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Abstract

High grade gliomas (HGGs) are primary lethal CNS cancers. Elevated protein levels of uPA-PAI-1 complexes are a highly predictive biomarker
for a number of highly proliferative solid cancers predisposed to infiltrate and metastasize. We report a new small molecule (Cmpd10357)
that rapidly disrupts intracellular uPA-PAI-1 complexes and which temporally corresponds with the relocation of endosomes containing
urokinase protein cargo. ‘Mis-trafficking’ of these uPAS endosomes by Cmpd10357 and its parent compound UCD38B triggers AlF-mediated,
caspase-independent glioma necrosis. We now identify that Compound10357 and UCD38B disrupt intracellular uPA-PAI-1 complexes to trigger
this programmed cancer cell necrosis. This novel drug target suggests a potential functionality for elevated levels of uPA-PAI-1that has been
identified in many high grade solid cancers. Hypoxia and acidosis inhibit cell cycle progression of surviving populations and promote hypoxically
reprogrammed glioma cells capable of initiating tumor regrowth. High grade gliomas have elevated basal levels of urokinase (uPA) that were
found to increase with hypoxia. Persistent hypoxia for five days markedly increased expression of the urokinase endogenous inhibitor PAI-1, and
of the hypoxic transcription factors HIF1a and HIF2a. Expression of the embryonic transcription factors Oct4 and Nanog is also transcriptionally
regulated by HIF2a and a subpopulation of hypoxic glioma cells were identified as co-expressing PAI-1, Nanog and Oct4. Normoxic patient-
derived xenografted (PDX) glioma lines also express PAI-1 and contain subpopulations as as co-expressing PAI-1, Nanog and Oct4. Cmpd10357
comparably Kills high grade human glioma cell lines and PDX glioblastoma lines, including temozolomide-resistant PDX glioma cells independent
of caspase activation. These data suggest that Cmpd10357 or related congeners could be employed, in conjunction with conventional and anti-
angiogenic therapies, to kill quiescent glioma cells residing in hypovascularized or perinecrotictumor microenvironments.

Keywords: Hypoxic gliomas; Glioma initiating cells; Glioma ‘stem-like’ cells; Urokinase plasminogen activator (uPA); Plasminogen activator
inhibitor type 1 (PAI-1); Intracellular uPA-PAI protein complex; Intracellular uPA-PAI drug target; Embryonic stem cell transcription factors;
Patient-derived xenografted (PDX) gliomas

Abbreviations: HGGs: High-Grade Gliomas; GICs: Glioma Initiating Cells; GSC’s: Glioma ‘Stem-Like’ Cells; PDX: Patient Derived Xenograft; HIFs:
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PAI-1 and PAI-2: Plasminogen Activator Inhibitors; tPA: Tissue-Type Plasminogen Activator; TMZ: Temozolomide

- J

Background and Importance

proliferative or minimally proliferative enabling them to survive
anti-mitotic drugs, radiation therapy, and anti-angiogenic agents
[4]. Conventional therapies and anti-angiogenic therapy has been
demonstrated to enrich for ‘stem-like’ and additional cancer

High-grade gliomas (HGGs) are an aggressive group of
primary glial brain cancers characterized by rapid, infiltrative
growth. The most aggressive of these HGGs, WHO grade 4
astrocytomas, contain spontaneously hypoxic, necrotic, and
hemorrhagic tumor domains resulting from rapid proliferation
with ineffective neo vascularization. These hypovascularized,
tumor regions harbor populations of glioma cells capable of self-
renewal, and tumor regrowth [1] and are resistant to radiation
therapy, anti-mitotic agents, and anti-angiogenic therapies
[2,3]. These hypoxic cancer cells have been shown to be non-

initiating cells, which have been reprogrammed by hypoxic-
induced transcription factors, notably HIF2« [5]. Consequently,
hypoxic regenerative cancer cells are now recognized as a
primary impediment to the successful treatment of highly
proliferative cancers due to their roles in resistance, recurrence
and metastasis [6,7].
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Hypoxic-ischemic and perinecrotic tumor domains of HGGs
demonstrate increased expression of several components of
the urokinase plasminogen activator system (uPAS); uPA, PAI-
1, uPAR, reviewed in [8-10]. Hypoxic-ischemic glioma cells
express high levels of uPA-PAI-1; a biomarker shown to be highly
predictive of cancer recurrence and metastasis; notably in breast
cancer and high grade glial cancers [11-13]. PAI-1 binds to uPA
complexed with its receptor (uPAR) at the cell surface. In most
instances the complex is endocytosed with the assistance of LRP-
1 [14]. The quaternary complex (uUPAR-uPA-PAI-1-LRP-1) enters
cells primarily by endocytosis and the complex is partitioned so
the LRP-1 and uPAR receptors are recycled and uPA and PAI-1
are degraded [15].

PAI-1, when bound to uPA, inhibits the latter’s enzymatic
activity and cellular adhesiveness. When normal cell-cell
contact is established, there is inhibition of PAI-1 expression
and it is not expressed in normal brain or vascular cell types
[8]. Paradoxically, persistently elevated levels of uPA-PAI-1,
measured by ELISA, are well documented as a biomarker closely
corresponding with cancer recurrence and dissemination [11-
13]. Despite its clinical importance as a cancer biomarker, the
biological importance of uPA-PAI-1 is not understood.

Hypoxia is a key negative prognostic feature of solid cancers
including HGGs, gastric, colon, pancreas, lung and breast [16]
promoting a more aggressive cancer cell phenotype [17]. Hypoxia
inducible factors (HIFs) are well characterized transcription
factors that regulate gene expression under hypoxia [18].
HIF1la is rapidly expressed in the setting of acute hypoxia and
transcribes genes that inhibit cell migration, growth, energy
metabolism, and apoptosis, while stimulating angiogenesis [19].
In contrast, HIF2a expression is delayed and expressed under
persistent hypoxic conditions facilitating the cell’s adaptation to
ahypoxicenvironment. HIFlaregulates the Notch ligand Jagged1
(JAG1) leading to increased uPA expression [20-22]. HIF2a
directly activates the PAI-1 promoter and increases expression
[23-25]. HIF2a also transcriptionally activates early embryonic
stem cell transcription factors, including Oct4, Nanog, Sox2, and

regulatory pathways including Notch, and c-myc [26-28].

The uPAS system is an attractive novel target for anti-
cancer therapy and inhibitors of uPA bound to plasmalemma
IuPAR has resulted in anti-cancer cytostatic agents. In contrast,
here we describe cytotoxic small molecules that bind to the
active site of uPA, disrupt the intracellular uPA-PAI-1 protein
complex. Previously, we described that a patented cell permeant
derivative of amiloride, 5-benzylglycinyl amiloride (UCD38B)
[29], triggered relocation of uPAS endosomes. Mis-trafficking
of these uPAS endosomes led within hours to irreversible
caspase-independent, necrotic cell death in gliomas mediated
by apoptotic inducible factor (AIF) [30]. The anti-cancer
cytotoxicity caused by UCD38B in glioma and breast cancer cell
types was shown to be independent of cell cycle or autophagy
[29,31]. However, UCD38B is not very potent, and despite being
a competitive enzymatic inhibitor of uPA its intracellular drug
target remained unclear. Here, we describe the anti-cancer
cytotoxicity of a new small molecule, Cmpd10357 that kills
glioma cells by the analogous programmed necrotic cell death
mechanism as UCD38B, but is at least 20-fold more potent.
Cmpd10357(LC50 < 5-10puM) (Table 1) does not kill primary
astrocytic cultures, but is cytotoxic to human and canine high
grade glioma cell lines and to primary high grade glioma
cultures from patient derived xenografts (PDX), including those
resistant to temozolomide (TMZ). We and others reported
elevated expression of uPA in high grade gliomas [32] and that
UCD38B and its cell impermeant, cytostatic homolog, UCD74A,
bind to the active site of uPA [29,30]. Using the more potent cell
permeant Cmpd10357, we now identify that intracellular uPA
and PAI-1 complex is the putative drug target of Cmpd10357 and
UCD38B. Three normoxicPDX glioma cultures demonstrate co-
expression of PAI-1 and embryonic stem cell markers Oct4 and
Nanog. Expression of these embryonic transcription factors and
increased expression of PAI-1 was observed following 5 days of
persistent hypoxia in clonal LN229 glioma cells. Cmpd10357
targets and engages PAI-1 triggering AIF-mediated cell death
mechanism of action.

Table 1: Cell Permeant and Impermeant Small Molecule Inhibitors of Urokinase plasminogen Activator (uPA).

uPA IC50 LC50 (uM)
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Materials and Methods
Drugs and antibodies

UCD38B (5-benzylglycinyl-3-amino-6-chloro-N-(diaminomethylene)
pyrazine-2-carboxamide and UCD74A (5-glycinyl-3-amino-6-chloro-
N-(diaminomethylene) pyrazine-2-carboxamide) were synthesized as
described previously [33]. Drugs stocks of 250mM were constituted
in DMSO stored at -20 °C and reconstituted for each experiment to
a final concentration of 250puM. 3-amino-5-arylamino-6-chloro-N-
(diaminomethylene)  pyrazine-2-carboximide (Cmpd10357) was
reconstituted to a final concentration of 250uM in DMSO and stored at-20
°C[34].

Human anti-PAI-1 mouse monoclonal (IgG1specific), human
anti-PAI-1 goat polyclonal, human anti-Nanog rabbit polyclonal,
human anti-Oct4 rabbit polyclonal, (Abcam, Cambridge, MA),
human anti-uPA mouse monoclonal and human anti-uPAR
mouse monoclonal (1:100 dilution; American Diagnostica,
Stamford, CT) were used as primary antibodies. Goat anti-mouse
secondary antibody (1:20000, LicorBiosciences, Lincoln, NE)
was used for protein visualization on immunoblots.

Cell culture

U87MG and LN229 human glioma cell lines were derived
from high grade glial cancers and obtained from the American
Type Culture Collection (Manassas, VA). Primary glioma cultures
from patient-derived glioma xenografts (PDX), GBM10, GBM12,
and GBM39 were obtained from Dr. Sarkaria’s lab (Mayo Clinic)
and were generated as described elsewhere [35,36]. Cells were
grownat37°Cand 5% CO2 in Dulbecco’s modified Eagle’s medium
(Gibco). DMEM or MEM (for U138MG) was supplemented with
10% fetal bovine serum (Hyclone Laboratories, Rockford, IL),
1% L-glutamine (Gibco), 100U/ml penicillin and 100 mg/ml
streptomycin (Gibco, Grand Island, NY). PDX glioma lines have
been shown to be genetically heterogeneous within and between
the different lines [51]. This was the rationale for using the
genetically validated and homogeneous LN229 glioma cell line
(ATCC® CRL-2611 [37] to study hypoxic regulation.

Cell death assay

Lactate dehydrogenase (LDH) assay measured the release
of cytosolic LDH from dead and dying glioma cells as described
previously [29,31]. Briefly, ten thousand cells per well were
plated in 96-well microtiter plate and treated with the drugs for
24hat37°C, 5% CO2. LDH assay was performed according to the
manufacturer’s protocol (Clontech Laboratories, Mountain View,
CA). Absorbance was read at 492nm using a SpectraMax M3 with
SoftmaxPro software (LifeSciSoft, Kingston, NY).

siRNA transfections

On-Target plus siRNA and control siRNA for uPA and uPAR
were purchased from Dharmacon RNAi Technologies (Lafayette,
CO). Transfections were performed using Dharmacon siRNA
transfection reagent according to manufacturer’s instructions
and protocol. Cells were harvested 3, 4, and 5 days post-
transfections.
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shRNA transfections

Human PAI-1 constructs containing 29 mer shRNA constructs
and non-effective 29-mer scrambled shRNA cassette in retroviral
vector was purchased from Origene Technologies Inc., (Rockville,
MD).Following transient transfections in U87 glioma cell line,
cells were maintained in growth medium containing 0.5pg/ml
puromucin for clonal section. Transfectionswere performed
using transfection reagent provided bythe manufacturer and
following their protocol.

Protein fractionation and immunoblotting

Protein extracts were made in RIPA (radio immuno
precipitation assay) lysis buffer (Cell Signaling, Danvers, MA) and
50ug of protein was loaded on SDS-PAGE. Protein samples were
size-fractionated by electrophoresis through 12% SDS-PAGE and
transferred onto nitrocellulose membrane by immunoblotting.
Blocking buffer (Licor Biosciences, Lincoln, NE) diluted 1:1
in 1X PBS was used for 1h at room temperature to prevent
non-specific binding sites. Primary antibody incubation was
performed overnight at 4 °C. The secondary antibody incubation
was carried out at room temperature for 1h. Goat anti-mouse,
goat anti-rabbit and donkey anti-goat secondary antibodies from
Licor Biosciences were used at 1:10000 dilution [29]. Bands
were visualized and quantified using Odyssey Infrared Imager
(Licor Biosciences, Lincoln, NE).

Quantification of uPA-PAI-1 protein content

Whole cell extracts were isolated using RIPA lysis buffer that
denatures plasmalemmal proteins. For cytosolic and membrane
fractions, glioma cells were harvested and cell pellet was washed
in ice cold PBS. After centrifugation at 300Xg for 10min the
pellet was resuspended in cytosolic protein extraction buffer
(10mM PIPES, pH6.8, 5mM EDTA, 0.01% digitonin) containing
protease inhibitor cocktail. Following 10min incubation at 4
°C, the samples were centrifuged at 1000Xg for 10min. The
supernatant was collected as cytosolic fraction. The pellet
was then resuspended in membrane protein extraction buffer
(10mM PIPES, pH 7.4, 5mM EDTA, 0.5% Triton X-100) containing
protease inhibitor cocktail. The samples were incubated for
30min at 4 °C with gentle agitation followed by centrifugation at
6000Xg for 10min. The supernatant was collected as a membrane
enriched intracellular fraction. All steps were performed at 4 °C.
The uPA-PAI-1 complexeswithin the cytosolic and membrane-
enriched fractions from human U87 glioma cells were quantified
using a commercially available ELISA kit (Molecular Innovations,
Inc. Novi, MI). The ELISA selectively measures uPA-PAI-1 protein
complexes and not the individual protein constituents. Protein
extracts (100pg) from glioma cells were incubated with or
without UCD38B (250uM) or Cmpd10357 (10uM) for 1h and
4h. Following treatments, the protein extracts were transferred
into a 96-well plate coated with uPA antibody (provided by the
manufacturer). PAI-1 antibody was used as a second antibody to
quantify the PAI-uPA complex at an absorbance 450nm. Purified
human PAI-uPA complex provided in the kit was used to generate
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a standard curve with a linear correlation coefficient of R=0.998
Each experiment using UCD38B, Cmpd10357, or vehicle control,
was performed in triplicate and repeated independently three
times.

Intracranial mouse xenografts

Athymic nude mice (6 week old females) were acquired from
The Jackson Laboratory (Sacramento,CA). Female mice were
selected that permitted group housing and reduced the number
of animals needed to demonstrate regional expression of PAI-
1 and Nanog within intracerebral glioma cells. Male and female
mice will be used in future experiments evaluating possible drug
efficacy. The immunodeficient mice were housed separately from
other animals at the UC Davis Vivarium under HEPA filtered air,
and provided with sterilized food, water and bedding. Mice were
anesthetized in an induction chamber with 2-3% isoflurane
delivered at one liter oxygen per minute until deep sedation was
established. Unresponsive mice were transferred to a Stoelting
stereotaxic frame (Stoelting Co., Wood Dale, IL) where they were
maintained under deep anesthesia using a nose cone coupled to
the isoflurane source. All surgical procedures were carried out
using approved aseptic techniques (detailed in UC Davis Survival
Surgery Guidelines for Rodents). PDX glioma cells were injected
intracerebrally into athymic mice as described previously [36].
Briefly, the scalp was opened with a 1.0cm incision and a single
burr hole was drilled 2.5mm lateral and 1.0mm anterior to
bregma in the left parietal bone, through which 50,000 GBM12
glioma cells in a 2.0pul infusion, were injected at a depth of 4.0
mm from the brain surface (corpus striatum).

Drug administration and brain harvest

Cmpd10357 was intraperitoneally injected ata concentration
of 10mg/kg/day (80% PEG400/20% PBS vehicle) for 8
consecutive days or 3 days. Drug treatment was started at 15
days post-implantation. Brains were harvested 24h or 48h after
the final drug administration. A transcardial formalin perfusion
was performed while animals were under deep anesthesia
induced by an intraperitoneal injection of 0.22ul/g euthasol
(sodium pentobarbital and sodium phenytoin, Virbac Corp. Fort
Worth, TX).

Immunocytochemistry

Human glioma cell lines (LN229, U87MG) or gliomas from
patient derived xenografts (GBM10, GBM12, and GBM39) were
grown on chamber slides. Cell cultures were treated with
Cmpd10357 or DMSO vehicle (0.01%) for 30, 60, and 120min
at 10uM at 37 °C. Glioma cells were washed with PBS, fixed
with 4% paraformaldehyde in PBS at room temperature for
15min, followed by washing with PBS and permeabilized with
80% methanol in PBS at -20 °C for 15min. Blocking of non-
specific antibody binding sites was performed using 3% non-
fat dry milk/1% BSA in PBS for 1h at room temperature. Cells
were incubated with primary antibody in 0.1% BSA/PBS at 4
°C, overnight at 1:100 dilutions. Secondary antibody against
mouse or rabbit, conjugated with Alexa Fluor 488, 594 and 647
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(Molecular Probes, Eugene, OR) was used at 1:500 dilution in
0.1% BSA/PBS and incubated for 1h at room temperature. After
the PBS wash, the slides were mounted with mounting media
containing 4, 6-diamidino-2-phenylindole (DAPI; Molecular
Probes, Eugene, OR). Images were captured using 40X objective
with a spinning disk confocal microscope (Olympus [X81).

Immunohistochemistry

Formalin fixed, paraffin embedded tissue blocks were cut
into 5um sections with a rotary microtome (Microm Heidelberg
HM 330), mounted on Superfrost Plus slides (Fisher Scientific,
Pittsburgh, PA),and ovenbaked at 60 °C for 15minsafter overnight
air drying. Baked slides were cooled at room temperature before
they were deparaffinized with xylene and rehydrated with serial
dilutions (95%, 70% and 50%) of histological grade reagent
ethanol. They were briefly rinsed with distilled water before
antigen retrieval. Antigen retrieval was performed by steaming
in sodium citrate buffer (10mM sodium citrate, pH 6.0, with
0.5% Tween 20) for 30 mins, followed by 2h soak in the blocking
buffer (10% donkey serum in 0.05M TBS with 1% bovine serum
albumin (Sigma) at room temperature. Slides were rinsed in
Tris-buffered saline (TBS, 0.05M) containing 0.025% Triton
X-100 and then stained for either PAI-1 or Nanog. Slides were
then incubated with the primary antibody either mouse anti-
PAI-1 monoclonal, IgG1specific antibody or rabbit anti-Nanog
polyclonal antibody (Abcam, Cambridge, MA) ina 1:100-1:200, in
antibody diluent (1% BSA in 0.05M TBS). Slides were rinsed and
incubated in secondary antibodies conjugated with Alexa Fluor
488 or 594 (1:500 dilution, Molecular Probes) for 2 hour at room
temperature. Sections were rinsed again (TBS with Triton X-100)
followed by distilled water before mounting with VectaShield
mounting media containing diamidino-2-phenylindole (Vector
Laboratories, Burlingame, CA). Immunostaining was visualized
using 40x objectives on a motorized inverted spinning disk
confocal microscope (Olympus [X81, Olympus America Inc,
Center Valley, PA).

Statistical Analysis

Data are presented as meantstandard deviation and
statistical significance identified using one-way analysis of
variance and Bonferroni’'s nonparametric, multiple pairwise
comparisons using Sigma Stat software version 2.00 (SPSS
Science Inc, Chicago, IL).

Results

Cmpd10357 is selectively cytotoxic to human and
canine high grade gliomas

The concentration dependent cytotoxicity (LC50) of Cmpd
10357against normoxic human glioblastoma cell lines was
measured using the lactate dehydrogenase assay [29] following
24h drug treatment and summarized in Table 2. Cmpd10357 is
cytotoxic against four human HGG cell lines, five patient-derived
xenografted glioma lines (PDX) and two naturally occurring
high-grade canine glioma and oligodendroglioma cell lines, but
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did not demonstrate cytotoxicity against primary astrocytic against an array of human and canine HGG cells, including two
cultures (Table 2). Anti-glioma cytotoxicities of Cmpd10357 GBM temozolomide-resistant PDX lines, GBM 6 TMZ and GBM
were comparable (LC50<10puM) (Supplementary Figure 1,2) 38[38].

Table 2: Concentration of Cmpd 10357 (LC50) that kills 50% of Glioma Cells by 24h.

Gliomas LC50 of Cmpd10357 in pM
PDX GBM 12 5
PDX GBM 39 5
PDX GBM 10 10
PDX GBM 38* 10

PDX GBM 6 TMZ* 10
HGG U87MG 6

HGG LN229 8

HGG U118MG 8

HGG U138MG 8
Canine SB3TG 4
Canine J]3BTG 5

Human primary astrocytes >100

*Temozolomide-resistant PDX glioma lines.
Small molecules disrupt intracellular cytosolic and membrane uPA-PAI-1 complexes

UCD38B and Cmpd10357 are cell permeant, competitive enzymatic inhibitors at the active site of uPA that is also competitively
inhibited by the endogenous serpin PAI-1 [39]. PAI-1 is known to participate in the endosomal trafficking of urokinase proteins
[15,40]. Therefore, we examined whether cell permeant UCD38B and Cmpd10357 triggered relocation of uPAS endosomes by
disrupting intracellular uPA-PAI-1 complexes [30]. Whole cell extracts (total protein), cytosolicand membrane fractions were isolated
to quantitatively measure by ELISA the uPA-PAI-1 protein content following drug treatments. Protein extracts were incubated with
either UCD38B or Cmpd10357 for 1h and 4h at 37 °C. ELISA that was selective for uPA-PAI-1 complexes quantified concentrations
of uPA-PAI-1 complexes within the cellular and subcellular fractions (Table 3A & 3B). The time intervals selected for quantification
were basedupon observed endosomal resorting that begins 1 to 2 hours following drug incubation in four different HGG cell lines
[30]. Cmpd10357 initiates endosomal resorting in the same time frame as UCD38B. Within 1h of drug incubation cytosolic uPA-PAI-1
content was reduced by nearly 50% and reduced by 70% by 4h. As anticipated, drug-induced depletion of uPA-PAI-1 complexes
associated with the intracellular membrane fractions occurred more slowly, (5%, 50-60%, at 1h and 4h, respectively), reflecting
uPAS endosomal relocation to endolysomes. Total intracellular uPA-PAI-1 protein content was reduced by 30% after 1h and by 55-
60% after 4h, reflecting that drug incubation initially reduced cytosolic uPA-PAI-1 content that was followed by reduction in the
intracellular membrane uPA-PAI-1 content.

Table 3A: Protein content of uPA-PAI-1 Complex within Glioma Cytosolic and Membrane fractions 1h and 4h after Cmpd10357 Administration.

Protein Extracts uPA-PAI-1 Complex in ng % Loss in uPA/PAI-1 Complex
Untreated cytosol 1.34 100
Untreated membrane 7.64 100
Cmpd10357 cytosol, 1h 0.675 50
Cmpd10357 cytosol, 4h 0.371 72
Cmpd10357 membrane, 1h 7.21 6
Cmpd10357 membrane, 4h 3.48 54
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UCD38Bcytosol, 1h 0.642 52
UCD38B cytosol , 4h 0.393 71
UCD38B membrane, 1h 7.28 5
UCD38B membrane, 4h 2.95 61

Table 3B: Protein content of uPA-PAI-1 Complex in Whole cell protein extracts 1h and 4h after Cmpd10357 Administration.

Intracellular Protein Extract uPA-PAI-1 Complex in ng %Loss in uPA-PAI-1 Complex
Untreated total protein 3.32 100
Cmpd10357 treated, 1h 2.3 31
Cmpd10357 treated, 4h 1.36 59
UCD38B treated, 1h 2.33 30
UCD38B treated, 4h 1.45 56

Reduced expression of PAI-1 oruPA reduces the anti-glioma cytotoxicity of Cmpd10357 and UCD38B
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Figure 1: PAI-1 shRNA in U87 glioma cells associated with decrease cytotoxicities of Cmpd10357and UCD38B. Immunoblot of protein
extracts from glioma cells stably transfected with PAI-1shRNA (clones 7, 4 and16)andwith empty vector control (EV). Reduced protein levels
of PAI-1 were quantified by densitometry; normalized to actin as an internal control (A). Stably transfected clone 16 glioma cells expressing
reduced PAl-1was treated for 6 h with either Cmpd10357 (10pM), UCD38B (250uM),or non-cytotoxic UCD74A (250uM Glioma cell death
was measured using the LDH cytotoxicity assay(B). Results are presented as the mean+S.D. of n = 3 with ***P< 0.001.
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Figure 2: uPA siRNA in U87 glioma cells with decrease cytotoxicities of Cmpd10357and UCD38B. Immunoblot of protein extracts from
glioma cells transfected with either uPA or controls iRNA. Reduced protein levels of uPA on days 4 and 5 were quantified by densitometry;
normalized to actin as an internal control(A). Glioma cells on day 4 post transfection of uPA or control siRNA (control) were treated for 6 h
with Cmpd10357 (10 p M), UCD38B (250 n M), or non-cytotoxic UCD74A (250 n M. Cell death was determined by LDH cytotoxicity assay
(B). Results are presented as the mean+S.D. of n=3 with ***P< 0.001.
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Figure 3: uPA and uPARsIRNA co-transfected in U87 glioma with reduced of PAI-1 expression. PAI-1 shRNAclone 16 was transfected with
uPA or uPAR siRNA or both. On day 4 post-transfection, the cytotoxicities of Cmpd10357, UCD38B, and control UCD74A,were examined
after 6h exposure by LDH assay.Results are presented as the meanS.D. of n = 3 with ***P< 0.001.
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Cmpd10357 causes relocation of uPAS endosomes
and initiates release and nuclear translocation of

AlF nuclear translocation. When LN229 glioma cells were treated
with Cmpd10357 for 1h, early endosomes that were co-stained

with PAI-1 and EEA1 antibodies demonstrated relocation as we
had reported for UCD38B [30] (Figure 4A). Previously, UCD38B
had been demonstrated to cause IPAS endosomes to relocate
to endolysosomes and perinuclear mitochondria [30]. This
endosomal ‘mis-trafficking’ causes mitochondrial depolarization

apoptotic inducible factor (AIF)

Amiloride and other 5-position substituted amiloride
derivatives, including hexamethyl amiloride (HMA) and ethyl
isopropyl amiloride (EIPA) produce cancer cell death at 10-
to 100-fold higher concentrations than Cmpd10357. Unlike
5’benzylglycinyl amiloride (UCD38B), neither amiloride nor
HMA initiate uPAS endosomal trafficking and followed by AIF-
mediated necrosis [41,42]. Therefore, we investigated whether
Cmpd10357,like UCD38B, initiated relocation of uPASendosomes
in LN229 human glioma cells that was followedwithin hours by

that is coupled to the release and nuclear translocation of AIF
with resultant nuclear condensation and necrosis [30]. Here,
we observed that Cmpd10357 (10puM) similarly initiates early
endosomal relocation followed by AIF nuclear translocation in
LN229 glioma cells (Figure 4B).

a I
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Figure 4: PAI-1 and AIF immunostaining in LN229 glioma cells.LN229 glioma cells were treated 2h with Cmpd10357 or vehicle DMSO.
Glioma cells were immunostained for PAI-1 (green) and co-stained with an early endosomal marker EEA1 (red). Glioma cells treated 2h with
Cmpd10357 demonstrate perinuclear relocation of both PAI-1 and EEA1 (A). Glioma cells treated 2h with Cmpd10357 or vehicle DMSO
and immunostained for apoptotic inducible factor (AIF) (green) demonstrate nuclear translocation of apoptotic inducible factor (AIF) (B).
Scale bar is 50pm, n=3.
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Figure 5: uPA and PAI-1 expression in LN229 human glioma cells under 1d and 5d of hypoxia (0.5% O2 v/v). Immunoblot were quantified
and demonstrated increased protein expression of PAl-1 and uPA under 1d and5d of hypoxia, n=3.
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Figure 6: Oct4 and Nanog expression in LN229 human glioma cells under 1d and 5d of hypoxia (0.5% O2 v/v). Confocal fluorescent
microscopy demonstrates protein expression of Oct4 and HIF2a(A),and Nanog and HIF2a(B) under 1d and 5d of hypoxia. Oct4 and Nanog
were visualized as red using Alexa 594 secondary antibody. HIF2a was visualized as green using Alexa 488 secondary antibody. Scale bar
is 50um. Immunoblotting demonstrates increasing protein levels of Oct4 and Nanog, normalized to actin, with acute and persistent hypoxic
conditions (C). Scale bar is 50um, n=3.
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Hypoxia increases expression of PAI-1 and uPA

Increased levels of uPA expression correspond with
increasing glioma grade [32,43]. Highly proliferative, solidcancer
cell types prone to infiltration and metastasis express elevated
levels of PAI-1 and uPA in hypovascularized and spontaneously
perinecrotictumorregions[34]. Cmpd10357 targetsand disrupts
intracellular uPA-PAI-1 complexes, so that it was pertinent to
determine the impact of acute and persistent hypoxia on PAI-1
and uPA expression in glioma cells. When LN229 glioma cell lines
were maintained under hypoxia (0.5% 02) for 1 day or 5 days,
uPA expression increased following 24h of hypoxia, temporally
corresponding with increased HIF1a expression (Figure 5). PAI-
1 expression increased approximately 3-fold following 5 days
of hypoxia that temporally corresponded with increased HIF2a
expression (Figure 5). These findings are consistent with other
groups reporting that in human HGG cell lines HIF2« activates
the PAI-1 promoter to increase PAI-1 expression, while HIF1a is
associated with an increase in uPA expression [25].

Hypoxia increases expression of Oct4 and Nanogin
Human Glioma Cell Line

Under hypoxia, HIF2a has been demonstrated to activate
promoters of the stem cell transcription factors Oct4, Nanog, and
Sox2 [26-28]. Here, Oct4 and Nanog expression were examined
in normoxic and hypoxic LN229 glioma cell linesas biomarkers
of HIF2a transcriptional reprogramming.Oct4 and Nanog
expression is minimally expressed in normoxic LN229 glioma
cells (Figure 6). When LN229 glioma cell lines were maintained
under hypoxia (0.5% 02) for 1 day or 5 days, Oct4 (Figure
6A) and Nanog (Figure 6B) stem cell markers were expressed
in glioma cells as demonstrated by immunofluorescence and

immunoblotting (Figure 6C).

Embryonic transcription factors Oct4 and Nanog are
expressed in hypoxic tumor regions in PDX lines

PDX glioma cellsisolated from individuals with glioblastomas
are passaged subcutaneously prior to intracerebral implantation
in immunodeficient mice [35]. These PDX glioma explants
have been reported to transfrom into glioma ‘stem-like’ cells
(GSCs) [5,44]. Persistently hypoxic HGG tumor regions are
reported to contain populations of glioma cells expressing
the embryonic transcription factors Oct4 and Nanog [26]. We
examined PDX glioma explant cell cultures plated for 10 days
as recommended for the expression of stem cell markers Oct4
and Nanog using immunoblotting and immunofluorescence.
Oct4 expression was observed in GBM12 and GBM39 both by
immunoblotting and visualized in 60% of cells by fluorescent
microscopy (Figure 7). In GBM10 PDX cells, Oct4 expression
was not detected by immunoblotting (Figure 7A), but observed
by immunofluorescence to be nuclearly expressed in 40% of
GBM10 cells (Figure 7B). Nanog expression was observed in
all the three PDX explant cell cultures both by immunoblotting
and identified as nuclearly expressed by immunofluorescence.
Nanog immmunostaining in GBM10 cells was less widespread
than in GBM12 and GBM39 PDX cultures. 40% of GBM10 cells
expressed nuclear Nanog as verified by immunofluorecesce
(Figure 7C). The brain sections from xenograft mice implanted
with GBM12 PDX glioma cells were analogously immunostained
for Oct4 and Nanog. Significantly, when GBM12 cells were
implanted intracranially, less than 5% of cells immunostained
for Nanog (Figure 7D). Oct4 was not be visualized in vivo by
immune histochemistry.
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Figure 7: Embryonic transcription factors Oct4 and Nanog are expressed in PDX glioma cells. Immunoblot demonstrating Oct4 and
Nanogprotein expressionin normoxic 10d cultures of the PDX glioma lines GBM10, GBM12 and GBM39. Protein expression was detected
using anti-Oct4 and anti-Nanog polyclonal antibodies and actin as control (A). Immunofluorescence confocal microscopy identifies nuclear
expression of Oct4 (B) and of Nanog(C). Immunohistochemistry demonstrating Nanogprotein expression in 5micron glioma tumor sections
from athymic mouse intracerebrally implanted with GBM12 cells (D).Scale bar is 50um, n=3.
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Figure 8: PAI-1 co-expression with the embryonic transcription proteins, Nanog and Oct4 in GBM 12 human glioma cells from patient-
derived xenograft (PDX).The experiments were repeated 3 times and scale bar is 50um.
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PAI-1 is widely expressed in PDX glioma lines with a
subset of cells co-expressing Nanog and Oct4

Employing a tissue microarray generated from 22 different
PDX primary cultures [35,36], we observed that all PDX
lines expressed intracellular PAI-1, as detected by immune
histochemistry (Supplementary Figure 2) and summarized

in Table 4. Importantly, PAI-1 expression was not observed in
normal human or mouse brain tissues. In PDX GBM12, a subset
of glioma cells expressing PAI-1 were identified to nuclearly co-
express the embryonic transcription proteins, Nanog and Oct 4
(Figure 8). PAI-1 expression in GBM12 is expressed in a much
larger set of glioma cells expressing embryonic transcription
factors.

Table 4: Expression of Plasminogen Activator Inhibitor Type 1 (PAI-1) in Normal Brain and in Glioma Cells from Intracerebral Patient-derived

Xenografts (PDX).

Tissue Type PAI-1 IHC
Human white matter No
Human grey matter No
Mouse basal ganglia No
Mouse cortex No
GBM5 Yes
GBM6 TMZ* Yes
GBM10 Yes
GBM12 Yes
GBM14 Yes
GBM16 Yes
GBM22 Yes
GBM26 Yes
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GBM28 Yes
GBM34 Yes
GBM38* Yes
GBM39 Yes
GBM43 Yes
GBM44 Yes
GBM46 Yes
GBM59 Yes

*Temozolomide-resistant PDX glioma lines.

Cmpd10357 induces AIF nuclear translocation cells and caused a transient reduction in glioma cell number 24h
withinIntracerebral Glioma Xenografts after treatment (Figure 9A). Despite its evanescent nature, AIF

We then examined whether in vivo administration of nuclear translocation was confined to PAI-1+ glioma cell regions
in GBM12 PDX intracerebral glioma xenografts when animals
were treated subcutaneously with Cmpd10357 (10mg/kg/d IP)
for 3d and sacrificed 24h later (Figure 9B). These collective in
vivo results indicate that in vivoCmpd10357 activatesthe same
AIF-mediated cell death mechanism of action by disrupting uPA-
PAI-1 leading to transient diminution of PAI-1+ glioma cells with

AlF-mediated cell death identified in the treated tumors.

Cmpd10357 caused AIF nuclear translocation in PAI-1+glioma
populations within intracerebral PDX glial tumors. Fifteen days
following GBM 12 intracerebral implantation, animals were
treated intraperitoneally (IP) for eight successive days with
Cmpd10357 or 80% PEG400/20% PBS vehicle, perfusion fixed,
and immunostained for PAI-1. Immunohistostaining of the brain
sections demonstrated that Cmpd10357 targeted PAI-1+ glioma

4 A

A Vehicle control 10357 Treated B Vehicle control 10357 Treated

DAPI DAPI
PAl-1 AlF
Herged Merged

Figure 9: PAI-1 and AIF immunostaining within PDX intracerebral glioma xenografts.Immunohistochemistry of brain sections (5u) from
athymic mice xenografts implanted intracrebrally with GBM12 PDX glioma cells. Animals were treated with Cmpd10357 at 10mg/kg/
day (IP) or with 80% PEG400/20% PBS (vehicle control) for 8 consecutive days and sacrificed 24h following the last treatment. Nuclei
were stained with DAPI (blue) and demonstrated cytoplasmic expression of PAI-1 (green) (A). Animals were treated with subcutaneous
Cmpd10357 (10mg/kg/d IP) for 3days and harvested 48h post final treatment. Nuclei were stained with DAPI (blue) and AIF (red). Nuclear
translocation of AIF was identified by confocal microscopy only in tumor regions of animals treated with Cmpd10357 but not controls (B).
Scale bar is 50pum, n=3.
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Discussion

High grade gliomas (HGGs) are primary CNS cancers with
more than 95% of patients demonstrating tumor recurrence
following radiation therapy, chemotherapy, and/or an anti-
angiogenic therapy. The high recurrence rate is a consequence of
populations of glioma initiating cells (GICs) with subpopulations
expressing embryonic “stem-like” biomarkers (GSCs) [26,27,45].
Our group and others have reported that acidosis associated with
hypoxia in perinecrotic and hypovascularized tumor domains
slow or completely inhibit proliferation of GICs fostering their
resistance to anti-mitotic agents in addition to ineffectiveness
of radiation therapy [46]. GICs and GSCs persist in avascular or
hypovascularized tumor microenvironments making it difficult
to deliver macromolecules, including monoclonal antibodies,
directed against GSCs. Agents targeting these hypoxic, non-
proliferative GICs and GSCs optimally should be irreversibly
cytotoxic and utilize cell death mechanisms independent of cell
cycle progression. Populations of hypoxic GICs and GSCs can be
small and scattered through microenvironments of infiltrating
HGGs so that agents targeting hypoxically transformed glioma
cells will most likely be used in conjunction with conventional
therapies and potentially anti-angiogenic therapies.

Cmpd10357, a small molecule 20-fold more potent than
UCD38B permitted delineation of intracellular protein complex
uPA-PAI-1 as the putative drug target causing cell-cycle
independent glioma demise by triggering ‘mis-trafficking’ of
uPAS endosomes. Its parent compound, UCD38B (Table 1) [47]
is glioma cytotoxic via an AIF-mediated, caspase-independent,
death [29]. The anti-glioma cytotoxicity of
UCD38B required that the small molecule be cell permeant
and competitively inhibit uPA enzymatic activity [33,34].
UCD38B, but not its cell impermeant homolog UCD74A, was
demonstrated in four distinct HGG cell lines to initiate relocation

necrotic cell

of 40-60% of uPAS endosomes to perinuclear mitochondria
and to endolysosomes [30] (Table 1). Inhibition of endosomal
trafficking by cooling to 0 °C glioma cells treated with UCD38B
for 2h, prevented cell death until the washed cells were rapidly
rewarmed to 37 °C to restart trafficking with resultant glioma
cell death [30]. Neither amiloride [41] or hexamethyl amiloride
(HMA) cause endosomal trafficking or its associated AIF-
mediated necrosis [42].

The enhanced potency of Cmpd10357 permitted intracellular
target validation using a commercial ELISA specific for PAI-1-
uPA complex. Like UCD38B, Cmpd10357 is capable of rapidly
disrupting intracellular uPA-PAI-1 complexes,whichtemporally
corresponds with drug-induced relocation of uPAS endosomes
[30]. Cmpd10357 and UCD38B initiate relocation of uPAS
endosomes within 1 to 2h of incubation (Figure 4A). Drug-
induced endosomal relocation temporally corresponds with
the 50% reduction in cytosolic uPA-PAI-1 following 1h drug
exposure (Table 3A). After four hours, total cellular uPA-PAI-1
content is reduced by 59% (Table 3B) corresponding with a
marked loss uPA- PAI-1 content in the intracellular membrane

10.19080/0AJNN.2018.07.555712.

fraction (50-60%) with additional loss of cytosolic content
(70%) (Table 3A). This reduction in the intracellular membrane
fraction corresponds with the relocation of uPAS endosomes to
endolysomes and perinuclear mitochondria following treatment
[30].

Gene silencing experiments were employed to individually
and jointly reduce the expression of uPA and PAI-1 to
additionally confirm that PAI-1 and uPA dually contribute to
the anti-glioma cytotoxicities of Cmpd10357 and UCD38B. Gene
silencing studies using shRNA and siRNA transfection down-
regulated the protein expression of PAI-1, uPA and uPAR in
U87 gliomacells by approximately 60%. The cytotoxicities of
Cmpd10357 and UCD38Bwere reduced by approximately 50%
in PAI-1 knockdown glioma cells but remained unaffected by
reducinguPAR expression. Cytotoxic potencies of Cmpd 10357
or UCD38B were not further reduced by co-transfecting either
uPA or uPAR siRNA into clonal glioma cells that had been stably
transfected with PAI-1 shRNA. The lack of additivity observed in
the co-transfection experiments are consistent with the idea that
UCD38B and Cmpd 10357 target both uPA and PAI-1 through a
common intracellular mechanism. Gene inactivation of PAI-1
by CRISPR/cas 9 caused glioma cell detachment and demise of
detached cells over several days (data not shown). The ELISA
and partial gene inactivation studies are consistent with the
proposed drug mechanism that these small molecules act by
displacing PAI-1 bound to the active site of uPA. The endosomal
guidance protein LRP-1 was shown by Andreasen & colleagues
[14] to bind to common protein regions shared by uPA and PAI-
1 at the binding site of uPA-PAI-1 [14]. LRP-1 is an endosomal
guidance protein that participates in endocytosis of the PAI-
1-uPA::uPAR complex at the plasmalemma and internalized
as a quaternary complex guiding uPAS endosomal trafficking
[14,48]. The proposed drug target (uPA-PAI-1) and the observed
‘mis-trafficking’ of uPA endosomes by Cmpd10357 and UCD38B
differs from other plasmalemmal uPA and PAI-1 antagonists and
from anti-cancer cytotoxic mechanisms described for amiloride
[41] and hexamethyl amiloride (HMA) [42]. Cmpd10357, like
its parent compund UCD38B, also triggered early endosomal
relocation follwoed by AIF nuclear translocation in LN229
glioma cells.

PAI-1 is not expressed in normal adult brain or vascular
cell types [8,23], while uPA and PAI-1 expression is elevated in
high grade glioma (HGG) cells within perinecrotic and hypoxic
HGG tumor microenvironments [32,49,50]. In this report, we
identify that persistent hypoxia significantly increases PAI-
1 expression in a human glioma cell line, and confirm that
acute hypoxia additionally increases uPA. Expression of uPA-
PAI-1 is employed as a clinical biomarker to predict increased
propensity for metastasis and recurrence of a number of solid,
highly proliferative cancers, most notably lymph node negative
breast cancers [12,13]. Disrupting intracellular uPA-PAI-1
by Cmpd10357 or by UCD38B triggers irreversible, caspase-
independent, necrotic cell death mediated by AIF in high grade
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glioma cell lines and in multiple breast cancer cell lines [29,31].

The selective cancer cell cytotoxicity associated with
disrupting this intracellular protein complex suggests a potential
functional importance of intracellular uPA-PAI-1 in maintaining
the survival of detached cancer cells that can then metastasize
[51]. Consequently, it was important to examine whether acute
and persistent hypoxia regulated the expression of PAI-1 and
embryonictranscriptionfactorsinclonal LN229 and inPDX glioma
celllines. PDX glioma lines are genetically heterogenous between
the different lines [52] and in this investigation demonstrate
heterogenous expression of embryonic transcription factors.
Therefore, it was important to evaluate the effect of hypoxic
conditions on the genetically validated and homogenous LN229
human glioma cell line (ATCC® CRL-2611)[37]. uPA expression
has also been shown to correspond with increasing grades of
astrocytomas [43]. uPA expression is present in normoxic LN229
glioma cells and increases with acute hypoxia. Persistent hypoxia
via HIF2a directly upregulates the expression of additional
potential glioma drug targets, including PAI-1 resulting in the
formation of plasmalemmal and intracellular uPA-PAI-1 protein
complexes [53]. PAI-1 expression increased more markedly (3-
fold) in human LN229 cells that remained hypoxic (0.5% 02 v/v)
for 5d. Oct4 and Nanog stem cells markers were not detected
in normoxic LN229 cells, but expressed when maintained under
hypoxic conditions that temporally corresponded with the
increase in HIF2a expression (Figure 6).

PAI-1 cellular expression was identified in a panel of 22
different PDX cell lines on a tissue microarray and not in normal

brain regions. In GBM12, GBM39 and GBM10 PDX gliomas,
co-expression of stem cell transcription factor proteins, Oct4
and Nanog, were identified in subset of glioma cells. Oct4 and
Nanog was expressed in 40-60% of glioma cells within normoxic
GBM12, GBM39 and GBM10 PDX lines (Figure 7). However, only a
few GBM12 cells (<5%) were identified as continuing to express
perinuclear Nanog 15 days post intracerebral implantation. Oct4
expression was notidentified by confocal fluorescent microscopy.
This suggests that other glioma initiating cellsreplicate more
rapidly within these intracerebral glioma xenografts than
hypoxically reprogrammed, GSCs [54].

Because Cmpd10357 crosses the blood brain barrier
(Supplementary Table 1), it was possible in this report to
demonstrate that drug-induced AIF nuclear translocation
xenografts. AIF
mitochondrial release and its nuclear translocation occurs

occurred within treated intracerebral
within hours of drug-induced uPAS endosomal relocation
and is rapidly accompanied by nuclear condensation and
glioma necrosis [29]. Because of its evanescence, AIF nuclear
translocation was detected in scattered glioma cells within a
field of PAI-1+ glioma cells in treated xenografts (Figure 8D).
Subcutaneously administered Cmpd10357 caused transient
reductions of PAI-1+ glioma cells only when visualized 24h
following treatment (Figure 8C). Bioluminescent imaging
identified that luciferase-transfected GBM12
xenografts treated with subcutaneous Cmpd10357 transiently
reduced tumor bioluminescence for 24-48h and was followed

intracerebral

by a rapid increase in total tumor biolumenscence (data not
shown).

Supplementary Table 1: Pharmaco distribution of subcutaneously administered compound 10357.

Pharmaco Distribution of Cmpd10357 in Male SD Rats

Plasma Half-Life 21h

Brain Half-Life 16 h

Brain/Plasma Ratio 1:10

Volume of distribution (273 g rat) 7.7L
Clearance (273 g rat) 1.5L/h
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It is likely that dying hypoxic PAI-1+ glioma cells targeted by
Cmpd10357 are quickly replaced by more rapidly proliferating
normoxic GBM12 glioma cells (data not shown). This reinforces
the requirement for agents targeting hypoxic GICs and GSCs to

be used in combination with anti-mitotic and other conventional

anti-glioma therapies. Encouragingly, Cmpd10357 is cytotoic
to temozolamide-resistant PDX glioma lines suggesting that
disrupting intracellular uPA-PAI-1 complex may have clinical
utility in targeting quiescent cancer cells residing in hypoxic-

ischemic environments (Supplementary Figure 1).
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Supplementary Figure 1: Concentration Cytoxicity of Cmpd10357 in PDX Glioma and Human Glioma Cell lines: Cell death was determined
by LDH cytotoxicity assay. Glioma cell were treated with Cmpd 10357 at 10uM for 24h or DMSO vehicle (0.1%) and cell death was
determined by LDH assay. The graphs were generated using Sigma Stat software version 2.00 (SPSS Science Inc, Chicago, IL).
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Supplementary Figure 2: PAI-1 expression in PDX glioma cells: Representative images demonstrating expression of PAI-1 (red) on a
tissue array with different PDX glioma cells was demonstrated by immunohistochemistry using Alexa 594 secondary antibody.
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