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Abstract
Treatment of glioblastoma (GBM) remains a challenge using conventional chemotherapy, such as temozolomide
(TMZ), and is often ineffective as a result of drug resistance. We have assessed a novel nitrone-based agent, OKN-
007, and found it to be effective in decreasing tumor volumes and increasing survival in orthotopic GBM
xenografts by decreasing cell proliferation and angiogenesis and increasing apoptosis. In this study, we assessed
combining OKN-007 with TMZ in vivo in a human G55 GBM orthotopic xenograft model and in vitro in TMZ-
resistant and TMZ-sensitive human GBM cell lines. For the in vivo studies, magnetic resonance imaging was used
eclaration of interest: R. A. T. has an issued patent on the use of OKN-007 in gliomas
d a patent application regarding using combined OKN-007 and TMZ treatment for
omas. Oblato, Inc., is currently conducting the phase I clinical trials in human GBM
tients for OKN-007 as a single therapeutic agent and combined with TMZ.
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to assess tumor growth and vascular alterations. Percent animal survival was also determined. For the in vitro
studies, cell growth, IC50 values, RNA-seq, RT-PCR, and ELISA were used to assess growth inhibition, possible
mechanism-of actions (MOAs) associated with combined OKN-007 + TMZ versus TMZ alone, and gene and
protein expression levels, respectively. Microarray analysis of OKN-007–treated rat F98 glioma tumors was also
carried out to determine possible MOAs of OKN-007 in glioma-bearing animals either treated or not treated with
OKN-007. OKN-007 seems to elicit its effect on GBM tumors via inhibition of tumorigenic TGF-β1, which affects
the extracellular matrix. When combined with TMZ, OKN-007 significantly increases percent survival, decreases
tumor volumes, and normalizes tumor blood vasculature in vivo compared to untreated tumors and seems to
affect TMZ-resistant GBM cells possibly via IDO-1, SUMO2, and PFN1 in vitro. Combined OKN-007 + TMZ may be
a potentially potent treatment strategy for GBM patients.

Translational Oncology (2019) 12, 320–335
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igh-grade gliomas are deadly, diffuse tumors that are highly vascularized
d are resistant to apoptosis. Gliomas are the most common malignant
imary brain tumors [1]. Glioblastoma (GBM), a grade IV glioma,
counts for the majority of all gliomas and is the most common of all
alignant central nervous system tumors in adults [1]. GBMs have the
ghest incidence rate (3.2 per 100,000 population) and the highest
mber of cases of all malignant tumors with 12,760 cases projected for
18 [1]. Unfortunately, the 5-year survival rate for glioblastomas is 5.5%
], and there are no current effective therapies for this devastating disease.
urrent standard-of-care (SOC) for GBM involves surgical resection and
llow-up treatments with radiotherapy and chemotherapeutic drugs such
temozolomide (TMZ), as well as bevacizumab, a monoclonal antibody
rgeting vascular endothelial growth factor (VEGF). Although TMZ is
nsidered to be one of the most effective chemotherapeutic agents to
olong GBM patient survival [2], these SOC treatments, including
MZ, have not provided any long-term survival, and reoccurrence is very
mmon. The recurrence for high-grade gliomas, particularly GBM, is
e to difficulty in achieving a gross surgical section coupled with
sistance to chemo- (mainly TMZ) [3,4] and radiotherapies [5,6].
lioma-initiating cells that have stem-like properties have been linked
ith resistance to therapy and progression [7,8].
From previous studies, it is well known that O6-methylguanine-
NA methyltransferase (MGMT) [9], N-methylpurine DNA
ycosylase (MPG; also known as alkylpurine-DNA-N-glycosylase
APNG) [10], and hypoxia inducible factor 1α (HIF-1α) [11] are
l associated with TMZ-resistance in GBM. Drug resistance against
MZ is mediated by increasing MGMT levels [2]. More specifically,
has been known for some time that MGMT promoter methylation
a predictive biomarker associated with alkylating chemotherapy,
rticularly TMZ [7]. There are several other mechanisms-of-action
OAs) that have been recently associated with TMZ-resistance. For
stance, it is known that if HIF-1α is downregulated, then a GBM
ll becomes more TMZ sensitive [11]. Hedgehog (Hh) signaling,
hich is deregulated in GBM, is also associated with TMZ resistance
87-MG, T98G) [12]. It has also been recently shown that
nnexins, particularly gap junction protein connexin43 (Cx43), play
role in the microenvironment of malignant gliomas and are capable
rendering GBM cells (U251) chemotherapeutic resistant, such as
at elicited by TMZ [2,13]. Activation of the PI3K pathway has also
en recently found to be associated with TMZ resistance [14].
ecently, it was established that the sex-determining region Y (SRY)-
x9 protein (SOX9) expression is associated with poor GBM patient
ognosis and TMZ resistance (U87, U251) [15]. Another group
cently found that stearoyl-coenzyme A desaturase 1 (SCD1) is
regulated in TMZ-resistant GBM cells [16]. It was also determined
cently that X-ray repair cross-complementing 3 is involved with in
MZ-resistance by promoting DNA double-strand break repair [17].
nother group recently reported that long noncoding RNA
ncRNA) tumor suppressor candidate 7 expression is negatively
sociated with TMZ resistance in U87TR GBM cells [18]. The
regulation of MSH6, a key component of DNA mismatch repair,
s also been recently found to be associated with TMZ resistance in
BM [19]. In U87 cells treated with TMZ, key candidate proteins and
thways associated with TMZ resistance include 28 downregulated
oteins, of which 9 proteins (DHX9, HNRNPR, RPL3, HNRNPA3,
1,DDX5, EIF5B, BTF3, andRPL8) were identified as key candidate
oteins involved in ribosome and spliceosome pathways, and highly
sociated with GBM patient prognosis [20]. It should be noted that
any of the above studies were done in GBM cells in vitro.
Regarding previously published possible treatment strategies, some
proaches have included inhibiting NF-κB, a transcriptional
gulator of MGMT, to reduce MGMT levels [7]; silencing SOX9,
transcriptional factor expressed in most solid tumors and a key
gulator of glioma stem cells, and its target PDK1 (pyruvate
hydrogenase kinase 1) [8]; combining Akt and SCD1 inhibition
6]; and silencing LncRNA-H19 decreases TMZ resistance (TMZ-
sistant cell lines: U251TMZ, M059JTMZ) by suppressing
ithelial-mesenchymal transition via the Wnt/β-catenin pathway
1]; to suppress TMZ-resistance glioma cell growth. Again, in many
ses, these studies were done in vitro.
We have previously demonstrated that a novel antiglioma agent,
KN-007 [OKlahoma Nitrone; disodium 4-(tert-butyl-imino)
ethyl) benzene-1,3-disulfonate N-oxide)], is able to decrease cell
oliferation and angiogenesis, as well as increase apoptosis [22,23].
egarding angiogenesis, our group established that OKN-007
ecifically inhibits HIF-1α protein expression [22]. In reference to
giogenesis, it was also established by our group that OKN-007 can
ecifically reduce vascular endothelial growth factor receptor 2
EGFR2) protein expression [24], and in addition reduce free
dical levels [25], using molecular-targeted magnetic resonance
aging (MRI) probes for both of these biomarkers.
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Related with this study, our group decided to assess whether OKN-
7, if administered with TMZ, could have a synergistic effect for
th treatments. We conducted an in vivo orthotopic xenograft
BM study to assess animal survival and effect on tumor volume
duction, as well as an effect on vascular perfusion. In addition, we
so investigated the possible MOAs associated with OKN-007
eatment when combined to TMZ in both TMZ-resistant and TMZ-
nsitive human GBM cells in vitro using qPCR and ELISA methods for
termining HIF-1α, MGMT, and MPG gene and protein levels,
spectively. In addition, RNA-seq was used to further elucidate the
OA regarding gene expression associated with combined OKN and
MZ treatment compared to TMZ alone in both TMZ-sensitive and
MZ-resistant GBM cell lines. Assessment of OKN-007 regarding its
fect on cell migration was also studied in vitro using microfluidic
ambers. The MOA of OKN-007 in a rodent GBM model was also
rther characterized with microarray, RT-PCR, and ELISA assessments.

aterials and Methods

Vivo Studies
Rodents and Treatments. Animal studies were conducted in
cordance to the OMRF Institutional Animal Care and Use
ommittee policies, which follow NIH guidelines. For the F98 rat
ioma cell implantation model, F98 cells (105 in 10-μl volume) were
tracerebrally implanted with a stereotaxic device (2 mm lateral and
mm anterior to the bregma and at a 3 mm depth) in a total of 15
ischer 344 rats (male 200-250 g). The animals were divided into two
oups once tumors reached 10-20 mm3 in volume (as determined by
RI): OKN-007 treated (n = 8) and untreated (UT) (n = 7) groups.
ats were treated until tumors reached 200-250 mm3 in volume or for
total of 4-6 weeks. OKN-007 was administered in the drinking water
8 mg/kg; 0.018% w/v). For the G55 GBM cell implantation model,
month-old male nude mice (Hsd:Athymic Nude-Foxn1nu mice;
arlan Inc., Indianapolis, IN) were implanted intracerebrally with
man G55 xenograft cells (1 × 106) per ml suspended in 4 μl in cell
lture media of 1% agarose solution. Once tumors reached 10-
mm3 (determined via MRI), mice were treated either with OKN-
7 in the drinking water (150 mg/kg; 0.20% w/v for a 20 g mouse)
ily or with TMZ (30 mg/kg) via gavage every 3 days. Mice were
eated until the tumors reached 100-150 mm3 or for a total of 4-
weeks. For both rodent studies, OKN-007 was dissolved in water and
ade fresh every 2 days. Water bottles were weighed, and the amount
OKN-007 consumed per rodent was determined. No significant
viation was observed in the volume of liquid uptake of OKN-007 in
ese rodents. The average intake of OKN-007 was approximately
mg/kg/day/rat [22] or 140-150 mg/kg/day/mouse. TMZ was

ssolved in 5% DMSO and 5% solutol-15 in sterile saline and
ministered via gavage. All groups were stratified to ensure that tumor
zes were similar before initiation of treatment.
MRI. MRI experiments were performed on a Bruker Bio-spec 7.0-

/30-cm horizontal-bore magnet imaging system. Animals were
mobilized by using 1.5%-2.5% isoflurane and 0.8 L/min O2 and
aced in a 72-mm quadrature volume coil for signal transmission, and
ther a surface rat-head or mouse-head coil was used for signal reception.
2-weighted morphological imaging was obtained with a slice thickness
0.5 mm and a field of view of 4 × 5 cm2 for rats or 2 × 2 cm2 for
ice, with an approximate in-plane resolution of 150 μm for rats and
μm for mice and with a repetition time of 3000 milliseconds and an

ho time of 63 milliseconds for a total acquisition time of 13 minutes.
umor volumes were calculated from 3D MRI slices rendered MRI
tasets using Amira v5.6.0 (FEI) [9–11]. Tumor volumes were
ansposed from morphological image data sets. Comparative tumor
lumes were obtained at the same time as the mean maximum tumor
lumes for untreated tumor-bearing mice at days 19–22 [26].
Perfusion imaging. In order to assess microvascular alterations
sociated with tumor capillaries, the perfusion imaging method,
terial spin labeling, was used as previously described [26]. Perfusion
aps were obtained on a single axial slice of the brain located on the
int of the rostrocaudal axis where the tumor had the largest cross
ction. Five regions of interest (ROIs) were manually outlined
ound the tumor, and appropriate ROIs were also taken from the
ntralateral side of the brain for comparison purposes. To calculate
e differences in relative cerebral blood flow (rCBF) values, tumor
BF values were obtained at late (days 18-26 following intracerebral
plantation of cells for untreated mice) and early (days 10-13
llowing cell implantation) tumor stages and normalized to rCBF
lues in the contralateral brain region of corresponding animals.
RNA Isolation and Preparation. For the rat F98 glioma study, all
ts were euthanized after the last MRI examination. The brain of
ch animal was removed and snap frozen in liquid nitrogen before
orage in a −80°C freezer. Total RNA from all tumor tissues from all
eatment groups was purified with an RNeasy Mini Kit (Qiagen) and
antified by spectrophotometry (Nanodrop). cDNA was synthe-
zed using SuperScript IV Reverse Transcriptase Kit (Invitrogen).
Microarray Analysis. The Illumina TotalPrep RNA Amplification

it was used for labeling cRNA (Ambion, Austin, TX), as previously
scribed [27]. Four × four treated/untreated samples were profiled
ing Affymetrix RaGene-1_0-st-v1 microarrays. Exon-level summa-
zed measures were quantile normalized and tested for differential
pression using Significance Analysis of Microarrays [28] at a false
scovery rate (FDR) b40% and fold-change b1.5. Functional
richment analysis was performed using Ingenuity Pathways Analysis
PA) (Ingenuity Systems, www.ingenuity.com).
Histology and Immunohistochemistry (IHC). All mice were
thanized after the last MRI examination. Perfusion fixation (10%
utral buffered formalin administered via a tail vein injection) was
ed on anesthetized (Isoflurane) mice, and whole brain of each animal
as removed, further preserved in 10% neutral buffered formalin, and
ocessed routinely. Paraffin-embedded tissues were sectioned in 5-μm
ctions, mounted on super frost plus glass slides, stained with
matoxylin and eosin (H&E), and examined by light microscopy.
C was done to establish TGFβ1 levels by staining tissue samples with
ti-TGFβ1 antibody (rabbit anti-TGFβ1, cat. no. 250876, 1 mg/ml,
BBIOTEC, San Diego, CA). For TGFβ1 IHC, sections were
cubated in an antigen retrieval solution (citrate buffer, pH 6, Vector
aboratories, BurlingameCA) for 20 minutes in a rice steamer followed
a 20-minute cool down in deionized water.
Statistical analysis. Survival curves were analyzed using Kaplan–
eier curves. Tumor volumes, changes in normalized rCBF, and tumor
ood volumes were analyzed and compared by two-way ANOVA with
ultiple comparisons. Data were represented as mean ± SD, and
values of *.05, **.01, ***.001, and ****.0001 were considered
atistically significant. For microarray data, random variance t statistics
r each gene were used [29].

Vitro Studies
Cells and Culture Media. Most GBM cells were obtained from
e American Tissue Culture Collection (ATCC; Manassas, VA,

http://www.ingenuity.com
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SA) [U-138-ATCC (CRL-HTB-16) glioblastoma, LN-18-ATCC
RL-2610) glioblastoma, LN-229-ATCC (CRL-2611) glioblasto-
a, and T-98G-ATCC (CRL-1690)]. U-251 GBM cells were
tained from Sigma-Aldrich (N#09063001 also known before as U-
3 MG (ATCC HTB-17)). G55 cells were obtained from
r. Michael Sughrue, who was a resident at University of California
n Francisco [originally obtained fromC.David James (Department of
eurological Surgery, UCSF, CA, USA), who characterized the cells].
Cells were cultured in Dulbecco's modified Eagle's medium (Gibco
RL, Crand Island, NY) supplemented with 10% fetal bovine serum
ibco) in a standard humidified incubator at 37°C under 5% CO2.
IC50 Concentrations: Protocol for TMZ Sensitivity Determina-

on. The sensitivities of the six glioma cell lines to TMZ were
aluated from the concentrations required for 50% growth
hibition (IC50; also known as GI50) in comparison with untreated
ntrols [8]. Briefly, cells were plated at 1 × 104 cells per well in 24-
ell, flat-bottomed plates and incubated with medium for 24 hours.
he cells were subsequently washed twice with medium and
cubated further with fresh medium (control) or medium containing
1-1000 μM of TMZ. For each plate that contained growth
edium with ±TMZ, there was a plate with medium containing 1
M OKN. After exposure to the various concentrations of TMZ for
hours, cells were detached by trypsinization and the numbers

unted. The experiments were repeated at least four times at each
ncentration.
For varying concentrations of OKN-007, percent of cell viability
r human GBM cells treated with either TMZ alone (500 μM) or
MZ combined with OKN (500 μM, 1 mM or 2 mM) was
lculated. The G55 cells used for the OKN-007 varying
ncentration component were low-passage cells (TMZ resistant)
termined from the IC50 values.
RNA Preparation. To avoid contributions from artificial sources
the experimentally measured expression patterns, each cell line was
own in four independent cultures, and the entire process was carried
t independently on mRNA extracted from each culture.
Cell lines LN-18 and LN-229 were subjected to an assessment of
eir gene expression profile for four groups: cells, cells with TMZ,
lls with TMZ-OKN combined treatment, and cells with OKN.
he extracted total RNA was purified with an RNeasy Mini Kit
iagen), quantified by spectrophotometry (Nanodrop).
Quantification of mRNA by Real-Time Quantitative RT-PCR for
IF-1a, MPG, and MGMT. Total RNA from all cell lines with all
eatments was purified with an RNeasy Mini Kit (Qiagen) and
antified by spectrophotometry (Nanodrop). cDNA was synthe-
zed using SuperScript IV Reverse Transcriptase Kit (Invitrogen).
Target gene mRNA was amplified and measured by Bio-Rad
FX96 Real Time System. Gene expression was determined using the
BR Select Master Mix (Applied Biosystems). Fluorescence signals,
hich are proportional to the concentration of the PCR product, are
easured at the end of each cycle and immediately displayed on a
mputer screen, permitting real-time monitoring of the PCR. The
action is characterized by the point during cycling when
plification of PCR products is first detected, rather than the
ount of PCR product accumulated after a fixed number of cycles.

he higher the starting quantity of the template, the earlier a
gnificant increase in fluorescence is observed. The threshold cycle is
fined as the fractional cycle number at which fluorescence passes a
ed threshold above the baseline. Fluorescence data were converted
to cycle threshold measurements exported to Microsoft Excel.
lyceraldehyde-3-phosphatase dehydrogenase (GAPDH) mRNA
pression levels were used as the quantitative internal control. For
ecise quantification, the mRNA expression level of each sample was
rmalized using the expression of the GAPDH gene.
All primers were synthesized by Integrated DNA Technologies.
The primers used were:
HIF-1α: F 5′-GTCGGACAGCCTCACCAAACAGAGC-3′ andR
-GTTAACTTGATCCAAAGCTCTGAG-3′. For MGMT, F 5′-
GGTCTGCACGAAATAAAGC-3′, R 5′-CTCCGGACCTCC
AGAAC-3′ [6], 5′-GTC CTA GTC CGG CGA CTT CC-3′, and
-CTTGTCTGGGCAGGCCCTTTGC-3′were used to amplify
3-bp transcripts of MPG [9].
ELISA for HIF-1a, MPG, and MGMT. Protein expressions were
sessed in all six glioma cell lines for all four groups of treatment (cell
one, cells with TMZ, cells with OKN, cells with combined OKN
d TMZ)) as described above.
Cell Lysates. Cells were lysed before assaying. In brief, cells were

ashed by cold PBS gently, detached with trypsin, and collected by
ntrifugation at 1000×g for 5 minutes. Then, cells were washed
ree times in cold PBS and then suspended in fresh lysis buffer.
sates were centrifuged at 1500×g for 10 minutes at 2°C-8°C to
move cellular debris.
The assay is based on the sandwich ELISA principle. Each well of
e supplied microtiter plate has been precoated with a target specific
pture antibody. Standards or samples are added to the wells, and the
rget antigen binds to the capture antibody. Unbound standard or
mple is washed away. A biotin-conjugated detection antibody is
en added which binds to the captured antigen. Unbound detection
tibody is washed away. An avidin–horseradish peroxidase (HRP)
njugate is then added which binds to the biotin. Unbound avidin-
RP conjugate is washed away. A TMB substrate is then added
hich reacts with the HRP enzyme resulting in color development. A
lfuric acid stop solution is added to terminate color development
action, and then the optical density (OD) of the well is measured at
wavelength of 450 nm ± 2 nm. The OD of an unknown sample
n then be compared to an OD standard curve generated using
own antigen concentrations in order to determine its antigen
ncentration. The antigen concentration determined from ELISA
as then normalized to the total protein concentration of each cell
sate in order to have comparison between groups. ELISA kits for
PG and for HIF1a were purchased from CLOUD-CLONE Corp.,
d kits for human MGMT were from LifeSpan Biosciences, Inc.
RNA-seq. Prior to RNA-seq analysis, quality control measures

ere implemented. Concentration of RNA was ascertained via
orometric analysis on a Thermo Fisher Qubit fluorometer. Overall
ality of RNA was verified using an Agilent Tapestation instrument.
llowing initial QC steps, sequencing libraries were generated using
e Lexogen Quantseq FWD library prep kit according to the
anufacturer’s protocol. Briefly, the first strand of cDNA was
nerated using 5′-tagged poly-T oligomer primers. Following RNase
gestion, the second strand of cDNA was generated using 5′-tagged
ndom primers. A subsequent PCR step with additional primers
ded the complete adapter sequence to the initial 5′ tags, added
ique indices for demultiplexing of samples, and amplified the
rary. Final libraries for each sample were assayed on the Agilent
apestation for appropriate size and quantity. These libraries were
en pooled in equimolar amounts as ascertained via fluorometric
alyses. Final pools were absolutely quantified using qPCR on a
oche LightCycler 480 instrument with Kapa Biosystems Illumina
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ibrary Quantification reagents. Sequencing was performed on an
lumina Nextseq 500 instrument with High Output chemistry and
-bp single-ended reads.
Raw sequencing files were processed with bbduk (decontamination
ing Kmers) [30] trimming of poly A tails and adaptor sequences.
astqc [31] and multiQC [32] were used to check the quality of the
sulting fastq files. High-quality scores (phred scores) of 33-36 were
esent in all samples with 9.3 ± 1.3 million reads each. Sorted bam
les aligned with Tophat2 [33] to the GRCh38 genome were then
ovided to two separate pipelines in parallel in order to analyze the
bust responses from each package.
Counts and differential gene expression were obtained with R using
e ‘GenomicAlignments’ function ‘summarizeOverlaps’ and the
gative binomial generalized linear modeling package DESeq2 [34].
Cell Migration. For the migration study, six-well chambers with
lydimethylsiloxane (PDMS) microchannels inside were coated
ith 10 μg/ml of laminin (Sigma-Aldrich) in each well. G55 cells
ere seeded (50 × 103) in 100 μl and supplemented with 2 ml of
edia in each well. The chambers were incubated in the incubator at
°C with 5% CO2 until scheduled time points. Some chambers
ere treated with OKN-007 (1 mM), TMZ (500 μM), or OKN-
7 combined with TMZ, and for each treatment group, one well
as left untreated as a control. Images of the cells inside the
icrochannels were taken using an Olympus CK40 inverted
icroscope (Japan) under 10×, and the distances of the same cells
aveled were measured at 22, 28, and 46 hours postseeding; cell
igration speed (μm/h) was calculated. Each treatment was repeated
least three times, and data are shown as mean ± S.D.
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gure 1. (A) Percent animal survival Kaplan-Meier curve for UT and
Z-, OKN-007–, and combined OKN-007 and TMZ–treated G55

ioma-bearing mice. All treatment groups were found to have a
gnificantly higher survival (P b .05 or more) compared to UT G55-
ioma-bearing mice. The combined treatment group was found to
ve a significantly higher percent survival (P b .01) than the TMZ-
eated group. (B) In vivo tumor volumes (mm3) obtained at days
-22 following MRI detection of tumors (N5 mm3). All treatment
oups were found to have significantly lower tumor volumes
b .01 or more) compared to the UT group. N = 5 for each

eatment group.
Statistical Analysis. RT-PCR gene and ELISA protein levels, and
ll migrations were analyzed and compared by two-way ANOVA with
ultiple comparisons. RNA-seq data were analyzed using FDR b0.05
om the Benjamini-Hochberg FDR values provided by DESeq2
4–36]. Data were represented as mean ± SD, and P values of *.05,
.01, ***.001, and ****.0001 were considered statistically significant.
esults

Vivo G55 Orthotopic Xenograft GBM Model
The percent animal survival data indicated that 60% of the
mbined therapy (OKN-007 + TMZ)–treated mice remained alive
days following tumor detection and treated for over 50 days
igure 1A). One of the OKN-007-treated mice (20% of the mice
eated) was also alive 60 days following tumor detection. Statistical
alysis indicated that all of the treated mice (either OKN-007 alone,
MZ alone, or combined therapy) were found to have a significant
crease in percent survival when compared to untreated (UT) G55
ioma-bearing mice. It was also found that the combined therapy
ice had a significantly longer survival than TMZ-treated mice.
owever, statistical analysis indicated that there was no significance
tween the OKN-007–treated and combined therapy mice even
ough 60% of mice survived for the combined group compared to
% for OKN-007 treatment alone.
The tumor volumes were compared at the same time period when
e UT mice were euthanized, i.e., tumor volumes reached 150 mm3

larger (at 19-22 days following tumor detection). At 19-22 days
llowing tumor detection, mice that were treated with either TMZ,
KN-007 or combined therapy were all found to have significantly
creased tumor volumes when compared to UT mice (Figure 1B).
one of the treated mice were found to significantly differ from each
her in tumor volumes; however, the combined therapy had the
west tumor volume mean when compared to either TMZ- or
KN-007–treated mice. Representative MR images depicting
mors (mid-tumor regions) are also shown for each treatment
oup investigated (Figure 2). Representative tumors for all treatment
oups as they developed from close to tumor detection until the last
me points are also shown (Figure 2, A-D panels i-iii).
Normalized differences in tumor rCBF were found to significantly
crease in all treated mice compared to UT mice (Figure 3E). There
ere no significant differences between treated groups due to the
all number of animals per group. Although not significant, it
pears that both the combined therapy and OKN-007–treated
oups seemed to have more normalized (less change in normalized
BF) perfusion rates in their tumors compared to TMZ treatment.
epresentative morphological MR images (Figure 3, A-Di) and their
rresponding perfusion maps (Figure 3, A-Dii) are shown for each
eatment group.

Vitro GBM Cell Study
From the in vitro GBMcell growth curves, it was established from the
MZ-sensitive cells (U251, LN229) that most of the cells were killed
ore than 50% with TMZ concentrations of 100 μM or less (Table 1).
r the TMZ-resistant GBM cells (T98, LN18, U138, G55), the effect
combined therapy was substantial at TMZ concentrations less than
0 μM. The efficacy of combined therapy was significant.
A concentration of 1 mMOKN was found to be just as effective in
ducing cell viabilities compared to the 2-mM concentration for
me cells (LN229, U138, G55) (Table 2). In the other cells (U251,
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Figure 2. Representative MR images depicting tumors in the midtumor region (maximal tumor) for (A) UT or each treatment group [(B)
TMZ, (C) OKN-007 (OKN), or (D) combined OKN-007 and TMZ (Comb)]. Tumors are highlighted with a faint line to depict tumor boundaries.
Images in panels “1” or “2” aremultiple examples in treatment groups A-D, at 19-22 days following initial tumor detection, depicting either
consistency in the UT group or variability in the treatment groups. There were no detectable tumors in images C2 or D2 for the OKN-007–
or combined-therapy groups following treatment at this time-point range. Images in panels “i” are early detection of tumors at 3-6 days
following initial detection. Images in panels “ii” for groups A-C are tumors at 10-12 days following initial detection. The tumor in panel Dii
for the combined treatment group is 45 days following initial detection. Images in panels “iii” for groups A-C are tumors at 15-22 days
following initial detection at the last imaging time point (representative midsurvival). The tumor in panel Diii for the combined treatment
group is 52 days following initial detection, where no tumor was detected.
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98, LN18), 2 mM OKN was found to be slightly more effective in
ducing cell viabilities compared to the 1-mM concentration
able 2).
HIF-1α, MGMT, and MPG. RT-PCR (Table 3) indicated that
IF-1α gene fold-changes had increased in all TMZ-treated and
KN-007 + TMZ–treated cells. OKN-007 increased HIF-1α gene
ld-changes in all cells, except T98 cells, which had decreased gene
ld-changes. MGMT gene fold-change is decreased in LN18 cells
eated with either TMZ or OKN-007. OKN-007 decreased MGMT
ne fold-change in T98 cells. MGMT gene fold-changes are
creased in U251 cells following either TMZ, OKN-007, or
mbined treatment. MGMT gene fold-changes are increased slightly
LN18 combined treatment. MPG gene fold-changes are increased
most cells following TMZ treatment; in OKN-007–treated G55
d U138 cells; and in G55, LN18, and U138 cells treated with
KN-007 combined with TMZ. There were decreases in MPG gene
ld-changes with OKN-007-treatment for LN18, T98, U251, and
229 cells and also for T98 and LN229 cells treated with OKN-
7 + TMZ.
ELISA established protein levels (Table 4) indicated that HIF-1α
as elevated in most cells treated with TMZ or combined treatment.
KN-007 decreased HIF-1α levels slightly in U138 cells, whereas in
l other cells, this protein was slightly elevated in this treatment
oup. MGMT was elevated in G55, T98, and U251 cells treated
ith TMZ or combined treatment. OKN-007 slightly decreased
GMT in G55 and LN18 cells. MPG was mainly only elevated in
251 cells treated with TMZ or OKN-007 combined with TMZ.
KN-007 decreased MPG levels in LN229 cells. Specifically, protein
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Figure 3. Vascular changes as depicted by perfusion MRI (rCBF in tumors at 21-22 days following tumor detection minus rCBF at initial
tumor detection) in normalized (normalized to contralateral or normal brain tissue) rCBF values for (A) UT, (B) TMZ, (C) OKN, or (D)
combined treated G55 glioma-bearing mice. Images at the top panel labeled “i” are representative T2-weightedmorphological MR images
for each treatment group, whereas the images labeled “ii” are representative perfusion maps for each treatment group. (E) Quantitative
assessment of a change in normalized rCBF in UT and TMZ-, OKN-, or combined therapy–treated G55 glioma-bearing mice. All treatment
groups had a significantly lower (P b .05 or more) change in normalized rCBF compared to the UT group.N = 5 for each treatment group.
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vels in Table 4 indicate that, regarding HIF-1α, TMZ and
mbined treatments resulted in significantly higher levels, compared
UT cells, for G55, T98, and U251 cells, whereas OKN treatment
si
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ble 1. IC50 Values for Human GBM Cells Treated with Either TMZ Alone (0, 0.1, 1, 10, 100,
1000 μM) or TMZ Combined with OKN (1 mM)

ll line TMZ, μM TMZ, μM + OKN-007

Z resistant
5 (low) 567.4 63.4
38 448.1 195.5
18 773.7 31.9
8 438.3 295.4
8 (2) 447.2 138.9

Z sensitive
229 107.5 Less 1 (b1)
229 (2) ~100 Less 1 (b1)
51 176.5 8.0
5 (high) 94.3 37.9

5 GBM cells studied were both low- (b10 passages) and high- (N30 passages) passage cells. G55
-passage cells were found to be TMZ resistant, whereas high-passage cells were more TMZ
sitive. LN229 and T98 GBM cell IC50 determinations were repeated.
d higher levels in T98 and U251 cells. HIF-1α levels were
gnificantly higher in LN229 cells compared to TMZ-treated cells
one. Regarding MGMT, TMZ and combined treatments had
gnificantly higher levels, compared to UT cells, for G55, T98, and
251 cells. MGMT levels were higher in combined treatment
N229 cells compared to either UT cells or TMZ-treated cells.
egarding MPG, TMZ and combined treatments resulted in
gnificantly higher levels, compared to UT cells, for G55 and
251 cells; OKN treatment had higher levels in G55 cells; and TMZ
one had higher levels in U138 cells.
RNA-seq Data. Figure 4A shows that the TMZ-resistant LN18
lls had 25 upregulated genes and 10 down-regulated genes when
mparing the combined TMZ + OKN group to UT cells, whereas in
igure 4B, there were 37 upregulated genes and 3 genes downregulated
the TMZ + OKN group compared to TMZ alone group.
Figure 5A shows that the TMZ-sensitive LN229 cells had 37
regulated genes and 3 downregulated genes when comparing the
mbined TMZ + OKN group to UT cells, whereas in Figure 5B,
ere were 21 upregulated genes and 19 genes downregulated in the
MZ + OKN group compared to TMZ alone group.

Image of Figure 3
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Table 2. Percent of Cell Viability for Human GBM Cells Treated with Either TMZ Alone
(500 μM) or TMZ Combined with OKN (500 μM, 1 mM or 2 mM)

C e l l
line

T M Z ,
500 μM

OKN, TMZ, both
500 μM

OKN, 1 mM; TMZ,
500 μM

OKN, 2 mM; TMZ,
500 μM

TMZ resistant
G55 78.7 67.8 49.6 46.2
U138 87.4 85.4 77.6 81.7
LN18 61.7 78.9 60.6 41.1
T98 78.0 68.3 56.1 37.2

TMZ sensitive
LN229 68.5 56.4 26.9 28.2
U251 38.1 40.5 27.0 22.2

G55 low-passage TMZ-resistant cells were used.
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Vitro Cell Migration Study
G55 GBM cell migration studies indicated that the cell migration
eed for OKN-treated cells was significantly decreased at 22 and 46
urs following treatment compared to UT cells (Figure 6). Cells treated
ith TMZ were found to be significantly decreased at 28 and 46 hours
llowing treatment compared to UT cells. It was also found that
mbined OKN + TMZ treatments significantly decreased cell migra-
n at 22 and 28 hours following treatment compared to TMZ alone.

icroarray Data from Rat F98 Gliomas Either UT or Treated
ith OKN-007
Microarray analysis identified predominant downregulation of
nes following OKN treatment. A total of 384 genes had at least 1
on significantly downregulated, while only 3 were upregulated
upplementary Table). Major downregulated gene pathways affected
clude TGFβ1, PDGFBB, P38 MAPK, NFκB, some MMPs
articularly MMP12), DCN (decorin), SERPINB2, LUM, lipo-
lysaccharide-binding protein (LBP), and several collagens (see
pplementary File 1). Pathway analysis indicated that OKN-treated
8 tumors downregulated several genes associated with the
tracellular matrix (ECM) (e.g., collagen and MMP genes), all
ith a connection to TGFβ1 (see Supplementary File 2). Upstream
gulator analysis identified TGFβ1 as the most significant inhibited
stream regulator, controlling 57 downregulated genes (Figure 7).
GFβ1 was itself downregulated nearly two-fold.
RT-PCR was able to confirm that several ECM genes were
wnregulated with OKN-treatment compared to UT F98 tumors
igure 8).
Immunohistochemistry showed that TGFβ1 protein levels were
bstantially reduced in OKN-treated F98 gliomas compared to UT
mors (Figure 9, A and B). The decrease in TGFβ1 protein levels
ble 3. RT-PCR Gene Fold-Changes for HIF-1α, MGMT, and MPG in TMZ-Resistant and TMZ-Se
treated (UT)

HIF-1α MGMT

lls UT TMZ OKN Comb UT TMZ

Z resistant
5 1.00 1.85 1.20 2.10 - -
18 1.03 2.11 1.35 2.76 1.06 0.77
38 1.00 2.05 2.93 3.17 - -
8 1.00 1.72 0.58 1.56 1.00 1.07

Z sensitive
51 1.00 1.48 1.59 1.56 1.00 1.32
229 1.00 1.41 1.09 2.03 - -

= 2 for each cell treatment group, i.e., no statistical analyses was done. No substantial fold-changes w
as also confirmed using ELISA, indicating a significantly decreased
b .001) level of TGFβ1 protein expression in OKN-treated F98

iomas compared to UT tumors (Figure 9C).

iscussion
hen OKN-007 is combined with TMZ, it can be effective against
th TMZ-sensitive and TMZ-resistant GBM cells in vitro,
nergistically decrease tumor volumes, as well as increase animal
rvival and normal vascularization in vivo in a G55 orthotopic
nograft GBM model.
Wewere able to establish thatOKN-007when combinedwith TMZ
n augment the effect of TMZ in TMZ-sensitive GBM cells, as well as
nder TMZ-resistant GBM cells more sensitive to TMZ and/or the
fect of OKN-007 on tumor cell growth.Wewere also able to establish
atOKN-007, by itself, can downregulate several genes associatedwith
e ECM through TGFβ1 and also be effective against cell migration.
e previously found that OKN-007 can effectively inhibit cell
oliferation; decrease HIF-1α and VEGFR2, which are both
sociated with angiogenesis; and increase apoptosis [22].
Combined OKN-007 and TMZ treatment in the in vivo G55
nograft study indicated an enhanced % survival (Figure 1A) and
creased tumor volumes (Figure 1B) with minimal variability when
mpared to single-agent treatments. Of particular interest, more
imals continued to survive with the combined treatment group
mpared to single-agent treatment groups. There was a large variability
the reduction of tumor volumes for the TMZ treatment group
igures 1B and 2B). Vascular changes, as measured by perfusion MRI,
dicated that OKN-007 (either alone or in combined treatment with
MZ) was possibly responsible for returning tumor vascularization to
ore normal perfusion rates (Figure 3E).
Other TMZ combined therapies that have been recently investigated
clude silencing GLI1, which is associated with Hedgehog signaling
d specifically affected glioma-like stem cells (U87-MG, T98G) [12];
hibiting Wnt/β-catenin signaling, which downregulates the expres-
on of aldehyde dehydrogenase isoform 3A1 (ALDH3A1) [37]; using a
iR-519a mimic, where miR-519a functions as a tumor suppressor by
rgeting the signal transducer and activator of transcription 3
TAT3)–mediated autophagy, and promoting TMZ-induced autoph-
y (U87-MG/TMZ) [38]; inhibiting PI3K to sensitize GBM cells to
MZ [14]; inhibiting the SOX9/CA9 (carbonic anhydrase 9)-mediated
cogenic pathway to enhance TMZ sensitivity [15]; and co-delivery of
MZ and siRNA targeting the BCL-2 gene using a folate-conjugated
iblock copolymer (Fa-PEG-PEI-PCL, Fa-PEC) of poly(ε-caprolac-
ne) (PCL), poly(ethylenimine) (PEI), and poly(ethylene glycol)
EG) nanocarrier construct [39]. All of the therapies combined with
nsitive Human GBM Cells Treated with Either TMZ, OKN, or Combined OKN + TMZ, or

MPG

OKN Comb UT TMZ OKN Comb

- - 1.06 2.53 4.52 3.58
0.42 1.26 1.00 2.95 0.60 5.40
- - 1.13 7.14 11.10 12.70
0.54 1.15 1.10 1.22 0.62 0.73

1.22 1.24 1.10 1.11 0.81 1.16
- - 1.10 1.22 0.62 0.73

ere detected where there is a dash (−) indicated.
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Table 4. ELISA Protein Level (ng/mg Cell Lysate) Changes for HIF-1α, MGMT, and MPG in TMZ-Resistant and TMZ-Sensitive Human GBM Cells Treated with Either TMZ, OKN, or Combined
OKN + TMZ, or Untreated (UT)

Cells HIF-1α MGMT MPG

UT TMZ OKN Comb UT TMZ OKN Comb UT TMZ OKN Comb

TMZ resistant
G55 0.14

±0.02
1.08
±0.04
***

0.19
±0.06

1.13
±0.25
***

0.37
±0.10

1.19
±0.13
***

0.31
±0.06

1.11
±0.11
***

1.15
±0.09

1.50
±0.22
*

1.41
±0.10
**

1.77
±0.32
**

LN18 0.76
±0.06

0.83
±0.07

0.92
±0.14

0.90
±0.36

1.23
±0.22

1.28
±0.16

0.98
±0.07

1.31
±0.15

2.18
±0.36

2.27
±0.25

2.38
±0.24

2.20
±0.32

U138 0.40
±0.10

0.84
±0.35

0.33
±0.05

0.44
±0.12

0.77
±0.25

0.98
±0.12

0.75
±0.04

0.93
±0.19

1.30
±0.03

1.50
±0.15
*

1.22
±0.15

1.30
±0.32

T98 0.42
±0.05

0.77
±0.26
*

0.58
±0.05
**

0.59
±0.05
**

0.62
±0.10

1.76
±0.22
***

0.84
±0.19

1.57
±0.55
*

3.04
±0.59

3.82
±0.69

3.61
±0.62

3.27
±0.40

TMZ sensitive
U251 0.30

±0.04
1.41
±0.68
*

0.91
±0.21
**

0.91
±0.19
***

0.92
±0.30

1.44
±0.24
*

1.00
±0.21

1.44
±0.28
*

2.70
±0.40

4.99
±0.67
**

2.77
±0.09

4.09
±0.57
**

LN229 0.68
±0.21

0.74
±0.25

0.66
±0.21

1.14
±0.19
*†

0.67
±0.08

0.75
±0.09

0.69
±0.06

0.89
±0.06
*†

2.34
±0.41

1.93
±0.34

1.88
±0.29

2.23
±0.21

N = 4 for each cell treatment group. For HIF-1α: TMZ and combined treatments resulted in significantly higher levels, compared to UT cells, for G55, T98, and U251 cells, whereas OKN treatment had
higher levels in T98 and U251 cells. HIF-1α levels were significantly higher in LN229 cells compared to TMZ-treated cells alone. For MGMT: TMZ and combined treatments had significantly higher
levels, compared to UT cells, for G55, T98, and U251 cells. MGMT levels were higher in combined treatment LN229 cells compared to either UT cells or TMZ-treated cells. For MPG: TMZ and
combined treatments resulted in significantly higher levels, compared to UT cells, for G55 and U251 cells; OKN treatment had higher levels in G55 cells, and TMZ alone had higher levels in U138 cells.
*P b .05, **P b .01, ***P b .001, †P b .05. *,**, or ***Significant differences between UT and treated cells. †Significant differences between TMZ and combined treatments.
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MZeither are used to augment the effect of TMZ and/or effect TMZ-
sistant GBM cells.
For the in vitro IC50 component of the study, for all cells, OKN-
7 had a substantial effect in reducing the TMZ IC50 concentration
that the GBM cells all became TMZ sensitive (or more TMZ

nsitive if they already were) (Table 1). There should be a cautionary
te regarding assessing TMZ resistance with the G55 cells. We
gure 4. Gene fold-changes when comparing: (A) TMZ + OKN to U
oups in LN18 GBM cells.
tablished that a low-passage G55 cell line is actually TMZ resistant,
hereas high-passage G55 (N30 passages) may become TMZ
nsitive. For the in vivo G55 xenograft data, we used a low-passage
55 cell line (b10 passages), which was a similar passage to those used
r our in vitro studies.
From the varying concentrations of OKN-007, it was concluded
at a concentration of 1 mM OKN was just as effective in reducing
T treatment groups or (B) TMZ + OKN to TMZ-alone treatment

Image of Figure 4
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Figure 5. Gene fold-changes when comparing: (A) TMZ + OKN to UT treatment groups or (B) TMZ + OKN to TMZ-alone treatment
groups in LN229 GBM cells.
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ll viabilities compared to the 2-mM concentration for some cell lines
.g., LN229, U138, G55), whereas for other cell lines (e.g., U251,
98, LN18), 2 mM OKN was slightly more effective in reducing cell
abilities compared to the 1-mM concentration (Table 2), further
lidating the use of the 1-mM OKN-007 concentration for the IC50
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gure 6. Migration speeds of G55 GBM cells in PDMS
icrochannels coated with laminin, either UT or treated with either
KN-007 (OKN), TMZ, or both OKN + TMZ at 22, 28, and 46 hours
sttreatment. Chambers were treated with OKN-007 (1 mM),
Z (500 μM), or OKN-007 combined with TMZ. There was a

gnificant difference between UT cells (*) and those treated with
KN or OKN + TMZ at 22 and 28 hours and with all treatment
oups at 46 hours. There was a significant difference between
Z and OKN + TMZ groups (†) at 22 and 28 hours. *(†) P b .05,
(††) P b .01, *** P b .001. n = 62-68 for UT, n = 62-68 for TMZ-,
-99 for OKN-007–treated, and 189-200 combined G55 cells, from
peated measures, where ‘n’ is the number of migrating cells
unted. Values indicated are means ± S.D.
lue determinations with varying concentrations of TMZ (shown
Table 1).
At the gene level (Table 3), for TMZ-treated cells, HIF-1α gene
ld-changes increase in all cells (compared to untreated cells). This is
milar to what has already been reported by Fisher et al. (2007) where
MZ treatment of U251-MG and U87-MG resulted in the
regulation of HIF-1α [4]. Combined TMZ + OKN treatment
sults in some cells increasing HIF-1α gene fold-changes more so
an TMZ alone (e.g., LN229, LN18, U138, and G55), but overall,
ere does not seem to be any substantial decreasing effect on HIF-1α
ith combined treatment. Possibly, OKN-007, when combined with
MZ, may be augmenting the effect of TMZ regarding the
odulation of HIF-1α. There is noted reduced HIF-1α gene
pression due to combined treatment in T98, but it was not
gnificant. OKN alone seems to only decrease HIF-1α gene fold-
anges in the T98 GBM cells compared to untreated cells. HIF-1α
ne fold-changes in OKN treatment for U138 and U251 seem to
ill be increased (compared to untreated cells). Unlike protein levels,
ere is no reduction in HIF-1α by OKN-007 at the gene level.
here was a reduction effect of OKN-007 only in T98 cells. HIF-1α
ne fold-changes may differ in a more hypoxic environment, such as
a tumor (in vivo), compared to the normoxic conditions in cells.
Regarding protein levels in the TMZ-resistant LN18 GBM cell
e and the TMZ-sensitive LN229 cell line (Table 4), TMZ seems to
evate HIF-1α in all cells, elevates MGMT in most cells (except
229), and elevates MPG in only T98 and U251 cells. OKN-007

r most cells seems to not affect HIF-1α protein (compared to
treated cells), OKN-007 by itself seems to not effect protein levels
MGMT (compared to untreated cells, except LN18), and MPG is
ill elevated in T98 cells with OKN treatment alone. Of interest,
IF-1a was induced by TMZ in U251, U138, and T98 cells and
en decreased by OKN-007. Combined TMZ + OKN seems to
ep HIF-1α elevated (except for U138 cells), MGMT protein levels
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Image of Figure 6
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Figure 7. TGFβ1 as a master regulator of 57 downregulated genes by OKN-007 in rat F98 treated gliomas versus untreated tumors
(Upstream Regulator Analysis, IPA). OKN-007 downregulates 57 genes including collagens, MMP12 (tissue remodeling), SERPINB2
(serpin peptidase inhibitor), and IGFBP5 (insulin-like growth factor binding protein).
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ere not substantially changed with combined TMZ + OKN
eatment, and MPG is still elevated in U251 cells with combined
MZ + OKN treatment, whereas other cells are not substantially
fected (from either TMZ, OKN, or combined TMZ + OKN
eatments). Specifically, in U251, T98, and G55 cells, the level of
GMT increased due to TMZ, but the treatment of OKN-007 did
t inhibit the expression of MGMT.
There were only modest increases inMGMT gene fold-changes for
MZ alone or combined TMZ + OKN in only three cell lines
251, T98, LN18) that had detectable levels. OKN treatment alone
ightly increased MGMT gene fold-changes in U251 cells but
nversely decreased MGMT gene fold-changes in LN18 and T98
lls (compared to untreated cells). Regarding OKN, these results
ay indicate that OKN alone may decrease MGMT gene expression,
hich may decrease resistant for GBM cells.
MPG gene fold-changes (unlike the protein levels) in TMZ treated
lls were elevated more than two-fold in three cell lines (G55, LN18
d U138). With combined therapy, four cell lines (G55, LN229,
N18, and U138) had elevated MPG gene fold-changes (compared
untreated cells). Of interest, OKN treatment alone had continued
evated MPG gene fold-changes for two cell lines (G55 and U138)
d some decreases for two other cell lines (LN18, T98) (compared to
treated cells). There were no decreases in MPG by OKN-007 that
ere observed.
It does not appear that OKN-007 affects TMZ-resistance through
ther MGMT or MPG.
From the RNA-seq data for the TMZ-resistant LN18 GBM cells
igure 4), when comparing combined TMZ + OKN to UT
eatments (Figure 4A), interesting downregulated genes include
PT-TRAMP that enhances TGF-β1 activity, FOXO6 (elevated
pression correlates with progression and prognosis in gastric cancer
0]), COL3A1 (overexpression associated with bladder tumor
ogression [41]), BGN (plays a role in enhancing vessel formation
d tumor cell migration [42]), and VAV3 (implicated in pancreatic
ncer development [43]), and interesting upregulated genes include
FKBIZ (promotes apoptosis [44]), SOD2 (superoxide dismutase
tioxidant [45]), and ASNS (responsive to cellular stress [46]).
hen comparing combined TMZ + OKN treatment to TMZ alone
igure 4B), interesting upregulated genes are RNF149 (stress sensor
ne that amplifies p53 response to arrest cell cycle [47]), IDO-1
nvolved in human gliomas [48]), and SLC14a2 (endogenous
ansmembrane protein upstream-of-mTORC2 (UT2) negatively
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gulates activation of STAT3 [49]). Interesting downregulated genes
clude SUMO2 (overexpression of SUMO in conditions such as
ain ischemia and hypoxia could increase cell survival, whereas the
ockdown of SUMO expression has proven to be toxic to cells and
sociated with TGFβ1 in resistant glioma cells) [50], HIST1H1C/
1.2 (knockdown of histone HIST1H1C inhibits high glucose–
duced inflammation and cell toxicity [51]), and PFN1 (profiling-1
osphorylation is associated with tumor aggressiveness in human
ioma) [52].
For RNA-seq data for the TMZ-sensitive LN229 cells (Figure 5), when
mparing combined TMZ + OKN to UT treatments (Figure 5A), an
teresting downregulated gene includes PODXL (a marker for gastric
ncer [53]), and interesting upregulated genes include TRIB3 (induces
optosis and reverses resistance to chemotherapy in hepatic carcinoma
lls [54]) and CHAC1 (enhances glioma apoptosis [55]). When
mparing combined TMZ + OKN treatment to TMZ alone
igure 5B), interesting downregulated genes are IGR1 (associated
ith shorter disease-free survival in patients whose tumors are ER
sitive and HER2 positive [56]; IGF1R signaling pathway is very
levant in drug resistance [57]), XIST (increased level associated
ith shorter survival and poorer prognosis [58]), and PRKDC
rognostic biomarker for chemoresistance in breast cancer patients
9]). Interesting upregulated genes include ZC3H12A (crucial
gative regulator of inflammation [60]) and RN7SK (potential
tiproliferative and tumor-suppressive function [61]).
It appears that combined OKN-007 and TMZ-treatment affects
fferent genes in TMZ-resistant or TMZ-sensitive GBM cells, which
ill need to be further pursued.
OKN

p<0.001

ither (A) untreated or (B) treated with OKN-007. (C) ELISA TGFβ1
tissue lysates.
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Figure 10. Stromal activators of TGF-β in the tumor microenvironment. MMP2 and MMP9 proteolytically cleave LTBP, thereby releasing
latent TGF-β from the ECM. MMP1A, MMP2, MMP3, MMp7, MMP8, MMP9, MMP12, MMP13, and MMP14 activate latent TGF-β via
proteolytic cleavage of the latency-associated peptide (LAP), while integrins expressed on astrocytes (ITGA1, 2 and 4) bind to the large
latent complex (LLC) and activate latent TGF-β through MMP-dependent cleavage of LAP. Integrins (ITGA1, 2 and 4) bind to the LLC and
induce conformational changes in the latent complex via contractile action from activated astrocytes. ROS produced by activated
astrocytes via the induction of oxidative stress from adjacent cancer cells can lead to the oxidation of the LAP domain and induce
allosteric changes that release mature TGF-β from LAP. The mature (active) form of TGF-β can then bind to its cognate receptor and exert
its tumor-promoting and tumor-suppressive properties. Dashed arrow indicates recruitment of the mature TGF-β protein to its cognate
receptor. Modified from Costanza et al. (2017) [74]. Based on microarray and RT-PCR data from the rat F98 glioma model, comparing
untreated to OKN-007–treated tumor tissue, OKN-007 is thought to act on LTBP (see Supplementary Files 1 and 2), as well as reactive
oxygen species (ROS) [25]. LTBP2, MMP1A, MMP2, MMP3, MMP7, MMP8, MMP9, MMP12, MMP13, and MMP14 were all found to be
downregulated in microarray and/or RT-PCR data from the F98 glioma study.
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From further bioinformatics analysis, FOS has the most robust
wnregulation, which can be observed as an OKN effect across all
ll lines and all treatment conditions (TMZ, OKN, and TMZ +
KN), as well as when the data are separated into each treatment
ndition or cell line separately. FOS has also been observed to be
fficient for decreasing cell viability and sensitizing glioblastoma to
NA damage via radiation, so it is possible that this may be helping
MZ cause DNA damage as well [6]. MGMT had nonsignificant
anges in many of the conditions; however, for LN229, the log2
ld-change was ~3 with a P value of ~.057.
Other MOAs that could be associated with TMZ-resistance and
at combined OKN + TMZ therapy may be affecting include
GFβ1 [50,62] and also possibly Akt [63] and macrophages [64]. In
r microarray assessment of rat F98 gliomas treated with OKN,
GFβ1 played a major role in the MOA for OKN efficacy by
wnregulating 57 genes that are commonly linked to TGFβ1.
erhaps, in combined OKN + TMZ therapy, OKN is affecting
GF-β1 and eliciting a response on TMZ-resistant cells.
OKN-007 was also found to significantly decrease G55 cell
igration rates both when administered as a single agent and when
mbined with TMZ (Figure 6). Also, it was found that the combined
eatment was found to significantly decrease cell migration rates
mpared to TMZ alone.
From microarray analysis of OKN-007–treated versus untreated
t F98 glioma RNA, it was established that downregulated genes
ainly included members of integrin and collagen families, which are
riched in the ECM and cell adhesion (Figure 7; Supplementary 1).
ell viability of tumor tissues treated with OKN-007 was decreased,
hereas cell death was increased via the downregulation of ANGPT2,
LL4, HPX, IGF1, and TGFβ1 genes. “Angiogenesis” was also
creased in OKN-007–treated samples. Several immune response
nes were notably downregulated, with LBP being the most
wnregulated (Supplementary 1). TGFβ1, the last exon of which
as downregulated, was the master regulator of 57 genes all
wnregulated by OKN-007 (Figure 7). TGFβ1 participates in nearly
l processes mentioned above and as such may be considered as the
ain upstream regulator downregulated by OKN-007.
In addition to integrins and collagens, there is a notable group of
CM glycoproteins, such as lumican (LUM), fibrillin1 and 5 (FBN1),
minin (LAMA2). All of them are downregulated; however, matrix
etallopeptidase 3 (MMP3), an enzyme degrading all aforementioned
oteins, ADAMTS9 and PRSS2, other peptidases, are also downreg-
ated. CD248, expressed in vascular endothelial cells of malignant
mors but not in normal blood vessels, is downregulated. That suggests
at ECM maintenance and remodeling are active in untreated glioma
mples and are normalized by OKN-007 treatment.

Image of Figure 10
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TGFβ1 and a member of TGF-β proteins latent transforming
owth factor β binding protein (LTBP2) regulating cell adhesion and
igration among other functions are also downregulated. Similarly,
her cell adhesion–related molecules, such as POSTN (periostin)
d LUM (lumican), are downregulated. F11r (F11 receptor), an
munoglobulin superfamily gene member and an important
gulator of cell adhesion, cell-cell interaction, and formation of
ght junction, is also downregulated. Collectively, it is suggestive that
ll adhesion is downregulated. These findings could also be
pportive regarding the cell migration inhibition properties of
KN-007.
LBP is the strongest downregulated immune-related gene, and the
ajority of its exons are downregulated. This gene is involved in the
ute-phase immunologic response to gram-negative 8 bacterial
fections. DMBT1 (deleted in malignant brain tumors 1) plays a role
the interaction of tumor cells and the immune system. Cytokine
ceptor IL1R1, oncostatin M receptor, which heterosimerizes with
6 and IL31AR, interferon (alpha, beta and omega) receptor 1, and
1 receptors are all downregulated.
Overall, processes overrepresented by downregulated genes appear
be brought back to a normal state, in contrast with untreated

ioma samples, where they are aberrantly regulated. For example, the
ngle-exon CD248 gene is highly expressed in malignant tumors
nd in the untreated glioma samples from this study). CD248 was
wnregulated in OKN-007–treated samples, suggesting a reversal of
e tumor cells back to a normal state.
RT-PCR assessment of untreated and OKN-007–treated F98 rat
ioma RNA samples for ECM genes (Figure 8) confirmed that
edominantly collagen and MMP genes were mainly downregulated
OKN-007, although MMP16 seemed to be upregulated.

ownregulation of ECM genes would also hinder cell migration.
IHC and ELISA were used to confirm that TGFβ1 protein
pression was decreased with OKN-007 treatment in the F98 rat
ioma model (Figure 9).
A proposed MOA schematic for OKN-007 is depicted in Figure 10,
dicating that OKN-007 affects the TGF-β1 pathway, possibly
rough LTBP2, as suggested from themicroarray data. Themain effect
OKN-007, based on microarray, RT-PCR, ELISA, and IHC data, is
at this compound mainly affects the TGF-β1 pathway. Our group
eviously found that OKN-007 directly reduces free radicals (which
e included in ROS) using immunospin trapping in conjunction with
vivomolecular-targetedMRI [25]. In addition, our group established
at OKN-007 decreases cell proliferation and angiogenesis, and
creases apoptosis [22]. From this study, it was determined that OKN-
7 decreases cell migration. The microarray and RT-PCR data also
dicate that OKN-007 mainly affects ECM-related genes.
Our data indicate that OKN-007, from in vivo experiments, seems
affect some of the molecular mechanisms associated with astrocytic
tivation, including affecting (1) the expression of the TGF-β
ceptor on the plasma membrane of astrocytes during activation and
) a hypoxic insult, which leads to the stabilization and activation of
IF-1α [65]. These processes lead to gene transcription that affects
optosis regulation, proliferation, migration, and angiogenesis [65].
OKN-007 has also been shown to be a heparin sulfate sulfatase
lf2 inhibitor in hepatocellular carcinoma and thought to mediate
mor suppression via TGFβ1/SMAD2 and Hedgehog/GLI1
gnaling [66]. Heparan sulfate proteoglycans (HSPGs) have also
en associated with tumor drug resistance, and targeting HSPGs
ay be an effective approach to enhance anticancer chemotherapy
ficacy and reduce drug resistance [67]. For example, it has been
ggested that Sulf2 may play a key role in sorafenib susceptibility and
sistance in liver cancer and that targeting Sulf2 may help sorafenib
eatment in liver cancer patients [68]. In our own group, we were
le to establish that OKN-007 was able to significantly decrease
lf2 protein levels (P b .05) in a pediatric GBM patient-derived
nograft (PDX) model (IC-3752GBM) in athymic mice [69]. In
at study, we did not look at gene levels of Sulf2. It has however been
own by Yue et al. (2013) that TGF-β1 induced the expression of
lf2 in vitro in A549 cells, adenocarcinoma cells derived from type
alveolar epithelial cells [70]. It is possible that Sulf2 is a downstream
fect following OKN-007 inhibition of the TGF-β1 pathway;
wever, our F98 rat glioma microarray or RT-PCR data do not
esent any supportive evidence that Sulf2 is affected by OKN-007 at
e gene level in this glioma model.
As gliomas are highly invasive tumors, we also used microfluidic
ambers to see if OKN-007 not only had a role in inhibiting cell
oliferation, angiogenesis, and increasing apoptosis [22] but also has
role in inhibiting glioma cell migration/invasion [71]. We showed
at OKN-007 significantly decreased migration velocity. Glioma cell
vasion is dependent on the interaction between the glioma cells and
CM components such as fibronectin, collagen IV, tenascin-C, and
ronectin that stimulate different downstream migration pathways
2]. Perhaps OKN-007 is affecting cell migration via its effect on the
CM (including collagen, LAMA2, and MMP genes), where
icroarray and RT-PCR data support this hypothesis.
As TGF-β1 plays a major role in TMZ-resistance [50,62], OKN-
7 may actually be affecting TMZ-resistance by targeting TGF-β1.
dditional supportive data in the LN18 RNA-seq data show that
MO2, which is associated with TGF-β1 TMZ resistance, is also
ocked down when OKN is combined with TMZ (compared to
MZ alone).
Based on the in vitro combined OKN-007 + TMZ treatment
udies, for future studies, the following biomarkers, HIF-1α,
GF-β1, c-FOS, PFN-1, and SUMO2, all need to be further
rsued as potential key molecular components that may be involved
the role that OKN-007 may play in synergistically affecting TMZ
sistance when combined with TMZ. From studies in our group and
ose done by others, Sulf2 may also be an interesting biomarker to
aluate. For future studies, it would also be informative to assess
KN-007 with a panel of PDX GBM cells with known genetic
terations rather than extensively passaged GBM cell lines.
It should be noted that in previous studies for U251 and U87 cell
es, gene expression profiles generated from tissue culture were
gnificantly different from those generated from a subcutaneous (s.c.)
planted tumor, which was significantly different from those grown
tracerebrally (i.c.). The disparity between the i.c gene expression
ofiles and those generated from s.c. xenografts suggests that whereas
in vivo growth environment modulates gene expression, orthotopic
owth conditions induce a different set of modifications [73]. This
ay imply the importance of using an appropriate orthotopic in vivo
odel to correctly represent the tumor microenvironment.

onclusions
KN-007 is an interesting antiglioma agent, which not only can be
fective on its own, by targeting the tumorigenic TGF-β1 pathway
a downregulation of key genes associated with the ECM and cell
vasion, but also can elicit an effect on TMZ-resistant GBM cells/
sues. The MOA associated with combined OKN-007 + TMZ
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erapy does not seem to occur via either HIF-1α, MGMT, or MPG.
KN-007 itself did decrease some of these genes and proteins for
me of the GBM cells, but the majority of GBM cells were either not
fected or had elevated levels, with both OKN-007 or combined
eatment groups. In vitro RNA-seq analysis provided some insights
other possible MOAs regarding how OKN-007 may play a role on
MZ resistance when combined with TMZ, and these will need to be
rther pursued in more detail in vivo taking into consideration the
CM and tumor microenvironment. Combining OKN-007 with
MZ seems like a promising therapeutic strategy that may prevent
MZ-resistant GBM cells from proliferating and migrating, as well as
ssibly extending the effect of TMZ.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.10.002.
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