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Abstract

Cancers of the urinary bladder result in aggressive and highly angiogenic tumors for which
standard treatments have only limited success. Patients with advanced disease have a 5-year
survival rate of less than 20%, and no new anticancer agent has been successfully introduced into
the clinic armamentarium for the treatment of bladder cancer in more than 20 years. Investigations
have identified plasminogen activator inhibitor-1 (PAI-1), a serine protease inhibitor, as being
highly expressed in several malignancies, including bladder cancer, in which high expression is
associated with a poor prognosis. In this study, we evaluated PAI-1 as a potential therapeutic
target for bladder cancer. PAI-1 expression was manipulated in a panel of cell lines and functional
inhibition was achieved using the small molecule tiplaxtinin. Reduction or inhibition of PAI-1
resulted in the reduction of cellular proliferation, cell adhesion, and colony formation, and the
induction of apoptosis and anoikis in vitro. Treatment of T24 xenografts with tiplaxtinin resulted
in inhibition of angiogenesis and induction of apoptosis, leading to a significant reduction in tumor
growth. Similar results were obtained through evaluation of the human cervical cancer HeLa cell
line, showing that PAI-1-mediated effects are not restricted to tumor cells of bladder origin.
Collectively, these data show that targeting PAI-1 may be beneficial and support the notion that
novel drugs such as tiplaxtinin could be investigated as anticancer agents.
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Introduction

Cancer of the urinary bladder can be aggressive and develop resistance to currently available
cancer therapies. An estimated 70,980 newly diagnosed cases of bladder cancer and 14,330
deaths from bladder cancer occurred in 2012 (1). When diagnosed as Ta/T1 lesion or even
T2 lesion, cure with surgical resection is possible in a high percentage of cases, with a 5-
year survival rate of more than 94% and 50%, respectively (2, 3). However, once metastatic
disease develops, it is almost always fatal, with an estimated median survival of 12 to 14
months and a 5-year survival of more than 20% (4). The gold standard in the treatment of
metastatic bladder cancer is the chemotherapeutic regimen of cisplatin and gemcitabine or
methotrexate, vinblastine, adriamycin, and cisplatin (5, 6). Despite administration of these
aggressive oncolytic cocktails, survival rates remain dismal (7), and no new anticancer agent
has been successfully introduced into the clinic for the treatment of bladder cancer in more
than 20 years. Thus, the identification of novel therapeutics against this disease is urgently
required.

In bladder cancer biomarker discovery studies, we and others have previously identified
plasminogen activator inhibitor-1 (PAI-1), also known as SERPINE1, as a molecule that is
consistently overexpressed in bladder tumor cells (8-11). PAI-1 is an endogenous inhibitor
of urokinase-type plasminogen activator (UPA), and its expression is regulated by a number
of intrinsic factors (e.g., cytokines and growth factors) and extrinsic factors (e.g., cellular
stress; ref. 12). Perturbation of PAI-1 and the uPA system has been shown to have both pro-
and antitumoral effects in a number of cancer models, primarily by regulating migration,
invasion, apoptosis, and angiogenesis (13-17). Thus, PAI-1 seems to play a pivotal role in
tumor growth and may represent a potential therapeutic target for bladder cancer.

In this study, we manipulated the expression of PAI-1 in a panel of cell lines, and used
tiplaxtinin (PAI-039), a small-molecule inhibitor of PAI-1 (18-20), to investigate the
potential of PAI-1 as a therapeutic target. In vitro, silencing of PAI-1 was associated with an
impedance of cellular and colony growth and cellular adhesion, and an induction of
apoptosis. In vivo, reduced tumor cell PAI-1 was associated with dramatically reduced
xenograft growth accompanied by an increase in apoptosis and a reduction in angiogenesis.

Materials and Methods

Cell culture and reagents

Human urothelial cell lines, T24 and UM-UC-14 [American Type Culture Collection
(ATCCQC)], and UROtsa derived from benign bladder tissue (a generous gift from Dr. Donald
Sens at the University of North Dakota School of Medicine, Grand Forks, ND) were used in
this study. A human cervical cancer cell line, HeLa (ATCC), was available for confirmatory
studies. Before use, short tandem repeat (STR) profiling of all cell lines was carried out by
the Genetic Resources Core Facility (GRCF) at Johns Hopkins University. Cell lines were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) or RPMI 1640 media as
previously described (21). Primary human umbilical vein endothelial cells (HUVEC;
Cambrex) were cultured in Endothelial Basal Medium -2 (EBM-2) basal media
supplemented with the EGM-2 MV Kit (Lonza) containing 2% FBS. HUVEC cells of
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passage 6 to 8 were used. All cells were maintained in a standard humidified incubator at
37°C in 5% CO,. Tiplaxtinin (PAI-039), a small-molecule inhibitor of PAI-1, was
purchased from Axon MedChem and dissolved in dimethyl sulfoxide at a stock
concentration of 10 mmol/L and stored at —20°C.

Immunoblotting

Cell lysate and immunoblotting were previously described in ref. (22). Details and
antibodies are listed in Supplementary Material.

Viability and colony formation assays

Briefly, cell lines, T24, UM-UC-14, UROtsa, and HeLa cells were plated in 96-well dishes
in triplicate at 1 x 103 cells per well and allowed to adhere for 24 hours. Subsequently,
tiplaxtinin was added to the wells and allowed to incubate at the indicated concentrations.
Cellular proliferation was determined by CellTiter-Glo Luminescent Cell Viability Assay
(Promega) according to manufacturer’s instructions at 24 hours, and I1Cgq of tiplaxtinin was
determined in Graphpad Prism (GraphPad Software Inc.). Luminescence was measured
using a FLUOstar OPTIMA Reader (BMG Labtech). Next, monolayer colony formation
assay was performed as described previously (23). In short, 103 cells were plated into 6-well
dishes and treated with and without tiplaxtinin at the indicated concentration for 72 hours.
Culture media was aspirated, cells washed, and fresh complete media was added. Cells were
incubated for an additional 14 days. After 14 days, colonies were fixed with 6.0%
glutaraldehyde and stained with 0.5% crystal violet. The surviving fraction was calculated.
For the soft agar colony formation assay, the Cell Biolabs CytoSelect 96-Well Cell
Transformation Assay was used (Cell Biolabs Inc.). Briefly, 2 x 103 cells in 1:1:1 mixture of
1.2% agar solution, 2x DMEM/20% FBS media, and cell suspension were added to a 96-
well flat-bottom microplate already containing a solidified base agar layer. Cells were
incubated for 6 to 8 days at 37°C in 5% CO,. Colony formation was quantified using the
fluorescent cell stain CYQUANT GR Dye (Cell Biolabs Inc.) in the FLUOstar OPTIMA
Reader. Examination of cell colony formation was also observed under a light microscope.
At least three independent experiments consisting of each condition tested in triplicate wells
were used to calculate mean + SD values.

Gene transfection for stable cell lines

T24 and UM-UC-14 stable cells containing a functional null knockdown of PAI-1 (T24-
PAI-1KD clones 19 and 22 and UM-UC-14-PAI-1KP clones 4 and 7) were generated using a
plasmid with PAI-1 short hairpin RNA (shRNA) cloned within a pGFP-V-RS vector
(Origene Technologies). A plasmid with a scrambled (Scr) non-effective ShRNA construct
in pGFP-V-RS was concomitantly produced as a negative control in each cell line (T245¢"
and UM-UC-145"), Hel a stable cells overexpressing a functionally active PAI-1 (HeLa-
PAI-1CF 12 and 18) were produced using a plasmid containing a sequence-verified human
PAI-1 cDNA cloned into a pCMV6-Entry vector. A plasmid with vector alone was
transfected as an empty control (HeLaE™PY), T24 and UM-UC-14 stable cells were selected
in medium containing 1 mg/mL of puromycin (Life Technologies) and HeLa stable cells
were selected in medium containing 1,200 mg/mL of G418 (Life Technologies Inc.) for 14
days and subcloned by limiting dilution in 96-well plates. Integration of the transfected gene
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into chromosome was confirmed by PCR. Stable cell lines were maintained in media
containing 0.25 pg/mL of puromycin for T24 and UM-UC-14 clones and in media
containing 500 pg/mL G418 for HelLa clones.

Quantitative reverse transcriptase PCR

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) as per the
manufacturer’s instructions. Conversion to cDNA was achieved through the High Capacity
cDNA Reverse Transcription Kit (Life Technologies). Quantitative reverse transcriptase
(RT) PCR was carried out using the ABI 7300 Real-Time PCR System (Life Technologies)
in a 20-pL reaction volume containing 1 uL of the first-strand cDNA, 1 umol/L of gene-
specific TagMan primer and probe mix (Hs01126606_m1; Applied Biosystems). Relative
fold changes in MRNA levels were calculated after normalization to f-actin using the
comparative C; method (24).

Measurement of secreted PAI-1 by ELISA

Cells were plated onto 6-well plates at a density of 2 x 10° cells per well. After 48 hours, the
conditioned media was collected and centrifuged to remove any dead or floating cells.
Conditioned media was analyzed by ELISA assay for PAI-1 (Abcam) using a FLUOstar
OPTIMA Reader (BMG Labtech). At least three independent experiments consisting of each
condition tested in triplicate wells were used to calculate mean + SD values.

Zymography
Thirty micrograms of total cell lysate from the urothelial cell lines T24, UM-UC-14, and
UROtsa, as well as the cervical cancer cell line HelL a treated in the presence and absence of
tiplaxtinin at 10, 20, 30, 40, and 50 umol/L and 30 pg of total cell lysate from the T24-
PAI-1KDP 19 and 22 clones, T245¢", UM-UC-14-PAI-1KP 4 and 17 clones, UM-UC-145¢",
HeLa-PAI-19F 12 and 18 clones, and HeLaE™PY, were electrophoresed on 10% SDS-
polyacrylamide gels containing 1 mg/mL casein (Sigma-Aldrich), 10 pg/mL plasminogen
(Sigma-Aldrich), and 0.5 mU/mL uPA under nonreducing conditions. After electrophoresis
and SDS removal, PAI-1 renaturation was achieved by washing the gel for 1 hour in buffer
containing 2.5% Triton-X 100, 50 mmol/L tris pH 7.4, 5 mmol/L CaCls, and 1 pmol/L
ZnCl,. Gels were then incubated in a reaction buffer containing 50 mmol/L Tris pH 7.4, 5
mmol/L CaCl,, 1 umol/L ZnCl,, and 0.02% NaN3 pH 8.0 for 18 hours at 37°C, followed by
staining with Coomassie blue. PAI-1 activity was indicated as lytic zones of plasmin
generation. Gels were photographed using the KODAK Gel Logic 200 Imaging System with
Carestream Molecular Imaging Software Standard Edition v5.0.7.24 (Carestream Health).

Apoptosis and anoikis assays

Parental T24, UM-UC-14, UROtsa, and HeLa cells treated with or without tiplaxtinin, as
well as the T24-PAI-1KD 19 and 22 clones, T245¢", UM-UC-14-PAI-1XD 4 and 17 clones,
UM-UC-145%" HeLa-PAI-19F 12 and 18 clones, and HeLLaE™PY, were assessed in a LIVE/
DEAD Annexin V apoptotic assay (BD Biosciences) by flow cytometry. Furthermore,
resistance to apoptosis was also determined in parental T24, UM-UC-14, UROtsa, and HelLa
cells treated with or without pretreatment of tiplaxtinin and in the above clones by exposure
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in the presence and absence of 5 ug/mL of mitomycin C (an agent capable of inducing
apoptosis) for 48 hours. In brief, after 48 hours of exposure to mitomycin C, cells were
trypsinized, washed with 1x PBS, and stained with propidium iodide in tandem with an
Allophycocyanin (APC)-conjugated annexinV antibody according to the manufacturer’s
instructions (BD Biosciences) and quantitated via flow cytometry using the BD
FACSCalibur with CellQuest Pro Software (BD Biosciences) and FlowJo (TreeStar Inc.).
Viable cells are negative for both annexin V and propidium iodide, early apoptotic cells
exhibit externalization of phosphatidylserine and are annexin VV—positive but have an intact
plasma membrane and are propidium iodide negative, whereas dead and damaged cells that
have subsequently lost their membrane integrity are positive for both annexin V and
propidium iodide. For anoikis studies, parental T24, UM-UC-14, UROtsa, and HelLa cells
pretreated with or without tiplaxtinin, as well as the T24, UM-UC-14, and HeL a clones,
were plated in 24-well dishes precoated with poly-Hema preventing cell attachment to
substratum. Cells were cultured for 24, 48, and 72 hours and were then assessed for cell
viability using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to
the manufacturer’s instructions. At least three independent experiments consisting of each
condition tested in triplicate wells were used to calculate mean + SD values.

Adhesion assay

Ninety-six—well plates were precoated with 10 pg/mL of collagen (Sigma-Aldrich) in PBS at
37°C for 1 hour. The wells were blocked with 0.5% bovine serum albumin (BSA) in culture
medium and 0.1% BSA in medium was used as the washing buffer. Parental T24, UM-
UC-14, UROtsa, and HeL a cells treated with or without tiplaxtinin, as well as the T24-
PAI-1XD 19 and 22 clones, T245¢", UM-UC-14-PAI-1XD 4 and 17 clones, UM-UC-145¢f
HeLa-PAI-10F 12 and 18 clones, and HeLaEMPY, were serum-starved overnight, released
from dishes via cell dissociation buffer (Life Technologies), and seeded at 104 cells per well
in precoated white-walled 96-well plates. Cells were preincubated with tiplaxtinin for 1 hour
before detachment. After release from tissue culture dishes, cells were rinsed with PBS and
resuspended in serum-free medium containing the appropriate concentration of inhibitors.
Cells were washed twice with PBS at 30, 60, and 120 minutes. At each time point,
nonadherent cells were removed by washing, and adherent cells were quantified using
CellTiter-Glo Luminescent Cell Viability Assay as described earlier. At least three
independent experiments consisting of each condition tested in triplicate wells were used to
calculate mean + SD values.

Endothelial cell tube formation assays

Matrigel (BD Biosciences) was added to 96-well plates (40 pL/well) and allowed to solidify
for 30 minutes at 37°C. HUVEC cells were seeded on top of Matrigel in triplicates at a
density of 10% cells per well in EBM-2 basal media with or without 250 ng/mL of
recombinant PAI-1 (Peprotech) and with or without tiplaxtinin before seeding on top of
Matrigel and incubated for 6 hours. In addition, HUVEC cells were seeded on top of
Matrigel in triplicates at a density of 1 x 104 cells per well in conditioned media from
cultured T24-PAI-1KP 19 and 22 clones, T245¢", UM-UC-14-PAI-1KP 4 and 17 clones,
UM-UC-145¢", HeLa-PAI-1CF 12 and 18 clones, and HeLaE™PY and allowed to incubate for
6 hours. Images of capillary tube formation were captured using Leica DMIL inverted
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microscopy at 6 hours after seeding. The angiogenic activities were quantitatively evaluated
by measuring the total tube length of capillary tube in at least four viewed fields per well. At
least three independent experiments consisting of each condition tested in triplicate wells
were used to calculate mean + SD values.

In vivo administration of PAI-1 inhibitor

The importance of PAI-1 expression for tumorigenicity was assessed in an in vivo bladder
cancer and cervical cancer mouse models. Animal care was in compliance with the
recommendations of the Guide for Care and Use of Laboratory Animals (National Research
Council) and approved by our local Institutional Animal Care and Use Committee (IACUC).
The subcutaneous tumorigenicity assay was performed in athymic BALB/c nu/nu mice (6 to
8 weeks old) purchased from Harlan Laboratories by inoculating 2 x 108 parental T24 cells
and 2 x 10° parental HeLa cells as described previously (22, 25). After 2 weeks, mice
bearing bladder xenografts and mice bearing cervical xenografts were divided randomly into
three groups (control, 5 mg/kg of tiplaxtinin, and 20 mg/kg of tiplaxtinin) and treatment was
initiated. Each group was composed of at least 10 mice. No toxicity or weight loss was
noted in any of the treatment groups. Tiplaxtinin (100 pL diluted in corn oil) was
administered via oral gavage daily (Monday—Friday) for 5 weeks. Control mice received
vehicle alone on the same schedule. Tumor volumes were measured weekly with digital
calipers and calculated by V (mm3) = length x (width)? x 0.5236. After 5 weeks, the mice
were sacrificed, tumors resected, and analyzed by immunohistochemical staining.

Immunohistochemical analysis of xenograft tumors

Immunohistochemistry was conducted as described in refs. (22, 25). Details and antibodies
are listed in Supplementary Material.

Statistical analyses

Results

All experimental data were expressed as mean with standard deviation. All statistical
analyses were conducted using a Student t test, Mann-Whitney nonparametric U test, or
one-way ANOVA and compared with the controls. A P value less than 0.05 was considered
significant. All statistical analyses and figures were carried out using GraphPad Prism
software 5.0 (GraphPad Software Inc.).

Inhibition of cellular proliferation and colony formation by a small-molecule inhibitor of

PAI-1

The expression of PAI-1 was evaluated in a panel of human bladder cell lines (Fig. 1A):
UROtsa (benign bladder), T24 (high-grade urothelial cancer), and UM-UC-14 (low-grade
urothelial cancer). Western blot analysis, quantitative PCR, and ELISA data revealed
significantly elevated levels of PAI-1 in T24 and UM-UC-14 cells compared with UROtsa
(Fig. 1A). Next, we examined the effects of tiplaxtinin [{1-benzyl-5-[4-(trifluoromethoxy)
phenyl]-1H-indol-3-yl} (oxo) acetic acid, PAI-039], a small-molecule inhibitor of PAI-1
activity (18), on the urothelial cell lines. The role of PAI-1 in malignant cell growth and
colony outgrowth was confirmed by a proliferation assay in which urothelial cells were
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treated with increasing concentrations of tiplaxtinin at predetermined time intervals. A
significant inhibition in cellular proliferation was noted in T24 cells treated with tiplaxtinin
with the documentation of a favorable I1C5q value of 43.7 £ 6.3 pmol/L and in UM-UC-14
cells 52.8 + 1.6 umol/L whereas the benign cell line, UROtsa, was noted to have a higher
ICsq value of 70.3 £ 0.1 umol/L (data not shown).

Moreover, PAI-1 expression has been shown to enhance the clonal growth of cells (26, 27).
Therefore, we investigated whether silencing of PAI-1 with tiplaxtinin would affect colony
growth by performing both monolayer colony formation and soft agar assays. After 14 days
there was complete inhibition of colony formation in T24 (P < 0.0001) and UM-UC-14 (P <
0.0001) cells treated with 50 pmol/L tiplaxtinin compared with UROtsa that showed only a
36% reduction in colony growth at 50 umol/L (P = 0.3912; Fig. 1B). Confirmation of this
clonal inhibition was documented in a soft agar assay. After 6 to 8 days, there was a 57% (P
< 0.0001), 47% (P = 0.0016) and 13% (P = 0.4489) inhibition in colony formation in T24,
UM-UC-14, and UROtsa cells, respectively, treated with tiplaxtinin at 50 pmol/L compared
with their control counterparts (Fig. 1C).

Similarly, stable knockdown of PAI-1 in T24 and UC-UM-14 cells using ShRNA
transfection also resulted in a significant inhibition of colony formation in both the
clonogenic and soft agar assays. We created stable knockdown clones of PAI-1 in the
urothelial cells T24 (2 clones; T24-PAI-1KP-19 and T24-PAI-1XP-22) and UM-UC-14 (2
clones; UM-UC-14-PAI-1KP-4 and UM-UC-14-PAI-1XDP-17). We also created PAI-1 high-
expressor clones of the cervical tumor cell line HeLa (HeLa-PAI-1°E-12 and HeLa-
PAI-10E-18). These stable transfectants were compared with scrambled or empty vector
transfectant controls (T245¢", UM-UC-145¢" and HeL.aE™PY) in a panel of in vitro assays.
Altered PAI-1 expression in stable transfectants was confirmed at the mRNA, protein, and
secreted protein levels (Supplementary Fig. SIA-C). Reduction in PAI-1 expression by
genetic manipulation and by tiplaxtinin was confirmed with a zymogen activity assay for
PAI-1. An increase in the conversion of plasminogen to plasmin reflects a functional
decrease in PAI-1 activity (Supplementary Fig. S1D).

In clonogenic assays, stable knockdown PAI-1 clones had a reduction of 39% (P = 0.0037)
in T24-PAI-1KP-19, 52% (P = 0.0224) in T24-PAI-1XP-22, 37% (P = 0.0003) in UM-
UC-14-PAI-1KD-4, and 54% (P = 0.0055) in UM-UC-14-PAI-1KP-17 cells (Supplementary
Fig. S2A). In soft agar assays, reductions were observed at 55% (P = 0.0011) in T24-
PAI-1KD-19, 48% (P = 0.0027) in T24-PAI-1XP-22, 29% (P = 0.0014) in UM-UC-14-
PAI-1KP-4, and 18% (P = 0.0001) in UM-UC-14-PAI-1XP-17 (Supplementary Fig. S2B)
compared with their respective controls. HeLa cells behaved similarly to the bladder cell
lines. At 50 pmol/L tiplaxtinin, colony formation was completely inhibited in both the
clonogenic assay (Supplementary Fig. S3A) and the soft agar assay (Supplementary Fig.
S3B). Together, these data indicate that PAI-1 plays an integral role in cellular growth of
human cancer cells.

PAI-1 influences apoptosis and anoikis

To determine if PAI-1 played a role in apoptosis, we investigated whether treatment with
tiplaxtinin in T24, UM-UC-14, and UROtsa, and genetic manipulation of PAI-1 in T24 and
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UM-UC-14 cells, would influence apoptosis in two independent assays. We assessed
whether PAI-1 depletion influenced apoptosis in the presence and absence of the apoptotic
agent, mitomycin C. In flow cytometric assays, the apoptotic fractions were increased in the
PAI-1-depleted T24 clones, T24-PAI-1KD-19 and T24-PAI-1KP-22, by 26% (P < 0.0001)
and 18% (P < 0.0001), respectively, compared with control T245¢", and in the UM-UC-14
clones, UM-UC-14-PAI-1XP-4 and UM-UC-14-PAI-1XP-17, by 13% (P = 0.0003) and 10%
(P = 0.0029), respectively, compared with control UM-UC-145¢", Mitomycin C treatment (5
pg/mL) of T245¢" alone induced a 10% increase in apoptosis over nontreated T245C" control,
and this effect was further increased in the PAI-1-depleted clones, T24-PAI-1XP-19 by 33%
(P < 0.0001) and T24-PAI-1KD-22 by 18% (P = 0.0019; Fig. 2A). In UM-UC-14 clones
treated with mitomycin C, increased rates of apoptosis were noted in UM-UC-14-PAl-1KD-4
(26%, P = 0.0079) and UM-UC-14-PAI-1KP-17 (23%, P = 0.0134), whereas mitomycin
treatment alone only showed an increase of 5% (P =0.0236) over untreated control cells
(Fig. 2A). Furthermore, parental T24 cells treated with tiplaxtinin showed an increase of
18% in apoptotic activity at 50 pmol/L compared with non-treated control (P < 0.0001).
When mitomycin C was added to tiplaxtinin in this system, 51% (P < 0.0001) of T24 cells
were noted to undergo apoptosis, a significant increase over tiplaxtinin alone (18%; P <
0.0001) or apoptotic-inducing agent alone (22%, P < 0.0001; Fig. 2B). Furthermore,
parental UM-UC-14 cells treated with tiplaxtinin showed an increase in apoptotic activity of
12% at 50 pmol/L compared with nontreated control (P < 0.0001). When mitomycin C was
added to tiplaxtinin, 28% (P = 0.0022) of UM-UC-14 cells were noted to undergo apoptosis,
a significant increase over tiplaxtinin alone (12%, P < 0.0001) or apoptotic-inducing agent
alone (15%, P = 0.0001; Fig. 2B). Interestingly, treatment of benign UROtsa cells with
tiplaxtinin showed no significant alteration in apoptosis (P = 0.2877; Fig. 2B). In addition,
as confirmed by Western blot analysis, tiplaxtinin induced both activation of caspase-3 and
cleavage of PARP in all cell lines, whereas no change was evident in treated UROtsa cells
(Fig. 2C). Western blot analysis data also revealed that apoptosis in the malignant bladder
cell lines was mediated by the activation of Fas and FasL (Fig. 2C). Similarly, treatment of
HeLa cells with tiplaxtinin resulted in increased rates of programmed cell death and the
effect of mitomycin C was enhanced relative to PAI-1 expression (Supplementary Fig. S4).
Our results indicate that reducing PAI-1 activity, either by genetic manipulation or by
treatment with tiplaxtinin, induces cancer cell death.

Previous studies have shown that cell adhesion is associated with vulnerability to apoptosis
(28, 29). Here, we confirmed that the suppression of PAI-1 resulted in a significant dose—
response reduction in cellular adhesion in parental T24, UM-UC-14, and UROtsa cells after
pretreatment with tiplaxtinin for 30 minutes (Fig. 3A). To further expand on our in vitro
apoptosis data, we evaluated whether tiplaxtinin could induce anoikis (programmed cell
death of detached cells). Cells were detached and cultured in suspension, and cell viability
was monitored at 24, 48, and 72 hours. All cell lines (T24, UM-UC-14, and UROtsa) treated
with tiplaxtinin exhibited similar reductions in viability of detached cells, supporting PAI-1
as a vital factor for normal cell physiology (Fig. 3B). Notably, ICsq values of tiplaxtinin in
detached cells, 19.7 + 3.8 umol/L in T24, 44.5 £ 6.5 pmol/L in UM-UC-14, and 31.6 £ 6.1
pumol/L in UROtsa, were significantly lower than the 1Csq values calculated for cells
cultured in the presence of tiplaxtinin under attached conditions (43.7 + 6.3 umol/L in T24,
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52.8 £ 1.6 umol/L in UM-UC-14, and 70.3 = 0.1 pmol/L in UROtsa). Knockdown of PAI-1
in T24 and UC-UM-14 clones also resulted in a marked inhibition of cellular growth of cells
in a detached state (Fig. 3B). Consistent with the above results, HeL a cells treated with
tiplaxtinin were noted to have a reduction in the ability to attach and an induction in cell
death in detached cells (Supplementary Fig. S4D and E). However, the I1Csq value for
tiplaxtinin-treated HeL a cells under detached conditions (29.3 £ 2.2 pmol/L) was not lower
than cells attached to a substratum (25.6 + 1.8 umol/L). Collectively, these data indicate that
the ability of cells to adhere and detachment-induced cell death may be modulated by
targeting PAI-1.

Endothelial tube formation is influenced by soluble PAI-1

It is reported that PAI-1 can play a key role in angiogenesis (30, 31). The significance of
PAI-1 expression in cellular angiogenic potential was confirmed by performing tube
formation assays in which HUVEC cells were cultured in growth factor-rich Matrigel with/
without tiplaxtinin and/or recombinant PAI-1 (rhPAI-1). The total length of tube-like
structures formed by HUVECs in the assay was significantly enhanced with the addition of
100 ng/mL of rhPAI-1 compared with control (20%; P < 0.0001), whereas total length of
tube-like structures was significantly reduced upon the subsequent addition of 30 umol/L
tiplaxtinin (44%; P < 0.0001) and to an even greater extent with the addition of 50 pmol/L
tiplaxtinin (68%; P < 0.0001; Fig. 4A). Conditioned media from the T24-PAI-1KD, T24Scr,
UM-UC-14-PAI-1KDP, and UM-UC-145¢ clones were analyzed in the tube formation assay.
The total length of tube-like structures in HUVECs was reduced compared with control
conditioned media from T24-PAI-1KD-19 (57%; P < 0.0001), T24-PAI-1KP-22 (53%; P <
0.0001), UM-UC-14-PAI-1KP-4 (45%:; P < 0.0001), and UM-UC-14-PAI-1KP-17 (23%; P
< 0.0001; Fig. 4B). Thus, PAI-1 may be a valid antiangiogenesis therapeutic target.

PAI-1 inhibition reduces tumor xenograft growth

Tiplaxtinin was administered by oral gavage to athymic mice bearing human bladder cancer
cell line T24 xenografts and human cervical cancer HeLa cell xenografts. The subcutaneous
tumor growth of both T24 and HeLa cell xenografts treated with tiplaxtinin was markedly
reduced compared with untreated controls. Specifically, at the end of the study, control T24
xenografts were noted to be 1,150 + 302 mm?3 compared with 593 + 328 mm3 for T24
xenograft tumors treated with 5 mg/kg tiplaxtinin (P < 0.0001) and 627 + 248 mm3 for T24
xenografts treated with 20 mg/kg (P < 0.0001; Fig. 5A). Control HeLa xenografts were
noted to be 1,159 + 286 mm3 compared with 463 + 198 mm3 for HeLa xenograft tumors
treated with 5 mg/kg (P < 0.0001) and 474 + 259 mm? treated with 20 mg/kg (P < 0.0001;
Supplementary Fig. S5A). A reduction in tumor PAI-1 was evident in tiplaxtinin-treated T24
(Fig. 5B) and HelLa (Supplementary Fig. S5B) xenografts by immunohistochemical staining.
Expression levels of angiogenic marker CD31, proliferative index marker Ki-67, and
apoptotic marker caspase-3 were also investigated in xenografts. Microvessel density
(MVD) was calculated from CD31 staining for the 5 and 20 mg/kg treatment groups and a
reduction in MVD by 69% (P = 0.0008) and 82% (P < 0.0001), respectively, compared with
control was noted in T24 xenograft tumors (Fig. 5C). A reduction in MVD by 63% (P =
0.0085) and 85% (P = 0.0018), respectively, was noted in HeLa xenograft tumors
(Supplementary Fig. S5C). Using Ki-67 immunostaining, the proliferative index was
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calculated for the 5 and 20 mg/kg treatment groups and a reduction in the proliferative index
by 53% (P = 0.0156) and 74% (P = 0.0021), respectively, compared with control was noted
in T24 xenograft tumors (Fig. 5C). A reduction in the proliferative index by 53% (P =
0.0192) and 87% (P < 0.0001), respectively, compared with control was noted in HeLa
tumors (Supplementary Fig. S5C). Finally, using caspase-3 immunostaining, an apoptotic
index was calculated, and an enhancement in the apoptotic index by 1,069% (P = 0.0172)
and 1,178% (P = 0.0056), for the 5 and 20 mg/kg treatment groups respectively, was
observed in T24 xenograft tumors (Fig. 5C). Enhancements in the apoptotic index by 113%
(P =0.1766) and 823% (P < 0.0001), respectively, were observed in HeLa xenograft tumors
(Supplementary Fig. S5C). Tiplaxtinin treatment of xenograft-bearing mice was associated
with a reduction in tumor angiogenesis, a reduction in cellular proliferation, and an increase
in apoptosis. These in vivo observations corroborate the in vitro findings, confirming that
reduction of tumor cell PAI-1 expression can significantly impact tumor cell survival and
that tiplaxtinin is a potentially potent antitumoral agent.

Discussion

PAI-1 is the primary inhibitor of tissue-type plasminogen activator (tPA) and uPA, and acts
to suppress tissue and plasma fibrinolysis via plasmin conversion (32). PAI-1 is known to
play a major role in benign disorders such as deep vein thrombosis, myocardial infarction,
atherosclerosis, and stroke (33), and more recently has been linked to some cancers (19, 34).
PAI-1 has been pursued as a target for drug development using tiplaxtinin, the second in a
series of orally active PAI-1 inhibitors, with favorable pharmacokinetic and
pharmacodynamic studies in large animals (35). However, to date, this is the first
therapeutic study using tiplaxtinin in a cancer xenograft model.

In this study, we examined the tumorigenic and angiogenic effects of PAI-1 on human
urothelial and cervical cell lines by genetically altering expression of PAI-1 and blocking
PAI-1 with the small-molecule inhibitor tiplaxtinin. In contrast with the benign cell line
UROitsa, the viability and growth of malignant T24, UM-UC-14, and HeLa cells were
inhibited by PAI-1 reduction. Previous studies have linked PAI-1 effects on cellular
proliferation to p53 (36). A p53 binding site is present within the PAI-1 gene promoter and
is responsible for the stimulation of PAI-1 transcription. Cells that harbor mutant p53 have a
reduction in PAI-1 promoter activity (36). Although HeLa cells possess wild-type p53, the
T24 cell line is known to contain a novel p53 mutant that has an in-frame deletion of
tyrosine 126. This p53 mutant is expressed at low levels, comparable with cell lines
containing wild-type p53 alleles (37). Conversely, p53 is silenced in UROtsa cells by the
binding of SV40 large T antigen, which may partially explain why UROtsa cells treated with
tiplaxtinin did not undergo apoptosis as the other cells did. Furthermore, PAI-1 is expressed
in a cell cycle—dependent manner with increased expression during growth activation (38).
Thus, it is feasible that the novel p53 mutant in T24 still possesses the ability to bind to the
PAI-1 promoter, leading to increased cellular proliferation.

The role of PAI-1 in tumor angiogenesis is controversial, with both promoting and
inhibitory contributions described in previous studies (16, 17, 19, 30, 31, 34, 36, 39-44).
These conflicting reports may be due to differences in tumor models, anatomic differences,
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differences in the source of the PAI-1 (tumor cells vs. host cells), or due to expression levels
of PAI-1 as well as PAI-2 and PAI-3. Despite this controversy, we demonstrated convincing
data that (i) targeting PAI-1 in an in vitro assay significantly reduces cellular proliferation,
cell adhesion, and colony formation, and induces apoptosis and anoikis and (ii) inhibition of
PAI-1 by the administration of tiplaxtinin in T24 and HeLa xenografts reduced tumor
growth by approximately 50% in both treated groups (5 and 20 mg/kg), which in turn was
associated with a reduction in MVD and proliferative index and an increase in apoptosis.

Previous reports have demonstrated that the addition of PAI-1 to culture medium inhibited
tumor cells from undergoing apoptosis (43). Interestingly, PAI-1 regulates apoptosis in
transformed cells, but not in normal cells, suggesting a differential impact of PAI-1 between
transformed and nontransformed cells (44). In this study, apoptotic assays were conducted
with mitomycin C, an agent widely used in the intravesical treatment of non-muscle invasive
bladder cancer (2). The addition of tiplaxtinin to mitomycin C potentiated the apoptotic
effects seen with mitomycin C alone. Furthermore, on the basis of previous reports (45, 46),
it stands to reason that systemic tiplaxtinin therapy could limit metastatic spread of tumors
by inducing anoikis in detached cancer cells that have made their way to the extracellular
matrix and vasculature. This programmed cell death is largely attributed to plasmin cleavage
and activating FasL, a type-11 transmembrane protein that belongs to the TNF family, whose
activation induces apoptosis (ref. 47; Fig. 2C).

Little attention has been given to PAI-1 in human bladder or cervical tumors. For example,
only three groups have reported on PAI-1 levels in human patients with bladder cancer.
Urquidi and colleagues noted a significant increase in urothelial cell PAI-1 level (8) and
urinary PAI-1 level (9) in patients bearing bladder tumors compared with non-tumor
bearing patients. Another group noted increased expression of uPA, but not of PAI-1
expression, in a small cohort of patients with muscle invasive bladder cancer compared with
nonmuscle invasive bladder cancer (48), and Becker and colleagues reported significantly
higher PAI-1 levels in tissue and plasma samples, but not in urine, from patients with
bladder cancer compared with controls (11). In cervical cancer, the literature on PAI-1 is
scant. Kobayashi and colleagues demonstrated a significantly higher lymph node—positive
rate in patients that had cervical tumors with strong uPA and/or PAI-1 tissue staining than in
those with tumors with weak expression (49). In another study, Tee and colleagues noted a
specific PAI-1 allelic polymorphism in women with cervical cancer compared with women
without cervical cancer (50). Thus, further exploration of PAI-1 in human tumors is
warranted.

Taken together, the results presented here show the importance in the expression of PAI-1 as
it relates to tumor cell survival and tumor progression through angiogenesis. Reduction in
xenograft growth with tiplaxtinin was accompanied with favorable alterations in
angiogenesis, apoptosis, and cellular proliferation rates. Although PAI-1 function is
complex, further investigation can exploit previous findings and determine whether small-
molecule inhibitors of PAI-1 represent valid therapeutic agents for a variety of solid tumors.
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Figure 1.
Effect of PAI-1 small-molecule inhibitor on proliferation and colony formation in human

urothelial cell lines. A, PAI-1 levels were evaluated in UROtsa, T24, and UM-UC-14 cells
by immunoblotting, densitometry of immunoblot, quantative PCR, and ELISA. Analysis of
human urothelial cell lines confirmed upregulation of PAI-1 protein in T24 and UM-UC-14
urothelial cancer cells but not in UROtsa benign bladder cells. Numbers below Western blot
analysis image lanes are from semiquantitative densitometric analysis. B, about 103
urothelial cells were seeded in 6-well plates exposed to tiplaxtinin at the indicated
concentration for 72 hours followed by aspiration of culture media and replacement with
fresh complete media. Cells were incubated for an additional 14 days. After 14 days,
colonies were fixed with 6.0% glutaraldehyde, stained with 0.5% crystal violet, and counted
under light microscopy. Data were represented as the mean + SD of three independent
replicates. C, about 2 x 103 urothelial cells pretreated with tiplaxtinin at the indicated
concentration were mixed in agar solution and fresh complete media and seeded in 96-well
plates. Cells were incubated for 6 to 8 days. Colony formation was quantified using the
fluorescent cell stain CYQUANT GR Dye (Cell Biolabs Inc.) in the FLUOstar OPTIMA
Reader. Data were represented as mean + SD of three independent replicates. All
experiments were repeated at least three times. Targeting PAI-1 was noted to retard cellular
proliferation and colony formation. *, P < 0.05.

Mol Cancer Ther. Author manuscript; available in PMC 2015 February 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Gomes-Giacoia et al.

Page 16

A T24-PAI-1KD {um-uc-14-pAI-1KD |
50+ & 50+
—
c c k.3
2 404 2 404 %
15 & 3]
I * @
< 304 = 304
- k)
° & ° "
2 204 5. 204 *
o o
o o
< 104 < 104
& 2
ol LS % <+ £ & = &
o - S 4 9 6o ¥ - 6 3 =
o o o o o o
o =)
g @8 g @2 2 2
Mitomycin C Mitomycin C
- T24 & UM-UC-14 50-
ES ES ®
§ 60 s 404 > 5 60+
= = 5
(5]
8 8 304 ]
E 40 = * 40
i 2 50 x z o
2 2 £
S 204 & i S 204
[-% Q =3
< < <
0- 0~ (Lo T
2 = H S H < e H = ] = ] [3 = = 3 = =
c [=} o k= [=] [} c o [=] k= o o c o o c o o
S § § g8 § & S § § § § & s § § 8§ § &
=3 o o o (=3 o o o =3 o o o
® n ® n ®» n ® n @ w ©» w0
5 3 5 3 5 3 5 3 s 8 8 5
2 = = = 2 = = = g g 2 2
[ [ = = [ [ = = = L = =
Mitomycin C Mitomycin C Mitomycin C
C T24 T24-PAI-1KD UM-UC-14  UM-UC-14-PAI-1KP  UROtsa
- - | - ) -t - -
- - - - = -
o o o o o o
E E E E E E
2 2 3 =2 E S 2
s 8 8 2§ 5 8 8 « = 5 88
= x x - - = x x - - - x x
£ & & ] £ & & S ° £ & &
;g 2 g2 5 o 0 s 2 2 a o ;g 2 g2
o F ¥ ¥ o F F ¥ ¥ o F F
Cleaved
caspase 3
Cleaved ) -,
|' e
Fas ——-l---|# “q|--. h--
F L
as! -
—_— ‘ | [ ——
——
B-Actin

Figure 2.
Silencing of PAI-1 results in induction of apoptosis. A, annexin V apoptotic assay was

performed in the T24 clones (T24-PAI-1XP-19, T24-PAI-1XP-22 compared with T245¢r)
and UM-UC-14 clones (UM-UC-14-PAI-1KP-4, UM-UC-14-PAI-1KD-17 compared with
UM-UC-145°") after exposing the cells to the apoptotic-inducing agent, mitomycin C at 5
pg/mL. The antiapoptotic effects of PAI-1 overexpression were abrogated in T24 clones
(T24-PAI-1KD-19 and T24-PAI-1XDP-22), UM-UC-14 clones (UM-UC-14-PAI-1XP-4 and
UM-UC-14KD-17). B, annexin V apoptotic assay was also performed in parental T24, UM-
UC-14, and UROtsa cells treated with and without tiplaxtinin (30 and 50 pmol/L) and
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exposed to the apoptotic inducing agent, mitomycin C at 5 pg/mL. C, Western blot analysis
was performed on the above cell lines confirming the induction of the key apoptotic proteins
cleaved caspase-3, cleaved-PARP, Fas, and FasL. Staining for f-actin served as a control. At
least three independent experiments consisting of each condition tested in triplicate wells
was used to calculate mean + SD values. *, P < 0.05.
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Figure 3.

1 results in a reduction in adhesion and increased rates of anoikis. A, in a cell

adhesion assay, treatment of T24

Targeting PAI

-14, and UROtsa cells with 30 and 50 umol/L

, UM-UC
substrate. B, in an anoikis assay, treatment of T24, UM-UC-14, and UROtsa cells with 30

and 50 pmol/L tiplaxtinin for 24 hours resulted in significant induction of anoikis.
Furthermore, genetic knockdown of PAI-1 also resulted in increased rates of anoikis of T24

tiplaxtinin resulted in a dose-dependent reduction in the ability of the cells to adhere to
clones and UM-UC-14 clones.
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Figure 4.
Knockdown of PAI-1 influenced endothelial tube formation. A, capillary tube formation in

HUVECs cultured in growth factor-rich Matrigel with tiplaxtinin and/or rhPAI-1 was
quantified as total tube length. Although rhPAI-1 enhanced stimulation of tube formation,
tiplaxtinin significantly diminished the proangiogenic effects of PAI-1. B, capillary tube
formation in HUVECs cultured in conditioned media from T24 clones (T24-PAI-1KD-19
and T24-PAI-1KP-22 compared with T245¢") and UM-UC-14 clones (UM-UC-14-
PAI-1KP-19 and UM-UC-14-PAI-1XP-22 compared with UM-UC-145¢") was quantified as
total tube length per well in micrometer. Reduction in PAI-1 expression in T24-PAl-1KD
and UM-UC-14-PAI-1KD clones was associated with a significant reduction in tube
formation in HUVEC cells. Data from representative experiments are presented as mean +
SD. All experiments were repeated at least three times. *, P < 0.05.
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Figure 5.

Effect of targeting PAI-1 in a T24 bladder cancer xenograft tumor model. Tumor growth
was established by subcutaneous injection of parental T24 cells into athymic nude mice
(nu/nu) followed by the oral administration of tiplaxtinin at two different doses as described
in Materials and Methods. Corn oil administered orally served as control. A, T24 tumor
sizes were recorded over 5 weeks. The relative tumor size was plotted as mean = SD from
the three treatment groups per cell line (n = 10 per group). Treatment with tiplaxtinin (5
mg/kg and 20 mg/kg) was associated with a reduction in T24 tumor burden. B, H & E and
PAI-1 staining of T24 tumors are shown (images x200). A reduction in PAI-1 expression
was noted in T24 tumors treated with tiplaxtinin. C, MVD was quantified on the basis of
CD31 staining as previously reported (22). Proliferative index was quantified on the basis of
Ki-67 staining as previously reported (22). Apoptotic index (Al) was quantified on the basis
of cleaved caspase-3 staining as previously reported (22). Tiplaxtinin treatment of T24
xenografts was associated with a reduction in angiogenesis and proliferation with an
accompanied induction of apoptosis. Data from one representative experiment are presented
as the mean £ SD. *, P < 0.05.
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