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decreased expression of PAI-1 protein
(Fig. 3A) compared with control siRNAs
(#1 and #2). The percentage of PAI-1
knockdown by PAI-1 siRNAs #1, #2
and #3 was 58%, 77%, and 74%,
respectively.

To test whether PAI-1 has tumori-
genic activity, the effects of PAI-1 knock-
down on cell growth were determined in
ES-2 cells. Transfection of ES-2 cells
with the 3 PAI-1 siRNAs significantly
inhibited proliferation compared with
both control siRNAs (#1 and #2) at 72
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Figure 1. Correlation of PAI-1 mRNA expression with survival of patients with ovarian cancer. Micro-
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g0 80100 4nd 96 h (Fig. 3B). Compared with con-
trol siRNA #1, the percentage of growth
inhibition by PAI-1 siRNAs #1, #2, and

#3 at 96 h was 50.6%, 39.2 %, and

array expression data for 2 probe sets representing SERPINE1 (A: 202627 _s_at, and B: 202628_s_at) | 47.7%, respectively. Even after 48 h

were used to generate Kaplan-Meier survival curves for high expression (defined as cancers with val- |
ues above the median) or low expression for ovarian cancers. Data were analyzed using GraphPad
|

Prism.

with higher PAI-1 expression showed significantly shorter sur-

vival (Fig. 1).

PAI-1 expression in ovarian cancer cells

PAI-1 expression was determined in 6 ovarian cancer cell lines
established from 2 major histological subtypes, including clear
cell and serous subtypes. Immunoblot analysis revealed 2 bands
(45 and 40 kDa) of PAI-1 protein in all 6 cell lines (Fig. 2). The
larger band represented the intact form of PAI-1 and the smaller
band represented the cleaved, or inactive, form.2® These results
confirmed that PAI-1 was easily cleaved at its reactive site under
physiological conditions. PAI-1 protein expression varied among
the individual cell lines, and ES-2 cells showed the highest PAI-1
expression. PAI-1 protein expression in all cell lines was corre-
lated with mRNA levels as determined by quantitative real-time
PCR (data not shown).

Knockdown of PAI-1 by siRNA suppresses cell proliferation
To determine the role of PAI-1 in cell growth, small interfer-
ing RNA (siRNA)-mediated knockdown of PAI-1 was first exam-
ined in ES-2 cells, which show high levels of PAI-1 expression.
Three individual siRNA sequences against PAI-1 (#1, #2 and #3)
were transfected into ES-2 cells and immunoblotting confirmed
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Figure 2. PAI-1 expression in ovarian cancer cell lines. ES-2, JHOC-9,
JHOC-5, SKOV3, JHOC-7 and JHOC-8 cells were harvested and whole cell
lysates were prepared. Proteins were subjected to immunoblot analysis
with antibodies specific for PAI-1 and B-actin. Equal amounts of protein
(10 j.g) were loaded in each lane.
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transfection with PAI-1 siRNAs (#1, #2
and #3), cell proliferation was decreased
compared with that of control siRNA
#2-transfected cells. These results suggest
that PAI-1 is involved in cell proliferation.

To determine the mechanisms underlying the antiproliferative
effects of PAI-1 siRNA, the cell cycle was evaluated by FACS
analysis of ES-2 cells transfected with PAI-1 siRNA. Knockdown
of PAI-1 by PAI-1 siRNA #2 arrested the cell cycle at G2/M
phase and led to slight accumulation in subG1-like population
(Fig. 3C). Results from 3 independent experiments showed that
PAI-1 siRNA #2 significantly increased the percentage of cells in
G2/M phase from 20.1 £ 1.0% to 35.8 = 2.3% and decreased
the percentage in S phase from 20.4 £+ 1.0% to 8.6 £ 1.5%,
compared with control siRNA #1 (Fig. 3C). Together these
results suggest that loss of PAI-1 results in G2/M cell cycle arrest.

Increased G2/M arrest has been associated with enhanced
apoptosis.”' To examine the potential effects of PAI-1 siRNA on
apoptosis, Annexin V/propidium iodide (PI) staining was
employed. PAI-1 knockdown increased the percentage of PI-neg-
ative and Annexin-V-positve cells from 2.5 £ 0.3% (control
siRNA #1) to 11.1 & 3.8% (Fig. 3D). Poly (ADP-ribose) poly-
merase (PARP) cleavage and caspase 3/7 activation are also typi-
cal biochemical characteristics of apoptosis. In ES-2 and JHOC-
9 cells weated with individual PAI-1 siRNAs, cleaved PARP
(Fig. 3E) and caspase 3/7 activity (Fig. 3F) were significantly
increased compared to control siRNA-treated cells (Fig. 3E).
These results demonstrate that loss of PAI-1 promotes apoptosis

in PAI-1-expressing cells.

PAI-1 was shown to protect cell from Fas-mediated apoprosis,™
and PAI-1 knockdown is thought to promote extrinsic pathway in
which caspase 8 is involved. Contrary to caspase 3 activation, PAI-
1 knockdown decreased caspase-8 activation (Fig. 3G). Therefore,
it is unlikely that extrinsic pathway contributes to the apoptosis in
PAI-1-knocked-down ovatian cancer cells.

The intrinsic apoptosis pathway is the primary death program
responsive to stress signals such as DNA damages. The central
conduit of this pathway is the mitochondrion. Mitochondrial
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Figure 3. Effect of PAI-1 siRNA on cell viability, cell cycle distribution, and apoptosis in ovarian cancer ES-2 cells. ES-2 cells were transfected with 5 nM
control siRNA (#1 and #2) or 5 nM PAI-1 siRNA (#1, #2 and #3) for up to 96 h. (A) After 72 h transfection, ES-2 cells were harvested and whole cell lysates

| were prepared. Proteins were subjected to immunoblot analysis with antibodies specific for PAI-1 and B-actin. Equal amounts of protein (5 pg) were

| loaded in each lane. (B) Cell viability was determined by CellTiter-Glo assay following transfection with siRNA for the indicated periods of time. Values
| are means =+ SD. At 48 h post-transfection, the viability of ES-2 cells transfected with PAI-1 siRNA (#1, #2 and #3) was significantly decreased compared |
| with that of control siRNA (#2) (P < 0.01 by Student t test for 2 variables). At 72 and 96 h post-transfection, the viability of ES-2 cells transfected with PAI-
| 1 siRNA (#1, #2 and #3) was significantly decreased compared with cells transfected with control siRNA (#1 and #2). P < 0.01 at 72 h; P < 0.001 at 96 h
| by Student ¢ test for 2 variables. (n = 8). (C) ES-2 cells were transfected with 5 nM control siRNA #1 or 5 nM PAI-1 siRNA #2 for 72 h. After fixation, cells
were stained with PtdIns. Cell cycle distribution was determined by FACS with FlowJo analysis. Representative FACS results of cells transfected with con-
| trol siRNA (upper left panel) or PAI-1 siRNA (upper right panel) are shown. Cell cycle distribution from 3 independent experiments. Values are means -+
| SEM. **P < 0.005 by Student t test for 2 variables. (D) ES-2 cells transfected with 5 nM control siRNA#1 (upper left panel) or 5 nM PAI-1 siRNA #2 (upper |
| right panel) for 72 h. Cells were stained with FITC-conjugated Annexin V and PI, and FACS analysis was performed. Representative FACS results are
| shown. Pl-negative and Annexin-V-positive cells from 3 experiments, Values are means =+ SE. (E) ES-2 or JHOC-9 cells transfected with 5 nM control

| siRNA #2 or PAI-1 siRNAs (#1, #2 and #3) for 72 h were harvested and whole cell lysates were prepared. Proteins were subjected to immunoblot analysis |
| with antibodies specific for cleaved PARP, intact PARP and (3-actin. Equal amounts of protein (5 jug) were loaded in each lane. (F and G) ES-2 or JHOC-9

cells were transfected with the indicated siRNAs. After 72 h, activation of caspase 3/7 or caspase 8 was assessed by Caspase-Glo 3/7 or Caspase-Glo8,

| respectively. Values are means -+ SE (n = 4). P values were determined by Student t test, control siRNA vs. PAI-1 siRNA. (H) ES-2 or JHOC-9 cells were

transfected with the indicated siRNAs. After 72 h, cells were fixed and stained with cytochrome c antibody (green) and Hoechst33342 (blue). Imaging |
was performed by confocal microscopy. White allows show cells with cytochrome ¢ released from mitochondria to cytoplasm. |

Pharmacological inhibition of PAI-1 by TM5275 decreases

damage results in cytochrome ¢ release from mitochondria and
formation of apoptosome, leading to activation of caspase 9 and
subsequent activation of caspase 3/7.232* Confocal microscopy
revealed that the tubular pattern of cytochrome c staining became
diffuse in cells treated with individual PAI-1 siRNAs, indicating
cytochrome ¢ release from mitochondria (Fig. 3H). Therefore,
PAI-1-knockdown is suggested to facilitate the intrinsic pacthway
of apoptosis by damaging mitochondria.
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cell proliferation of ovarian cancer cells

TM5275 is a small molecule inhibitor specific for PAI-1
(Fig. 4A) that has been developed as a therapeutic reagent for
PAI-1-associated diseases.'””'® We investigated its potential as a
therapeutic reagent for targeting cell proliferation in ovarian can-
cer. Ovarian cancer cells were treated with various concentrations

of TM5275. Cell viability at 72 h treatment was decreased wich
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Figure 4. Effects of TM5275 on cell viability, cell cycle distribution and apoptosis induction in ovarian clear cell adenocarcinoma cells. (A) Chemical struc- |
ture of TM5275. (B) ES-2, JHOP-9, JHOC-5, SKOV3, JHOC-7 and JHOC-8 cells were treated with the indicated concentrations of TM5275 for 72 h. Cell viabil-
ity was determined by CellTiter-Glo assay in 3 experiments. Values are means = SD. IC50 in individual cell lines is shown in Table 1. (C) ES2 were treated ‘
with DMSO (control) or 100 M TM5275 for the indicated periods. Cell growth was determined by CellTiter-Glo assay (n = 3). (D) After TM5275 treatment

| for 96 h, cell culture media of ES2 cells were harvested. Active PAI-1 amounts were determined by active human PAI-1 functional assay ELISA kit (n = 4). |
(E) ES-2 cells were treated with DMSO (upper left panel) or 100 .M TM5275 (upper right panel) for 24 h. After fixation, cells were stained with PI. Cell
cycle distribution was determined by FACS with FlowJo analysis. Representative FACS results are shown. Cell cycle distribution from 3 independent
experiments. Values are means - SE. *P < 0.05 by Student t test for 2 variables (n = 3). (F) ES-2 cells were treated with DMSO (upper left panel) or
100 pM TM5275 (upper right panel) for 24 h. Cells were stained with FITC-conjugated Annexin V and Pl, and FACS analysis was performed. Representa- |
tive FACS results are shown. Pl-negative and Annexin-V-positive cells from 3 experiments. Values are means = SE. *P < 0.005 by Student t test for 2 vari- |

| ables (n = 3).

70-100 pM TM5275 in ES-2 and JHOC-9 cells, whereas other
cell lines were relatively insensitive to TM5275 treatment
(Fig. 4B). The IC50 values for TM5275 in ovarian cancer cell
lines are shown in Table 1. Further, cell growth was measured at
the indicated time points after TM5275 treatment. From 48 h
up to 96 h, cell growth was suppressed with 100 pM TM5275
(Fig. 4C). Furthermore, active PAI-1 in cell culture media was
significantly decreased in cells treated with 100 pM TM5275
compared to control treatment, confirming TM5275 effective-
ness for PAI-1 inhibition (Fig. 4D). These results suggest that
ovarian cancer cells with high expression of PAI-1, such as ES-2
and JHOC-9, are prone to growth inhibition by TM5275.
Taken together, pharmacological inhibition of PAI-1 by
TM5275 is suggested to exert anti-proliferative effects in ovarian
cancer with high PAI-1 expression.

To determine the effects of TM5275 on cell cycle progression
of ES-2 cells, cells were treated with or without TM5275 for
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24 h and cell cycle distribution was analyzed. Compared with
vehicle treatment, TM5275 treatment significantly decreased the
percentage of cells in GO/G1 (52.0 == 1.5% to 33.0 =+ 4.9%) and
increased the percentage in G2/M (18.3 £ 0.8% to 27.7 +
2.0%) (Fig. 4E). Moreover, cells treated with TM5275 showed a
significant increase in the percentage of apoptotic cells (Fig. 4F).
These results demonstrated that pharmacological inhibition of
PAI-1 induced a G2/M cell cycle arrest and promorted apoptotic
cell death in ovarian cancer cells in accordance with the knock-

down of PAI-1 by siRNAs.

PAI-1 expression in major histological subtypes of ovarian
carcinoma

Expression of PAI-1 protein was evaluated in 27 ovarian can-
cer patients by immunohistochemical analysis of a tissue array.
Consistent with previous reports on PAI-1 staining,‘m strong
staining of PAI-1 was observed in the cytoplasm of cancer cells of
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Table 1. 1C50 values of TM5275 for cell viability of ovarian carcinoma cell
lines.

Cell lines IC50 (j.M)
ES-2 67
JHOC-9 925
JHOC-5 >100
SKOV3 >100
JHOC-7 >100
JHOC-8 >100

the clear cell subtype (Fig. 5). In the PAI-1-positive serous sub-
type specimen, stromal cells were PAI-1-positive to a lesser extent
relative to cancer cells (Fig. 5). PAI-1-positive staining was
detected in 92.8% (13 out of 14) of the clear cell subtype and
30.7% (4 out of 13) of the serous subtype (Table 2). These find-
ings suggest that clear cell subtype may be prone to PAI-1-posi-
tive expression relative to serous subtypes. Thereby, PAI-1-
targeted therapy might be more appropriate for clear cell ovary
carcinoma compared with the serous subtype.

Discussion
Multiple studies have demonstrated a considerable association

of PAI-1 with cancer, and PAI-1 has been emerging as a thera-
peutic target for cancer. Our study demonstrated for the first

Clear subtype
PAI-1 positive

Clear subtype
(PAI-1 negative)

Serous subtype
(PAI-1 positive)

Serous subtype
(PAI-1 negative)

Figure 5. PAI-1 expression in different histological subtypes of human
ovarian carcinoma. Cancer tissues were stained with PAI-1 antibody. Rep-
resentative examples of PA1-1-positive and -negative immunostaining in
tissues of ovarian clear cell and serous adenocarcinoma, respectively
(original magnification: left panels, 200x; right panels, 1,000x). Scale
bars represent 50 or 100 um (left panels), and 20 pum (right panels).
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Table 2. The number of PAI-1-positive and -negative samples in individual
histological subtypes of ovarian cancer. PAl-1-positive expression is signifi-
cantly associated with clear cell subtype (P < 0.05 in x? test).

Histological subtype PAl-1-positive PAl-1-negative

Clear cell (%) 13 1
Serous (%) 4 9

time that genetic and pharmacological inhibition of PAI-1 sup-
presses cell proliferation of ovarian cancer and supports the
potential of PAI-1-targeted pharmacotherapeutics for ovarian
cancer. Our findings also suggest that the small molecule PAI-1
inhibitor TM5275 represents a novel class of anti-tumor agents.

A number of studies have shown that high levels of PAI-1
expression are frcdictive of poor prognosis in several types of
human cancer.***>% In our study, a database search demon-
strated that PAI-1 was a significant biomarker of poor prognosis
in patients with ovarian cancer (Fig. 1). In addition, we con-
firmed PAI-1 expression in 6 individual ovarian cancer cell lines
(Fig. 2). On the other hand, a high concentration of plasma tPA
was also reported as an independent marker for poor prognosis
in patients with ovarian cancer.”” Previous studies also showed
that high PAI-1-tPA complex levels are associated with shorter
progression-free and overall survival in breast cancer.*®* Con-
sidering the pathobiological role of the plasminogen activation
system in cancer invasion and metastasis,” 31 PAI-1 and PA
may coordinately regulate the progression of ovarian cancer.

In our study, genetic and pharmacological inhibition of PAI-1
led to suppression of cell proliferation, G2/M cell cycle arrest,
and apoptosis in ovarian cancer cells (Figs. 3 and 4). Recipro-
cally, enforced expression of PAI-1 was shown to promore cell
growth.”” Together these data suggest that PAI-1 serves as a pro-
liferative and/or an antiapoptotic molecule in ovarian cancer.

Modulation of cell cycle arrest in G2/M phase has been
emerging as a focus of research in laboratory and clinical cancer
studies.” Our studies suggest the potential of novel roles for
PAI-1 in the progression and/or checkpoint of G2/M phase,
although the molecular mechanism remains unknown.

A PAI-1 inhibitor TM5275 prevents PAI-1 interaction with
the LDL receptor-related protein 1(LRP1).*® As LRP1 has been
shown to promote anti-apoptotic signaling, stimulatory effects of
TM5275 on apoptosis of ovarian cancer (Fig. 4) might resulc
from inhibiting PAI-1 interaction with LRP1. PAI-1 might exert
a protective effect against cancer cell apoptosis.

In vitro inhibitory activity of TM5275 has been measured by
tPA-dependent hydrolysis of peptide substrate, revealing the
IC50 value (6.95 pM)."” This concentration was substantially
not sufficient to suppress cell growth of ovarian cancer (Fig. 4).
This diversity may be due to the high degree of protein binding
(>99.9%) or the Ki value of TM5275 for specific PAI-1-interact-
ing protein(s) involved in cell growth or insufficient delivery to
cells.

In vivo pharmacokinetics and toxicity of TM5275 have been
evaluated not only in rodents but also in nonhuman primates,
showing Crmax value in orally-administrated rats (34 M) and no
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Downloaded by [Tohoku University] at 18:22 19 May 2015

significant toxic effects."” In the present studies, 70 pM TM5275
in ES-2 cells had an inhibitory effect on cell growth (Fig. 4),
probably raising the potential of TM5275 therapeutic efficacy for
ovarian cancer treatment. We have been also developing its deriva-
tive TM5441 as a therapeutic reagent for PAI-1-associated dis-
eases, certainly suggesting that these PAI-1 inhibitors may
eventually prove to be useful as novel drugs.*

Venous thromboembolism is a common complication of
malignant disease, and the association between cancer and
thrombosis is well established.>*>” Ovarian cancer is associated
with high rates of venous thromboembolism.*® Up-regulation of
PAI-1 could be involved in the clinical features and pathogenesis
of both medical conditions. Therefore, a molecular therapy tar-
geting PAI-1 may effectively improve prognosis of cancer
patients.

Clear cell carcinoma of the ovary is the histologic subtype that
is most frequently associated with an unusual high rate of venous
thromboembolism.?” This clinical feature could be associated
with PAI-1 up-regulation in clear cell carcinoma of the ovary
(Fig. 5 and Table 2). In addition, ES-2 cells established from the
clear cell subtype showed higher expression of PAI-1 compared
with those of serous subtype (SKOV3 cells) (Fig. 2). Recent stud-
ies showed that significant amplification of MET oncogene is
commonly observed in ovarian clear cell carcinoma.*™*' As thar
oncogene has been implicated in blood coagulation and cancers
that are accompanied with PAI-1 up-regulation,”” MET-driven
PAI-1 could be closely associated with the progression and com-
plications of clear cell carcinoma of the ovary. Thus, inhibiting
PAI-1 might be effective in treating ovarian clear cell carcinoma.

Taken together, our results suggest that PAI-1 conuibutes to
cell proliferation of ovarian cancer and might be involved in G2/
M cell cycle checkpoint or progression. Considering PAI-1
pathobiology, its inhibitors such as TM5275 and its derivatives
may represent a novel class of anti-tumor agents for ovarian can-
cet. In particular, PAI-1-targeted pharmacotherapy may be pref-
erentially effective against the clear cell subtype of ovarian cancer.

Materials and Methods

Materials

The ES-2 and SKOV3 human ovarian cancer cell lines were
obtained from American Type Culture Collection (ATCC).
Other ovarian cancer cells JHOC-5, JHOC-7, JHOC-8 and
JTHOC-9) were kindly provided by Dr. Katsutoshi Oda (Univer-
sity of Tokyo, Tokyo, Japan). Horseradish-peroxidase-conjugated
antibodies for mouse and rabbit IgG were from Santa Cruz Bio-
technology. Cleaved PARP antibody was from Cell Signaling
Technology. B-Actin antibody was from Sigma-Aldrich. Individ-
ual PAI-1 andbodies for immunoblotting and immunohis-
tochemistry were from Abcam and Leica Biosystems, respectively.
Three individual siRNA oligonucleotides directed against human
PAI-1 (#1, S10013; #2, S10014; and #3, S10015) and 2 control
siRNAs (#1, 4390843; and #2, 4390846) were purchased from
Life Technologies. CellTiter-Glo Luminescent Cell Viability
Assay kit, Caspase-Glo 3/7, and Caspase-Glo 8 were from
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Promega. Cytochrome ¢ antibody was from BD Biosciences.
Active human PAI-1 functional assay ELISA kit was from Molec-
ular Innovations. TM5275, 5-chloro-2-((2-(4-(diphenylmethyl)
piperazin-1-yl)-2-oxoethoxy acetyl) amino) benzoate'”*® has
been established as a PAI-1 inhibitor (Division of Molecular
Medicine and Therapy, United Centers for Advanced Research
and Translational Medicine, Tohoku University Graduate School
of Medicine, Sendai, Japan).

Clinical studies

For examining the association between SERPINE! expression
and outcome (overall survival and progression free survival),
patients with ovarian cancer (n = 228) were selected from the
Australian Ovarian Cancer Study (AOCS), a population-based,
multicenter translational study that comprised a prospective col-
lection of bio-specimens and clinical and epidemiological data
from patients with primary epithelial ovarian, primary peritoneal
and fallopian tube cancer diagnosed between 2001 and 2005. All
patients had provided consent using a protocol approved by
human research ethics committees at multiple participating clini-
cal and research centers. Methods for RNA extraction and expres-
sion profiling were previously reported.'”

Cell culture

Ovarian cancer cells were cultured as monolayer cultures in
Dulbecco’s Modified Eagle’s Medium supplemented wich 10%
fetal bovine serum. Cells were maintained at <80% confluence
under standard incubator conditions (humidified atmosphere,

95% air, 5% CO,, 37°C).

Immunoblotting

Cells were washed 3 times with PBS containing 10 mM
EDTA and then lysed using Laemmli buffer. Protein samples
(5 or 10 pg) were subjected o SDS-PAGE (4-20% gradient
gels). Proteins were electrophoretically transferred to nitrocellu-
lose membranes, blocked with PBS/0.1% Tween 20 (PBS-T)
containing 5% nonfat dried milk, washed with PBS-T, and incu-
bated with antibodies to B-actin (1 in 40,000 dilution), PAI-1
(1 in 500 dilution), PARP (1 in 2,000 dilution), or cleaved
PARP (1 in 1,000 dilution) in PBS-T' containing 5% nonfac
dried milk. The blots were washed with PBS-T and incubated
with secondary antibody conjugated with horseradish peroxidase
in PBS-T containing 5% nonfat dried milk. Detection was per-
formed using enhanced chemiluminescence reagents, and the
quantification of the chemiluminescent signals was performed
with a digital imaging system (VersaDoc; Bio-Rad).

Transfection with siRINAs

Cells (1 x 10°/60-mm dish or 1=2 x 10%/96-well plate) were
transfected with 5 nM double-stranded PAI-1 siRNAs using Lip-
ofectamine RNAi Max Transfection Reagent (Life Technologies)
according to the manufacturer’s instructions.

Cell viability assay

Cell viability was assessed with the CellTiter-Glo Luminescent
Cell Viability Assay. Cells were sceded on 96-well plates at a
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density of 1-2 x 10°/well. After treatment with siRNA
TM5275, 80 .l CellTiter-Glo reagent was added to each well,
and then plate contents were mixed on an orbital shaker. Lumi-
nescence was quantified on a standard luminometer.

Cell cycle analysis

ES-2 cells (1 x 10%/100-mm dish) were subjected to the
appropriate treatment. The cells were trypsinized and fixed with
ice-cold 70% ethanol overnight. Fixed cells were washed with
PBS and swained with 50 pg/ml propidium iodide (PI) in the
presence of 100 pg/ml RNase. Cellular fluorescence was quant-
tated using the FL3 channel of a flow cytometer (FACSCanto II,
BD Systems). The cell cycle distribution was determined using
Flow]o software (Tree Star Inc..).

Annexin V staining

ES-2 cells (1 x 10°/100-mm dish) were subjected to the
appropriate treatment. The cells were trypsinized, washed with
PBS, and stained with AlexaFluor-488-conjugated Annexin V
and PI from the Dead Cell Apoprosis Kit (Life Technologies).
The stained cells were analyzed using a flow cytometer (BD
Systems).

Caspase assay

Caspase activation was determined by Caspase-Glo 3/7 or
Caspase-Glo 8 assay kits.#? Cells, seeded on 96-well plates at a
density of 2 x 10?/well, were transfected with siRNAs. After
72 h, 80 pl of individual Caspase-Glo reagent was added. Fol-
lowing 0.5 h incubation at room temperature, samples were read
on a microplate luminometer.

Immunocytochemistry

Cytochrome ¢ staining was petformed by the method as
described in Kitatani et al.*? Cells, growing on glass coverslips,
were fixed for 10 min at room temperature with 4% formalde-
hyde in PBS and washed with PBS. Next, cells were treated for
10 min with 0.1% TritonX-100, washed with PBS, and blocked
for 1 hour with PBS containing 2% human serum. Cells were
incubated with cytochrome ¢ antibody in PBS containing 2%
human serum over night. After washing with PBS, cells were fur-
ther incubated with Alexa488-conjugated ant-IgG antibody and
Hoech33342 in PBS containing 2% human serum for 1 h. Con-
focal laser microscopy was performed using an LSM780 confocal
microscope (Carl Zeiss, NY).

PAI-1 activity assay

ES-2 cells (5 x 10%, grown on 60 mm-dishes, were treated
with DMSO (control) or 100 uM TM5275 for 96 h. Cell cul-
ture media were harvested, and active PAI-1 was determined by

active human PAI-1 functional assay ELISA kit according to the
manufacturer’s protocol.

Human tissue samples

A total of 27 human tissue samples were obtained from the
Surgical Pathology Archives of Obstetrics and Gynecology
Department of Tohoku University Hospital (Sendai, Japan). Tis-
sues were fixed in buffered-formalin and embedded in paraffin,
followed by staining with hematoxylin and eosin, or PAI-1. This
study was approved by the Ethics Committee at the Tohoku
University Graduate School of Medicine (Sendai, Japan).

Immunohistochemistry

After deparaffinization, tumor tissues were stained with PAI-1
antibody. Immunohistochemical analysis was performed with the
streptavidin—biotin amplification method using a Histofine kit
(Nichirei). The immunohistochemical staining of tumor tissues
for PAI-1 was evaluated and scored as follows: negative, no or
weak staining: <10% of cells; or positive, moderate to strong
staining: >10% of cells. Two independent, blind observers evalu-
ated immunostained sections (5 fields/section).

Statistical analysis

Statistical analyses were pefformed using GraphPad Prism
{Graphpad Software Inc..). Comparisons of continuous variables
were assessed using the Student # test for 2 variables. All p values
were 2-sided and derived using Fisher’s exact test or the x* test.
P < 0.05 was considered statistically significant.
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Abstract

Multiple sclerosis (MS) is characterized by inflammatory demyelination and deposition of fi-
brinogen in the central nervous system (CNS). Elevated levels of a critical inhibitor of the
mammalian fibrinolitic system, plasminogen activator inhibitor 1 (PAI-1) have been demon-
strated in human and animal models of MS. In experimental studies that resemble neuroin-
flammatory disease, PAI-1 deficient mice display preserved neurological structure and
function compared to wild type mice, suggesting a link between the fibrinolytic pathway and
MS. We previously identified a series of PAI-1 inhibitors on the basis of the 3-dimensional
structure of PAI-1 and on virtual screening. These compounds have been reported to pro-
vide a number of in vitro and in vivo benefits but none was tested in CNS disease models
because of their limited capacity to penetrate the blood-brain barrier (BBB). The existing
candidates were therefore optimized to obtain CNS-penetrant compounds. We performed
an in vitro screening using a model of BBB and were able to identify a novel, low molecular
PAI-1 inhibitor, TM5484, with the highest penetration ratio among all other candidates.
Next, we tested the effects on inflammation and demyelination in an experimental allergic
encephalomyelitis mice model. Results were compared to either fingolimod or 6a-methyl-
prednisolone. Oral administration of TM5484 from the onset of signs, ameliorates paralysis,
attenuated demyelination, and axonal degeneration in the spinal cord of mice. Furthermore,
it modulated the expression of brain-derived neurotrophic factor, which plays a protective
role in neurons against various pathological insults, and choline acetyltransferase, a marker
of neuronal density. Taken together, these results demonstrate the potential benefits of a
novel PAI-1 inhibitor, TM5484, in the treatment of MS.
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Multiple sclerosis (MS), a chronic, inflammatory, demyelinating disease of the central nervous

system (CNS), is a leading cause of disability in young, mainly female, adults [!]. Its pathologi-
cal hallmarks are inflammation and demyelination; they follow the entry of fibrinogen into the
CNS, inducing an inflammatory response and axonal damage [2,3].

A link between MS and alterations in the endogenous fibrinolitic system has been identified
previously. In particular, increased plasminogen activator inhibitor 1 (PAI-1) levels in the cere-
brospinal fluid as well as in acute lesions of patients with MS have been described [4,5]. In the
same line of evidence, PAI-1 deficient mice appear to be at least partially protected from chron-
ic relapsing experimental allergic encephalomyelitis (CREAE), a model of MS [6].

Previously, we developed a series of orally active, low molecular PAI-1 inhibitors, relying on
virtual screening and the 3-dimentional structure of the complex of PAI-1 with its inhibitory
peptide [7]. In addition to their predictable anti-thrombotic effects, these compounds have
demonstrated to be valuable in numerous preclinical models, including pulmonary fibrosis,
macrophage infiltration, bone marrow regeneration, and arteriosclerosis [7,8,9,10]. However,
none of these PAI-1 antagonists have been investigated in CNS diseases models because of
their inability to cross the blood brain barrier (BBB). We therefore optimized the existing can-
didates in order to obtain a drug with CNS-penetrant properties.

Traditionally, a series of physicochemical properties, such as low molecular weight, high
lipophilicity (clogP) as well as low polarity (TPSA), are needed to allow effective penetration
into the CNS. We selected a class of PAI-1 inhibitors meeting these properties and analyzed
their ability to cross the BBB using an in vitro model corresponding with the anatomical situa-
tion of cerebral microvessels [ ! 1]. Eventually, we identified, among all other candidates, a
novel, small molecule PAI-1 inhibitor, TM5484, with the highest penetration ratio through the
BBB.

We then explored its therapeutic effects on neuroinflammation, demyelination and axonal
degeneration, using a mouse model of MS. The effects of the PAI-1 inhibitor were compared
with either fingolimod or 6a-methylprednisolone, two drugs currently used to treat patients
with MS [12,13]. In addition, we tested the possibility that TM5484 produces neuroprotection
through the modulation of the brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family of growth factors known to play a key role in neurons survival, and cho-
line acetyltransferase (ChAT), a marker of neuronal density. A direct link between BDNF and
some components of the fibrinolytic pathway has been documented previously [14], but very
little is known about PAI-1 and BDNF in MS. Our results indicate that a small molecular PAI-
1 inhibitor protects against neuroinflammation, demyelination and axonal degeneration in a
mice model of MS, thus validating TM5484 as a potential therapeutic agent.

Materials and Methods
Reagents

Dimethyl sulfoxide (DMSO) was purchased from Nacalai Tesque (Kyoto, Japan), fingolimod
(FTY720) from Selleck Chemicals (Houston, TX, USA), and 60.-methylprednisolone, propano-
lol and verapamil from Sigma Aldrich (Tokyo, Japan).

TM5484 activity and specificity

TM5484 was developed, as a derivative of the PAI-1 inhibitor TM5441 [9], at the United Cen-
ters for Advanced Research and Translational Medicine (ART), Tohoku University Graduate
School of Medicine, Miyagi, Japan. Its PAI-1 inhibitory activity and specificity were assessed by
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a chromogenic assay as previously described [7,3]. In brief, the reaction mixture includes

0.15 mol/L NaCl, 50 mmol/L Tris-HCl pH 8, 0.2mmol/L CHAPS, 0.1% PEG-6000, 1%
dimethylsulfoxide, 5 nmol/L of either human active PAI-1 (Molecular Innovations, Southfield,
MI), human antithrombin III (Sigma-Aldrich, Saint Louis, MO), or human ¢:2-antiplasmin
(Sigma-Aldrich), 2 nmol/L of either human 2-chain tPA (American Diagnostica Inc, Stanford,
CT), thrombin (Sigma-Aldrich), or plasmin (Sigma-Aldrich), and 0.2 mmol/L of either Spec-
trozyme tPA (Chromogenix, Milano, Italy), chromogenic substrate S-2238 (Sekisui medical,
Tokyo, Japan), or chromogenic substrate $-2251 (Sekisui medical) at a final concentration.
Tested compounds were added at various concentrations and the half-maximal inhibition
(IC50) was calculated by logit-log analysis. TM5484 inhibited PAI-1 activity with an IC50
value of 3.56 mM but did not inhibit a2-antiplasmin.

TM5484 pharmacokinetics and toxicity

TM5484, suspended in a 0.5% carboxymethyl cellulose sodium salt solution, was administered
orally by gavage feeding to male Wistar rats (5 mg/kg; CLEA Japan Inc.). Heparinized blood
samples were collected from the vein before (0 h) and 1, 2, 6, and 24 h after oral drug adminis-
tration. Plasma drug concentration was determined by reverse-phase high-performance liquid
chromatography. Maximum drug concentration time (Tmax), maximum drug concentration
(Cmax), and drug half-life (T1/2) were calculated as 2h, 22.5 pM and 1.7h, respectively. All tox-
icity studies followed the International Conference on Harmonization of Technical Require-
ments for Registration of Pharmaceuticals for Human Use Harmonized Tripartite Guidelines
at the non-GLP conditions. A repeated-dose toxicity study of TM5484 (30 mg/kg) was con-
ducted for 2 weeks in 5 Crl:CD (SD) male rats: no adverse effects were observed. TM5484 was
negative for the reverse mutation Ames test. The effect of TM5484 on the human ether-a-go-
go-related gene (hERG) electric current was investigated in HEL293 cells, transfected with the
hERG gene: TM5484 had not effect on hERG electric current.

Analysis of compounds penetration and concentration into CNS

In order to determine the ability of compounds to penetrate into CNS we used an in vitro
model of BBB (RBT-24H, BBB Kit, PharmaCo-Cell Company Ltd. Nagasaki, Japan). Verapa-
mil and Propanolol were used as a negative and positive control, respectively. This BBB model
was reconstructed by the culture of both primary rat brain micro vascular endothelial cells and
rat brain pericytes separated by a macroporous Millicell membrane (24 wells, pore size: 3.0 pum,
Millipore, Bedford, MA, USA). Briefly, we pre-incubated the BBB kits at 37 °C in 5% CO, con-
ditions for 4-5 days, in order to strongly reconstruct the barrier integrity and tight-junctions.
To evaluate the barrier integrity and confirm the functionality of the tight-junctions, trans-
endothelial electrical resistance (TEER) was measured at day 5-post incubation. Assays were
carried out using TEER values in the range of 150-to 300-Q cm” [ 1]. Once the tight junctions
reach a TEER of 300-Q cm®, 0.9 mL PBS-based assay medium was added to blank 24-well cul-
ture plates. Prior to incubation, selected compounds were diluted in DMSO 100%. The com-
pounds suspended in 0.2 mL assay medium were fortified into the apical side and incubated
for 30 min. Next, the medium from both the apical and the basolateral sides were collected and
further analyzed by liquid chromatography-mass spectrometry. Transport was measured by
detecting the amount of compound from the lower (basal, brain-side) compartment and was
calculated using the apparent permeability coefficient (Papp), a formula provided by Phar-
maCo-Cell Company Ltd.
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