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(Fig. 3D, top). We further examined whether IKKp was ubiquiti-
nated or-not in the presence of MG-132. As shown in Fig. 3D (bot-
tom), ubiquitination of IKK@ was shown in Cap#11 cells,
suggesting that a proteasomal degradation plays a role in down-
regulation of IKK@ in the NDRG/Cap43-expressing cells.

NDRG1/Cap43 suppresses infiltration of inflammatory cells,
expression of angiogenesis-related factors, tumor growth, and
tumor angiogenesis. Consistent with our previous study (5), there
was no difference in growth rates among Mock#2 and Cap#11 cells
in culture (Fig. 44). By contrast, tumor growth of Cap#11 was
markedly reduced in comparison with Mock#2 in a subcutaneous
mouse xenograft model (Fig. 4B, botfom). Inmunoblotting analysis
showed that NDRG1/Cap43 protein was consistently and highly ex-
pressed in Cap#11 tumors on day 49 after inoculation compared
with Mock#2 tumors (Fig. 4B, top).

NDRG1/Cap43 was found to reduce the expression of chemo-
kines and growth factors that function in:chemotaxis of mono-
cytes/macrophages and neutrophils (Fig. 1B; Supplementary
Fig. S1). Mock#2 and Cap#11 tumor sections were further analyzed
by immunohistochemistry for expression of microvessels (CD31),
macrophages (F4/80), and neutrophils (Gr-1; Fig. 4C, top). MVD
staining showed a markedly highér rumber of tumor neovessels
in Mock#2 tumors than in Cap#11 tumors on day 49 after implan-
tation (Fig: 4G, bottom). There appeared to be much lower infiltra-
tion of F4/80-positive macrophages and also Gr-1-positive
infiltrating neutrophils in the stroma of Cap#11 tumors compared
with that of Mock#2 tumors (Fig. 4C, bottom). NDRG1/Cap43 ex-
pression was thus closely associated with decreased MVD and also
with a decreased number of infiltrating macrophages and neutro-
phils in mouse xenograft.tumors. Expression of IL-8/CXCL8 and
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VEGF-A was significantly reduced in Cap#11 tumors compared
with Mock#2 tumors (Fig. 4D), suggesting that reduced expression
of such chemokines and growth factors was continuously main-
tained during tumor growth in this mouse xenograft model.
Association of NDRG1/Cap43 expression level with infiltrat-
ing inflammatory cells in tumors of pancreatic cancer pa-
tients. Expression of NDRG1/Cap43 was previously shown to be
inversely correlated with MVD in the tumors of patients with pan-
creatic cancer (5). Based on the expression level of NDRG1/Cap43
in resected specimens from 37 patients with: pancreatic ductal ad-
enocarcinoma, we divided them into two groups: NDRG1/Cap43
positive (n = 18) and NDRG1/Cap43 negative (z = 19). Supplemen-
tary Table 83 shows the association between NDRG1/Cap43 ex-
pression and clinicopathologic variables such as age, gender,

depth of invasion, lymph node metastasis, and pathologic stage

in patients with pancreatic ductal adenocarcinoma. High
NDRG1/Cap43 expression was significantly correlated with inva-
sion depth (Supplementary Table §3).

In the human tumor stroma, some cases showed a lower num-
ber of infiltrating CD68" macrophages/monocytes in NDRG1/
Cap43-positive pancreatic cancer (Fig. 54, a and b), whereas others
showed a higher number of infiltrating CD68* macrophages/mono-
cytes in NDRG1/Cap43-negative pancreatic cancer (Fig. 54, ¢ and
d). Quantitative analysis indicated that the number of infiltrating
macrophages/monocytes was relatively higher in patients with
NDRG1/Cap43-negative tumors than in those with NDRG1/
Cap43-positive tumors (Fig. 54, right), the mean number of infil-
trating macrophages/monocytes being 97.5 and 62.3, respectively.
However, similar numbers of infiltrating neutrophils were observed
in the tumor stroma of patients with NDRG1/Cap43-positive and
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NDRG1/Cap43-negative pancreatic cancer (Fig. 5B). Quantitative
analysis showed that the mean number of infiltrating neutrophils
was 40.2 in NDRG1/Cap43-negative specimens and 46.7 in NDRG1/
Cap43-positive specimens, with no significant difference (Fig. 5B,
right). .

Our previous study showed that NDRG1/Cap43 expression
levels were inversely correlated with MVD (5). Therefore, we fur-
ther examined whether infiltration of macrophages/monocytes
and neutrophils was associated with MVD in patients with
NDRG1/Cap43-positive ‘and NDRG1/Cap43-negative pancreatic
cancer (n = 37). The number of infiltrating macrophages/mono-
cytes was positively correlated with MVD (Fig. 5C; P < 0.05). How-
ever, there was no correlation between the number of infiltrating
neutrophils and the MVD (Fig. 5D).

Discussion

We reported previously that NDRG1/Cap43 overexpression sup-
pressed the expression of VEGF-A, IL-8/CXCLS, and matrix metal-
loproteinase-9 in pancreatic cancer cells (5). In the present study,
we showed that NDRG1/Cap43 downi-regulated the expression of
several other genes, including chemoattractants for inflammatory

cells. We also observed that decreased expression of IL-8/CXCL8
and VEGF-A in mouse tumors was associated with high expression
of NDRG1/Cap43. These chemoattractants down-regulated by
NDRG1/Cap43 had chemotactic effects on monocytes/macro-
phages and neutrophils. Our results showed that overexpression
of NDRG1/Cap43 resulted in marked decrease in infiltration of
macrophages and neutrophils in xenograft models.

One critical step in progression from a benign to a malignant
state is angiogenesis. Infiltration of activated fibroblasts (21),
macrophages/monocytes (22), and neutrophils (23) is. expected
to play a key role in the angiogenic switch of cancer (23-25). From
our laboratory, we have also reported that infiltration of macro-
phages in the tumor stroma markedly promoted angiogenesis
through the secretion of various proangiogenic cytokines and ex-
tracellular matrix-degrading proteases (18, 26-29). Groa/CXCL1,
ENA-78/CXCL5, and IL-8/CXCL8 play an important role in tu-
mor-associated angiogenesis and tumorigenesis in cancers of the
kidney, pancreas, head and neck, and lung (30-33). Also, expres-
sion of CXC chemokines and VEGF-A would thus be expected to
be closely involved in NDRG1/Cap43-induced suppression of tumor
angiogenesis (Fig. 6). However, it is important to elucidate in more
detail the underlying mechanism by which cytokines and growth
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Figure 6. NDRG1/Cap43 plays a critical role as an antiangiogenic regulator
through modulation of the tumor microenvironment in pancreatic cancer. NDRG1/
Cap43 attenuates activation of the NF-kB/IKK signaling, resulting i decreased
expression of CXC chemokines (Groa/CXCL1, ENA-78/CXCL5; and IL-8/
CXCL8) and VEGF-A. NDRG1/Cap43 might thus remodel the turrior
microenvironment by affecting the accumulation of inflammatory cells
(macrophages and neutrophils), fumor angiogenesis, and tumor growth.

factors are directly involved in the NDRG1/Cap43-dependent sup-
pression of inflammatory cell infiltration and angiogenesis.

Constitutive activation of NF-xB signaling pathway has been re-
ported in many cancers, including pancreatic cancer (34). Fujioka
and colleagues reported that pancreatic cancer cells expressing
phosphorylation-defective IxBa showed decreased tumorigenicity
in an orthotopic nude mouse model (35). In this mouse model, de-
letion of IKKB in intestinal epithelial cells led to a decrease in tu-
mor incidence without affecting tumor size (36). These studies
suggested that the IKKB-NF-«B signaling pathway plays an impor-
tant role in tumor development.

In our present study, NDRG1/Cap43 reduced the expression of
p-IkBor and its upstream regulator IKKp in pancreatic cancer cells.
However, we found no apparent phosphorylation of IKKa and
IKK@ in’ NDRG1/Cap43 and mock transfectants under 2% serum
condition (data not shown), suggesting that decreased expression
of IKKp is responsible for the loss of p-IkBa in NDRG1/Cap43
transfectants. The loss of p-IkBa results in reduction of both nu-
clear translocation of p65 and p50 and their binding to the NF-xB
motif. NDRG1/Cap43-induced suppression of IKKP was almost
completely restored by a proteasome inhibitor. Introduction of
an exogenous IKKP gene was able to restore IkBa phosphorylation
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Overexpression of Class lll 3-Tubulin Predicts Good Response to
Taxane-Based Chemotherapy in Ovarian Clear Cell Adenocarcinoma

Daisuke Aoki,' Yoshinao Oda,® Satoshi Hattori,® Ken-ichi Taguchi,” Yoshihiro Ohishi,3 Yuji Basaki,%®
Shinji Oie,* Nao Suzuki,'® Suminori Kono,* Masazumi Tsuneyoshi,® Mayumi Ono,?®

Takashi Yanagawa,® and Michihiko Kuwano®®

Microtubules are the principal target of a large and diverse
group of natural-product anticancer therapeutic drugs, partic-
ularly of two major classes of antimicrotubule agents: the vinca
alkaloids and the taxanes (1). Microtubules are composed of
polymers of heterodimers that consist of two' closely related
polypeptides, a-tubulin and B-tubulin, which in turn contain
o~ or B-subunits and at least six isotypes encoded by different
genes. Isotype composition influences the intrinsic dynamics of
microtubules, and the sensitivity of microtubules to depolyme-

rizing and polymerizing agents is related to the composition of
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tubulin. isotypes . or.microtubule-associated proteins (MAP;
ref. 2). MAPs, important components of the tubulin and
microtubule system, can.bind. to. the microtubule wall and
stabilize' microtubules (3). MAP2: and MAP-t are abundantly
expressed. in: mature neurons, and- MAP4:is ubiquitously
expressed. in. both: proliferating and - differentiated cells (4).
Stathmin is also the founding member of the microtubule-
destabilizing family of proteins, which regulate the dynamics
of microtubule polymerization and depolymerization. Stath-
min is expressed at high levels in:a variety of human cancers
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and also plays a role in altered drug sensitivity in human cancer
cells, including ovarian cancer cells (5; 6).

The antitumor drug taxane stabilizes microtubules and
reduces their dynamics, promoting. mitotic arrest and cell
death. Paclitaxel, a  representative anticancer agent: of the
taxanes, was initially defined: by Horowitz and colleagues;
and its binding sites are distinct from those of. colchicine,
podophyllotoxin, and. the vinca alkaloids: (7, 8). Paclitaxel
initially received regulatory approval for the treatment of
patients with ovarian’ cancer after failure of first-line or
subsequent chemotherapy (9). In a Gynecologic Oncology
Group study (GOG-111), it was thus determined to be the
primary induction therapy in suboptimally debulked stage Il
and IV ovarian cancer, which mainly ‘consists of serous
adenocarcinoma (10). This study first compared the therapeutic
efficacy of padlitaxel/cisplatin and cyclophosphamide/cisplatin
in patients with ovarian cancer (10), The paclitaxel arm showed
a distinct advantage in terms of progression-free survival (PES)
as well as overall survival (OS): A clinical trial by the European
Organization for: Research and Treatment of Cancer: and the
National - Cancer: Institute of Canada: also-showed that a
paclitaxel/cisplatin regimen improved both PFS and OS (11).
Another dinical trial study, however, reported that survival in
the paclitaxel arm was similar to that seen in the control arm
that received either carboplatin or cisplatin, doxorubicin, and
cyclophosphamide (12). It remains unclear whether paclitaxel-
cisplatin (or carboplatin) therapy is superior to cyclophospha-
mide/cisplatin (or carboplatin) therapy.

Of the various molecular markers related to'drug sensitivity
to taxanes, class IIl p-tubulin is expected to be 'a"useful
biomarker for the clinical efficacy of paclitaxel-based chemo-
therapy. Class III B-tubulin is hypothesized to: counteract
suppression: of - microtubiile - dynamics (13).- Ferlini et al.
reported that a novel taxane targeting class’ Il B-tubulin
overcame paclitaxel resistance, suggesting close involvement
of this tubulin isotype in drug sensitivity to paclitaxel (14).
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Mozzetti et al. reported that class III p-tubulin overexpression
represented a prominent mechanism of resistance to paclitaxel-
platinum treatment in ovarian cancer (15). Moreover, class III
g-tubulin overexpression could be useful in identifying poor
clinical outcome in patients with advanced ovarian cancer who
are treated with platinum/paclitaxel, those mainly affected with
serous adenocarcinoma (16). These studies have been con-
ducted mainly in serous adenocarcinoma of ovarian cancer. It
remains unknown, however, whether class Il p-tubulin over-
expression is also predictive of poor outcome in clear cell
adenocarcinoma, which is a rare variant in western countries,
where it is reported to constitute 5% to 10% of ovarian
carcinomas (17-19). Clear cell adenocarcinoma has been
recognized as a chemoresistant phenotype (20, 21).

Japanese investigators have reported that clear cell adenocar-
cinoma constitutes abotit 20% of ovarian carcinomas in Japan
(20, 22), although. clear cell adenocarcinoma of the ovary
accounts for only 2% to 5% of cases enrolled in large-scale
randomized trials worldwide (22, 23). Thus, it is undear
whether carboplatin/paclitaxel therapy, which was introduced
broadly as a' standard regimen for epithelial ovarian cancer
based on the results of such trials, can be readily applied for
dear cell adenocarcinoma. Development of novel treatment
strategies based “on molecular biological characteristics is
fuirther required for clear cell adenocarcinoma.

In the present study, we addressed whether expression of
g-tubulin I, MAP4; and stathmin could affect the efficacy of
taxane-based therapeutic regimens against clear cell adenocar-
cinoma. Using immunohistochemical analysis of surgically
resected  clinical samples of clear cell adenocarcinoma, we
examined expression levels of the above three biomarkers. In
comparison with ovarian cancer patients treated with taxane-
free regimens, we observed a significant and specific association
of p-tubulin' III expression with  therapeutic outcomes of
ovarian cancer treated with taxane-based regimens. We discuss
whether the expression of g-tubulin III could be a predictive
marker for the clinical efficacy of taxane-based chemotherapy
against ovarian dlear cell adenocarcinoma.

Materials and Methods

Cells and reagents. . The human ovarian cell lines OVCAR-3 and
SKOV-3, which. expressed B-tubulins (I, II, 11, and IV), MAP4, and
stathmin, were obtained from the American Type Culture Collection.
Cells were grown in Ham’s F-12 Medium (Nissui Seiyaku Co.) with
10% fetal bovine serum (FetalClone III; Hyclone), 100 IU/mL
penicillin, and 100 pg/mL streptomycin (Life Technologies, Inc.) in a
humidified atmosphere of 5% CO, at 37°C. Paclitaxel (Taxol injection)
and cisplatin (Briplatin injéction) purchased from Bristol-Myers Squibb
were dinically used. The polyclonal antistathmin was obtained from
Calbiochem. The monoclonal class III B-tubulin antibody (clone 5G8)
was obtained from Promega. The monoclonal MAP4 antibody (clone
18) was purchased from BD Transduction Laboratories.

Silencing of B-tubulins (I, I, I, 1V), MAP4, and stathmin genes. To
reduce the expression of some genes, we used Stealth-RNAi (Invitrogen
Life: Technologies)’ to- knock - down  the -expression - of -B-tubulin I
(NM_030773_stealth_706), p-tubulin II (NM_001069_stealth_1444),
B-tubulin III (NM_006086_stealth 233), B-tubulin IV
(NM_006087_stealth_352), MAP4 (NM_002375_stealth_2042), and
stathmin (STMN1-H85142799). Subconfluent human ovarian cells
were cultured overnight in Opti-MEM [ medium_(Invitrogen Life
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Technologies) without antibiotics, then 40 nmol/L small interfering
RNA (siRNA) and Lipofectamine RNAiMax (Invitrogen) were applied
according to the manufacturer's instructions. After 32 h, cells were
detached from the culture plates and seeded into 96-well plates in F-12
medium with 10% fetal bovine serum. After a further 16-h incubation,
paclitaxel or cisplatin was applied and cells were cultured for 3 d more.
The numbers of cells were estimated by WST-8. The ICss value was
estimated from the regression line of log-logit plots of T/C (%) value
versus drug concentration. The assays were carried out in quadruplicate.

Quantitative real-time PCR, RNA was reverse-transcribed from
random hexamers using AMV reverse transcriptase’ (Promega). Real-
time quantitative PCR was done using the Real-Time PCR system 7300
(Applied Biosystemns). In brief, the PCR amplification reaction mixtures
(20 pL) contained cDNA, primer pairs, the dual-labeled fluorogenic
probe, and TagMan Universal PCR Master Mix (Applied Biosystems).
The thermal cycle conditions included maintaining the reactions at
50°C for 2 min and at 95°C for 10 min, and then alternating: for
40 cycles between 95°C for 15 s and 60°C for 1 min. The primer pairs
and probes were obtained from Applied Biosystems. The relative
gene expression for each sample was determined using the formula
2 (dehia GO 5 (Ct (GAPDH)-Ct (taget) which reflected the target gene
expression normalized to GAPDH levels.

Patients. Ninety-four patients with primary ovarian clear cell
adenocarcinoma, who. had undergone debulking surgery at Keio
University Hospital ‘from 1983 to 2005, were examined. The
histopathologic diagnoses of the all cases were confirmed according
to the most recent WHO classification (WHO 2003). Patients were
staged according to the International Federation of Obstetrics and
Gynecology (FIGO) classification (24). Forty-four patients underwent
chemotherapy using regimens containing taxanes [paclitaxel plus
carboplatin (n = 39), paclitaxel plus cisplatin (n = 3), docetaxel plus
cisplatin (n = 2); paclitaxel, 180 mg/m? body surface/day 1, docetaxel,
70 mg/m? body surface/day 1, cisplatin, 60 mg/m? body sutface/day 1,
and carboplatin, area under the curve 6/day 1]. Fifty patients received
taxane-free regimens [CAP groups (n = 36): cisplatin (60 mg/m? body
surface/day. 1), epirubicin. (50 mg/m2 body surface/day 1), and
cyclophosphamide (500 mg/m? body surface/day 1); CAP plus
fluorouracil (n = 1), CAP plus tegafur-uracil (n = 2), cisplatin plus
cyclophosphamide (n = 11)]: The doses of carboplatin were calculated
using Calvert's formula.

The effect of chemotherapy was evaluated approximately every 6 mo
by computed tomography after 6 cycles of administration: of chemo-
therapy. After chemotherapy, all patients were followed up every 2 mo
for the fiist year, every 3 to 4 mo for the next 2 y, and every 6 mo
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Fig. 1. Drug sensitivity to paclitaxel or cisplatin in human ovarian cancer cells treated with siRNA for p-tubulin isoforms, MAP4, and stathmin, 4, mRNA expression of
g-tubulin isoforms (I, i, Hil, IV), MAP4, and stathmin after treatment with respective siRNA for 48 h were determined by real-time PCR analysis. The expression of p-tubulin IV
mRNA in OVCAR-3 cells was not detected. B, cells treated with respective siRNA were seeded into 96-well plates at 2 x 10° cells/0.1 mL/well and incubated overnight.

On the following day, a 100-pL aliquot containing paclitaxel or cisplatin was added to the wells and cultured for a further 3 d. The number of viable cells was estimated

using the WST-8 assay. The assays were carried out in quadruplicate.
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Fig. 2. A and C, stage lic clear cell adenocarcinoma
of a 55-year-old woman treated with the
paclitaxel-carboplatin regimen. Cytoplasmic strong
expression of stathmin (A, >15%) and g-tubudin [
(C, score 7) can be diffusely observed in the tumor
cells, The patient currently shows no evidence of
disease 2,487 d (83 mo) after surgery..B and D,
stage lic tumor of a 56-year-old woman treated
with the paclitaxel-carboplatin regimen. A few tumor
cells (<15%) show only faint immunoreactivity for
stathmin in the cytoplasm or nuclei, which was
judged as negative (C). p-Tubulin Ilf can be
recognized in 10% of tumor cells with intermediate
intensity and was interpreted as negative (score 4,
D). This patient died of disease 447 d (15 mo)

after initial surgery.

thereafter. Clinical outcome was measured by PFS and OS. PFS was
defined as the interval from the date of first treatment (laparotomy or
the first administration of neoadjuvant chemotherapy) to the date of
the diagnosis of progression. We obtained informed consent from all
patients, and personal information was removed from all samples
before analysis.

Inmunohistochemistry. Surgically resected specimens were : fixed
with 10% formalin and embedded in paraffin. Sections 4-um: thick
on silane-coated slides were stained using the: streptavidin-biotin-
peroxidase method with a Histofine SAB-PO kit (Nichirei) according to
the manufacturer's instructions. At least one representative section
without degenerative change or necrosis was examined in each tumor.
After deparaffinization, rehydration, and inhibition of endogenous
peroxidase, sections were exposed to the primary antibodies at 4°C
overnight. The dilutions of the primary-antibody were as follows:
MAP4, 1:1500; stathmin, 1:1000; and P-tubulin I, 1:200. After
incubation of the secondary antibody and the streptavidin-biotin
complex at room temperature, the sections were then incubated in 3
3'- diaminobenzidine, counterstained with hematoxylin, and mounted.
For all antibody staining, sections were pretreated with microwave
irradiation for antigen retrieval.

Immuriohistochemical results were evaluated and scored by three
pathologists (Y. Oda, K. Taguchi, and Y. Ohishi) without knowledge of
patient clinical data. MAP4 and stathmin immunoreactivity was scored

by estimating the percentage of labeled tumor cells. When >80% of
the tumor cells showed immunoreactivity for MAP4, we judged the
case to be positive. For stathmin expression, the cutoff value was 15%,
based on a previous study (25). For class III p-tubulin expression, we
evaluated the proportion and intensity of the immunoreactive cells
following the protocol used to evaluate estrogen/progesterone receptors
in breast cancer, proposed by Allred et al. (26, 27). Cases with a total
score of =7 were regarded as positive.

Statistical analysis. Statistical analysis was conducted for OS and
PFS to examine the effects of MAP4, stathmin, and p-tubulin Il on
taxane efficacy. Product-limit estimators of survival functions were
obtained, respectively, relative to positivity and negativity of each
marker in the patients to investigate the relationship between regimens
and markers. To adjust for possible confounding factors, Cox
proportional hazards models were applied. The covariates considered
were a treatment indicator (0, taxane-free regimen; 1, taxane-based
regimen), marker (0, negative; 1, positive), their interaction, age, two
dummy variables representing FIGO stage and peritoneal cytodiagnosis
(FIGO stage I-II with peritoneal cytodiagnosis negative, FIGO stage I-II
with peritoneal cytodiagnosis positive, and FIGO stage HI-IV) and size
of residual tumor (0, <1 ¢m; 1, 21 am).

Taking into account the size of the dataset, the latter four covariates
were summarized into a propensity score (28, 29) by fitting logistic
regression models with those variables to the data. The primary interest

’ FIGO st#ge Residual tumor
I/1I (n = 67) IIX/IV (n = 27) No (n =.74) Yes (n = 20)
No. of patients (%) No. of patients (%) No. of patients (%) No. of patients (%)
MAP4 (-) 36 (54) 12 (44) 39 (53) 9 (45)
MAP4 (+) 31 (46) 15 (56) 35 (47) 11 (55)
Stathmin (-) 29 (43) 11 (41) 33 (45) 7 (35)
Stathmin (+) 38 (57) 16 (59) 41 (55) 13 (65)
p-tubulin TIT:(-) 30 (45) 11°(41) 33 (45) 8 (40)
p-tubulin ITL (+) 37 (45) 16 (59) 41/(55) 12 (60)
Clin Cancer Res 2009;15(4) February 15, 2009 1476 www.aacrjournals.org
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Fig. 3. The product-limit estimator of OS by regimens and microtubule-assaciated molecules. 4, the product-limit estimators of OS for MAP4-negaﬁve patients (left panel)
and for positive patients (right panel). B, the product-limit estimators of OS for stathmin-negative patients (feft panel) and for positive patients (right panel). C, the
product-limit estimators of OSfor B-tubulin Il negative patients (/eft panel) and for positive patients (right panef). Solid lines, survival functions of patients receiving the

taxane-based regimen; broken line, taxane-free regimen.

was the effect of the interaction between treatment and marker. With the
supposition that the effect of a taxane-based regimen for marker-negative
patients equals A and that of the taxane-free regimen for positive patients
equals B, the significance of the interaction shows that the effect of the
taxane-based regimen for the marker-positive patients is greater than
A+B (i.e, it is synergistic). Evidence of a synergistic effect indicates that
the effect of taxane is dependent on the status of the marker, showing
the marker plays an important role in the effect of taxane. The cutoff
points that determined positive and negative for each marker were
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chosen by the Akaike's information criterion so that the Cox model fitted
best to the data (30).
Results

Effects of reducing expression of 3-tubulin isoforms, MAP4, and
stathmin on drug sensitivity to paclitaxel and cisplatin in ovarian
cancer cells. We first examined whether gene silencing of
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Stathmin B-tubulin III

MAP4
os
Regression coefficient (85% CI) -0.77 (-2.50 to 0.96)
P 0.383
PFS
Regression coefficient (95% CI) -0.40 (-1.91 to 1.12)
P 0.608

~1.37 (-3.17 t0 0.43) -1.68 (-3.16 to 0.21)
0.135 0.026

-0.85 (-2.43 t0 0.72) -1.52 (-2.90 to -0.15)
0.288 0.030

Abbreviation: 95% CI, 95% confidence interval.

B-tubulin isoforms, MAP4, and stathmin could affect drug sensi-
tivity to paclitaxel and cisplatin in the cultured human ovarian
cancer cell lines SKOV-3 and OVCAR-3. Cellular mRNA expres-
sion levels of these genes in two human ovarian cancer cell lines
were all markedly down-regulated when treated with respective
siRNA (Fig. 1A). We then examined the drug sensitivities of
paclitaxel or cisplatin in ovarian cancer cells treated with siRNA
of the tubulin isoforms, MAP4, and stathmin (Fig. 1B). When
g-tubulin III or B-tubulin IV was silenced, the ICsy values of
paclitaxel increased to 16.8 nmol/L and 14.3 nmol/L, respec-
tively, from the control ICs, value of 3.9 nmol/L in SKOV-3 cells
(Fig. 1B). By contrast, down-regulation of B-tubulins I and II,
MAP4, and stathmin did not influence the sensitivity to padi-
taxel in SKOV-3 cells: Down-regulation of g-tubulins I, II, I,
and IV, MAP4, and stathmin did not influence sensitivity to
cisplatin in either cell line (Fig: 1B). Two independent experi-
ments consistently showed the acquisition of drug resistance to
paclitaxel in SKOV-3 by knockdown of g-tubulins Il and IV.
Immunohistochemistry of MAP4, stathmin, and B-tubulin III
in human ovarian clear cell adenocarcinomas. Clinical and
pathologic characteristics at diagnosis are summarized in
Supplementary Table S1. The median age of the patients was
52 years (range, 29-74 years). Sixty tumors were considered to
be stage I, 7 stage I, 20 stage I11, and 7 stage IV. Sixteen patients
who had residual tumors more than 1 cm in maximum diameter

Marker hazard Taxane-based
ratio (95% CI) therapy

Overall survival :
MAP4 0.42 (0:11-1,66) 0.91°(0.35-2.40) - - 0.383

Taxane-free P
therapy

Stathmin 0.96 (0.26-3.53) 3.78 (1.07-13.34) 0.135

p-tubulin 111 0.72 (0.22-2.44) 3.91(1.49-10.23) 0.026
Progression-free survival

MAP4 0.53(0.17 -1.69) 0.79 (0.31-2.02) 0.608

Stathmin 1.11 (0.36-3.41) 2.60 (0.85-7.96) 0.288

f-tubulin III 0.77 (0.26-2.31)  3.52(1.37-9.01) 0.030

NOTE: Age, FIGO stage, peritoneal cytodianosis, and size of
residual tumor were adjusted by the propensity scores represent-
ing the four covariates.

P values aré based on Wald tests for interaction of taxane with the

were classified into the suboptimal group, whereas 78 patients
were placed in the optimal group with a residual tumor <1 cm,
including 74 complete resections. The median follow-up for PFS
for all 94 patients was 749 days (range, 23-8,318 days), whereas
the median follow-up for OS was 995 days (range, 23-8,318
days). The median follow-up of those patients who are currently
progression-free is 2,399 days (range, 212-8,318 days).

The cytoplasmic positive expression of MAP4 was detected in
46 tumors (49%). Positive immunostaining for stathmin was
found in 54 tumors (57%), predominantly as cytoplasmic
staining (Fig. 2A). £-Tubulin III immunostaining was positive
in 53 (56%) tumors with total scores of 7 or 8 (Fig. 2C).
Positive MAP4 and B-tubulin III expression was frequent in
tumors- treated with taxane:containing regimens, compared
with tumors treated with taxane-free regimens (Supplementary
Table S1). Stathmin-positive tumors were also more frequent in
patients with the taxane-based regimen, although the difference
failed to reach statistical significance. There were no measurable
differences in immunoreactivities for these proteins with
respect to either tumor stage or residual tumor (Table 1).

Effects of B-tubulin Il expression on survival in human ovarian
clear cell adenocarcinomas. In Fig. 3A, the product-limit
estimators for OS of patients administered the taxane-free and
taxane-based regimens are shown for the MAP4-negative group
(left panel) and for the MAP4-positive group. (right panel). The
survival outcome seemed to be less favorable for the taxane-
based regimen than for the taxane-free regimen in the MAP4-
negative group, although the difference was not statistically
significant (P = 0.23); there was no difference in survival
between the two regimens in the MAP4-positive group (P =
0.38).. Paclitaxel treatment was also associated with a poorer
survival in the stathmin-negative patients (P = 0.03); there was
a trend to a better survival in the group of stathmin-positive
patients (P = 0.12), as shown in Fig. 3B.

Survival associated with paclitaxel treatment was more
evidently differential based on g-tubulin HIstatus. In the
absence of p-tubulin III expression, survival was significantly
shorter in patients with the taxane-based regimen compared
with those with the taxane-free regimen (P = 0.04), and the
opposite was the case in the presence of p-tubulin IIl expression
(P = 0.09; Fig. 3C). Table 2 gives the estimates, confidence
intervals, and P values for the hazard ratios of the interaction.
The table shows that for p-tubulin 11, P values were 0.026 for
OS and 0.030 for PFS. Thus, B-tubulin III seems to determine
the efficacy of the taxane-based regimen. Table 2 also shows
that for stathmin, P was 0.135 and the hazard ratio was 0.25

marker. "(95% confidence interval, 0.04-1.53) for OS, and 0.288 and
0.43, respectively (95% confidence interval, 0.09-2.06), for PFS.
. Clin Cancer Res 2009;15(4) February 15, 2009 1478 www.aacrjournals.org
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Thus, stathmin may also determine the efficacy of the taxane-
based regimen, but the effect was not statistically significant.
Furthermore, Table 2 shows that for MAP4, the estimated hazard
ratios were far from 1 but were not statistically significant (0.383
for OS and 0.673 for PFS).

The statistical significance of the interaction of taxane with
B-tubulin III shown in Table 2 indicates that the efficacy of
taxane depends on B-tubulin III positivity or negativity. To
interpret this interaction precisely, we give the hazard ratio of
the taxane-based regimen relative to the taxane-free regimen
separately for B-tubulin III-positive and -negative patients.
Table 3 gives the hazard ratios for patients who were positive
for B-tubulin III relative to patients who were negative; these
ratios are given separately for the taxane-based and taxane-free
regimens. The table shows that the hazard ratio for OS was 3.91
for the taxane-free regimen but was 0.72 for the taxane-based
regimen. This outcome indicates that being positive for p-
tubulin III is related to a poor prognosis in the taxane-free
regimen group, but that the taxane-based regimen may prolong
OS for patients who are p-tubulin I1I-positive.

Discussion

Class III p-tubulin overexpression has been reported to be a
marker of poor dinical outcome in patients with advanced
ovarian cancer mainly containing serous type adenocarcinoma.
With treatment using platinum/paclitaxel therapy (16), expres-
sion of dlass III B-tubulin also predicts response and outcome in
patients with non-small cell lung cancer and in those with
breast cancer who are treated with taxane-based chemotherapy
(31, 32). In this study, we investigated which targets could be
responsible for the therapeutic efficacy of taxane-based chemo-
therapy against ovarian clear cell adenocarcinoma patients
when treated: with: either cisplatin/cyclophosphamide. or cis-
platin/taxane. Immunohistochemical staining was done for the
surgically resected specimens using antibodies against class III -
tubulin, MAP4, and stathmin. Of these three targeting mole-
cules, expression of class III p-tubulin was significantly
associated with therapeutic efficacy of taxane-based chemother-
apy, but not with taxane-free chemotherapy. Moreover, our
present study showed that increased expression of class III B-
tubulin significantly affected outcome for patients with ovarian
clear cell adenocarcinoma in the taxane-treated patient group.

Our present finding is not consistent with those of previous
studies identifying a close association of class I B-tubulin
overexpression with poor therapeutic efficacy of taxane-based
chemotherapy against ovarian cancers, including most non-
clear cell adenocarcinomas (14~16). Of B-tubulin isoforms,
microtubules containing tubulin III or IV were more dynamic
and less stable than microtubules containing other tubulin
types (13, 33), suggesting that cellular expression of B-tubulin
isotype II or IV plays a critical role in drug sensitivity to
paclitaxel in vitro. Paclitaxel-selected drug-resistant cancer cell
lines derived from human lung, breast, pancreas, and prostate
cancers and glioblastoma often exhibit enhanced expression of
f-tubulin III (34). Kavallaris et al. have previously reported
increased mRNA expression of B-tubulins III and IV in taxane-
treated ovarian tumor samples as compared with primary
untreated ovarian tumors (35). However, Nicolletti et al. have
reported no correlation between tubulin expression and
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paclitaxel sensitivity in mouse xenografts of human ovarian
carcinomas (36).

In our present study, knockdown of class IIl and IV B-tubulin
genes but not of other tubulin isoforms specifically decreased
drug sensitivity to paclitaxel in one ovarian cancer cell line,
indicating the possible involvement of these tubulin isoforms
in the dynamics of microtubules. At present, it remains unclear
why decreased expression of type IlI p-tubulin differentially
modulates drug sensitivity to paclitaxel among various cancer
cell lines in vitro, and this finding requires further study. A
complex network system among microtubule-related factors,
including tubulin isoforms, operates in limiting drug sensitivity
to taxanes; however, the results of our present study together
with those of previous reports could present a novel notion that
expression levels of class [l p-tubulin might thus predict the
therapeutic efficacy of taxane-based therapy. This effect would
depend on differences in pathologic subtype between serous
adenocarcinoma and clear cell adenocarcinoma.

We also found that OS of patients with lower expression
of MAP4, stathmin, and p-tubulin indicated better therapeutic
efficacy with non ~taxane-based chemotherapy compared with
taxane-based treatment. In patients with higher expression of
stathmin and MAP4, these relationships were reversed but not
statistically significant. Although these appeared during follow-
up periods of the taxane-based therapy group for as long as
3,000 days, low expression of these three targeting molecules
might predict poor prognosis for patients with ovarian clear cell
adenocarcinoma.

Altered - expression of proteins that regulate microtubule
dynamics also mediates paclitaxel resistance in cancer cells
in vitro through interaction with tubulin dimers or polymeriz-
ing microtubules. These proteins include stathmin, a microtu-
bule destabilizer, and MAP4, a microtubule stabilizer (34).
Altered expression of stathmin (5, 6) and MAP-4 (37) induces
marked changes in drug sensitivity of cancer cells to taxanes.
Further study is required to' understand whether the above
mechanisms in vitro underlie the poor therapeutic efficacy of
taxane-based chemotherapy for patients with low expression of
stathmin and MAP4, as well as p-tubulin. On the other hand,
increased expression of stathmin also was associated (but not
significantly) with an improved therapeutic efficacy of taxane-
based chemotherapy in comparison with that of taxane-free
therapy. Further study with a larger number of patients as well
as longer follow-up periods may predict whether stathmin can
be a marker for therapeutic efficacy of taxane-based therapy
against ovarian clear cell adenocarcinoma.

In conclusion, our present study showed that overexpression
of type III 8-tubulin was a predictive marker of better prognosis
for patients with ovarian clear cell adenocarcinoma when they
are treated with taxane-based chemotherapy. This finding is not
consistent with those involving patients with other serous type
carcinoma treated by taxane-based chemotherapy, suggesting
that association of R-tubulin expression with therapeutic
efficacy by taxane-based chemotherapy depends on the
pathologic characteristics of ovarian cancer.
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The close association of inflammation, angiogenesis and cancer progression is now highlighted, and in this
study we especially focused on a close association of inflammation and lymphangiogenesis. We found that
proinflammatory cytokine, interleukin-=1 (IL-1B), could induce lymphangiogenesis in mouse cornea through
enhanced production of potent lymphangiogenic-factors, VEGF-A, VEGF-C and VEGF-D. IL-1B-induced
lymphangiogenesis, but not angiogenesis, was inhibited by administration of a selective anti-VEGF receptor-3

{f’; words: (VEGFR-3) neutralizing antibody. And in mouse cornea we observed recruitment of monocyte/macrophages
Ly'mi hangiogenesis and neutrophils by IL-1 implanted cornea. Depletion of macrophages by a bisphosphonate encapsulated in
Inflammation liposomes inhibited this IL-1B-induced lymphangiogenesis and also up-regulation of VEGF-A, VEGF-C, and
VEGF-C VEGF-D. Furthermore, IL-18-induced lymphangiogenesis and angiogenesis were suppressed by NF-xB inhibi-
VEGF-D tion with marked suppression of VEGF-A, VEGF-C, and VEGF-D expression.

VEGFR-3 © 2008 Elsevier Inc. All rights reserved.
Macrophage

Recently great progress has been made in understanding
the mechanisms of lymphangiogenesis as a direct result of the
discovery of a number of specific factors. with essential roles in
embryonic and postnatal lymphangiogenesis as well as patholog-
ical lymphangiogenesis. These lymphangiogenesis-related factors
include prospero-related homeobox 1 {Prox-1), vascular endothe-
lial growth factor C (VEGF-C), VEGF-D, vascular endothelial growth
factor receptor-3 (VEGFR-3), lymphatic vessel endothelial hyalu-
ronan receptor 1 (LYVE-1), podoplanin [1} and others. Of these,
VEGF-C and VEGF-D are known to act as potent lymphangiogenesis
factors by binding to their receptors, VEGFR-2 and VEGFR-3, both
of which are expressed on LECs. Two other growth factors, VEGF-A
and FGF-2, which are known to be potent angiogenic factors,
also promote lymphangiogenesis [2,3]. FGF-2 has been shown to
induce lymphangiogenesis in the mouse cornea via two pathways:
first, by direct interaction with its cognate receptors on LECs; and
second, by indirect activation of VEGF-C/VEGFR-3 signaling [4,5].
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The development of novel lymphatic vessels is therefore regulated
both by some factors that are common to angiogenesis, and by
some factors that are specific for lymphangiogenesis.

The lymphatic vasculature plays an important role in the
pathogenesis of human diseases such as cancer, lymphadenoma,
and inflammatory disorders [1]. In particular, the development
of novel lymphatic vessels js dependent upon Prox-1, VEGF-C,
and VEGF-D expression and is closely associated with tumor
metastasis [6]: Proinflammatory cytokines often enhance the
expression of VEGF-C [7] as well as VEGF-A [8,9] during inflam-
mation, and constitutively activate the transcription factor which
typifies inflammation, nuclear factor-xB (NF-xB) [10]. Cursiefen et
al. reported that VEGF-A-mediated lymphangiogenesis in inflamed
corneas could be attributable to the recruitment of macrophages
which produce VEGF-C and VEGF-D [2]. A study by Hamrah et al.
showed that the expression of VEGF-C and its receptor VEGFR-3 is
up-regulated in corneal dendritic cells after cauterization of the
corneal surface in mice [11]. In'mouse models of chronic respi-
ratory tract inflammation, the growth of lymphatic vessels was
found to be dependent upon VEGFR-3 signaling, but the growth
of blood vessels was not [12]. In addition, dendritic cells, macro-
phages, neutrophils, and epithelial cells in the respiratory tract
have been shown fo express the VEGFR-3 ligands, VEGF-C and
VEGF-D, which evoke lymphangiogenesis without hemangiogen-
esis [12]. These studies strongly suggest a relationship between
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lymphangiogenesis and the recruitment of leucocytes such as
monocytes/macrophages and dendritic cells of monocytic lineage,
to the cornea and other tissues undergoing inflammation.
Interleukin-1p (IL-1B) is a proinflammatory cytokine, and is
the prototypical multifunctional cytokine that affects most cell
types, often in accordance with other cytokines and low-molecular
weight mediators [13}. IL-1p is present in the circulation of patients
with a variety of diseases that involve infectious or inflammatory
responses [14]. IL-1f and related inflammatory mediators enhance
the expression of potent angiogenic factors such as interleukin-8
(IL-8) and VEGF-A resulting in the promotion of angiogenesis by
both autocrine and paracrine mechanisms {8,9,15}. We previously
reported that IL-1B could induce angiogenesis by enhancing the
expression of prostanoids, CXC chemokines including IL-8, and
VEGF-A, in the mouse cornea and in the tumor xenograft model of
experimental angiogenesis [16,17]. Nakao and colleagues [18] have
demonstrated that IL-1B-induced angiogenesis in mouse corneas
is blocked by dexamethasone through its attenuation of NF-xB
activating signaling. Ristimaki et al. have reported that IL-1f can
also increase the expression of VEGF-C in human lung fibroblasts
[7]. Although inflammation induced by corneal injury stimulates
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lymphangiogenesis [2,11,19], it remains unclear whether IL-18
itself can induce lymphangiogenesis.

In the present study, we examined the mechanism underlying
the inflammatory cytokine IL-1B-induced lymphangiogenesis in
mouse cornea. In addition, we considered the possible involve~
ment of activated monocytes and macrophages in lymphangiogen-
esis in the response to inflammatory stimuli in corneas.

Materials and methods

Animals. All of the animal experiments were approved by the
Commiittee on the Ethics of Animal Experiments at the Kyushu
University, Japan. The male C57BL/6 mice, aged 6-10 weeks, were
purchased from Kyudo (Saga, Japan). .

Cells and reagents. Recombinant human IL-18 and FGF-2 were
purchased from R&D Systems (Minneapolis, MN). Phosphatidyl-
choline, cholesterol, clodronate, and anti-a-SMA were purchased
from Sigma-Aldrich (St Louis, MO). The NF-«xB inhibitor SN50
was purchased from Biomol International (Plymouth Meeting,
PA). Lymphatic endothelial cells (LECs) were purchased from
Lonza Biologics Inc. (Portsmouth, NH) and cultured according to
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Fig. 1. Effect of IL-1P on corneal angiogenesis and lymphangiogenesis in mice. (A} Corneal neovascularization stimulated by implanted Hydron pellets (P) with or without
50ng IL-1B was photographed 14 day later, in the region around the implants. {B) Whole corneal mount immunostained for LYVE-1 (green) and CD31 (red). (C) Immuno-
staining of LYVE-1 (green), CD31 (red), and DAPI (blue) in corneas treated with 50 ng IL-1f for 14 days. Quantification of lymiphatic vessels in the corneas of mice treated with
1L-1p and FGF-2. The number of lymphatic vessels was determined by scoring LYVE-1* vessels. The data represent the meansSD, ‘Significant difference (P<0.01).(D) Effect
of VEGF-A, VEGF-C, VEGF-D, FGF-2, or IL-1f on LEC proliferation. The data represent the means +SDs of triplicate dishes.
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the manufacture’s instructions. Anti-podoplanin was purchased
from Angiobio (Del Mar, CA). PE-conjugated anti-mouse CD31
(PECAM-1) Ab was from BD Bioscience (San Jose, CA). Anti-F4/80
was from Serotec (Atlanta, GA). Anti-Gr-1 Ab was from Cayman
Chemical Co. (Ann Arbor, MI),

Proliferation assay by LEC. The LECs were suspended in Eagle's
basal medium 2 supplemented with 2% fetal bovine serum (FBS)
and growth factors. After 2.5 x 10%cells were seeded in 24-well
plates (IWAKI, Tokyo, Japan) and incubated for 24h at 37°C, the
medium was changed to Eagle’s basal medium 2 containing 0.5%
FBS with VEGF-A, VEGF-C, FGF-2, or IL-18 in each well. After 48h
incubation, cell number in each well was counted.

Corneal micropocket assay in mice. A corneal micropocket assay
was used to quantify corneal neovascularization in response to
0.3 uL Hydron pellets (IFN Sciences, NJ) containing 50 ng human
IL-18 or human FGF-2, together with 500ng rat anti-mouse
VEGFR-3 antibody [20] in some cases, which were implanted
in the corneas of the mice. The pellets were positioned 1mm
away from the corneal limbus. After 14 days, the corneal ves-
sels were photographed and recorded using Viewfinder 3.0 (Pix-
era) with standardized illumination and contrast, and were then
saved to disk. Liposome-encapsulated clodronate (Cl,MDP-LIPs)

>
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was prepared as described previously [17]. CI;MDP-LIPs (200 pL)
were injected intravenously and 10 uL Cl;MDP-LIPs were injected
subconjunctivally every other day. As a control, the same doses of
PBS-LIPs were administered through the dual routs every other
day. On the other hand, to examine the effect of a NF-xB inhi-
bition using of NF-xB inhibitor, SN50 (25 pg/uL, 3 uL eye drops)
were applied topically to IL-1p implanted eyes twice a day from
day —1 to day 13. The quantitative analysis of neovascularization
in the mouse corneas was performed using the National Insti-
tutes of Health image software package. Immunochistochemi-
cal staining and quantitative real-time PCR were performed as
described previously [17].

Double-labeling whole mounts for LYVE-1 and CD31. The mouse
eyes were enucleated on day 6 or 14 after implanting pellets
containing IL-18 or FGF-2. The corneal tissue was dissected, fixed
in cold 4% PFA for 1h, and digested with 20 pg/mL proteinase K
at 4°C for overnight. The whole mounts were immunostained
with a mixture of anti- LYVE-1 polyclonal Ab [21] and anti-CD31,
followed by biotinylated anti-rabbit IgG (Vector Laboratories), as
a secondary Ab, overnight at 4°C. The Blood and lymphatic ves-
sels were examined, and photographed under a Zeiss confocal
microscope.

IL-18  IL-1
+ +

lgG o-R3

Fig. 2. Expression of VEGF family proteins and effect of neutralizing VEGFR-3 Ab on IL-1B-induced lymphangiogenésis. (A) Expression of VEGF-A, VEGF-C, VEGF-D, and
FGF-2 in IL-1p-treated mouse corneas, The results shown were normalized to GAPDH mRNA levels and to corneal mRNA levels for each factor on day O (untreated control).
Each value is the mean of six mice, and each mRNA level was within 5% of the mean value. (B) Hydron pellets containing 50ng IL-18 with anti-VEGFR-3 Ab of conitrol IgG Ab
was implanted into the corneas of mice. After 14 days, frozen section of vessels were immunostained for LYVE-1 (green), CD31 (red), and DAPI {blue). (C) Quantification of
lymphatic vessels and blood vessels by scoring LYVE-1* and CD31* vessels, respectively. All results are the means with the SDs (n=5). "Significant difference (P<0.05).
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Results and discussion

IL-1p induces lymphangiogenesis as well as angiogenesis in mouse
corneas, and the effect of VEGF-A, VEGF-C, FGF-2, and IL-1§ on cell
proliferation by LECs

In this study, we examined whether IL-18 could also induce
lymphangiogenesis. The implantation of pellets containing 50ng
IL-1B induced neovascularization in the corneas of mice (Fig. 1A).
Immunostaining whole mounts revealed the development of both
LYVE-1* lymphatic vessels and CD31* blood vessels on day 14 after
the implantation of pellets containing 50 ng IL-18 (Fig. 1B). Immu-
nostaining of the corneal sections revealed the formation of both
new lymphatic vessels and blood vessels (Fig. 1C). Quantification of
the extent of lymphangiogenesis showed that 50ng IL-18 induced
new lymphatic vessels, and these numbers were comparable to
those induced by 100 ng FGF-2 (Fig. 1C). By contrast, 10ngIL-1B or

. 200ng VEGF-A induced much less lymphatic vessels in the cornea

(data not shown). These LYVE-1* vessels did not contain blood
cells and did not express 0-SMA, and most of these LYVE-1* vessels
were also found to be positive for podoplanin, another lymphatic
vessel specific marker (data not shown). We also observed LYVE-1*
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vessels in FGF-2-implanted corneas (Fig. 1C). We next examined
whether IL-1B could directly stimulate angiogenic activity by look-
ing its effects on proliferation and migration of LECs in vitro. LEC
proliferation in culture was increased in response to exogenous
VEGE-A, VEGF-C, and FGF-2, but was not affected by various doses
of IL-1p (Fig. 1D). IL-1P at dose of 1 ng/mL was found to inhibit LEC
proliferation (Fig. 1D), and IL-1B did not stimulate cell migration
(data not shown).

Increased expression of VEGF family proteins in IL-1f-treated mouse
corneas and inhibition of IL-18-induced lymphangiogenesis by
anti-VEGFR-3 antibody

We next examined the effect of IL-1J on the expression of the
lymphangiogenesis-related factors VEGF-C, VEGF-D, and FGF-2,
and the potent angiogenic factor, VEGF-A, in mouse cornea on day
0, 2, 4, 6, and 10. The VEGF-A, VEGF-C, and VEGF-D mRNA levels
were increased with the time after IL-1f implantation in mice (Fig.
2A). The VEGF-A mRNA levels were markedly elevated on day 4 and
followed a marked increase of VEGF-C and VEGF-D mRNA levels on
day 6 and 10. VEGF-C and VEGF-D mediate their potent lymphan-
giogenic effects through their receptor, VEGFR-3, and neutralizing

IiL-13+PBS-LIP IL-18+CLMDP-LIP

mRNA expression
000 o -
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Fig. 3. Effect of macrophage depletion on IL-1B-induced lymphangiogenesis and mRNA expression of VEGF-A, VEGF-C, and VEGF-D. (A) Hydron peilets with or without 50ng
IL-1B were implanted into the corneas, and after 14 days, corneas were immunostained for mionocyte/macrophages (F4/80, green), and neutrophils (Gr-1, red). (B) Hydron
pellets (P) containing 50ng IL-1p were implanted into the corneas of mice with or without administration of CLLMDP-LIP. After 14 days, vessels in the region of the pellet
implants were immunostained for LYVE-1 (gréen), CD31 (red), DAPI (blue), and F4/80 (green). (C) Expression of VEGF-A, VEGFE-C, and VEGF-D mRNAs in control and Cl,MDP-
LiP-treated corneas. Expression of VEGF family mRNAs was determined by quantitative RT-PCR. ‘Significant difference (P<0.01).
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anti-VEGFR-3 Ab has been shown to selectively inhibit VEGF-C-
induced lymphangiogenesis [22,23). Treatment with anti-VEGFR-3
Ab (0-R3) had no apparent effect on IL-1B-induced angiogenesis,
but inhibited the IL-1f-induced formation of LYVE-1* lymphatic
vessels (Fig. 2B). Quantitative analysis demonstrated a significant
(P<0.05) reduction in IL-1B-induced lymphangiogenesis by the
o-R3 Ab (Fig. 2C). By contrast, a-R3 Ab did not affect the IL-1p-
induced formation of CD31* vascular endothelial cells.

Effect of macrophage depletion on IL-18-induced lymphangiogenesis
and production of lymphangiogenic factors in vivo

Immunohistochemical analysis with the neutrophil-specific
anti-Gr-1Ab and the macrophage-specific anti-F4/80 Ab revealed
the infiltration of these inflammatory cells in IL-1B-induced
lymphatic vessels and blood vessels in the cornea (Fig. 3A). We
previously reported that IL-1p-induced angiogenesis in the mouse
cornea was markedly suppressed when the macrophages in cor-
neas and blood were depleted to 10-20% of the normal number by
administration of Cl;MDP-LIP via intravenous and subconjunctive
injections [17]. Administration of Cl,MDP-LIP markedly reduced
the number of F4/80" macrophages in the cornea and also mark-
edly inhibited angiogenesis (CD31* cells) and lymphangiogenesis
(LYVE-1¥ cells) induced by IL-1B (Fig. 3B). Quantitative analysis
demonstrated that mRNA levels of VEGF-A, VEGF-C, and VEGF-D
in cornea were reduced by 50% or more in IL-1B-implanted mice
only when the macrophages was depleted by Cl,MDP-LIP (Fig. 3C).

A IL-1B (50 ng)
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Taken together, macrophage depletion also affected the expression
of VEGF-C, VEGF-D, and VEGF-A mRNA expression as well as lym-
phangiogenesis in IL-1B-treated corneas.

Effect of NF-B inhibition on IL-18-induced lymphangiogenesis and
production of lymphangiogenic factors in vivo

To examine the role of NF-«xB in the IL-1B-induced lymphan-
giogenesis and angiogenesis in the mouse corneas, we exam-
ined the effect of selective NF-xB inhibitor peptide, SN50. Typ-
ical examples of immunostaining whole mounts showed both
LYVE-1* lymphatic vessels and €D31* blood vessels on day 14
after IL-1p implantation with or without SN50 (Fig. 4A). Quan-
titative analysis resulted in significant reduction of both angi-
ogenesis and lymphangiogenesis by SN50 treatment in com-
parison with the untreated control group (Fig. 4B). Expression
of VEGF-C and VEGF-D was markedly reduced to 20% or less
in IL-18-treated mice by SN50 as compared with control mice
when those of VEGF-A mRNAs were reduced to about 50% (Fig.
4C). NF-xB activation thus might play a key role in the inflam-
matory cytokine-induced lymphangiogenesis and production of
potent lymphangiogenic factors.

The activation of VEGFR-3 by its cognate ligands such as
VEGF-C and VEGF-D has been reported to induce proliferation and
migration by LEC [22]. Our in vitro study indicated that VEGF-A,
VEGF-C, and FGF-2 stimulated proliferation and migration by LEC,
but that IL-1f itself had no stimulatory effect on proliferation and
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migration. Furthermore, IL-1B-induced lymphangiogenesis was
inhibited by simultaneous treatment with anti-VEGFR-3 Ab. IL-18
stimulated the expression of VEGF-A, VEGF-C, and VEGF-D, but not
FGF-2, in cornea. As the interaction of VEGF-C and VEGF-D with
VEGFR-3 selectively activates pro-lymphangiogenic signaling [1,6],
IL-1B-induced lymphangiogenesis appears to be attributable to
an indirect paracrine mechanism acting through VEGF-C/VEGF-
D/VEGFR-3 signaling, rather than by a direct interaction with the
IL-1P receptor.

[L~1B-induced inflammatory angiogenesis in mouse cor-
neas was markedly blocked by a potent anti-inflammatory drug
dexamethasone [18]. Dexamethasone inhibited NF-kB activation
in corneal stromal cells, and treatment with a NF-«B inhibitory
peptide SN50 markedly blocked the IL-1p-induced angiogen-
esis, suggesting NF-kB activating signaling was at least in part
involved in the inflammatory cytokine-induced angiogenesis in
corneas [18)]. Consistent with this study, topical administration
of SN50 blocked IL-1B-induced angiogenesis in corneas. Further-
more, administration of SN50 resulted in marked inhibition of
both IL-1B-induced lymphangiogenesis and production of VEGF-C,
VEGEF-D, and VEGF-A (Fig. 4). Treatment of macrophages with IL-1
in vitro also enhanced production of VEGF-A and VEGF-D, and that
this IL-1B-induced production of VEGF-A was blocked by a NF-«xB
inhibitor in vitro [24]. IL-1B-induced lymphangiogenesis as well
as angiogenesis thus might be in part mediated by VEGF family
proteins through activation of NF-«B, and favorably through NF-xB
activated macrophages in corneal stroma.

In our present study, we have presented evidence that IL-1B can
induce lymphangiogenesis in the mouse cornea, and that this activ-
ity is mediated by the up-regulation of potent lymphangiogenic
factors VEGF-C, VEGF-D, and VEGF-A, together with recruitment
and activation of macrophages in response to the inflamma-
tory stimuli. IL-1p also induces angiogenesis in both corneas and
tumors in mice, dependent on infiltrating macrophages through
enhanced production of VEGF family proteins, IL-8 and matrix
metalloproteases [13]. Taken together, the inflammatory cytokine
IL-1B could induce not only angiogenesis but also lymphangiogen-
esis, supporting the idea of close link between inflammation and
lymphangiogenesis as well as angiogenesis [13]. Macrophages play
a key role in the IL-1p-induced lymphangiogenesis; and both mac-
rophages and NF-xB pathway could be potent targets to develop
drugs to control the inflammatory lymphangiogenesis in cancer.
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Abstract

5-Fluorouracil (5-FU) is one of the most commonly used
anticancer drugs in chemotherapy against various solid
tumors. 5-FU dose-dependently increased the expression levels
of intrinsic antiangiogenic factor thrombospondin-1 (TSP-1)
in human colon carcinoma KM12C cells and human breast
cancer MCF7 cells. We investigated the molecular basis for the
induction of TSP-1 by 5-FU in KM12C cells. Promoter assays
showed that the region with the Egr-1 binding site is critical
for the induction of TSP-1 promoter activity by 5-FU. The
binding of Egr-1 to the TSP-1 promoter was increased in
KMI2C cells treated with 5-FU. Immunofluorescence staining
revealed that 5-FU significantly increased the level of Egr-1 in
the nuclei of KM12C cells. The suppression of Egr-1 expression
by small interfering RNA decreased the expression level of
TSP-1. Furthermore, 5-FU induced the phosphorylation of p38
mitogen-activated protein kinase (MAPK) and heat shock
protein 27 (HSP27). Blockade of the p38 MAPK pathway by
$B203580 remarkably inhibited the phosphorylation of HSP27
induced by 5-FU and decreased the induction of Egr-1 and
78P-1 by 5-FU in KM12C cells. These findings suggest that the
p38 MAPK pathway plays a crucial role in the induction of
Egr-1 by 5-FU and that induced Egr-1 augments TSP-1
promoter activity, with the subsequent production of TSP-1
mRNA and protein. [Cancer Res 2008;68(17):7035~41]}

Introduction

5-Fluorouracil (5-FU) is a commonly used anticancer drug in
chemotherapy against various. solid tumors (1). Recent. clinical
studies -have shown-that UFT (a prodrug of. 5-FU;: Tegafur,
combined: with- uracil in- a1:4° molar: ratio) is. an active: oral
chemotherapeutic agent in postoperative adjuvant settings for
completely resected early-stage lung, gastric, colorectal, and breast
cancer that does niot exhibit any remarkable toxicity (2). UFT can
achieve a higher maximum plasma 5-FU level for a longer period
by inhibiting 5-FU degradation, thereby enhancing its antitumor

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerzes.aacrjournals.org/).
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effect (3). Angiogenesis is an important therapeutic target for a
variety of malignant tumors. UFT-containing long-term chemo-
therapy significantly improved patient survival (4). The antiangio-
genic effect of UFT might contribute, at least in part, to its clinical
efficacy.. Recently, we examined the antitumor and antiangio-
genesis activities of the 5-FU-based drug, S-1 (1 mol/L teagaful,
0.4 mol/L 5-chloro-2,4-dihydroxypyridine, and 1mol/L potassium
oxonate), at a sub—maximum tolerated dose (sub-MTD) on human
colorectal cancer xenografts. The up-regulation of thrombospon-
din-1 (TSP-1), as well as down-regulation of microvessel
formation, has been shown (5). However, the molecular basis for
the suppression of ‘angiogenesis by 5-FU has not been fully
elucidated (6).

TSP-1 has been shown to inhibit angiogenesis by inhibiting
endothelial cell migration, inducing endothelial cell apoptosis,
directly interacting with vascular endothelial growth factor (VEGF),
and inhibiting matrix metalloproteinase-9 activation (7). In
addition, TSP-1 may inhibit angiogenesis by decreasing the level
of circulating endothelial  cell progenitors (8). However; the
molecular basis for TSP-1 induction by 5-FU and other anticancer
agents is unknown (9).

In: the present study; we found that 5-FU induced TSP-1 in
human colon carcinoma KM12C cells.'A transcription factor, Egr-1,
was also induced. by 5-FU and bound fo the promoter of TSP-1,
enhancing - its' transcription” and the" subsequent production of
TSP-1. protein. Moreover, we present the evidence that p38
mitogen-activated protein kinase (MAPK) plays an important role
in 5-FU-induced Egr-1 transactivation.

Materials and Methods

Reagents and antibodies. 5-FU was provided by Tatho Pharmaceutical
Co., Ltd. SB2003580 was obtained from Calbiochem. An antibody against
Egr-1 was purchased from Santa Cruz Biotechnology. Mouse monoclonal
antibodies against «-tubulin and TSP-1 were purchased from Oncogene and
NeoMarkers, respectively. Anti-heat shock protein 27 (HSP27) G31
monoclonal and anti-phosphorylated HSP27 antibodies were obtained
from Cell Signaling Technology.

Cell lines and cell cultures. KM12C human colon cancer cells were
provided by Dr. Kiyoshi. Morikawa (Iwamizawa Worker's Compensation
Hospital), LOVO human colon cancer cells were purchased from Dainippon
Seiyaku Co., Ltd, and MCF7 breast cancer cells were obtained from
National Cancer Institute. The cells were grown in RPMI 1640 containing
10% heat-inactivated fetal bovine serum.

RNA isolation and cDNA synthesis. KM12C cells were treated with
various concentrations of 5-FU for various periods, as described. The total
RNA from the cultured cells were isolated using TRIzol (Invitrogen),
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