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ABSTRACT
5-Benzylglycinyl-amiloride (UCD38B) is the parent molecule of
a class of anticancer small molecules that kill proliferative and
nonproliferative high-grade glioma cells by programmed necro-
sis. UCD38B intracellularly triggers endocytosis, causing 40–50%
of endosomes containing proteins of the urokinase plas-
minogen activator system (uPAS) to relocate to perinuclear
mitochondrial regions. Endosomal “mis-trafficking” caused by
UCD38B in human glioma cells corresponds to mitochondrial
depolarization with the release and nuclear translocation of
apoptotis-inducing factor (AIF) followed by irreversible caspase-
independent cell demise. High-content quantification of immu-
nocytochemical colocalization studies identified that UCD38B
treatment increased endocytosis of the urokinase plasminogen
activator (uPA), its receptor (uPAR), and plasminogen activator
inhibitor-1 (PAI-1) into the early and late endosomes by 4- to
5-fold prior to AIF nuclear translocation and subsequent glioma

demise. PAI-1 was found to comparably relocate with a subset
of early and late endosomes in four different human glioma cell
lines after UCD38B treatment, followed by caspase-independent,
nonapoptotic cell death. Following UCD38B treatment, the re-
ceptor guidance protein LRP-1, which is required for endosomal
recycling of the uPA receptor to the plasmalemma, remained
abnormally associated with PAI-1 in early and late endosomes.
The resultant aberrant endosomal recycling increased the total
cellular content of the uPA–PAI-1 protein complex. Reversible
inhibition of cellular endocytosis demonstrated that UCD38B by-
passes the plasmalemmal uPAS complex and directly acts
intracellularly to alter uPAS endocytotic trafficking. UCD38B
represents a class of small molecules whose anticancer cy-
totoxicity is a consequence of causing the mis-trafficking of
early and late endosomes containing uPAS cargo and leading to
AIF-mediated necrotic cell death.

Introduction
High-grade gliomas (HGGs) are rapidly proliferative, highly

infiltrative, and predominantly fatal primary brain cancers
with hypovascularized infiltrative borders and characterized
by the spontaneous formation of avascular necrotic tumor
domains. Within the hypoxic-ischemic regions, HGGs demon-
strate increased expression of proteins belonging to the uro-
kinase plasminogen activator system (uPAS) (Harbeck et al.,
2013). The major components of the uPAS are the urokinase-
type plasminogen activator (uPA), tissue-type plasminogen
activator, plasminogen activator inhibitor-1 (PAI-1) and plas-
minogen activator inhibitor-2, and the uPA receptor (uPAR).
uPAS proteins play an important role in events leading to
cancer cell infiltration, angiogenesis, and metastasis. uPA is

a serine protease synthesized as pro-uPA that is secreted and
becomes activated when bound to its cell surface receptor uPAR
(Blasi et al., 1987). Activated uPA catalyzes the transformation
of plasminogen into plasmin (Ellis et al., 1989). Plasmin is an
extracellular serine protease capable of degrading proteins of
the extracellular matrix and basement membranes (Andreasen
et al., 1997). Plasminogen activator inhibitors are antiproteases
belonging to the SERPIN super family that inhibit the enzy-
matic activities of uPA and tissue-type plasminogen activator.
PAI-1 binds to the active site of uPA, generating a uPA–PAI-1
protein complex that is bound to the plasmalemmal uPAR
receptor (uPAR::uPA–PAI-1). Enzymatic inhibition of secreted
and receptor-bound uPA by PAI-1 impedes degradation of the
extracellular matrix and fibrinolysis. Despite its enzymatic in-
hibition of uPA, elevated PAI-1 expression in several cancer cell
types, notably high-grade glioma and breast cancers, strongly
corresponds with enhanced tumor growth, infiltration, angio-
genesis, andmetastasis (Schmitt et al., 1997; Bajou et al., 2004).
Previously, small molecules and antibodies designed to inhibit
secreted and plasmalemmal uPA have been investigated as
anticancer agents but are predominantly cytostatic, preventing
cancer migration and angiogenesis (Setyono-Han et al., 2005;
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Ulisse et al., 2009). These plasmalemmal uPA inhibitors funda-
mentally differ from the anticancer cytotoxicity and intracellu-
lar mechanisms described for 5-benzylglycinyl-amiloride
(UCD38B) and its pepidomimetic congeners.
The intracellular functions of uPA–PAI-1 are protean and

poorly understood. Enzyme-linked immunosorbant assay
(ELISA) can quantify protein complexes of uPA–PAI-1, and
increased complex expression has been reported to strongly
correlate with cancer recurrence andmetastasis in lymph node–
negative breast cancer (Harbeck et al., 2013). A summary of
endocytotic trafficking of uPAS proteins is depicted in Fig. 1.
PAI-1 binds to the active site of uPA, and the latter is bound to
its plasmalemmal receptor (uPAR). PAI-1 regulates cancer cell
invasion and detachment by controlling endocytic recycling of
the uPAR::uPA–PAI-1 complex (Czekay et al., 2003; Cortese
et al., 2008). Clathrin-mediated endocytic internalization of this
tertiary uPAS complex requires additional binding by the en-
docytic guiding receptor protein, low density lipoprotein receptor–
related protein-1 (LRP-1) (Herz et al., 1988, 1992). The resultant
quaternary complex is internalized via clathrin-coated pits
and transported to early endosomes and late endosomes,
where uPA–PAI-1 becomes dissociated from uPAR. The uPA–
PAI-1 complex then undergoes degradation in the lysosomes
(Olson et al., 1992; Conese et al., 1995). uPAR and LRP-1 be-
come dissociated and are recycled back from the endosomal
compartment to the cell surface (Fig. 1).
Previously, we reported that 5-benzylglycinyl-amiloride

(UCD38B), a cell permeant, competitive enzymatic inhibitor
of uPA, kills proliferating and nonproliferating glioma cells by
a novel caspase-independent, programmed necrotic cell death
mechanism (Pasupuleti et al., 2013). The current investiga-
tion significantly advances these initial observations, as we
now identify that UCD38B causes apoptosis-inducing factor
(AIF)–mediated necrotic glioma cell death by redirecting a

portion of early and late endosomes containing uPAS protein
cargo with the guiding endosomal LRP-1 receptor protein to
perinuclear mitochondrial regions. Surprisingly, we found that
cell-permeant UCD38B bypasses the plasmalemmal uPAS
receptor complex and intracellularly activates endosomal “mis-
trafficking”. The drug-induced endosomal juxtaposition to the
mitochondrial regions temporally corresponds with mitochon-
drial dilation and depolarization, which is associated with
mitochondrial release and nuclear translocation of AIF.

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 (Palandoken et al., 2005;
Massey et al., 2012). Drug stocks of 250 mM were constituted in
dimethylsulfoxide (DMSO) stored at 220°C and reconstituted for each
experiment at a final concentration of 250 mM.

Receptor associated protein (RAP) from Millipore (Billerica, MA)
was added to glioma cells at 1 mM for 1 hour at 37°C prior to UCD38B
or UCD74A treatment.

Human anti–PAI-1 mouse monoclonal, human anti–LRP-1 goat poly-
clonal (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA),
human anti–EEA-1, human anti–LAMP-1 rabbit polyclonal (1:100
dilution; Abcam, Cambridge, MA), and 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 (1:20,000; Licor Biosciences,
Lincoln, NE) was used for protein visualization on immunoblots.

Cell Culture. U87MG, LN229, U118MG, and U138MG human
glioma cell lines were derived from high-grade glial cancers and
obtained from the American Type Culture Collection (Manassas, VA).
Cells were grown at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (Gibco, Grand Island, NY). Dulbecco’smodified Eagle’smedium
or minimum essential medium (for U138MG) was supplemented

Fig. 1. uPAS in glioma cells. uPA binds to the plasma-
lemmal receptor uPAR and converts plasminogen to plasmin
for extracellularmatrix degradation. PAI-1 binds to the active
site of uPA, which is bound to uPAR to form a uPAR::uPA–
PAI-1 complex. The endocytic receptor protein LRP-1 medi-
ates internalization of the uPAS complex into early endo-
somes and late endosomes. uPA–PAI-1 is dissociated from
uPARandLRP-1 in late endosomes to undergo degradation in
the lysosomes. Dissociated uPARandLRP-1 are recycled back
from the endosomal compartment to the cell surface.
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with 10% fetal bovine serum (Hyclone Laboratories, Rockford, IL),
1% L-glutamine (200 mM; Gibco), 100 U/ml penicillin, and 100 mg/ml
streptomycin (Gibco).

Cell Death Assay. A lactate dehydrogenase (LDH) assay mea-
sured the release of cytosolic LDH from dead and dying glioma cells.
Ten thousand cells per well were plated in a 96-well microtiter plate
and treated with the drugs for 24 hours at 37°C, 5% CO2. The LDH
assay was performed according to the manufacturer’s protocol (Clontech
Laboratories, Mountain View, CA). Absorbance was read at 492 nm
using a SpectraMaxM3with SoftmaxPro software (LifeSciSoft, Kingston,
NY).

For the Trypan blue exclusion assay, cells were harvested by gently
rinsing with phosphate-buffered saline (PBS). Trypan blue was added
to the cell suspension (10% v/v), and after 3 minutes, an aliquot was
transferred to a hemacytometer for manual cell counting.

Immunofluorescence Confocal Microscopy. Human U87MG
glioma cells were cultured in chamber slides. Cells were treated with
UCD38B or UCD74A for 30, 60, and 120 minutes at 250 mM at 37°C.
Mitochondria were visualized by staining with MitoTracker or JC-1
(Molecular Probes, Eugene, OR) for 30 minutes prior to brief fixation.
Cells were washed with PBS and fixed with 4% paraformaldehyde
in PBS at room temperature for 15 minutes, followed by washing with
PBS and permeabilization with 80% methanol in PBS at 220°C for
15 minutes. Blocking of nonspecific antibody binding sites was performed
using 3% nonfat dry milk/1% bovine serum albumin (BSA) in PBS for
1 hour at room temperature. Cells were incubated with a primary
antibody in 0.1% BSA/PBS at 4°C overnight at 1:100 dilution. A
secondary antibody against mouse or rabbit, conjugated with Alexa
Fluor 488, 594, and 647 (Molecular Probes) was used at 1:500 dilution
in 0.1%BSA/PBS and incubated for 1 hour at room temperature. After
the PBS wash, the slides were mounted with mounting media
containing 49,6-diamidino-2-phenylindole (Molecular Probes). Images
were captured using a 40� objective with a spinning disk confocal
microscope (Olympus IX81; Olympus, Center Valley, PA). UCD38B
and UCD74A are comparable in quantum yield when visualized by
fluorescent microscopy as previously described (Palandoken et al.,
2005).

Quantification of Colocalized Immunocytological Fluores-
cent Biomarkers. Quantification of double-labeled immunocytolog-
ical markers that were colocalized was performed by imaging and
analyzing cells using an automated high-content imaging system,
ImageXpress Micro XL System (Molecular Devices, Sunnyvale, CA).
High-content imaging was performed on four wells per treatment, with
36 sites per well, using a Custom Module software of MetaXpress 5.0
that was developed specifically for cytologic colocalization studies. A
minimum of 10 cells per site was included, and sites without cells were
excluded when calculating the mean and standard deviation analysis.

ElectronMicroscopy. U87MGgliomacellswereplated inLaboratory-
Tek Permanox chamber eight-well slides from Electron Microscopy
Sciences (Hatfield, PA). Cells were treated with the drugs UCD38B,
UCD74A, or vehicle control at 250 mM for 1 hour. Cells were fixed in
Karnovsky’s fixative (2.5% glutaraldehyde and 2.0% paraformaldehyde)
for 1 hour. Slideswere prepared as described previously (Pasupuleti et al.,
2013). Cells were imaged in the Philips 120 BioTwin electron microscope
at 80 kV equipped with a Gatan MegaScan model 794/20 digital camera.

Protein Fractionation and Immunoblotting. Protein extracts
were made in radioimmunoprecipitation assay lysis buffer (Cell Sig-
naling, Danvers, MA), and 50 mg of protein was loaded on SDS-PAGE.
For mitochondrial enriched fractions, cells were harvested, washed
with 1� PBS, and centrifuged 1000 rpm for 5 minutes. Cells were then
resuspended inmitochondrial isolation buffer (250 mM sucrose, 10 mM
Tris-HCl, pH 7.4, and 0.1 mMEGTA) and homogenized using a Dounce
homogenizer (Sigma-Aldrich, St. Louis, MO). Samples were centrifuged
at 1000 rpm for 10 minutes to pellet the nuclei. Supernatant was
collected in a new tube and centrifuged at 15,000 rpm for 20minutes to
collect the pellet (mitochondrial enriched) and supernatant (cytosol
enriched) fractions. The pellet was solubilized in lysis buffer and
centrifuged to pellet the debris. Protein samples were size fractionated

through 12% SDS-PAGE and transferred onto a nitrocellulose mem-
brane by immunoblotting. Blocking buffer (Licor Biosciences) diluted
1:1 in 1� PBS was used for 1 hour at room temperature to prevent
nonspecific binding sites. Primary antibody incubation was performed
overnight at 4°C. The secondary antibody incubation was carried out at
room temperature for 1 hour. Goat anti-mouse, goat anti-rabbit, and
donkey anti-goat secondary antibodies from Licor Biosciences were
used at 1:10,000 dilution. Bands were visualized and quantified using
an Odyssey infrared imager (Licor Biosciences).

uPA and PAI-1 Complex ELISA. The human uPA–PAI-1 protein
ELISA assay kit was purchased fromMolecular Innovations (Novi, MI),
with a human uPA–PAI-1 complex provided in a lyophilized form for
standardization. It was reconstituted in 3% BSA/Tris-buffered saline
for a final concentration of 200 ng/ml. The uPA–PAI-1 complex stan-
dard was prepared by serial dilution to obtain the 0–100 ng/ml range,
and a linear standard curve was generated following the manufacturer
instructions. U87MG cells were treated with UCD38B or UCD74A at
250mMfor 45minutes, 1 hour, or 2 hours. DMSO (0.1% v/v) was used as
vehicle. Protein extracts were made, and the protein concentration was
determined by a BCA protein assay. A 96-well plate precoated with the
uPA antibody was provided in the kit. The standard and protein were
added to the 96-well plate. The plate was incubated at room temper-
ature on a shaker for 30 minutes. The samples were aspirated and
washed with the washing buffer included in the kit. A polyclonal PAI-1
antibody was added and incubated again at room temperature for
30 minutes on a shaker. A horseradish peroxidase–linked secondary
antibody was added to the wells following the wash. Substrate solution
from the kit was added to the wells after the wash and incubated for
5 minutes. The reaction was stopped by adding 1 N H2SO4, the plate
was gently agitated, and the absorbance was read at 450 nm using
SpectraMax M3 with SoftmaxPro software (LifeSciSoft).

Statistical Analysis. Data are presented as mean 6 standard
deviation, and statistical significance was identified using one-way
analysis of variance and Bonferroni’s nonparametric, multiple pair-
wise comparisons using SigmaStat software version 2.00 (SPSS Science
Inc., Chicago, IL).

Results
UCD38B Initiates Intracellular Relocation of uPA,

PAI-1, and uPAR to Mitochondrial Regions in U87MG
Glioma Cells. Previously, we determined that the cell-
permeant UCD38B, a competitive enzymatic inhibitor of uPA,
caused relocation of a portion of intracellular uPA to a mito-
chondrial enriched subcellular fraction after 120 minutes
(Pasupuleti et al., 2013). Immunocytochemistry localized this
uPA migration to perinuclear mitochondrial regions using
confocal microscopy (Pasupuleti et al., 2013). PAI-1 binds to the
active site of uPA that is bound to uPAR, forming plasmalem-
mal and intracellular uPAR::uPA–PAI-1 complexes. Therefore,
we investigated the intracellular localization of PAI-1 and
uPAR in U87MG glioma cells following 120-minute treatment
with UCD38B or its cell-impermeant homolog UCD74A. Mito-
chondria were visualized using MitoTracker, and nuclei were
stained with 49,6-diamidino-2-phenylindole to localize the
intracellular distribution of PAI-1 and uPAR following treat-
ment. PAI-1 was distributed homogeneously in the cytoplasm
and plasmalemmal regions of untreated cells. Following 120-
minute treatment of UCD38B, a portion of PAI-1 and uPAR
was localized to perinuclearmitochondrial regions (Fig. 2A; Fig.
3A). In contrast, no alteration in intracellular PAI-1 or uPAR
localization was identified following treatment with UCD74A.
For biochemical verification, cytosolic and mitochondrial
fractions were separated by subcellular fractionation following
glioma treatment for 120minutes. Immunoblotting was performed
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to visualize PAI-1 and uPAR using either an anti–PAI-1 or anti-
uPAR monoclonal antibody, respectively. Actin and voltage-
dependent anion channel protein represented the cytosolic
and mitochondrial fractions, respectively. Relative levels of
PAI-1 or uPAR expression in each fraction were normalized to
their respective protein markers. Like uPA, PAI-1 and uPAR
were enriched in the mitochondrial fractions when treated
with UCD38B (Fig. 2, B and C; Fig. 3, B and C). As a control,
neither PAI-1 nor uPAR were enriched in mitochondrial frac-
tions following incubation with cell-impermeant UCD74A.
Electron Microscopy Reveals an Increase in Endo-

somal and Lysosomal Formation in U87MGGliomaCells
Following UCD38B Treatment. Electron micrographs were
obtained following 60-minute exposure to UCD38B, preceding
the mitochondrial depolarization observed in live U87MG
glioma cells following UCD38B treatment (Pasupuleti et al.,
2013). In vehicle-treated control cells, cellular morphology
remained unchanged (Fig. 4A). By contrast, U87MG glioma
cells treated with UCD38B demonstrated an increase in the
formation of endosomes and lysosomes, coinciding with the
appearance of intracellular vacuolization (Fig. 4B). In glioma
cells treated with UCD38B, electron microscopy demonstrated
that endosomes and lysosomes lay in close proximity to dilated
mitochondria with deformed cristae (Fig. 4C). These morpho-
logic observations indicated that UCD38B treatment increased
endocytosis, with an augmentation of endosomes and lyso-
somes lying in close proximity to dilated mitochondria.
PAI-1 Relocation to Early and Late Endosomes Is

Increased Following UCD38B Treatment in U87MG
GliomaCells. Electronmicroscopy demonstrated thatUCD38B

treatment within 60 minutes initiated a marked increase in
endocytosis associated with endosomal relocation to mitochon-
drial regions. Therefore, we investigated the effect of UCD38B on
endosomal trafficking of uPA, PAI-1, and uPAR in U87MG
glioma cells. Colocalization of uPAS proteins with early and late
endosomes was determined by immunofluorescence confocal
microscopy. EEA-1 and LAMP-1 antibodies were used to identify
early and late endosomal proteins, respectively. U87MG glioma
cells were treatedwith drug vehicle orUCD74A for 60minutes or
UCD38B for 15 and 60 minutes. PAI-1 did not demonstrate
significant colocalization with early or late endosomes following
15-minute exposure with UCD38B. However, after 60 minutes,
PAI-1 immunostaining was found to colocalize with endosomes
labeled with either EEA-1 or LAMP-1 antibodies (Fig. 5, B and D).
No alteration of intracellular PAI-1 colocalization with early or
late endosomeswas observed in glioma cells following 60-minute
exposure to either drug vehicle or UCD74A (Fig. 5, A and C).
U87MG glioma cells were reimaged using the ImageXpress high-
content imaging system to quantify intracellular colocalization.
Following UCD38B treatment for 60 minutes, PAI-1 colocalized
with 40 and 54% of EEA-1 and LAMP-1 immunofluorescent
markers for early and late endosomes, respectively. This mag-
nitude of endosomal colocalization of PAI-1 in UCD38B-treated
cells was highly significant when compared with vehicle- or
UCD74A-treated U87MG glioma cells (Fig. 5E).
uPA and uPAR Relocation to Early and Late Endo-

somes Is Increased Following UCD38B Treatment in
U87MG Glioma Cells. Analogously, uPA and uPAR were
separately shown to colocalize with EEA-1 and LAMP-1 in
glioma cells treated with UCD38B after 60 minutes but not at

Fig. 2. Localization of PAI-1 in U87MG
glioma cell. Intracellular localization of PAI-1
was visualized by confocal microscopy with
an anti–PAI-1 antibody in U87MG cells
that had been treated for 120 minutes with
250 mM of UCD38B, UCD74A, or vehicle
(0.1% v/v DMSO). (A) Alexa 488 was used
as a secondary antibody. MitoTracker and
49,6-diamidino-2-phenylindole (DAPI) were
used to visualize the mitochondria and nu-
cleus, respectively, and the scale bar is
50 mm. Cytosolic (C) and mitochondrial (M)
enriched fractions were separated by SDS-
PAGE. PAI-1 was visualized on an immu-
noblot with Actin and voltage-dependent
anion channel as cytosolic and mitochon-
drial marker proteins, respectively (B).
Densitometry of PAI-1 expression, normal-
ized to marker proteins. (C) is presented as
themean6S.D. ofn = 3with ***P, 0.001.
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15 minutes. (Fig. 6, B and D; Fig. 7, B and D). Treatment for
60 minutes with UCD74A or drug vehicle did not alter the
minimal colocalization of uPA and uPAR with EEA-1 and
LAMP-1 (Fig. 6, A and C; Fig. 7, A and C). High-content image
analysis quantified that uPA colocalized with early and late
endosomal markers 48 and 38%, respectively, in U87MG
glioma cells following 60-minute treatment with UCD38B
(Fig. 6E). Similarly, uPAR colocalized with 49 and 50% of
early and late endosomes during this treatment interval (Fig.
7E). Colocalization of uPA and uPAR with early and late
endosomes was significant in comparison with vehicle- and
UCD74A-treated U87MG glioma cells (Fig. 6E; Fig. 7E). After
60 minutes, UCD38B induced a comparable, 4- to 5-fold
increase in the colocalization of PAI-1, uPA, and uPAR with
early and late endosomes (Fig. 6E; Fig. 7E), which indicated
a concerted mechanism of intracellular trafficking.

PAI-1 Relocation to Early and Late Endosomes Is
Increased Following UCD38B Treatment in Three Addi-
tional Human Glioma Cell Lines. Drug-induced relocation
of uPAS endosomes as a mechanism leading to AIF-mediated
cancer cell necrosis has not been previously described. There-
fore, it was important to determinewhether endosomal relocation
initiated by UCD38B was generalized to additional human
glioblastoma cell lines. Because of its regulatory centrality in
uPAS endosomal trafficking, PAI-1 was selected as the repre-
sentative protein to investigate drug-induced endosomal colo-
calization in the human glioma cell lines LN229, U118MG, and
U138MG. After 60 minutes of UCD38B treatment, confocal
microscopy and high-content imaging again demonstrated that
3- to 5-fold more PAI-1 was colocalized with early and late
endosomes in treated LN229 (Supplemental Fig. 1), U118MG
(Supplemental Fig. 2) and U138MG (Supplemental Fig. 3)

Fig. 3. Localization of uPAR in U87MG
glioma cells. U87MG cells were treated
for 120 minutes with 250 mM of UCD38B,
UCD74A, or vehicle (0.1% v/v DMSO). (A)
Anti-uPAR antibody was used to detect
uPAR by immunofluorescence confocal
microscopy. Alexa 488 was used as a sec-
ondary antibody. MitoTracker and
49,6-diamidino-2-phenylindole (DAPI) were
used to visualize the mitochondria and
nucleus, respectively. Scale bar is 50 mm.
uPAR levels in cytosolic (C) and mitochon-
drial (M) enriched fractions were detected
on immunoblots (B) with Actin and voltage-
dependent anion channel used as cytosolic
and mitochondrial marker proteins, re-
spectively. Normalized protein levels of
uPAR in cytosolic and mitochondrial
fractions were determined by densitome-
try (C) as the mean 6 S.D. of n = 3 with
***P , 0.001.

Fig. 4. Electron microscopy reveals endo-
cytosis in U87MG glioma cells. Time-matched,
vehicle-treated (control) U87MG glioma
cells. (A) U87MG glioma cells were treated
with UCD38B at 250 mM for 60 minutes,
and cellular changes were identified by
electron microscopy. Arrows indicate in-
crease in cytoplasmic vacuolization (B) and
lysosome formation in UCD38B-treated
cells (C). Scale bar is 1 mm.
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human glioma cells than in vehicle- or UCD74A-treated glioma
cells.
LRP-1 and PAI-1 Demonstrate a Marked Increase in

Relocation to Early and Late Endosomes Relocated to
Mitochondrial Regions Following UCD38B Treatment
in U87MG Gliomas. LRP-1 is responsible for guiding
clathrin-dependent internalization of the uPA–PAI-1 complex
bound to transmembrane uPAR (Fig. 1). Therefore, it was
important to identify whether uPAS endocytosis and endosomal
trafficking guided by LRP-1 was altered by UCD38B treatment.
Confocal microscopy demonstrated that LRP-1 remained abnor-
mally colocalized with intracellular PAI-1 in U87MG glioma
cells following 60-minute treatment with UCD38B, while no
alteration was observed with UCD74A treatment (Fig. 8A).

LRP-1 also remained abnormally colocalized with both EEA-1
(Fig. 8B) and LAMP-1 (Fig. 8C) in U87MG glioma cells treated
with UCD38B. In glioma cell controls treated with vehicle or
UCD74A, there was no change in LRP-1 localization.
We have used JC-1 in live U87MG glioma cells and deter-

mined that mitochondrial depolarization occurred between 60
and 120 minutes following UCD38B treatment (Pasupuleti
et al., 2013). Here, MitoTracker was employed to visualize
mitochondria, and confocal fluorescent microscopy identified
that 60-minute treatment of UCD38B caused early (Fig. 9A)
and late (Fig. 9B) endosomes to become in close proximity with
mitochondria, as compared with glioma cells treated with
vehicle or UCD74A. ImageXpress high-content quantification
demonstrated a 3.5-fold increase in endosomal coregistration

Fig. 5. Colocalization of PAI-1 with early and late endosomes in U87MG glioma cells. Colocalization of PAI-1 with early endosomes using EEA-1 as an
early endosome marker protein was detected by immunofluorescent confocal microscopy. U87MG cells were treated with drug vehicle control (0.1%
DMSO) or UCD74A (A) at 250 mM for 60 minutes. Glioma cells were exposed to UCD38B at 250 mM for 15 or 60 minutes (B). Colocalization of PAI-1 with
late endosomes using LAMP-1 as a marker protein was visualized in glioma cells treated with vehicle or UCD74A for 60 minutes (C) or UCD38B (D) for
15 or 60 minutes. Scale bar is 50 mm. U87MG glioma cells were imaged and colocalization of immunofluorescent labels was quantified using the high-
content imaging system ImageXpress and analyzed by a custommodule using MetaXpress 5.0 software (E). Results are presented as the mean6 S.D. of
n = 15 with ***P , 0.001.
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with mitochondria (Fig. 9C). To verify that mitochondrial
membrane depolarization was associated with this drug-
induced colocalization of endosomes with mitochondria, we
pretreated the glioma cells with JC-1 dye. JC-1 forms red
aggregates and green monomers in cells having normally
polarized mitochondria. The red aggregates are diminished or
disappear with mitochondria depolarization or permeabiliza-
tion. The late endosomal marker protein LAMP-1 (stained in
blue) was selected as a marker of endosomal colocalization
within the same glioma cells that had been preloadedwith JC-1
(Fig. 9D). UCD38B treatment for 75 minutes in glioma cells
caused the disappearance of JC-1 red aggregates, with only the

retention of green monomers, indicating mitochondrial de-
polarization that had increased colocalization with late endo-
somes (blue) (Fig. 9D). In summary, these data indicated that
UCD38B initiated retrafficking of early and late endosomes
containing uPAS and LRP-1 proteins to mitochondria regions
and associated with mitochondrial membrane depolarization,
which was not observed in glioma cells treated with vehicle or
UCD74A.
UCD38B Targets Intracellular uPAS in U87MGGlioma

Cells Rather than Plasmalemmal Complex. We then
investigated whether UCD38B targeted the uPA–PAI-1–uPAR
complex bound to LRP-1 on plasmalemma. LRP-1–mediated

Fig. 6. Colocalization of uPA with early and late endosomes in U87MG glioma cells. Association of uPA with early endosomes using EEA-1 as a marker
protein was analyzed using anti-uPA antibody. U87MG glioma cells were treated for 60 minutes with either drug vehicle, 250 mM of UCD74A (A), or
250 mM of UCD38B for 15 and 60 minutes (B). uPA and late endosome localization using LAMP-1 as a marker protein was examined in glioma cells
treated with drug vehicle (control), UCD74A for 60 minutes (C), or UCD38B for 15 or 60 minutes (D). Scale bar is 50 mm. Quantification of uPA
colocalization with endosomes was determined by imaging U87MG glioma cells using the high-content imaging system ImageXpress and analyzed by
a custom module using MetaXpress 5.0 software (E). Results are presented as the mean 6 S.D. of n = 15 with ***P , 0.001.
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endocytosis was prevented using the LRP-1 inhibitor, RAP, but
did not preventUCD38B-induced glioma cell death, asmeasured
by the LDH assay (data not shown). Endosomal trafficking can
be reversibly inhibited by cooling glioma cells to 4°C and then
restoring their temperature to 37°C. U87MG glioma cells were
exposed to UCD38B or UCD74A at 4°C for 2, 6, and 24 hours,
and did not undergo cell death when compared with time-
matched controls at 37°C. UCD38B is autofluorescent and can be
demonstrated to be intracellular using fluorescent microscopy of

washed U87MG cells, as we previously described in contrast to
autofluorescent cell-impermeant UC74A (Leon et al., 2013)
(Table 1). UCD38B was observed to be intracellularly localized
at 4°C after a 2-hour exposure (Fig. 10A). We then determined
that internalized UCD38B that had entered the glioma cells
could initiate endosomal mis-trafficking and subsequent cell
death bywashing the cells twice at 4°C and then shifting them to
37°C. Glioma cells were incubated at 4°C for 2, 6, and 24 hours.
When these glioma cells were shifted to 37°C for 24 hours,

Fig. 7. Colocalization of uPAR with early and late endosomes in U87MG glioma cells. Association of uPAR with early endosomes and late endosomes
using EEA-1 and LAMP-1 asmarker proteins, respectively, was analyzed by confocal microscopy. U87MG cells were treated with vehicle control, 250 mM
of UCD74A for 60 minutes (A and C), or 250 mM of UCD3B for 15 or 60 minutes (B and D). Scale bar is 50 mm. Quantification of colocalization of uPAR
with endosomes was quantified in U87MG glioma cells using the high-content imaging system ImageXpress and analyzed with a custom module using
MetaXpress 5.0 software (E). Results are presented as the mean 6 S.D. of n = 15 with ***P , 0.001.

690 Pasupuleti et al.



intracellular UCD38B killed 40, 60, and 65% of glioma cells,
respectively, as determined by the LDH assay (Fig. 10B) and
verified by the Trypan blue exclusion assay (Supplemental
Fig. 4). We verified that intracellular UCD38B caused PAI-1
relocation to mitochondrial regions only in glioma cells shifted
to 37°C that subsequently died (Fig. 10C). Importantly, no cell
death was detected in control glioma cells under the same
conditions when treated with the cell-impermeant, autofluo-
rescent congener UCD74A. Together, these data indicate that
UCD38B bypasses the uPAS protein complex in the plasma-
lemma and directly targets intracellular uPAS proteins to
initiate uPAS endosomal relocation that was followed by sub-
sequent glioma cell demise.
uPA–PAI-1 Complexes Are Increased inU87MGGlioma

Cells Following Treatment with UCD38B Treatment. We
postulated that UCD38B was disrupting normal endosomal
transport of the quaternary protein complex comprised of uPAR,
uPA, PAI-1, and LRP-1. Disruption of uPAS recycling by
UCD38B would hamper recycling and the degradation of the
quaternary uPAS complex, causing an increase in the cellular
content of uPA–PAI-1 complexes. A commercially available
ELISAkit was employed to quantitativelymeasure the amount
of uPA–PAI-1 complexes in treated and control glioma cells.

U87MG glioma cells were treated for 120 minutes with
UCD38B, UCD74A, or drug vehicle. The amount of the uPA-PAI
complex (in nanograms permilliliter) was quantified in 0.5mg/ml
of the total protein extracted from the treated glioma cells
and normalized to a standard curve (Table 1). Intracellular
levels of the uPA–PAI-1 complex were increased significantly
following treatment with UCD38B, but not with UCD74A or
vehicle control.

Discussion
HGGs, especially World Health Organization grade 4 glio-

blastomas, are highly aggressive primary cancers of the central
nervous system, accounting for 78% of adult onset primary
central nervous system malignancies (Dunn and Black, 2003;
Buckner et al., 2007). The 5-year survival for patients with
glioblastoma multiforme receiving conventional therapy is
approximately 9%. Malignant gliomas recur in greater than
90% of cases despite radiation therapy, chemotherapy, or
antiangiogenic agents, most notably bevacizumab.
5-benzylglycinyl-amiloride (UCD38B) is the parent molecule

of a class of anticancer small molecules found to kill pro-
liferative and nonproliferative glioma and breast cancer cell

Fig. 8. Colocalization of PAI-1 and LRP-1 in U87MG glioma cells. U87MG cells were treated with either vehicle control, UCD74A, or UCD38B at 250 mM for
60 minutes. PAI-1 seen in green was immunostained with anti–PAI-1 primary and Alexa 488 secondary antibody. LRP-1 in red is detected by anti–LRP-1
primary and Alexa 594 secondary antibody (A). DAPI, 49,6-diamidino-2-phenylindole . LRP-1 in green was associated with early endosomes immunostained
with EEA-1 antibody (red) (B). Colocalization of LRP-1 with late endosomes was detected with LAMP-1 antibody (red) (C). Scale bar is 50 mm.
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Fig. 9. Close proximity of endosomes and mitochondria in UCD38B-treated U87MG glioma cells. U87MG cells were treated with either vehicle control,
UCD74A, or UCD38B at 250 mM for 60minutes. Translocation of early (EE) and late endosomes (LE) was verified by immunocytochemistry using EEA-1
and LAMP-1, respectively. Mitochondria are visualized in red using MitoTracker. Early endosomes were detected using anti–EEA-1 antibody (A). Late
endosomes were detected by anti–LAMP-1 antibody (B). Colocalization of endosomes with mitochondria was quantified using ImageXpress and
analyzed with a custom module using MetaXpress 5.0 software. Results are presented as the mean6 S.D. of n = 15 with ***P, 0.001 (C). U87MG cells
were preloaded with JC-1 dye at 5 mM for 15 minutes and treated with either vehicle control, UCD38B, or UCD74A at 250 mM for 75 minutes. Glioma
cells were then fixed for immunocytochemistry to immunostained for late endosomes using anti–LAMP-1 as primary and Alexa 647 as secondary
antibody, respectively (D). Scale bar is 50 mm.
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types (Leon et al., 2013; Pasupuleti et al., 2013). Previously, we
demonstrated that UCD38B is a cell-permeant molecule that
rapidly initiates a set of intracellular events causing mitochon-
drial depolarization with the release and nuclear translocation
of AIF. Nuclear AIFmediates irreversible programmed necrotic
cancer cell death, independent of caspase and poly ADP-ribose
polymerase activation (Leon et al., 2013; Pasupuleti et al.,
2013). The cell-impermeant congener of UCD38B, 5-glycinyl-
amiloride (UCD74A), is a comparably competitive uPA in-
hibitor, inhibits cancer cell migration, and is cytostatic but not
cytotoxic (Table 1) (Massey et al., 2012; Pasupuleti et al., 2013).
Our initial reports describing the anticancer cytotoxicity of
UCD38B against proliferating and nonproliferating well char-
acterized human glioblastoma and human breast cancer cell
lines produced several unanswered questions about its cellular
mechanisms, which are better understood as a consequence of
this investigation.
One important question was why the anticancer cytotoxicity

of UCD38B is independent of the cell cycle. Previously, we
identified that UCD38B initiates relocation of uPA, and in this
study, we identified that uPA, along with PAI-1, uPAR, and
LRP-1, are coordinately relocated to mitochondrial regions by
a concerted drug-induced mis-trafficking of uPAS endosomes.
uPA, PAI-1, and uPAR colocalization with early and late endo-
somes is increased following UCD38B exposure, corroborated
by subcellular fractionation and immunocytochemistry, and
quantified by a high-content cytologic image analysis. Colocal-
ization of uPAS proteins with early and late endosomes is
increased 4- to 5-fold, and approximately 40–50% of uPAS
endosomes are relocated to perinuclearmitochondrial domains.
This unusual anticancer drug mechanism of action has not
been previously reported, so it was important that these
observations were generalized to the additional human glioma
cell lines LN229, U118MG, and U138MG (Supplemental Figs.
1–3). PAI-1 was selected as a representative uPAS protein and
demonstrated to colocalize with early and late endosomal

markers following treatment with UCD38B. UCD38B initiates
intracellular relocation of a subset of uPAS endosomes to
perinuclear mitochondrial regions beginning at 60 minutes of
UCD38B treatment, which coincides with mitochondrial de-
polarization in live U87MG glioma cells loaded with the
fluorescent dye JC-1 that we previously reported (Pasupuleti
et al., 2013). Mitochondrial depolarization is associated with
the release and nuclear translocation of AIF, triggering a caspase-
independent necrotic glioma cell death. This programmed AIF-
mediated, caspase-independent glioma cell necrosis following
UCD38B treatment is consistently observed in the additional
human glioblastoma cell lines LN229, U118MG, and U138MG
(Supplemental Figs. 5 and 6), which are capable of initiating
high-grade glial tumors.
Endosomal relocation to adjacent mitochondrial domains is

triggered by UCD38B within 60–120 minutes, corresponding
with electron microscopic findings. Electron microscopy showed
that UCD38B caused a marked increase in the appearance
of vesicles and lysosomes in U87MG glioma cells following
60-minute treatment with UCD38B, which is consistent with
enhanced endocytosis. Confocal microscopy and quantitative
image analysis confirmed that UCD38B initiates a 3.5-fold
increase in early and late endosomes colocalizing with mito-
chondrial regions and that 35% of endosomes appear to be
relocated following drug treatment. Similar trafficking be-
tween endosomes andmitochondria has been reported following
cell death caused by the vacuolating cytotoxin A toxin produced
byHelicobacter pylori (Calore et al., 2010), tumor necrosis factor
a (Garcia-Ruiz et al., 2002), and Fas (Ouasti et al., 2007).
AIF-mediated glioma necrosis produced by UCD38B is in-

dependent of canonical apoptosis (Leon et al., 2013; Pasupuleti
et al., 2013) and appears to be distinct from ripoptosome-
mediated necroptosis (Feoktistova et al., 2012). RIP-1 inhibi-
tion by necrostatin does not alter the anticancer cytotoxicity of
UCD38B (Leon et al., 2013). Cell death induced by UCD38B
was also unaffected by autophagic inhibition by the AMPK
inhibitor compound C, the lysosomotropic agent chloroquine
(Shintani and Klionsky, 2004; Meley et al., 2006), or by
knockdown of the autophagy protein beclin-1 (Leon et al.,
2013). The precise cause of mitochondria membrane depo-
larization associated with uPAS endosomal colocation initi-
ated by UCD38B remains unclear. Mitochondrial membrane
depolarization under these conditions can be triggered by
different physiologic effectors, including calcium-induced
calcium release, reduced concentrations of adenine nucleotides,
inorganic phosphate, reactive oxygen species, changes in pH,
reduced mitochondrial polarization (Crompton, 1999), and
Bax (Marzo et al., 1998). Previously, we reported that calcium
overload in glioma cells resulting from reversal of the sodium-
calcium exchanger coupled with altered activation of sodium-
proton exchange causes increased cytosolic free calcium to be
stored within the mitochondria and endoplasmic reticulum
(Harley et al., 2010). Calcium signaling released from the
endoplasmic reticulum that is contacting mitochondrial do-
mains has been described to affect the mode and extent of
mitochondrial permeability induced by Bcl proteins (Mattson
et al., 2000). The role of mitochondria in participating in
programmed necrosis and necroptosis (Marshall and Baines,
2014) and the potential importance of these new cell death
mechanisms caused by anticancer agents, including UCD38B,
has recently been reviewed and is an active area of cell biologic
investigation (Fulda, 2013).

TABLE 1
uPA–PAI-1 complex in glioma cells detected by ELISA
uPA–PAI-1 complex was determined by ELISA following drug treatment. U87MG
glioma cells were treated with UCD38B for 45 minutes and 2 hours or with UCD74A
for 2 hours. Protein extracts were made and 0.5 mg/ml of the total protein was used
for detection of the uPA–PAI-1 complex. Results are presented as the mean 6 S.D. of
n = 3.

U87MGs treated with drug uPA–PAI-1 complex

ng/ml

Vehicle, 120 minutes 4.1 6 0.03

UCD38B, 45 minutes

5.5 6 0.3**

UCD38B, 120 minutes 6.2 6 0.1**

UCD74A, 120 minutes

4.1 6 0.06

**P , 0.01.
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Fig. 10. Intracellular UCD38B cytotoxicity. U87MG glioma cells were treated with UCD38B or UCD74A for 2 hours at 4°C. The cells were rinsed with
PBS and visualized under a fluorescent microscope. UCD38B was cell permeant at 4°C, as determined by intracellular fluorescence, and UCD74A was
cell impermeant. Upper panel shows fluorescence, and lower panel shows bright field images at 40�. Scale bar is 50 mm (A). U87MG glioma cells were
incubated for 2, 6, and 24 hours at 4°C. Glioma cells were washed with 1� PBS, replaced with fresh media with no drug and then transferred to 37°C for
24 hours. Cytotoxicity of intracellular UCD38B was determined by LDH assay (B). PAI-1 colocalization with mitochondria was examined by
immunofluorescence. U87MG cells were exposed to UCD38B or UCD74A for 2 hours at 4°C, followed by a 37°C shift to induce glioma cell death.
Mitochondria and PAI-1 were visualized using MitoTracker and anti–PAI-1 monoclonal antibody, respectively. 49,6-diamidino-2-phenylindole (DAPI)
was used to stain the nucleus. Scale bar is 50 mm (C).
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LRP-1 is an endosomal guidance protein required for clathrin-
mediated endocytosis and uPAS recycling (Cortese et al., 2008).
Endocytotic internalization of uPAR bound to uPA–PAI-1 that is
mediated by LRP-1 can be prevented by preincubating with the
specific LRP-1 antagonist RAP (Taylor and Hooper, 2007).
UCD38B antiglioma cytotoxicity was unaffected by preincu-
bation with RAP. This surprising result was explained by
reversibly inhibiting endosomal trafficking by cooling glioma
cells to 4°C. Intracellular UCD38B, but not UCD74A, was
capable of causing endosomal relocation and subsequent glioma
demise when endosomal trafficking was re-established at 37°C.
Reversible inhibition of endosomal trafficking demonstrated
that cell-permeant UCD38B directly enters cancer cells and
kills them by selectively mis-trafficking a subset of endosomes
containing uPAS cargo.
Early endosomes are normally routed to the juxtanuclear

endocytic recycling compartment from where the recycling
endosomes originate (Maxfield and McGraw, 2004; Grant and
Donaldson, 2009). Recycling endosomes transport uPAR and
LRP-1 back to the plasma membrane (Fig. 1). Thus, the ob-
served increase in cellular levels of the uPA–PAI-1 complex
60 minutes after UCD38B treatment can be explained by drug-
induced disruption of uPAS endosomal recycling and trafficking
causing reduced clearance of transmembrane uPAR bound to
uPA and PAI-1 in the plasmalemma. There is a basal, small
colocalization of LRP-1 with PAI-1 that significantly increases
following 60-minute treatmentwithUCD38B and is relocated to
early and late endosomes along with PAI-1, uPA, and uPAR.
Figure 11 summarizes our proposed model for the cellular

mechanisms by which intracellularUCD38B binds to the active
site of intracellular uPA, causing uPA, PAI-1, uPAR, and LRP-1
to be rapidly endocytosed in early and late endosomes. Fol-
lowing UCD38B treatment, early and late endosomes (Steps 1
and 2, respectively) are relocated to mitochondrial regions and

followed by mitochondrial swelling. This mitochondrial swell-
ing corresponds with previously observed mitochondrial de-
polarization, leading to the release and nuclear translocation of
AIF. In the nucleus, AIF causes nuclear condensation and caspase-
independent glioma necrosis (Step 3). Under normal conditions,
uPAR and LRP-1 are recycled back to the cell membrane via
recycling endosomes that are disrupted by UCD38B (Step 4).
We posit that disrupting this recycling step by UCD38B is
responsible for the increase in uPA–PAI-1 protein complexes.
Further analysis and refinement of this proposed drug mech-
anism should provide important insights into why increased
uPA–PAI-1 and PAI-1 expression paradoxically has been
shown to correspond with a worsened clinical prognosis in
several cancer cell types (Andreasen, 2007).
To our knowledge, this is the first report of a class of

anticancer, cytotoxic small molecules that enter the cancer cell
and initiate mis-trafficking of a subset of early and late endo-
somes containing uPA, PAI-1, and uPAR to mitochondrial
domains and trigger irreversible programmed glioma necrotic
cell death. Surprisingly, the effect of UCD38B and its 50-fold
more potent congeners bypass the plasmalemmal uPAR com-
plex and instead act intracellularly to disrupt uPAS endosomal
transport. Earlier, we reported the downregulation of protein
expression of uPA by small interfering RNA and demonstrated
its effect on drug cytotoxicity (Pasupuleti et al., 2013). In
another study, we have investigated the downregulation and
overexpression of additional uPAS proteins in glioma cells and
utilizing a congener of UCD38B, verified AIF-mediated cell
death mechanism (unpublished data) within intracerebral
glioma xenografts implanted in immunodeficient mice. Remark-
ably, these small molecules have demonstrated minimal toxicity
in rodents when administered systemically or intracerebrally
(N. Pasupuleti and F. Gorin, manuscript in preparation). In
subsequent studies, the properties of UCD38B and its 50-fold

Fig. 11. Proposed model of altered endosomal trafficking
following treatment with UCD38B. Cell permeant drug
(UCD38B) targets the intracellular uPAS complex, relocat-
ing the early (EE) (1) and late endosomes (LE) (2) to be in
close proximity with mitochondrial regions. AIF is released
and translocated to the nucleus (3), leading to glioma cell
death. We hypothesize that UCD38B disrupts endosomal
recycling (4), thereby increasing the intracellular uPA–PAI-1
complex.
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more potent congeners are being extended to include patient-
derived xenografts established from primary human glioblas-
toma tumors and maintained in immunodeficient mice.
This unusual drug mechanism of action explains why the

antiglioma cytotoxicity of UCD38B was identified as being
independent of the cell cycle in human glioma and breast
cancer cell lines (Leon et al., 2013; Pasupuleti et al., 2013) and
appears to be restricted to cancer cell types having altered
uPAS expression, notably uPA and PAI-1.
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