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Aim: Tumor necrosis factor receptor 1 (TNFR1) participates importantly in arterial inflammation in
genetically altered mice; however it remains undetermined whether a selective TNFR1 antagonist
inhibits arterial inflammation and intimal hyperplasia. This study aimed to determine the effect and
mechanism of a novel TNFR1 antagonist in the suppression of arterial inflammation.

Methods: We investigated intimal hyperplasia in IL-1 receptor antagonist-deficient mice two weeks
after inducing femoral artery injury in an external vascular cuff model. All mice received intraperito-
neal injections of TNFR1 antagonist (PEG-R1antTNF) or normal saline twice daily for 14 days.
Results: PEG-R1antTNF treatment yielded no adverse systemic effects, and we observed no signifi-
cant differences in serum cholesterol or blood pressure in either group; however, selective PEG-
R1antTNF treatment significantly reduced intimal hyperplasia (19,671+4,274 vs. 11,440 %3,292
pm?% p=0.001) and the intima/media ratio (1.86+0.43 vs. 1.34+0.36; p=0.029), compared with
saline injection. Immunostaining revealed that PEG-R1antTNF inhibits Nuclear factor-«B (NF-«B),
suppressing smooth muscle cell (SMC) proliferation and decreasing chemokine and adhesion mole-
cule expression, and thus decreasing intimal hyperplasia and inflammation.

Conclusions: Our data suggest that PEG-R1antTNF suppresses SMC proliferation and inflamma-
tion by inhibiting NF-«B. This study highlights the potential therapeutic benefit of selective
TNFR1 antagonist therapy in preventing intimal hyperplasia and arterial inflammation.
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Introduction

Tumor necrosis factor-a (TNF-a) possesses
important proinflammatory properties that participate
crucially in innate and adaptive immunity”. Due to
its numerous effects on different cell types (e.g., mac-
rophages, endothelial cells, and smooth muscle cells
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(SMCs)), TNF-a might contribute to arterial inflam-
mation and intimal hyperplasia, including the induc-
tion of adhesion molecule expression of cell migration
and proliferation®?.

TNF-a elicits responses through two receptors,
TNF receptor 1 (TNFR1) and TNF-o receptor 2
(TNFR2). TNFR1 activates the majority of biological
responses?. TNFR2 is mainly expressed in cells associ-
ated with the immune response, and TNFR2 signaling
plays an important role in the biophylactic system?.
Several previous studies have examined the effect of
TNFR1 signaling on vascular physiology using
TNFR1-deficient mice. Schreyer ez 4/. demonstrated
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an anti-atherogenic effect of TNFRI signaling®. In
another study, TNFR1 did not affect atherosclerosis in
Apo E-deficient mice”. Conversely, Zhang ez a/. dem-
onstrated that TNFR1 expression in the arterial wall
contributed substantially to atherosclerosis in an arte-
rial grafting model using TNFRI1-deficient mice®.
Furthermore, they demonstrated that TNF signaling
via TNFR2 attenuated neointimal hyperplasia by
reducing adhesion molecule expression and endothe-
lial cell apoptosis in an arterial grafting model using
TNFR2-deficient mice”. Xanthoulea er 4/. showed
that atherosclerotic plaques are smaller in LDL recep-
tor-deficient mice carrying TNFR1-deficient bone
marrow compared to controls'”. Taken together, these
studies suggest that the role of TNF-a, TNFR1 and
TNFR2 in vascular inflaimmation remains incom-
pletely understood. As referred to above, several
reports using genetically-altered mice suggested that
TNFR1-specific blocking therapy may be the optimal
therapy for arterial inflammation; however, no current
data show that blocking with a TNFRI1 antagonist
contributes to the inhibition of arterial inflammation
and atherogenesis. We therefore attempted to reveal
the roles of these two TNF receptor subtypes in arte-
rial inflammation in vitro and in vivo using a TNFR1
antagonist.

Recently, two types of TNF blocker, infliximab
(chimeric TNF-a monoclonal antibody) and etaner-
cept (soluble TNF receptor), have become available
for the treatment of rheumatoid arthritis, and have
proven to be efficacious. Previous reports showed that
anti-TNF therapy improved endothelial function and
decreased cardiovascular events associated with sys-
temic inflammation of rheumaroid arthritis'"'?, but
the therapy has its downsides. Inhibition of TNF-a
function by anti-TNF therapy increases the chance of
infection'®, whereas TNFR1-specific blocking therapy
(inhibiting only TNFRI signal, but not TNFR2 sig-
nal) has the potential to inhibit inflammation and off-
set the side effects of conventional TNF blockers.

More recently, our colleagues produced a novel
TNFRI1-selective antagonistic mutant TNF-a
(R1antTNF) using phage display'”, and also devel-
oped PEGylated RlantTNF (PEG-R1lantTNF), an
agent that further enhances potential anti-inflamma-
tory activity'® 7). The aim of the present study, there-
fore, was to clarify the effect of this novel TNFR1
antagonist on arterial inflammation and intimal

hyperplasia.

Materials and Methods

Novel Tumor Necrosis Factor-a Receptor 1
Antagonist; R1antTNF and PEG-R1antTNF

Our colleagues developed R1antTNF and PEG-
R1antTNF for use with a phage-display system.
Briefly, they constructed a phage library that displays
structural variants of human TNE in which random
amino acid sequences replace the 6 residues (amino
acids 84-89) that are likely present in the TNF recep-
tor-binding site from the crystal structure of the LT-
a-TNFR1 complex. This phage library consisted of 1
%107 independent recombinant clones. The phage
selection that displays structural TNF variants (Pan-
ning) yielded the structural TNF variant R1antTNF
with selectively high affinity for TNFR1 and inhibi-
tion of TNFR1 signaling. Compared with wild-type
TNE-a, R1antTNF has superior affinity for TNFRI,
but only one fifty-thousandth of affinity for TNFR2.
PEG-Rl1antTNF is PEGylated RlantTNE which
PEG (polyethylene glycol; average molecular weigh
5,000) binds to N-terminal site of Rl1antTNE thus
improving circulatory retention >,

To compare in vivo stability, we injected mice
intraperitoneally with PEG-Rl1antTNF and
R1antTNE and measured serum levels at the indi-
cated time points. In the RlantTNF group, serum
concentration almost attained the limit of detection
12 h post-injection. In contrast, the retention time of
PEG-R1antTNF in the circulation was considerably
longer than R1antTNF'7.

Cell Culture

We purchased human umbilical vein endothelial
cells (HUVECs) and human aortic smooth muscle
cells (HASMCs) (Kurabo). After culturing HUVECs
in HuMedia-EG2 and HASMCs in HuMedia-SG2
(Kurabo) with growth factor, fourth and seventh pas-
sage cells, respectively, were used for our experiment.
HUVECs and HASMCs were cultured to confluence.
After washing the dishes, HUVECs and HASMCs
were cultured with 1 ng/mL human recombinant
TNEF-a (R&D systems) and 1 pg/mL RlantTNF for
5, 10, 30, 60 and 120min. The cells were lysed with
Lysis Buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM
EDTA, 1% TritonX-100, 50 mM NaF 30 mM
NasO7P2, 1 mM NasVOy, protease inhibitor) and used
for Western blotting.

SDS-PAGE and Western Blotting

Cell lysate and 2x protein sample buffer for
SDS-PAGE (BIO-RAD) were mixed equally, and then
2-mercaptethanol was added at a final concentration
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of 5%. After incubation at 100°C for 10min, these
samples were separated by 10-20% SDS-PAGE and
transferred to a polyvinylidene difluoride (PVDEF)
membrane (Hoefer). The membrane was incubated
with rabbit anti-phospho-nuclear factor-kappa B
(pNF-«B) (Cell Signaling) diluted 1:1000, rabbit anti-
phospho-endothelial/epithelial tyrosine kinase (pEtk)
(Cell Signaling) diluted 1:1000 and mouse anti-
human B-actin (BD Bioscience) diluted 1:30000 in
4% BlockAce (Dainippon Sumitomo Pharma), and
then treated with goat anti-rabbit IgG-horseradish
peroxidase (Cell Signaling) diluted 1:2000 and goat
anti-mouse IgG-horseradish peroxidase (Sigma
Aldrich) diluted 1:50000, respectively. Immunodetec-
tion was performed with chemiluminescent reagent;
ECL-plus (GE Healthcare). The immunoblot was
analyzed with an imaging system (LAS3000; Fuji
Film), and bands density was estimated using Image J
1.14 (National Institutes of Health).

Reverse Transcription Quantitative PCR iz vitro

We cultured HUVECs with 1 ng/mL human
recombinant TNFa (R&D Systems) and 1 pg/mL
R1antTNF for 24 hours. Total RNA from HUVECs
was isolated with TRIzol (Invitrogen). Complimen-
tary DNA was obtained using SuperScript I Reverse
Transcriptase (Invitrogen) according to the manufac-
turer’s instructions. Quantitative mRNA expression
was assessed by real-time PCR with Tagman PCR
Master Mix (Applied Biosystems) using specific prim-
ers for ICAM-1 (Tagman gene expression assay;
Applied Biosystems). Samples were run in duplicate
on the 7900HT Fast Real-Time OCR system (Applied
Biosystems).

Mice and Genotyping

Interleukin-1 receptor antagonist deficiency (IL-
1Ra-/-) mice were generated in our laboratory by
replacing the exons encoding the secreted form with
the neo gene, as previously described’®. IL-1Ra-/-
mice showed excessive arterial inflammation and inti-
mal hyperplasia after cuff injury®?.

Embryonic stem cells were aggregated with 2
(C57BL6J x DBA/2) F1 mice at the 8-cell stage. All 4
isoforms of IL-1Ra were destroyed and mutant mice
were a background to C57BL/G] strain mice for 8
generations. To obtain homozygous mutant mice, het-
erozygous mice were intercrossed with each other. All
studies were conducted according to the protocols
approved by the National Defense Medical College
Board for Studies in Experimental Animals.

Femoral Artery Injury and Treatment

To eliminate gender differences, we used only
male mice. Eight-week-old mice were anesthetized by
intraperitoneal injection of pentobarbital (50 mg/kg).
We dissected the left femoral artery from its surround-
ing, as described previously?”. Vascular injury was
inflicted by placing a non-occlusive polyethylene cuff
(length 2.0 mm; internal diameter 0.56 mm; Becton
Dickinson) around the femoral artery. Mice received
intraperitoneal injections of PEG-R1antTNF (experi-
mental model; 3 pg twice daily) or normal saline
(controls) twice daily for two weeks.

Plasma Lipid Measurement

A blood sample was collected from both groups
at 14 days post-injury. Plasma total cholesterol, low-
density lipoprotein (LDL) cholesterol, and high-den-
sity lipoprotein (HDL) cholesterol levels were mea-
sured by high performance liquid chromatography
(HPLC) at Skylight Biotech Inc. (Akita, Japan) as
described previously?". Plasma lipoproteins were ana-
lyzed by an on-line dual enzymatic method for simul-
taneous quantification of cholesterol according to the
procedure described by Usui ez 2/.?2.

Arterial Harvest and Morphometric Analysis

After measuring systolic blood pressure, the ani-
mals were euthanized by pentobarbital injection and
the vascular tree perfused with 0.9% NaCl followed
by 4% paraformaldehyde. Following perfusion, the
femoral artery was harvested and fixed with 10% neu-
tral-buffered formalin.

We embedded the artery in paraffin and cut 10
sections (each 5-pm thick) from 10 equally spaced
locations. The slides were stained with hematoxylin-
eosin and elastica van Gieson, and then examined and
photographed using ECLIPS LV100 microscopy
(Nikon). The luminal, neointimal, and medial areas
were calculated using NIS element (Nikon). To deter-
mine the effect of PEG-RlantTNF on vascular
remodeling, we defined the vessel area as the area
inside external elastic lamina, and calculated the
intima area/vessel area ratio.

Immunohistochemistry

Using anti-proliferating cell nuclear antigen
(PCNA) antibody (1:100; Dako), @ smooth muscle
actin (SMA) antibody (Dako), and pNF-xB antibody
(1:50; Santa Cruz Biotechnology, Santa Cruz), respec-
tively, we conducted immunohistochemistry for pro-
liferating, SMCs, and NF-«B activation on paraffin-
embedded sections. Before immunostaining, sections
were treated in a microwave oven in 0.1 mol/L citrate
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buffer, pH 6.0. Endogenous peroxidase was blocked
by incubation with 3% H20: in methanol for 5 min.
Slides were incubated with normal swine serum (Vec-
tor Laboratories) for 10 minutes and then with pri-
mary antibody overnight at 4C at the concentrations
described above. The sections were incubated with the
complementary secondary antibody for 60 min. We
visualized the sections using the Envison system
(Dako) with DAB as the substrate. Conversely, we
conducted immunohistochemistry on frozen sections
of monocytes/macrophages, leukocyte adhesion mole-
cules, and chemokines, using anti-CD11b antibody
(1:50; BD Bioscience), anti-intracellular adhesion
molecule 1 (ICAM-1) antibody (1:50 R&D Systems),
and monocyte chemoattractant protein 1 (MCP-1)
antibody (1:100; Santa Cruz Biotechnology), respec-
tively. The secondary antibody was the biotinylated
antibody (Dako). The sections were visualized with a
Vectastain ABC kit (Vector Laboratories), using DAB
as the substrate. The nuclei were counterstained with
Mayer’s hematoxylin solution. Negative control slides
were incubated without a primary antibody.

Reverse Transcription Quantitative PCR

Total RNA from the liver, lung, thymus gland
and femoral artery tissue was isolated with TRIzol
(Invitrogen). Complimentary DNA was obtained
using SuperScript Il Reverse Transcriptase (Invitrogen)
according to the manufacturer’s instructions. Quanti-
tative mRNA expression was assessed by real-time PCR
with Power SYBR Green PCR Master Mix (Applied
Biosysytems) using primers specific for TNF-a (for-
ward: TCC CAG GTT CTC TTC AAG GGA,
reverse: GGT GAG GAG CAC GTA GTC GQG),
MCP-1 (forward: CCA CTCACCTGCTACTCAT,
reverse: TGGTGA TCC TCTTGT AGC TCT CQC)
and GAPDH (forward: AAC TTT GGC ATT GTG
GAA GG, reverse: ACA CAT TGG GGG TAG GAA
CA). Samples were run in duplicate on the 7900HT
Fast Real-Time PCR system (Applied Biosystems).

Statistical Analysis

Results are shown as the mean = SD. Differences
between groups were analyzed by Student’s # test. P<
0.05 was regarded as significant.

Results

R1antTNF Limited TNFa Induced NF-«B Activation
in Endothelial Cells and Smooth Muscle Cells
Western blotting was used to examine pNF-«B
expression in HUVECs and SMCs to ascertain whether
R1antTNF inhibited TNFR1 signaling. pNF-«B

peaked 30min after TNF-a stimulation and then
deteriorated quickly. RlantTNF decreased pNF-xB
expression in both HUVECs and SMCs compared
with the control (Fig. 1A). Calculation of the pNF-«B/
B-actin expression ratio 30 min after TNF-a stimula-
tion showed that R1antTNF inhibition of pNF-xB
expression was superior to the control in HUVECs
(2.03%0.57 vs. 1.30%0.08: p=0.045) and SMCs (1.74
£0.16 vs. 1.170.26: p=0.009) (Fig. 1B).

To determine the influence on TNFR2 signaling,
we investigated the specific effect of phosphorylated
pEtk on TNFR2 signaling. pEtk peaked 5 min after
TNF-a stimulation in endothelial cells. We observed
no significant differences in pEtk expression between
groups (Fig. 1C).

Next, we evaluated mRNA levels of ICAM-1 in
HUVECs using real-time PCR. Analysis revealed the
reduction of mRNA levels of ICAM-1 in HUVECs
with both TNF-a and RlantTNF compared with
those with TNF-a only (2.11+0.38 vs. 1.54+0.23;
»=0.042) (Fig.2).

PEG-R1antTNF Treatment Yielded No Adverse in
IL-1Ra-/- Mice

We investigated intimal hyperplasia in IL-1Ra-/-
mice two weeks after femoral artery injury by an exter-
nal vascular cuff model. Mice received intraperitoneal
injections of PEG-R1antTNF (experimental model)
or normal saline (controls) twice daily for two weeks.
No adverse systemic effects of PEG-R1antTNF were
observed and systolic blood pressure was similar
between groups (Table 1). Moreover, plasma lipid
analysis revealed no statistically significant differences
in total cholesterol, LDL cholesterol, and HDL cho-
lesterol between these groups (Table 2).

To examine how RlantTNF influences the
whole body, we evaluated TNF-a mRNA expression
levels in the liver, lung, and thymus gland two weeks
after administration using reverse transcription quan-
titative PCR. We observed a tendency toward inhib-
ited TNF-& mRNA expression in the liver of the
PEG-R1antTNF group, but the difference was not
statistically significant compared with controls (1.98 +
1.41 vs. 0.66%0.33: p=0.075). Expression levels of
TNF-o mRNA in the lung and thymus gland of the
PEG-RlantTNF group did not differ significantly
from the controls (Table 3).

PEG-R1antTNF Inhibited Intimal Hyperplasia in
IL-1Ra-/- Arteries Post-Injury

We investigated the effect of PEG-RlantTNF
treatment on the femoral arteries of IL-1Ra-/- mice
following cuff-induced injury. Fig. 3 shows representa-
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Fig. 1. R1antTNF significantly inhibited the expression of pNF-«B in HUVECs

and SMCs.

(A) Expression levels of pNF-« B peaked 30 min after stimulation in Western blot analysis.
(B) Bar graphs show band density 30 min after stimulation in control and RlantTNF
treatment. Data are expressed as the mean=SD (n=4). *p<0.05, **p<0.01. (C) There
was no difference in the expression levels of pEtk between R1antTNF and the control

group in Western blot analysis.

tive cross sections of femoral arteries harvested 14 days
post-injury. Immunostaining for a-SMA showed that
intimal hyperplasia consisted of SMCs. PEG-
R1antTNF but not saline treatment inhibited intimal
hyperplasia (Fig.3A). Morphometric analysis revealed
significantly decreased intimal hyperplasia in mice
receiving PEG-R1antTNF treatment compared with
controls (19,671+4,274 vs. 11,440+3,292 pm?

2=0.001) (Fig.3B). PEG-RlantTNF treatment also
decreased the intima/media ratio (1.86+0.43 vs. 1.34
*0.36; p=0.029) and the intima/vessel area ratio
(0.35%0.06 vs. 0.21%0.11; p=0.011) compared with
saline controls (Fig.3C and D); therefore, our results
suggest that PEG-R1antTNF significantly decreases
intimal hyperplasia.
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Fig.2. R1lantTNF inhibited the expression of ICAM-1 mRNA
in HUVECs after TNF-a stimulation. mRNA levels
of ICAM-1 were assessed with real-time PCR. Data
are expressed as the mean=SD (n=4). *p<0.05.

Inhibition of NF-«B Activation by PEG-R1antTNF
Decreased Expression of Chemokine and Adhesion
Molecule

To examine TNF-a and MCP-1 expression in
the injured artery 5 days post-surgery, real-time PCR
was performed to evaluate mRNA levels of TNF-a
and MCP-1. Mice receiving PEG-R1antTNF treat-
ment showed inhibited expression of TNF-¢o (2.62+
1.47 vs. 1.06%0.74; p=0.029) and MCP-1 (1.34=%
0.77 vs. 0.50%0.24; p=0.048) mRNA compared with
control mice (Fig. 4A).

To determine the effect of PEG-R1antTNF on
injured arteries, immunostaining for pNF-xB was
performed at 7 and 14 days post-injury. Fewer pNF-x
B- positive nuclei were observed in the intima of
PEG-RlantTNF-treated mice at 7 and 14 days than
in controls (Fig.4B). ICAM-1 and MCP-1 expres-
sions were also investigated, and both increased in
endothelial cells from controls but not PEG-
RlantTNF-treated mice (Fig.4C). Immunostaining
also revealed fewer macrophages in the intima of
PEG-RlantTNF-treated mice than in controls
(Fig. 4C).

To determine cell proliferating activity, immu-
nostaining for PCNA was performed 14 days post-
injury. PEG-R1antTNF decreased the number of
PCNA-positive nuclei compared with controls. Fur-
thermore, the expression of PCNA-positive nuclei
considerably accorded with a-SMA-positive cells
(Fig.5A). Quantitative analysis also revealed that

Table 1. Measurement of blood pressure and heart rate at 14
days post-injured

Control RlantTNF  pvalue

Blood pressure (mmHg) 106.6+10.0 110.6+53  0.451

Heart rate (bpm) 654.2%+48.6 666.6%£56.9 0.721

Results are expressed as the mean =SD

Table 2. Plasma lipid analysis at 14 days post-injured

Control R1antTNF  p value

Total Cholesterol (mg/dL) 73.11+8.30 68.87+8.37 0.399
LDL Cholesterol (mg/dL) 21.69+4.47 18.37+2.33 0.137
HDL Cholesterol (mg/dL) 46.73+6.75 44.79+9.02 0.683

Results are expressed as the mean = SD

Table 3. TNF-a mRNA expression at 14 days post-injured

Control RlantTNF p value
Liver 1.98+1.41 0.66+0.33 0.075
Lung 1.10%0.18 1.10+0.74 0.994
Thymus Gland 0.98%0.53 1.09%0.32 0.728

Value is TNF-a mRNA/GAPDH mRNA ratio. Results are expressed
as the mean = SD

PEG-RlantTNF-treated mice had fewer PCNA-posi-
tive nuclei than controls 14 days post-injury (Fig.5B).
These data suggest that PEG-R1antTNF exerts a vas-
cular anti- inflammatory effect by inhibiting NF-«B.

Discussion

We demonstrate here for the first time that a spe-
cific TNFRI antagonist inhibited intimal hyperplasia
following arterial inflammation induced by cuff injury
in IL-1Ra-/- mice with excessive post-injury inflam-
mation. Previous reports demonstrated that TNFR1
participates in exacerbated intimal hyperplasia in wire-
injured artery® or arteriovenous grafts® using the
mouse carotid artery. Moreover, a study using double-
deficient (TNFR1 and LDL receptor) mice showed
decreasing sizes of atherosclerotic plaque?®. Thus,
TNF-a plays an important role, and TNF signaling
through TNFR1 participates significantly in the devel-
opment of intimal hyperplasia and atherosclerosis;
however, these findings were observed in genetically
altered mice, and the current literature does not show
how the TNFRI1 antagonist might affect arterial

inflammation.
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Fig.3. PEG-R1antTNF significantly inhibited intimal hyperplasia in IL-1 Ra—/- arter-

ies post-injury.

(A) Microscopic appearance of hematoxylin and eosin staining (left), elastica van Gieson stain-
ing (middle) and a-SMA staining (right) of femoral artery from control (upper panels) and
PEG-R1antTNF (lower panels) groups 14 days post-injury. Scale bar=50 pm. Bar graphs show
intimal area (B), intima/media area ratio (C), and intima/vessel area ratio (D). Data are
expressed as the mean+SD (n=7 for each). *p<0.05, **p<0.01.

The present study investigated the relationship
between TNF signaling and arterial inflammation,
revealing for the first time that TNFRI signaling
blocked by a TNFR1 antagonist might affect arterial
inflammation and intimal hyperplasia in cuff-injured
IL-1Ra-/- mice with severe inflammation around the
artery, similar to Takayasu’s disease®. Initially, we
used wild-type C57BL/6] mice for the cuff injury
model, but treatment induced little neointima forma-
tion in the control group. The lack of significant dif-

ferences in intima area (3,222.9£1,640.3 vs. 2,383.9
+618.7 pum?% p=0.267) and the intima area/media
area ratio (0.278%0.119 vs. 0.201£0.060; p=0.179)
between the control and R1antTNF treatment group
made it difficult to examine whether R1antTNF sup-
presses arterial inflammation and intimal hyperplasia.
Previously, we reported that deficiency of IL-1Ra
promotes intimal hyperplasia after femoral artery
injury'® 29, We further determined that TNE-a defi-
ciency suppresses aortitis in IL-1Ra-/- mice®’. Thus,
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Fig.4. PEG-R1antTNF suppressed TNF-a, adhesion molecule and che-
mokine, and activation of NF-«B.

(A) These graphs showed the amount of TNF-a (lef; #=7) and MCP-1 (right;
n=5) mRNA expression 5 days post-injury. Data are expressed as the mean =
SD. *»<0.05. The result of immunostaining for pNF-xB-positive nucleus 7
and 14 days post-injury (B), expression of ICAM-1 (C; left), MCP-1 (C; mid-
dle), and CD11b (C; right) 7 days post-injury. Scale bar=50 pm.

our findings suggest that TNF-a participates impor-
tantly in the development of arterial inflammation in
IL-1Ra-/- mice. Consequently, we used IL-1Ra-/-
mice in the present study because we believe that these
mice were suitable for evaluating the effect of TNFR1
blocking therapy in active arterial inflammation
induced by cuff injury.

The dose of PEG-R1antTNF in our study was

determined according to a previous report showing
PEG-R1antTNF was effective for the suppression of
collagen-induced arthritis in mice'”. The PEG-
R1antTNF dose was not changed based on body
weight, as infliximab and etanercept are also injected
at the same dose independently of the body weight of
the patients. Taken together, we think that the dose of
PEG-R1ant TNF must be relevant in our study.
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Fig.5. PEG-R1antTNF inhibited cell proliferation in injured

arteries.

(A) Representative photographs of @-SMA and PCNA staining of
injured arteries 14 days post-injury. Scale bar=50 pm. (B) Bar
graph shows the number of PCNA-positive nuclei in the intima.
Data are expressed as the mean = SD (z=6). **»p<0.01.

A previous report showed that TNF-a activates
IKK, induces the phosphorylation and ubiquitination
of 1xB, and activates NF-xB?). NF-xB is activated
mainly via TNFR1 signaling, but only poorly via
TNFR2-TNF receptor-associated factor 2 signaling®.
NF-«B regulates macrophage migration and the
expression of adhesion factor (ICAM-1)*? and che-
mokine (MCP-1). NF-«B also regulates both the pro-

liferation and migration of vascular SMCs?'?9. Our
results showed that blocking TNFR1 with R1lantTNF
decreased macrophage accumulation as well as
ICAM-1 and MCP-1 expression by inhibiting NF-«xB
activation in endothelial cells and SMCs in the injured
artery. Thus, TNFR1 signaling participates impor-
tantly in the development of intimal hyperplasia fol-
lowing arterial inflammation. Additionally, we show a
relationship among inhibited intimal hyperplasia, sup-
pressed NF-xB activation, adhesion factor and che-
mokine expression.

Zhang ez al. examined the effect of TNF signal-
ing through TNFR2 for intimal hyperplasia, demon-
strating that TNFR2 signaling inhibits neointimal for-
mation by decreasing adhered cells and endothelial
cells apoptosis. They also showed that Etk/Bmx, a
non-receptor tyrosine kinase, contributed to these
results”. A previous study observed the anti-apoptotic
effect of TNFR2, which specifically activates Etk/
Bmx. TNFR2 also induces the activation, prolifera-
tion and migration of endothelial cells. Another study
suggested that Etk/Bmx participates importantly in
angiogenesis induced by TNF-a®). Thus, TNFR1-
specific blocking therapy might aid the earlier regen-
eration of endothelial cells and inhibit intimal hyper-
plasia compared with TNF blocking therapy, which
blocks both TNFR1 and TNFR2 signaling. Therefore,
we examined whether R1antTNF treatment altered
pEtk/Bmx expression in endothelial cells. Our results
revealed no significant difference in pEtk/Bmx expres-
sion between groups. Similarly, our colleague, who
used an index of GM-CSF production by TNF-a in
PCG60-R2 cells (a mouse-rat fusion hybridoma consist-
ing of human TNFR2-transfected PCG60 cells)',
reported that R1antTNF did not affect bioactivity via
TNFR2. These data suggest that RlantTNF does not
stimulate endothelial cell regeneration in % vitro stud-
ies. In the future, we will examine whether RlantTNF
treatment exerts an effect on Etk/Bmx activation via
TNEFR2 in vivo.

TNF-a forms a trimeric structure with various
bioactivities®®. We found that R1antTNF reacted with
endogenous TNF-a to form a heterotrimer in vitro
(unpublished data), possibly affecting the half-life and
bioactivity of endogenous TNF-a iz wvive. Thus, it
remains undetermined whether the 7z vivo effects of
R1antTNF might result only from inhibited TNFR1
signaling. Determining whether the trimer formation
of R1antTNF and endogenous TNF-a might change
the effect will require further study.

TNF blocking therapy improves vascular endo-
thelial dysfunction and reduces cardiovascular events
associated with inflammation in patients with rheu-
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matoid arthritis'® ¥; however, there has been much
concern over the reactivation of viral infection caused
by TNF blockade!®. Shibata ¢t 4/ compared the
effects of PEG-R1antTNF and etanercept on antiviral
immunity using a recombinant adenovirus vector and
showed that PEG-R1antTNF did not reactivate viral
infection, unlike etanercept’”. Their results indicated
that use of PEG-RlantTNF may reduce side effects
such as increased susceptibility to viral infection due
to its TNFR1 selectivity. Additionally, transmembrane
TNF (tmTNF), the prime activating ligand of
TNFR2%, was reported to be sufficient to control
Mycobacterium tuberculosis infection®” ¥, indicating
the importance of TNF/TNFR2 function in this bac-
terial infection. Because PEG-R1antTNF does not
bind TNFR2, PEG-R1lantTNF cannot inhibit the
interaction of tmTNF with TNFR2; therefore, we
believe that PEG-R1antTNF would also have reduced
side effects in the context of bacterial infection.

In conclusion, the present study shows that a
selective TNFR1 antagonist, PEG-R1antTNEF, sup-
presses arterial inflammation by inhibiting NF-«B
activation and chemokine expression. Thus, inhibited
TNEFR1 signaling may provide a new therapeutic tar-
get for preventing intimal hyperplasia and inflamma-
tion.
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Since metastasis is one of the most important prognostic factors in colorectal cancer, development of
new methods to diagnose and prevent metastasis is highly desirable. However, the molecular mechanisms
leading to the metastatic phenotype have not been well elucidated. In this study, a proteomics-based search
was carried out for metastasis-related proteins in colorectal cancer by analyzing the differential expression
of proteins in primary versus metastasis focus-derived colorectal tumor cells. Protein expression profiles
were determined using a tissue microarray (TMA), and the results identified Rho GDP-dissociation inhibitor
alpha (Rho GDI) as a metastasis-related protein in colon and prostate cancer patients. Consequently, Rho
GDI may be useful as a diagnostic biomarker and/or a therapeutic to prevent colon and prostate cancer

metastasis.

1. Introduction

Colorectal cancer is known as a major metastatic cancer, and
40-50% of patients already have a metastatic focus at pre-
sentation. Moreover, the 5-year survival of these patients is
under 10% (Davies et al. 2005). Thus, metastasis is one of the
most important prognostic factors in colorectal cancer. In order
to improve rates of cancer remission, it will be necessary to
clarify the detailed molecular mechanisms of cancer metasta-
sis and to utilize this information to establish new diagnostic
and therapeutic techniques. Many researchers have searched for
metastasis-related molecules (Liu et al. 2010; Shuehara et al.
2011) using proteomics techniques (Hanash 2003). Compre-
hensive mapping of the molecular changes during metastasis
would greatly improve our understanding of the recurrence and
management of cancer. However, the knowledge gained so far in
these studies has not been sufficient to improve cancer remission
rates.

Here we show the potential of Rho GDI as a metastasis-related
protein in colon and prostate cancer patients. In order to iden-
tify metastasis-related proteins, the protein expression patterns
of human colorectal cancer cells with different metastatic char-
acters were compared. Because these cells were derived from
the same patient (SW480: a surgical specimen of a primary
colon adenocarcinoma, SW620: alymph node metastatic focus),
cancer metastasis-related protein candidates could be effec-
tively sought without background variations due to differences
between individuals. Furthermore, by analyzing the expression
of candidate proteins in many clinical samples using a TMA,
we attempted to validate the association of these candidates
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Fig. 1: 2D-DIGE image of fluorescently-labeled proteins from different metastatic
human colorectal cancer cells. SW480 is human colorectal cancer cell line
derived from a primary tumor and SW620 is derived from a metastatic focus
from the same patient. Proteins from the colon cancer cells (SW480, SW620)
were labeled with Cy3 and Cy5 respectively, and analyzed by 2D
electrophoresis. The differentially-expressed spots (white circles) were then
identified by LC-UHR TOF/MS

with metastasis. TMA is a slide glass containing many clini-
cal tissues, and it enables one to carry out a high-throughput
analysis by evaluating the relationship between expression pro-
files of each candidate molecule and clinical information such
as metastasis. (Imai et al. 2011; Yoshida et al. 2011).
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Table 1: High expression proteins in SW620 compared to SW480

Accession Protein name MW (kDa) pl Ratio (SW620 / SW480)
P12109 collagen alpha-1(VI) chain 108.6 53 1.53
Q15459 splicing factor 3A subunit 1 88.9 52 1.61
P13797 T-plastin 70.9 55 1.59
P60709 actin cytoplasmic 1 42.1 53 1.50
P63104 14-3-3 zeta/delta 27.9 4.7 1.63
P52565 Rho GDP-dissociation inhibitor 1 (Rho GDI) 233 5.0 1.90
P30041 Peroxiredoxin-6 (PRDX6) 25.1 6.0 1.86

N AN B W

2. Investigations, results and discussion

In order to search for metastasis-related proteins, we ana-
lyzed differentially-expressed proteins between SW480 and
SW620 by two-dimensional differential in-gel electrophoresis
(2D-DIGE) (Fig. 1). As aresult, 7 spots with at least a 1.5-fold-
altered expression level were found by quantitative analysis,
and these spots were identified by mass spectrometry (Table 1).
Three molecules having a high SW620/SW480 expression ratio
indicating a strong association with cancer metastasis were
identified: Rho GDP-dissociation inhibitor alpha (Rho GDI),
peroxiredoxin-6 (PRDX6) and 14-3-3 zeta/delta.

The expression profiles of these proteins were analyzed by
immunohistochemistry using the TMA with colon cancer and
multiple cancer tissues. Results of this analysis indicated that
expression of PRDX6 and 14-3-3 zeta/delta had no relationship
to the clinical status of cancer metastasis (data not shown). On
the other hand, in positive cases of lymph node metastasis, the
expression ratio of Rho GDI was significantly higher than in
the negative cases. Furthermore, the same trend was seen when
tissues from prostate cancer patients were analyzed (Table 2).
To confirm these results, the expression levels of Rho GDI pro-
tein in colon cancer cell lines with different metastatic potential
(SW480 < SW620 < SW620-OK1 < SW620-OK2: Characteris-
tics of SW620-OK1 and SW620-OK2 are described in
Experimental) were investigated by western blot analysis
(Fig. 2). The expression of Rho GDI was found to be up-
regulated with the development of metastatic characteristics.
These results suggested that Rho GDI is correlated with cancer
metastasis.

Rho GDI has been identified as key regulator of Rho family
GTPases. Activation of growth factor receptors and integrins can
promote the exchange of GDP for GTP on Rho proteins (Bishop
etal. 2000). Furthermore, GTP-bound Rho proteins interact with
a range of effector molecules to modulate their activity or local-
ization, and this leads to changes in cell behavior. It is clear
that Rho family GTPases are involved in the control of cell mor-
phology and motility (Etienne-Manneville et al. 2002; Hall et al.
1997; Van Aelst et al. 1997). The importance of Rho protein and
Rho GDIin cancer progression, particularly in the area of metas-
tasis, is becoming increasingly evident. Recently, some reports
have indicated that the expression of Rho GDI was correlated
with colorectal and breast cancer metastasis (Zhao et al. 2008;
Kang et al. 2010). Thus, our findings are consistent with these
reports and further suggest that the expression of Rho GDI is
also correlated with prostate cancer metastasis. Consequently,
Rho GDI should be considered as a diagnostic marker or new
therapeutic target for cancer metastasis.

3. Experimental
3.1. Cell lines

SW480 is a human colorectal cancer cell line derived from a primary focus
and SW620 is derived from a metastatic focus of the same patient. These
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cells were purchased from American Type Culture Collection and main-
tained at 37 °C using Leibovitz’s L-15 medium (Wako) supplemented with
10% FCS. SW620-OK1 and -OK2 were established by the following pro-
cedure: 1 x 10% SW620 cells were injected into the spleens of nu/nu mice.
After 8 weeks, SW620-OK1 was established from a liver metastatic focus.
Furthermore, SW620-OK2 was established from SW620-OK1 using the
same procedures.

3.2. 2D-DIGE analysis

Cell lysates were prepared from SW480 and SW620 and then solubilized
with 7M urea, 2 M thiourea, 4% CHAPS and 10 mM Tris-HCI (pH 8.5). The
lysates were labeled at the ratio of 50 ug proteins: 400 pmol Cy3 or CyS5
protein-labeling dye (GE Healthcare Biosciences) in dimethylformamide
according to the manufacturer’s protocol. Briefly, the labelled samples were
mixed with rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 2%
DTT, 2% Pharmalyte (GE Healthcare Biosciences)) and applied to a 24-cm
immobilized pH gradient gel strip (IPG-strip pH 4-7 NL) for separation in
the first dimension. Samples for the spot-picking gel were prepared without
labelling by Cy-dyes. For the second dimension separation, the IPG-strips
were applied to SDS-PAGE gels (10% polyacrylamide and 2.7% N,N’-
diallyltartardiamide gels). After electrophoresis, the gels were scanned with
alaser fluoroimager (Typhoon Trio, GE Healthcare Biosciences). The spot-
picking gel was scanned after staining with Deep Purple Total Protein Stain
(GE Healthcare Biosciences). Quantitative analysis of protein spots was
carried out with Decyder-DIA software (GE Healthcare Biosciences). For
the antigen spots of interest, spots of 1 mm x 1 mm in size were picked using
Ettan Spot Picker (GE Healthcare Biosciences).

3.3. In-gel tryptic digestion

Picked gel pieces were digested with trypsin as described below. The gel
pieces were destained with 50% acetonitrile/50 mM NH4HCO3 for 20 min
twice, dehydrated with 75% acetonitrile for 20 min, and then dried using a
centrifugal concentrator. Next, 5 pl of 20 wl/ml trypsin (Promega) solution
was added to each gel piece and incubated for 16 h at 37 °C. Three solutions
were used to extract the resulting peptide mixtures from the gel pieces. First,
50 pl of 50% (v/v) acetonitrile in 0.1% (v/v) formic acid (FA) was added
to the gel pieces, which were then sonicated for 5 min. Next, we collected
the solution and added 80% (v/v) acetonitrile in 0.1% FA. Finally, 100%
acetonitrile was added for the last extraction. The peptides were dried and
then re-suspended in 10 pl of 0.1% FA.

3.4. Mass spectrometry and database search

Extracted peptides were analyzed by liquid chromatography Ultra High
Resolution time-of-flight mass spectrometry (LC-UHR TOF/MS; maXis,
Bruker Daltonics). The Mascot search engine (http://www.matrixscience.
com) was initially used to query the entire theoretical tryptic peptide database
as well as SwissProt (http://www.expasy.org/, a public domain database pro-

Table 2: Expression profile of Rho GDI in primary cancers
with or without lymph node metastasis

Number of Rho GDI positive cases (positive ratio)

in metastasis negative cases in metastasis positive cases

Colon cancer*
Prostate cancer*

11/14 (79%)
18/23 (78%)

19/19 (100%)
11/11 (100%)

* p<0.05: Mann Whitney U test

Pharmazie 67 (2012)
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Fig. 2: Rho GDI expression levels in colon cancer cell lines with different metastatic abilities. Rho GDI expression levels in colon cancer cell lines (SW480, SW620,
SW620-OK1, SW620-OK?2) analyzed by western blotting (A). SW620-OK1, SW620-OK2 have been established as high metastatic sub-lines of SW620 using a mouse
metastasis model. Intensity of the western blotting images was quantified by densitometry (B)

vided by the Swiss Institute of Bioinformatics). The search query assumed
the following: (i) the peptides were monoisotopic (ii) methionine residues
may be oxidized (iii) all cysteines are modified with iodoacetamide.

3.5. TMA Immunochemical staining

TMA slides with human colon cancer samples or multiple cancer samples
(Biomax) were de-paraffinated in xylene and rehydrated in a graded series of
ethanol washes. Heat-induced epitope retrieval was performed while main-
taining the Target Retrieval Solution pH 9 (Dako) at the desired temperature
according to manufacturer’s instructions. After the treatment, endogenous
peroxidase was blocked with 0.3% H»O» in Tris-buffer saline (TBS) for
5 min. After washing twice with TBS, TMA slides were incubated with 10%
BSA blocking solution for 30 min. The slides were then incubated with the
anti-Rho GDI (Santa Cruz Biotechnology) for 60 min. After washing three
times with wash buffer (Dako), each series of sections was incubated for
30 min with Envision + Dual Link (Dako). The reaction products were rinsed
twice with wash buffer and then developed in liquid 3, 3’-diaminobenzidine
(Dako) for 3 min. After the development, sections were counterstained with
Mayer’s hematoxylin. All procedures were performed using AutoStainer
(Dako).

3.6. TMA Immunohistochemistry scoring

The optimized staining conditions for TMAs corresponding to human colon
as well as multiple cancers were determined based on the co-existence of
both positive and negative cells in the same tissue sample. Signals were
considered positive when reaction products were localized in the expected
cellular component. The criteria for scoring of stained tissues were as
follows: the distribution score was 0 (0%), 1 (1-50%) or 2 (51-100%),
indicating the percentage of positive cells among all tumor cells present in
one tissue. The intensity of the signal (intensity score) was scored as 0 (no
signal), 1 (weak), 2 (moderate) or 3 (marked). The distribution and inten-
sity scores were then summed into a total score (TS) of TSO (sum=0), TS1
(sum =2), TS2 (sum = 3), and TS3 (sum =4-5). Throughout this study, TSO
or TS1 was regarded as negative, whereas TS2 or TS3 were regarded as
positive.

3.7. Western Blot

Expression of Rho GDI in colon cancer cells was detected by anti-Rho GDI
(Santa Cruz Biotechnology) and HRP conjugated anti-mouse IgG antibody
(Sigma) using the ECL-plus system. Equal amounts of protein loading were
confirmed by parallel $-actin immunoblotting, and signal quantification was
performed by densitometric scanning.
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Mesothelioma is a highly malignant tumor with a poor prognosis and limited treatment options.
Although cisplatin (CDDP) is an effective anticancer drug, its response rate is only 20%. Therefore, discov-
ery of biomarkers is desirable to distinguish the CDDP-susceptible versus resistant cases. To this end,
differential proteome analysis was performed to distinguish between mesothelioma cells of different
CDDP susceptibilities, and this revealed that expression of annexin A4 (ANXA4) protein was higher in
CDDP-resistant cells than in CDDP-susceptible cells. Furthermore, ANXA4 expression levels were higher
in human clinical malignant mesothelioma tissues than in benign mesothelioma and normal mesothelial
tissues. Finally, increased susceptibility was observed following gene knockdown of ANXA4 in mesothe-
lioma cells, whereas the opposite effect was observed following transfection of an ANXA4 plasmid. These

results suggest that ANXA4 has a regulatory function related to the cisplatin susceptibility of mesotheli-
oma cells and that it could be a biomarker for CDDP susceptibility in pathological diagnoses.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Malignant mesothelioma is an aggressive neoplasm located on
serosal membrane surfaces such as the pleura, and less frequently
the peritoneum, and it has a poor outcome. The five-year survival
rate is only about 5%. On the other hand, it is well known that asbes-
tos is the major causative agent in the development of this disease
[1-3]. Moreover, malignant mesothelioma takes 40-50 years to de-
velop following exposure to asbestos. Because of its adiabatic poten-
tial, asbestos was commonly used as a building material in the
1960-1970s. Thus, an increase in mesothelioma patients is
expected in the future. Patients with pleural malignant mesotheli-
oma commonly present with an effusion associated with breath-
lessness that is often accompanied by chest-wall pain and a
cough. After confirming the diagnosis, many patients are treated
by intensive multidirectional approaches that combine cytoreduc-
tive surgery with intrapleural or intraperitoneal chemotherapy
[4-8]. However, cytoreductive surgery is not always possible for pa-
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tients with extensive intraperitoneal disease. Thus, the role of che-
motherapy in malignant mesothelioma is critically important.

CDDP is an extensively used anticancer drug for the treatment
of malignant mesothelioma, although the response rate is only
about 20% [9-12]. A major problem with CDDP treatment of malig-
nant mesothelioma patients is the development of CDDP insuscep-
tibility. Thus, there is an urgent need to further our understanding
of the pathogenesis of malignant mesothelioma, particularly with
respect to the expression of proteins that confer drug susceptibil-
ity, in order to develop novel therapeutic strategies. In this study,
a proteomic analysis was performed using high- and low-CDDP-
susceptible malignant mesothelioma cells to identify candidate
proteins associated with CDDP susceptibility.

2. Materials and methods
2.1. Cells

H28, H2052, H2452, H226 and MSTO-221H were purchased
from American Type Culture Collection and maintained in
RPMI1640 medium (Wako) containing 10% fetal calf serum
(Biowest). Human mesothelial cells (HMC) were purchased from
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Sciencell and cultured in Mesothelial Cell Growth Medium (Zen-
Bio) under a 5% CO, atmosphere at 37 °C.

2.2. Measurement of cisplatin susceptibility in malignant
mesothelioma cells

Malignant mesothelioma cells were seeded into 96-well micro-
plates and cultured overnight. Various concentrations of CDDP
were added to each well, the plates were incubated for 24 h, and
cell viability was measured using Cell count reagent SF (Nacalai
tesque). Absorbance was measured using a microplate reader
(Bio-Rad) at test and reference wavelengths of 450 and 650 nm,
respectively.

2.3. Proteomic analysis using two dimensional differential in-gel
electrophoresis

For proteomic analysis, quantitative analysis was performed
using two dimensional differential in-gel electrophoresis (2D-
DIGE). Cell lysates were prepared from H28 and H2052 and then
solubilized with 7 M urea, 2 M thiourea, 4% CHAPS and 10 mM
Tris—HCl (pH 8.5). The lysates were labeled at the ratio of 50 pg
proteins: 400 pmol Cy3 or Cy5 protein-labeling dye (GE Healthcare
Biosciences) in dimethylformamide according to the manufac-
turer’s protocol. The labelled samples were mixed with rehydra-
tion buffer (7M urea, 2M thiourea, 4% CHAPS, 2% DTT, 2%
Pharmalyte (GE Healthcare Biosciences)) and applied to a 24-cm
immobilized pH gradient gel strip (IPG-strip pH 4-7) for separation
in the first dimension. For the second dimension separation, the
IPG-strips were treated with iodoacetamide and applied to SDS-
PAGE gels (10% polyacrylamide and 2.7% N,N'-diallyltartardiamide
gels). After electrophoresis, the gels were scanned with a laser
fluoroimager (Typhoon Trio, GE Healthcare Biosciences). The
spot-picking gel was scanned after staining with Deep purple total
protein stain (GE Healthcare Biosciences). Quantitative analysis of
protein spots was carried out with Decyder-DIA software (GE
Healthcare Biosciences). For the antigen spots of interest, spots of
1mm x 1 mm in size were picked using Ettan Spot Picker (GE
Healthcare Biosciences).

2.4. In-gel tryptic digestion

Picked gel pieces were destained with 50% acetonitrile/50 mM
NH4HCO; for 20 min twice, dehydrated with 75% acetonitrile for
20 min, and then dried using a centrifugal concentrator. Five
microliter of 20 pg/ml trypsin (Promega) solution was added to
each gel piece and the pieces were incubated for 16 h at 37 °C.
The digested peptides were extracted sequentially using 50%,
80%, and 100% acetonitrile and then dried before being suspended
in 10 pul of 0.1% formic acid.

2.5. Mass spectrometry and database search

Extracted peptides were analyzed by liquid chromatography ul-
tra high resolution time-of-flight mass spectrometry (LC-UHR TOF-
MS/MS; maXis, Bruker Daltonics). The Mascot search engine
(http://www.matrixscience.com) was initially used to query the
entire theoretical tryptic peptide database as well as SwissProt
(http://www.expasy.org/, a public domain database provided by
the Swiss Institute of Bioinformatics). The search query assumed
the following: (i) the peptides were mono-, di- or tri-isotopic, (ii)
methionine residues may be oxidized, (iii) all cysteines were
modified with carbamidomethyl.

2.6. Western blot

The cell lysates were separated in 10% SDS-polyacrylamide gels
and transferred to Immobilon membranes (Millipore). After block-
ing by 4% block ace (DS Pharma Biomedical) for 1 h at room tem-
perature, the blots were reacted with primary antibodies in a
buffer containing 0.4% block ace, and then with the appropriate
peroxidase-conjugated secondary antibodies in the same buffer.
Expression of ANXA4 in malignant mesothelioma cells was de-
tected by mouse anti-human ANXA4 (Abnova: 1D3) followed by
an HRP-conjugated anti-mouse IgG antibody (Sigma-Aldrich)
using the ECL-plus system (GE Healthcare Biosciences). Equal
amounts of protein loading were confirmed by parallel B-actin
immunoblotting, and signal quantification was performed by den-
sitometric scanning.

2.7. Immunohistochemistry staining

Human mesothelioma and normal tissue sections were depa-
raffinated in xylene and rehydrated in a graded series of ethanol
dilutions. Heat-induced epitope retrieval was performed by incu-
bating at different temperatures following the manufacturer’s
instructions using Target Retrieval Solution pH 9 (Dako). After
heat-induced epitope retrieval treatment, endogenous peroxidase
was blocked with a peroxidase blocking reagent (Dako). Following
peroxidase blocking, the slides were incubated with 10% bovine
serum albumin (BSA) solution for 30 min at room temperature.
The slides were then incubated for 60 min with anti-human
ANXA4 monoclonal antibody (9 pg/ml) in 3% BSA at room temper-
ature. After washing 3 times with wash buffer (Dako), the slides
were incubated for 30 min with ENVISION + Dual Link {(Dako) at
room temperature. They were then washed final 3 times and
stained with 3,3’-diaminobenzidine. After development, the slides
were lightly counterstained with Mayer's hematoxylin and
mounted with resinous mounting medium.

2.8. Cisplatin susceptibility in cells transfected with ANXA4-siRNA and
ANXA4-plasmid

H28 was transfected with ANXA4-siRNA (target sequence:
AAGGATATCACAGAAGGATAT, Qiagen) using Hyperfect reagent
(Qiagen) according to the manufacturer’s instructions. In contrast,
H2052 was transfected with ANXA4-pcDNA 3.1 (a gift from Naka T:
Laboratory for Immune Signal, National Institute of Biomedical
Innovation) using FUGENE HD transfection reagent (Roche). After
transfection, the cells were treated with various concentrations
of CDDP for 36 h (ANXA4-siRNA) or 24 h (ANXA4-pcDNA 3.1). Cell
viability was measured as described above.

2.9. Statistical analysis

Differences in tumor volumes between the control and target
groups were compared using the unpaired Student’s t-test.

3. Resuits
3.1. CDDP susceptibility in malignant mesothelioma cells

Cell viability following CDDP treatment was examined to deter-
mine which cell lines had higher or lower susceptibility to CDDP.
Among five tested mesothelioma cell lines, H2052 was the most
and H28 the least susceptible cell line (Fig. 1). The ICsg values of
H28, H2052, H2452, H226 and MSTO-221H were 154.5, 27.8,
66.0, 87.5 and 49.5 pM, respectively.
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Fig. 1. Susceptibility of malignant mesothelioma cells to CDDP. Mesothelioma cells,
H28, H2052, H2452, H226 and MSTO-221H were cultured with various concentra-
tions of CDDP for 24 h 37 °C under 5% CO,. Cell viability was assayed using the
WST-8 assay. Maximal cell viability (100%) was obtained by incubating cells
without CDDP. Data are shown as means and standard deviations (n=4).

3.2. Identification of differentially expressed proteins by 2D-DIGE and
MS

In order to search for CDDP susceptibility-related proteins, dif-
ferential proteome analysis between H2052 and H28 cell lines was
performed to search for CDDP susceptibility-related proteins
(Fig. 2). Quantitative image analysis indicated that a total of eight
protein spots representing > 2.0-fold alteration in expression were
found and then identified by MS analysis (Table 1). Among those
eight proteins, we focused on ANXA4 because this protein plays
an important role in membrane stability. Previous reports have
indicated that ANXA4 is associated with chemoresistance against
platinum-based anticancer drugs in human lung, colon [13] and
ovarian cancer [14].

3.3. ANXA4 expression analysis in human malignant mesothelioma
cells and mesothelial tissues

Correlations between the expression levels in five malignant
mesothelioma cell lines with CDDP-susceptibility were examined
using western blot analysis to validate the identified proteins as
CDDP susceptibility-related proteins. ANXA4 was expressed at a
higher level in H28 cells relative to the other four CDDP-suscepti-
ble malignant mesothelioma cell lines (Fig. 3A and B). Expression
of ANXA4 in human mesothelial tissue was analyzed by immuno-
histochemistry staining with an anti-human ANXA4 monoclonal
antibody. Fig. 3C indicates that ANXA4 was expressed at higher
levels in human malignant mesothelioma tissues than in benign
mesothelioma tissues and normal mesothelial tissues.

3.4. Gene regulation of ANXA4 in malignant mesothelioma cells by
knockdown and overexpression

ANXA4-siRNA and ANXA4-pcDNA 3.1 were next transfected to
H28 and H2052 before CDDP treatment to evaluate correlations
between ANXA4 expression levels and CDDP susceptibility. The
ICso values of [H28/non treat: H28/control-siRNA: H28/ANXA4-
siRNA| were [80.0 uM: 71.8 uM: 15.5 pM] and [H2052/control-
pcDNA 3.1: [H2052/ANXA4-pcDNA 3.1] were [55.2 pM: 89.7 uMj,
respectively (Fig. 4A-D). These results suggested that the CDDP
susceptibility of H28 cells was increased by ANXA4-siRNA trans-
fection and that of H2052 cells was decreased by ANXA4-pcDNA
3.1 transfection.

4. Discussion

In this study, a proteomic analysis was performed based on 2D-
DIGE using malignant mesothelioma cell lines to identify candidate
proteins associated with CDDP susceptibility (Figs. 1 and 2). Eight
proteins that were differentially expressed in H28 cells compared
with H2052 cells were identified (Table 1). ANXA4 was found to
be expressed at a higher level in H28 cells relative to levels in
CDDP-susceptible malignant mesothelioma cells by western blot

pl

MW (kDa)

> 7

Fig. 2. 2D-DIGE image of fluorescently labeled proteins from human mesothelioma cell lines H28 and H2052. Proteins from high- and low-susceptible mesothelioma cells
(H2052, H28) were labeled with cy3 and cy5, respectively, and 2D electrophoresis was performed. The differentially expressed spots in H28 indicated by white arrows were
then identified by LC-TOF-MS/MS. Table 1 contains additional information about the identified proteins.
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Table 1
Proteins expressed at higher or lower levels in H28 compared to H2052.

No. Accession number Protein name pl MW (kDa) Expression ratio (H28/H2052)
1 P11413 Glucose-6-phosphate 1-dehydrogenase 6.4 59.3 21.0
2 P78417 Glutathione S-transferase omega-1 6.2 27.6 74
3 P09525 Annexin A4 5.6 359 3.6
4 P30041 Peroxiredoxin-6 6.0 25.0 35
5 Q09028 Histone-binding protein RBBP4 4.7 47.7 3.0
6 PO7195 L-lactate dehydrogenase B chain 5.7 36.6 29
7 P32119 Peroxiredoxin-2 5.7 219 0.03
8 QY696 Chloride intracellular channel protein 4 5.5 28.8 0.13
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Fig. 3. ANXA4 expression analysis in human malignant mesothelioma cells and mesothelial tissues. ANXA4 expression levels in human primary mesothelial cells, HMC, and
mesothelioma cell lines (H28, H2052, H2452, H226, MSTO-221H) were analyzed by western blotting (A). Intensity of the western blotting images was quantified by
densitometry (B). Expression of ANXA4 in human mesothelial tissues was analyzed by immunostaining using an anti-human ANXA4 antibody (C). Top, middle and bottom
panels are normal mesothelial, benign and malignant mesothelioma tissues, respectively. The tissue sections were counterstained using hematoxylin. Representative

400 x photomicrographs presented (bar: 100 pm).

analysis (Fig. 3A and B). Furthermore, ANXA4 was expressed in
malignant mesothelioma tissue but not in benign mesothelial tu-
mor and normal mesothelial tissues (Fig. 3C). Thus, ANXA4 was ex-
pressed in CDDP-susceptible malignant mesothelioma cells and
specifically in malignant mesothelioma tissues. These results indi-
cate that ANXA4 expression in malignant mesothelioma cells may
be correlated with CDDP susceptibility, although this relationship
must be validated in future studies of human clinical malignant
mesothelial cases. The CDDP susceptibility of H28 cells was actu-
ally increased by ANXA4 knockdown, and that of H2052 cells
was decreased by ANXA4 overexpression (Fig. 4). Thus, these re-
sults suggest that ANXA4 plays an important role in chemoresis-
tance against CDDP.

ANXA4 has already been characterized as a regulator of cell
membranes with calcium dependency [15-17]. Recently, some
studies have reported the protein is associated with membrane

permeability [18], ion channels [19] and exocytosis [20,21]. These
observations may explain in part the correlation of ANXA4 with
modulation of drug susceptibility in cancer cells.

This study demonstrates for the first time elevated ANXA4
protein expression in malignant mesothelioma cells that have less
susceptibility to CDDP. In vitro evaluation of drug susceptibility
against CDDP in malignant mesothelioma cells derived from cancer
patients would be important in clinical conditions because doctors
as well as patients wish to avoid treatment with inefficacious
drugs. Consequently, the susceptibility of a given patient against
CDDP could be confirmed by analyzing the expression level of
ANXA4 in malignant mesothelioma patients at the time of diagno-
sis, Furthermore, if ANXA4 expression could be blocked specifically
in malignant mesothelioma cells by nucleic acid drugs such as
siRNA, this procedure would prove useful in clinical situations
involving CDDP treatment. The present study may contribute to
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Fig. 4. The effect of ANXA4 gene knockdown and overexpression on CDDP
susceptibility in malignant mesothelioma cells. Transfection of ANXA4 siRNA or
plasmid into malignant mesothelioma cells confers resistance to CDDP. Cell survival
after 24 h treatment of H28/ANXA4 siRNA or H2052/ANXA4 plasmid with different
concentrations of CDDP (A and C). Expression of ANXA4 was analyzed by western
blot analysis (B and D). Data are shown as means and standard deviations (n=4).
*P < 0.05 (Control siRNA or plasmid vs. ANXA4 siRNA or plasmid).

establishment of a new therapeutic strategy for malignant meso-
thelioma patients by suggesting a novel diagnostic and therapeutic
target.
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The cytokine lymphotoxin-o (LTo) is a promising candidate for use in cancer therapy. However, the
instability of LTa. in vivo and the insufficient levels of tumor necrosis factor receptor 1 (TNFR1)-mediated
bioactivity of LTa limit its therapeutic potential. Here, we created LTa mutants with increased TNFR1-
mediated bioactivity by using a phage display technique. We constructed a phage library displaying
lysine-deficient structural variants of LTo with randomized amino acid residues. After affinity panning,
we screened three clones of lysine-deficient LTa, mutant, and identified a LTa. mutant with TNFR1-med-

ﬁgm‘;ds" iated bioactivity that was 32 times that of the wild-type LTa (wtLTo). When compared with wtLTo, the
Apoptosis selected clone showed augmented affinity to TNFR1 due to slow dissociation rather than rapid associa-
Bioactivity tion. In contrast, the mutant showed only 4 times the TNFR2-mediated activity of wtLTo. In addition,
Cytokine the LTo. mutant strongly and rapidly activated caspases that induce TNFR1-mediated cell death, whereas
Cytotoxicity the mutant and wtLTa activated nuclear factor-kappa B to a similar extent. Our data suggest that the

kinetics of LTa binding to TNFR1 play an important role in signal transduction patterns, and a TNFR1-

selective LToo mutant with augmented bioactivity would be a superior candidate for cancer therapy.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lymphotoxin-alpha (LTa) is a tumor necrosis factor (TNF)
superfamily cytokine with tumor-cell-specific cytotoxic activity
and immune-activating activity. LTo induces the expression of che-
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mokines and adhesion molecules in endothelial cells, and plays a
key role in lymph node neogenesis [1-3]. Schrama et al. [4,5]
showed that systemic administration of LTa to a tumor-bearing
mouse leads to the construction of ectopic lymphoid tissue within
the tumor and the strong induction of tumor immunity in that
lymphoid tissue, suggesting that the underlying mechanism of this
cytokine's anti-tumor activity may be effective. Therefore, LTa has
long been considered to be a promising candidate for an anti-can-
cer agent. However, the clinical use of LTa has been limited be-
cause of the protein’s in vivo instability and proinflammatory
side effects.

One of the most common ways to improve the therapeutic ef-
fects of proteins is to conjugate them with polyethylene glycol
(PEG) in a process called PEGylation, or to conjugate them with
other water-soluble polymers [6]. Because of the steric hindrance
caused by the PEG molecule, PEGylation can prolong the plasma
half-life of molecules and alter the tissue distribution of the conju-
gates compared with those of the native form. PEGylation of pro-
teins is mostly nonspecific because it targets all of the lysine
residues in the protein, some of which may be in or near an active
site. As a result, PEGylation significantly reduces the specific



