal pathway in MCs is essential, and
that RAPA imitates the effects of anti-PDGF-AA antibody in
FGF-2-mediated angiogenesis. However, an issue arose from
this line of questioning regarding whether or not RAPA might
be able to affect ubiquitous angiogenic responses, irrespective
of angiogenic stimuli. To clarify this issue, we examined
tumor angiogenesis using two independent fumor cell lines,
e, SAS-human oral squamous cell carcinoma, which ex-
presses VEGF, FGF-2, and PDGF-AA at high levels; and
MH134-murine hepatocellilar carcinoma,'® which secretes
far less VEGF and FGF-2 than the former, and shows null
expression of PDGF-AA.

RAPA reduced the growth of both tumor types (Figure
4A), indicating that the antitumor effect of RAPA was likely
to be independent of the respective expression patterns of
angiogenic growth factors in each type of tumor. To obtain
further and direct evidence of tumor-independent antimmor
effect of PDGFRa-p70S6K pathway, we conducted addi-
tional experimenis assessing tumor growth via infratumor
injection of SeV-hsPDGFRa, which expressed ectodomain of
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Figure 2, PDGFRa-p70S6K is essential for FGF-2-mediated
sustained/biphasic expression of VEGF/MGF in mesenchymal
cells. A, Effect of various inhibitors on intracellular signal trans-
duction pathways on VEGF and HGF secretion in MRCS cells.
Forty-eight hours after preincubation with 1% FBS, cells were
stimutated by 10 ng/mL of human recombinant FGF-2 with or
without various inhibitors. Seventy-twe hours later, the medium
was subjected to ELISA. Each group contained n=3. *P<0.01.
B, p70S6K inhibitor rapamycin (RAPA) abolished the latter
phase of FGF-2-mediated VEGF mRNA expression in MRCS
cells. Forty-eight hours after preincubation with 1% FBS, cells
were stimulated by 10 ng/mL of recombinant FGF-2. The cells
were harvested at each designated time point, and the bands
were then visualized and subjected to densitometry using a
photoimager. Graph shows the quantitation of relative mRNA
levels of VEGF, reflecting the results from triplicate experiments.
*P<0.01. C, FGF-2-mediated upregulation of VEGF secretion com-
petely depended on PDGFR«. Forty-eight hours after preincuba-
tion with 1% FBS, MRCS cells were stimulated by 10 ng/mL of
recombinant FGF-2 with or without anti-PDGFRe neutralizing anti-
body. Severnty-two hours later, the cuiture medium was subjected
to ELISA. "P<0.01,
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Figure 3. Upregulation of VEGF and HGF is mediated by the PDGFR« system and is essential for the therapeutic efiect of FGF-2 gene
transfer in murine critical limb ischemia. *P<0.01 and #P<0.05. A, Time courses of relative PDGF-A (top) PDGFR« (bottorm) mRNA expres-
sion in ischemic thigh muscles in “limb salvage” mode! mice with or without FGF-2 gene transfer, Soon after surgery inducing limb ischemia,
SeV-mFGF2 (107 plague-forming units, pfu) was injected intramuscularly. At each time point, thigh muscles were subjected to real-time PCR.
Data were standardized by each mBNA level of GAPDH and show the relative expression of results obtained from unireated control mice.
Each group contained 4 mice. At each time point, one or two control mice with ischemia, which had been injected with control virus (Sev-
luciferase), showed similar results to those seen in mice with Emb ischemia (data not shown). B, Time courses of relative VEGF (top) and HGF
(bottom) mRNA expression in ischemic thigh muscles in “limb salvage” model mice treated with ant-PDGF-AA neutralizing antibody (proto-
col, see Figurs 2D) or RAPA (1.6 mg/kg per day, daily intraperitoneal injection) after FGF-2 gene transfer. Same tissue samples as those
shown in Figure 2A from the ischemia and ischemia+FGF-2 groups were used. At each titne point, ane or two control mice with ischemia,
which had also been injected with control virus (SeV-luciferase), showed similar results to those seen in mice with ischemia only {data not
shown). G, RAPA inhibited FGF-2-mediated VEGF (top) and HGF {bottom) protein expression in the murine limb ischemia, “imb salvage”
modet. Intraperitoneal injection of RAPA (1.5 mg/kg per day, daily) was initiated 1 day before day 0, and then surgical ischemia was induced
on day 0. At that time, 107 pfu of control virus (SeV-luciferase) or SeV-mFGF2 was intramuscularly injected. Two days later, thigh muscles
were subjected to ELISA. D, Anti-PDGF-AA neuiralizing antibody, as well as RAPA, abolished the therapeutic effect of FGF-2 gene transfer in
autoamptitation model, Limb prognosis was determined by a limb salvage score of 12, and the data were analyzed by a log-rank test. Anti-
PDGF-AA neutralizing antibody was administered by iniraperitoneat continuous refease (200 ug/7 days) via the implantation of a disposable
osmetic pump and by an additional intraperitoneal injection bolus (100 g) soon after ischemia had been surgically induced.
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Figure 4, Efiects of RAPA treatment on the growth of tumors and on their expression of angiogenic growth factors in vitro and in vivo.
Seven days after intradermal implantation of 10° cells of each tumor type, daily intraperitoneal injection of RAPA {1.5 mg/kg per day),
0.1 molL of phosphate-buffered saline (PBS), or single intratumor injection of SeV-luciferase or SeV-hsPDGFRa (1 x10° pfu/tumor) was
performed. A, In vitro expression pattemns of angiogenic growth factors, including PDGF-AA, and the tumor inhibitory effect of RAPA on
SAS and MH134. Data include all 3 independent experiments using 2 to 4 mice per experiment. Gross observations were photo-
graphed on day 28. Amows indicate tumors. B, Antitumor effect of recombinant SeV-expressing ectodomain of human PDGFRa on SAS
and MH134. Fifty microliters of vector solution was injected intratumorally 5 days after cell implantation. SeV-luciferase was used for

control group.

bhuman PDGFRa. As expected, SeV-hsPDGFR« significantly
inhibited both tumor types (Figure 4B). Tumor weight was
also assessed at the end of experiments, and significantly
reduced in both tumors treated with hsPDGFRa compared
with luciferase (SAS-luciferase: 415.1:£104.9 mg versus
SAS-hsPDGFRa=54.3%£9.6 mg, MHI134-luciferase:
39304x304.4 mpg versus MHI134-hsPDGFRa=2654.4=
296.5 mg, P=0.0027 and P==0.0106, respectively).

To confirm an interpretation that antitumor effect of RAPA
might be independent of the expression pattern of angiogenic
factors, we assessed the in vitro and in vivo expression of
VEGF with or without RAPA. In culture, 100 ng/ml of
RAPA significantly reduced endogenous VEGF secretion
approximately 30% to 50% from the SAS baseline, and also
from the baseline of the other tumors assessed (squamous cell
carcinomas: QG36, TF, KN, EBC-1; and adenocarcinoma:
PC9) under normoxia condition; similar findings obtained in
the other laboratory.” In addition, no effect of RAPA on
PDGF-AA and FGF-2 expression was observed in each
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tumor type (data not shown). In vivo, however, intratumor
expressions of VEGF treated with RAPA for 3 or 7 days were
significantly upregnlated in MH134 tumor compared with
those treated with buffer (Figure 5A), and fusther, Doppler
flow image analyses revealed that RAPA reduced blood flow
in both tumors on 7 days afler the start of RAPA injection
(Figure 5B).

These paradoxical results might be explained as follows:
RAPA treatment might have induced hypoxia and, as 2 result,
VEGF was upregulated via a hypoxia-dependent mechanism,
thereby overcoming the RAPA-mediated downregulation.
This hypothesis was also confirmed as follows; RAPA
showed significant, but only minimal effect on hypoxia (2.5%
O,)-induced VEGF expression in cultured MH134 (Figure
5C), and similar findings were also obtained in all other cell
lines tested (data not shown).

Thus, we next evaluated the source of VEGF in SAS, a
xenograft model, using human- and murine-specific ELISA
systems. RAPA significantly upregulated human VEGF with-
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Figure 5, Relationship between tumor blood flow and exprassion of angiogenic growth factors on MH134 (A through C) and SAS (D). A
and B, RAPA-mediated reduction of intratumor blood fiow (B, panels and graph) and comparable expression pattems of murine VEGF
(A) in vivo. Seven days after the initiation of injections of RAPA 1o mice bearing syngenic tumors (MH134, asterisks), Doppler flow
images were recorded, and then the tumor samples were subjected to ELISA. Tumors on day 3 were also independently subjected to
protein measurement (A, on day 3, n=4 at each group). Note that the sizes of the tumors did not significantly different from each other
on day 7 (B, asterisks). C, Bar graph indicating the significant, but minimal, effect of RAPA on the hypoxia-induced VEGF expression in
MH134 cells. After 12 hours of cultivation under serum-free condition, the cells were washed with fresh madium and exposed to nor-
moxia (21% O,) or hypoxia (2.5% Q). Forty-eight hours later, the medium was subjected to ELISA for murine VEGF. O, RAPA-related
changes in the expression of angiogenic growth factors in mice bearing a human tumor type (SAS), observed in order to assess the
source of upregulated VEGF. Seven days after the initiation of injections of RAPA 1o mice beating SAS, the fumor samples were sub-

jected 1o ELISA systems specific for human or murine VEGF.

out effect to murine VEGF content in solid tumors (Figure
5D), indicating that the upregulation of tumor cell-derived
VEGF was mediated by hypoxia due to host vasculature-
targeted antiangiogenesis independent to the variation of
expression of angiogenic stimuli by each tumor type.

Discussion

In this study, we demonstrated that the PDGFRa signal
transduction pathway plays an essential role in MCs, not only
in the context of therapeutic ireatments, but also as regards
tumor angiogenesis, irrespective of the variety in the expres-
sion patterns of angiogenic substances in each type of tumor.
Thus, the PDGFRa-p70S6K signal transduction pathway in
host-derived vasculature was concluded to be a ubiquitous
molecular target for inducing tumor dormancy (a scheme
representing potential mechanisms is summarized in an on-
line Movie available in the online data supplement at
htip://circres.ahajournals.org).

The biological role of PDGFRe« has been controversial for
quite some time. PDGF-AA induces DNA synthesis as well
as the proliferation of NIH3T3 cells, but in other cells, it
inversely inhibits the chemotactic response induced by other
agents.l” Whereas little evidence is available regarding endo-
thelial expression of PDGF-receptors, PDGF ligands, not
only PDGF-AA and -BB, but also -CC, a novel member of
PDGF,!8 apparently stimulate in vivo angiogenesis,'®2° sug-
gesting that other angiogenic stimulators may mediate PDGE-
dependent angiogenic processes. Our current study, as well as
a previous study,® strongly suggest that the PDGFRa system
may be critical for the maintenance of angiogenic signals
using VEGF and HGF/SF in MCs. However, one limitation
of the current study was that it did not include a determination

of the PDGF ligands that might be critical during angiogen-
esis, Because all such ligands can activate PDGFR-«, leading
to different cellular responses. Our recent independent study
revealed that the neutralization of PDGF-BB also disrupted
FGF-2-mediated therapeutic effects in an autoamputation
model (Y. Yonemitsu, M. Opimaru, and M. Tanii, unpub-
lished data, 2003), and SeV-hsPDGFRa, which traps both
PDGE-AA and -BB, efficiently reduced the growth of SAS in
vivo (Figure 4B), suggesting that the cooperative activities of
PDGF ligands may be required for the efficient promotion of
angiogenesis.

A paradox was observed among the results of this study,
namely, that RAPA reduced the PGF-2-mediated upregula-
tion of both VEGF and HGF to those of control levels at
hypoxia in limb ischemia (Figure 3C); however, RAPA had
no effect on the level murine VEGF in SAS cells with nufl
HGF expression (Figure 5D). A possible explanation for this
finding may be as follows: the baseline host MC expression
of VEGF and HGF required for tumor angiogenesis in SAS
was too low to be detected by ELISA, as endogenous HGF
expression was undetectable. These cells in tumor, however,
were exposed to hypoxia and thus VEGF was upregulated in
hypoxia-dependent manner, irrespective of RAPA treatment.
This explanation is reasonable because ischemia-mediated
upregulation of VEGF was not affected by RAPA (Figure
3C); furthermore, such an imbalance in the expression levels
of VEGF and HGF could disturb the blood flow of neoves-
sels, as shown previously.®

We here demonstrated that both RAPA and SeV-
hsPDGFRe suppressed tumor growth irrespective of expres-
sion profiles of angiogenic growth factors; however, the
effect of SeV-hsPDGFRo against MH135 was likely to be
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relatively modest compared with that obtained with RAPA
(Figures 4A and 4B). The possible explanations were as
follows: (1) the expression level of hsPDGFRe was not
sufficient during experimental course, because transgene
expression of SeV shows its peak at 2 days after gene
transfer, and is reduced around 1/10 to 1/100 at 7 days even
in nude mice?; (2) a possible PDGFR a-independent effect of
RAPA, including direct growth inhibition of ECs,2122 pro-
vided additional antitumor activity in RAPA-treated group,
and (3) SAS wmors that have bigher levels of PDGF-AA
secretion than MH134 are more dependent on PDGF for
angiogenesis. The 3rd explanation may be supported by our
recent data, indicating that PDGF-AA is also an autocrine
regulator for stimulating angiogenic growth factors including
VEGF in SAS wmors (Y. Shikada and Y. Yopemitsu,
unpublished data, 2004). Ideally, experiments using knockout
of PDGF-A allele in mesenchymal cells in vivo might solve
this issue; however, it is still difficult to establish such mice
at present, because such mice showed lethal phenotype pre-
and postnatally.2?

‘What is the role of endogenous FGF-2, but not exogenous,
in limb ischemia as well as tumor models for angiogenesis?
At this time, we do not have any direct data regarding this
question, however, some recent observations may be a clue to
explain this point. As we previously demonstrated, limb
ischemia-mediated upregulation of HGF was siguificantly
and considerably reduced in FGF-2~'~ mice compared with
that seen in FGF-2** mice,? and similar findings were found
in case of VEGF (Y. Yonemitsu et al, unpublished data,
2003). Furthermore, tumer growth of MH134 was signifi-
caotly suppressed in FGF-2™'~ mice (Y. Yonemitsu and S.
Shibata, impublished data, 2004). Together with these resuits
and a published report by another laboratory, indicating that
gene transfer of soluble FGFR1 could effectively reduce
tumor growth,!? it is highly suspected that endogenous FGF-2
may essentially participate in therapeutic as well as tumor
angiogenesis in vive.

Although a number of studies have demonstrated that
VEGF is an important angiogenic mediator of tumor growth,
the anti-VEGF strategy is likely to depend on the expression
levels of VEGF in each tumor types Other angiogenic
switches (eg, HGF/SF, angiopoietin-2, which can be induced
by FGF-2%2%) may possibly rescue tumor angiogenesis when
the VEGF signal is intercepted, because tumor- and/or
host-derived FGF-2, for example, is required for the mainte-
nance of tumor vasculature. On the other hand, only the
expression level of PDGF-AA in tumors was significantly
correlated to the survival of patients with neuroblastomas,
even when a high level of expression of various angiogenic
factors was detected? and further, an inhibitor of PDGFRs is
likely to be effective in patients with malignant fumors.2
More recently, an important study has demonstrated an
evidence indicating that a tyrosine kinase inhibitor SU6668
specific for PDGFRs blocked further growth of end-stage
tumors in experimental animals, eliciting detachment of
pericytes in tumor vasculature, whereas an inhibitor targeting
VEGFRs (SU5416) was only effective against early-stage
tumors,2? indicating the requirement of PDGFR sipnals for
the maintenance of tumor growth as well as tumor vascula-
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ture. The apparent advance of the current study over these
recent reporis explored the discovery of an essential pathway
downstream of the PDGFRe. Based on these findings, it is
thus suggested that an anti-PDGFRa-p70S6K strategy, which
can be mimicked by RAPA and abolishes host-derived VEGF
and HGF/SF that are required for well-organized tumor
vasculature, could be applicable for treatment of a broader
range of tumor species than an anti-VEGF system.

No assessment of the contribution of bone marrow-—de-
rived stem cells (BM-SCs), which have been shown to
contribute to tamor angiogenesis, is a limitation of the current
study. Notably, such populations respond to angiogenic
growth factors, including FGF-2?® and VEGF,?® demonstrat-
ing potentials t0 promote tumor growth. Thersfore, further
studies are called for to clarify whether PDGFRa-p70S6K
system may directly contribute to recruitment of BM-SCs to
tumor vasculature.

In conclusion, our current study suggests the utility of a
host vasculatire—targeted antiangiogenic therapy mediated by
the blockade of the PDGFRa-p70S6K signal transduction
pathway. Because RAPA itself frequently evokes unfavorable
symptoms in the clinical setting,3¢ related derivatives or novel
compounds targeted the PDGFRa-p70S6K. with reduced
adverse effects could be unique antitumor agents at a future
date 15.16
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Long-Term Treatment With a Rho-Kinase Inhibitor
Improves Monocrotaline-Induced Fatal Pulmonary
Hypertension in Rats

Kohtaro Abe, Hiroaki Shimokawa, Keiko Morikawa, Toyokazu Uwatoku, Keiji Oi,
Yasuharu Matsumoto, Tsuyoshi Hattori, Yutaka Nakashima, Kozo Kaibuchi,
Katsuo Sueishi, Akira Takeshita

Abstract—Primary pulmonary hypertension is a fatal disease characterized by endothelial dysfunction, hypercontraction
and proliferation of vascular smooth muscle cells (VSMCs), and migration of inflammatory cells, for which no
satisfactory treatment has yet been developed. We have recently demonstrated that intracellular signaling pathway
mediated by Rho-kinase, an effector of the small GTPase Rho, is involved in the pathogenesis of arteriosclerosis. In the
present study, we examined whether the Rho-kinase-mediated pathway is also involved in the pathogenesis of fatal
pulmonary hypertension in rats. Animals received a subcutaneous injection of monocrotaline, which resulted in the
development of severe pulmonary hypertension, right ventricular hypertrophy, and pulmonary vascular lesions in 3
weeks assoctated with subsequent high mortality rate. The long-term blockade of Rho-kinase with fasudil, which is
metabolized to a specific Rho-kinase inhibitor hydroxyfasudil after oral administration, markedly improved survival
when started concomitantly with monocrotaline and even when started after development of pulmonary hypertension.
The fasudil treatment improved pulmonary hypertension, right ventricular hypertrophy, and pulmonary vascular lesions
with suppression of VSMC proliferation and macrophage infiltration, enhanced VSMC apoptosis, and amelioration of
endothelial dysfunction and VSMC hypercontraction. These results indicate that Rho-kinase-mediated pathway is
substantially involved in the pathogenesis of pulmonary hypertension, suggesting that the molecule could be a novel
therapeutic target for the fatal disorder. (Circ Res. 2004;94:385-393)

Key Words: pulmonary hypertension m Rho-kinase m vascular smooth muscle cells
u endothelial nitric oxide synthase m macrophages

rimary pulmonary hypertension (PPH) is a life-

threatening disease characterizad by a marked and sus-
tained elevation of pulmonary artery pressure. The disease
has no obvious causes and ultimately results in right ventric-
ular (RV) failure and death. The pathological changes of
hypertensive pulmonary arteries include endothelial injury,
proliferation and hypercontraction of vascular smooth muscle
celis (VSMCs), and migration of macrophages.!-3 PPH con-
tinues to be a serious clinical problem with high morbidity
and mortality.*

In 1990s, Rho-kinase/ROK/ROCK. was identified as an
effector of the small GTPase Rho,57 which plays an impor-
tant role in various cellular functions, including smooth
muscle contraction, actin cytoskeleton organization, cell ad-
hesion and motility, cytokinesis, and gene expression.8-19 In
a series of experimental and clinical studies, we have dem-

onstrated that Rho-kinase—mediated pathway is substantially
involved in the pathogenesis of arteriosclerosis.’*~'7 These
Rho-kinase-mediated alterations in blood vessels also may be
involved in the pathogenesis of pulmonary hypertension
(PH). In this study, we examined whether Rho-kinase—
mediated pathway is involved in the pathogenesis of rat
model of fatal PH in vivo.

Materials and Methods
The pressnt study was approved by the Iostitutional Animat Care and
Use Committee of the Kyushu University Graduate School of
Medical Sciences.

Animal Model of Fatal PIE

A total of 323 adult male Sprague-Dawley rats (Charles River,
Yokohama, Japan; 250 to 300 g body weight) were used, including
156 for survival study, 83 for hemodynamic and histology study, 36
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for immunchistochemistry, 25 for organ chamber experiments, 15
for Western blot analysis, and 8 for drug concentration measurement.
They received a single subcutaneous injection of saline or monocro-
taline (MCT, 60 mg/kg, Wako), which induces severe PH in 3 weeks
with a subsequent high mortality rate in rats.!s For the long-term
inhibition of Rho-kinase, we confirmed that repetitive in vivo gene
transfer of dominant-negative Rho-kinase to pulmonary arteries 1s
technically difficult and that genetic disruption of Rho-kinase is
embryo lethal. Therefore, we used a long-term pharmacological
inhibition with fasudil (Asahi Kasei), which we found is metabolized
in the liver to a specific Rho-kinase inhibitor hydroxyfasudil after
orzl administration.!* Hydroxyfasudil is a specific Rho-kinase inhib-
itor as its specificity for Rho-kinase is 100 times higher than for
protein kinase C and 1000 times higher than for myosin light-chain
kinase.'3 Furthermore, among the 16 kinases recently tested, only
hydroxyfasudil (10~ mol/L} showed more than 50% inhibition for
Rho-kinase (98%).7* Thus, we consider that hydroxyfasudil is a
reasonably selective tnhibitor for Rho-kinase.

In the first prevention protocol, animals were injected with MCT
with or without concomitant oral treatment with a low-dose (30
mg/kg per day)} or a high-dose (100 mg/kg per day) of fasudil.’2 In
the second freatment protocol, animals received the two different
doses of fasudil, starting at day 21 after MCT injection when severs
PH had already been established. In this treatment protocol, hemo-
dynamic parameters were also measured at day 35 in additional
animals of the controf and the fasudil groups in order to examine
those variables before they died.

Hemodynamic Measurements

After the animals were anesthetized with sodium pentobarbital (30
mg/kg, IP), polyethylene catheters were inserted into the RV through
the jugular vein and the carotid arfery for hemodynamic measure-
ments. RV systolic pressure and systemic blood pressure were
measured with a polygraph system (AP-601G, Nihon Kohden).

RV Hypertrophy

The RV was dissected from the left ventricle (LV) and the septum
(S) and weighed to determine the extent of RV hypertrophy (RVH)
as follows: RVALV+8).12

Survival Analysis

We examined the effects of fasudil on the survival of MCT-injected
rais. The day of MCT injection was defined as day 0. This survival
analysis covered the entire experimental period to day 63.

Morphometric Analysis of Pulmonary Arieries
After the hemodynamic measurements, hing tissue was prepared for
morphometric analysis by using the barium injection method '® All
barium-filled arteries of 15 to 50 yum in diameter were evaluated for
muscularization of pulmonary microvessels.'® Arteries of more than
50 wm in diameter were evaluated for measurement of medial wall
thickness at a magnification of 400X. For each artery, the median
wall thickness was expressed as follows: percent wall
thickness=[(medial thicknessX 2)/external diameter]X 100,13

Immunohistochemical Analysis

Immunohistochemical analysis was performed at day 21 in the
saline-treated control group and the high-dose fasudil group in the
prevention protocol. Proliferating cells were evaluated by prolifer-
ating cell nuclear antigen (PCNA) staining (Dako) and apoptotic
cells by the terminal deoxynucleotidyl transferase (FTdT}-mediated
@UTP nick end-labeling (TUNEL) method (apoptosis detection kit,
Wako). Inflammatory cells were evaluated by ED-1 (analogus of
CD68) staining (Santa Cruz Biotechnology). The number of PCNA-
and TUNEL-positive cells in 10 fields for each section was quanti-
- tatively evaluated as a percent of that of total cells at a magnification
of 400X in 2 blind manner.1¥2° The number of ED-1-positive ceils
was counted in 30 fields.?

Organ Chamber Experiments

Organ chamber experiments were performed at day 21 in the control
and the high-dose fasudil groups in the prevention protocol, when
MCT-induced PH was established. The extrapulmonary arteries were
carefully isolated and cleaned of any connective tissue in physiolog-
jcal salt solution (PSS).2t The rings from each pulmonary artery
(=1 mm in length) were mounted vertically between two hooks in
organ chamber myographs (Medical Supply), which were filled with
PSS and kept at 37°C. Isometric tension was measured with force
transducers (Nihon Kohden). Each preparation was stretched in a
stepwise manner to an optimal length where the force induced by
118 mmol/L. KCl became maximal and constant. Afler equilibration
for 30 minutes, endothelium-dependent relaxation to acetylcholine
(ACh, 107? to 10~* mol/) was examined during a contraction, to
prostaglandin ¥,, (3X107% to 10"° mol/L) in the presence of
indomethacin {10~ mol/l.) with or without N®-nitro-L-zrginine
(L-NNA, 10™* mol/L).2! Endothelium-independent contractions to
serotonin {107° to 107 mol/L} and sodium nitroprusside (SNP, 107'°
to 107° mol/L) were also examined in rings without endothelium,
The inhibitory effect of acute admimistsation of hydroxyfasudil (§0~%
mol/L) on the serotonin-induced VSMC hyperconiraction was also
examined.

Western Blot Analysis

Waestern blot analysis was performed at day 21 in the control and the
high-dose fasudil groups in the prevention protocel. The bilateral
pulmonary arteries were isolated and were stabilized in bubbling
Krebs solution for 1 hour. These samples were immediately frozen

" by inunersion in acetone containing 10% trichlorcacetic acid (TCA)

cooled with dry ice, for Western biot analysis of phosphorylations of
the ERM (ezrin, radixin, and moecsin) family, a substrate of Rho-
kinase.’®* ERM is phosphorylated by Rho-kinase at T567 (ezrin),
T5648 (radixin), and T558 {moesin}.?2 The frozen specimens were
washed three times with acetone containing dithiothreitol
(10 mmol/L) to remove the TCA and dried. The dried samples were
cut into small pieces, exposed to 200 pL of SDS-PAGE sample
buffer for protein extraction. The exiracted samples (20 ug of
protein) were subjected to SDS-PAGE/Ammunoblot analysis by
using the specific ERM antibody.!* The regions containing ERM
family proteins were visualized by ECL Western blotting luminal
reagent (Santa Cruz Biotechnology). The extent of the ERM phos-
phorylation was normalized by that of total ERM. The protein
expression of endothelial nitric oxide synthase (¢eNOS) and S-actin
as an internal control in hings was also analyzed by Western blot
analysis. 25

Plasma Concentration of Hydroxyfasadil

We measured plasma concentration of hydroxytasudit every 6 hours
a day in rats that received fasudil in drinking water. We obtained
blood samples from carotid arteries in each rat. Plasma concentra-
tions were measured by an HPLC method. 18

Statistical Analysis

Al results are expressed as the mean=SEM. Survival curves were
analyzed by the Kaplan-Meier method and analyzed by a log-rank
test. Differences in all other parameters were evaluated by ANOVA
followed by Fisher’s post hoc test. A value of P<(.05 was
considered to be statistically significant.

Results

Beneficial Effects of Fasudil on Survival

In the control MCT group, survival rate at day 63 was only
27% (n=26) (Figures 1A and 1B). In the prevention protocol,
the fasudil treatment markedly and dose-dependently im-
proved the survival at day 63: 77% in the low-dose (n=30)
and 94% in the high-dose (n=33) groups (Figure 1A}. In the
treatmeent protocol, fasudil again significantly and dose-
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