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Abstract

The high incidence of glioblastoma recurrence necessitates additional therapeutic strategies.
Heterogeneous populations of cells, including glioma stem cells (GSC) have been implicated in
disease recurrence. GSCs are able to survive irradiation and temozolomide (TMZ) treatment due
to upregulation of DNA damage pathways. One potential strategy to target treatment-resistant
tumor populations may be via the integrated stress response (ISR). Modulation of the ISR
pathway also allows for sensitization of treatment-resistant cells to TRAIL. We generated a novel
cell-based death receptor assay to identify potent inducers of ISR-dependent DR5 expression. We
used this assay to screen compounds from three commercially available libraries, and identified
1-benzyl-3-cetyl-2-methylimidazolium iodide (NH125) as a potent inducer of DR5 expression.
NH125 engages the EIF2a—ATF4A-CHOP axis culminating in DR5 expression at low micromolar
doses. Expression of CHOP plays a critical role in NH125-mediated TRAIL synergy. Treatment
of GSC with NH125 produces a marked reduction in viability when compared with other cell
lines. NH125-treated GSC also synergize with lower doses of TRAIL when compared with

Corresponding Authors: Jay F. Dorsey, University of Pennsylvania, SCTR 8th Floor 8-135 Bldg 421, 3400 Civic

Center Blvd, Philadelphia, PA 19104. Phone: 215-898-1080; Fax: 215-573-8769; JayD@uphs.upenn.edu, and Saad Sheikh,
saad.sheikh@uphs.upenn.edu.

Authors” Contributions

Conception and design: S. Sheikh, X. Tian, J.F. Dorsey

Development of methodology: S. Sheikh, D. Saxena, X. Tian, A. Amirshaghaghi, A. Tsourkas, J.F. Dorsey

Acquisition of data (provided animals, acquired and managed patients, provided facilities, etc.): S. Sheikh

Analysisand interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): S. Sheikh, J.F. Dorsey
Writing, review, and/or revision of the manuscript: S. Sheikh, X. Tian, A. Tsourkas, S. Brem, J.F. Dorsey

Administrative, technical, or material support (i.e., reporting or organizing data, constructing databases): S. Sheikh, D. Saxena,

X. Tian, A. Amirshaghaghi
Study supervision: S. Sheikh, J.F. Dorsey

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Note: Supplementary data for this article are available at Molecular Cancer Research Online (http://mcr.aacrjournals.org/).


http://mcr.aacrjournals.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sheikh et al.

Page 2

all other cell lines tested. Transcriptional analysis of NH125-treated GSC uncovers a unique
profile that involves activation of ISR and GADDA45 pathways. Treatment of GSC xenografts with
encapsulated PEG-PCL-NH125 leads to a sustained decrease in tumor volume.

Introduction

Glioblastoma multiforme (GBM) is a highly aggressive brain tumor that is accompanied by
a poor prognosis. Management typically involves maximally achievable surgical resection
followed by adjuvant chemotherapy and radiotherapy. This tri-modality treatment results in
a median patient survival of about 14.6 months, with a 5-year survival rate of 9.8% (1,

2). Despite the availability of aggressive treatment options, recurrence is nearly universal
(3). Heterogeneous populations of cells, including glioma stem cells (GSC), are thought

to confer treatment resistance. Several studies have demonstrated the presence of stem

cells in both pediatric and adult brain tumors (4-6). GSC are able to survive irradiation

and temozolomide (TMZ) treatment due to upregulation of DNA damage pathways and
other unique properties (7, 8). Intracranial implantation of GSC in rodents leads to the
development of tumors that mimic the features of malignant gliomas (4-6). These findings
suggest that GSC that survive adjuvant treatment may contribute to the recurrence of GBM.

Identifying therapeutic strategies that complement standard of care treatment may prove
effective in addressing GSC. TRAIL has shown promise in targeting a variety of malignant
cells while leaving normal cells unharmed (9, 10). TRAIL induces cell death through
activation of the extrinsic apoptotic pathway following binding of death receptors DR4 and
DR5 (11, 12). Treatment with TRAIL bypasses many of issues leading to GBM recurrence,
and may effectively complement standard of care treatment. However, implementation of
TRAIL in the clinical setting has proven challenging. Phase | and Il clinical trials have
demonstrated that TRAIL is well tolerated, but does not produce significant antitumor
activity (13, 14). Lack of efficacy may be due to a variety of mechanisms, such as
upregulation of cellular FLICE inhibitory proteins (cFLIP) and inhibitors of apoptosis (I1AP;
refs. 13, 14). TRAIL sensitizers may prove advantageous in overcoming some of these
resistance mechanisms.

Increased expression of death receptors is an established method of TRAIL sensitization.
Signaling through the integrated stress response (ISR) pathway bypasses p53-dependent
DNA damage pathways leading to the expression of C/EBP Homologous Protein (CHOP)
and DR5 (15-17). Melanoma cells treated with Tunicamydn, a known ER stress agent,
demonstrate upregulation of ISR intermediates leading to enhanced DR5 expression

and TRAIL sensitization (17). Similarly, Bortezomib was shown to upregulate key ISR
intermediates leading to TRAIL sensitization in glioma and pancreatic cancer cells (18,
19). Previously, we have shown that Nelfinavir leads to DR5-dependent TRAIL synergy
via expression of CHOP (20). These data affirm that ISR-mediated DR5 expression is an
effective means of TRAIL sensitization. However, exploration of the ISR pathway in GSCs
has been limited. We propose that ISR inducers will uncover novel therapeutic strategies in
GSCs, which may help in eradicating these treatment-resistant cells.
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Materials and Methods

Cell lines and reagents

U251, A549, H1299, H1703, and Ovcar3 were obtained from the ATCC. GL261 was
obtained from the NCI Division of Cancer Treatment and Diagnosis database. U87 was gift
from Dr. Laura Johnson (UPenn, Philadelphia, PA). Normal human astrocytes (NHA) were a
gift from Timothy Chan, MD PhD (MSKCC, New York, NY). T4213 GSC was a gift from
Dr. Yi Fan (UPenn), NS039 and HK296 GSC were gifts from Dr. Harley Kornblum (UCLA,
Los Angeles, CA).

U251, NHA, and GL261 were cultured in DMEM (4.5 g/L glucose; Invitrogen) in

the presence of 10% FBS. H1299, H1703, and Ovcar3 were cultured in RPM11640,
supplemented with 25 mmol/L Hepes and 10% FBS. A549 were cultured in Ham’s F12K

in the presence of 10% FBS. U87 were cultured in improved MEM, supplemented with 10
mmol/L Hepes and 10% FBS. T4213 were cultured in Neurobasal A supplemented with
0.5X B-27 without vitamin A (Invitrogen), 1 mmol/L sodium pyruvate, 1 x Glutamax,

20 ng/mL EGF, and 20 ng/mL FGF (Peprotech). NS039 and HK296 were cultured in
DMEM/F12 supplemented with 1 x B-27, 1.0 mmol/L pyruvate, 50 ng/mL EGF, 20 ng/mL
FGF, and 5 pg/mL Heparin Sulfate (Sigma Aldrich). All media were supplemented with 100
units/mL pen-icillin and 100 mg/mL streptomycin (Invitrogen). All cells were cultured in a
humidified incubator at 37° C and 5% CO,. Cell lines were certified mycoplasma free by the
MycoAlert Assay (Cambrex) on a regular basis.

1-Benzyl-3-cetyl-2-methylimidazolium iodide (NH125) and Tunicamycin were purchased
from Abcam. Temozolomide, Salubrinal, and Nelfinavir were purchased from Sigma-
Aldrich. Stock solutions of all compounds were generated using DMSO and stored at
-20°C.

Creation of reporter cell line

The pGL3-DR5 plasmid was a gift from Dr. Hong-Gang Wang (Penn State, Hershey, PA;
ref. 16). This plasmid contained a DR5 5’ flanking sequence (=552 to —7) with a CHOP
binding region and mutant NF-kB region (Supplementary Fig. S1). The DR5 5’ flanking
sequence was subcloned into the pGL4.21 plasmid (Promega) upstream of the luciferase
reporter using a Rapid DNA Ligation Kit (Roche). DH5a containing the DR5-Luc plasmid
were expanded under ampicillin selection followed by DNA extraction using QlAprep
Miniprep Kit (Qiagen). Insertion of the DR5 sequence was confirmed using an E-Gel
following restriction digestion with SacZ and Xhol. Selected clones were expanded in LB
Broth under ampicillin selection followed by DNA extraction using a Qiagen Maxi Prep
Kit. U251 cells were transfected with the DR5-Luc plasmid using Lipofectamine 2000
(Invitrogen), and grown under puromycin (2 pg/mL) selection. Single clones were selected
and expanded using DMEM supplemented with Puromycin (1 pg/mL). U251 DR5-Luc
clones were probed for luciferase expression following Nelfinavir treatment, leading to
identification of a single positive clone. Dose-dependent expression of DR5 and Luciferase
in this clone was confirmed via Western Blot analysis and bio-luminescent imaging (IVIS
Spectrum; PerkinElmer).
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Cell-based death receptor screen

U251 DR5-Luc cells were plated at 1.0 x 10% cells/well in 96-well plates. Plates were

then incubated in a humidified environment at 37°C and 5% CO, for 24 hours. Compound
from three libraries, the InhibitorSelect Kinase Library I11 (Calbiochem), and the ScreenWell
Redox and Protease Inhibitor Libraries (Enzo Clinical Labs) were added to each plate at 2
or 10 umol/L. Tunicamycin (1 pg/mL) was used as a positive control, whereas DMSO (1%,
v/v) served as a negative control. Steady-Glo reagent was added to plates 24 hours after
addition of compound, and plates were imaged on an IVIS Lumina Il. The mean (4) and
standard deviation (o) for each plate was used to transform total flux for each compound (x))
into z-scores using the formula z= (x;- f)/o. Calculation of Z-prime for this screening assay
was based upon the formula set forth by Zhang and colleagues utilizing Tunicamycin and
DMSO as a positive and negative controls, respectively (21).

Western blot analysis

Cells were lysed in the presence RIPA buffer (Thermo Scientific) supplemented with 1
mmol/L PMSF, 1 mmol/L sodium orthovanadate, 1 x Complete MINI (Roche). Protein
concentration was determined using a BSA standard curve and Pierce 660 nmol/L reagent.
Denatured protein was then loaded on a 4% to 12% Bis-Tris gel (Invitrogen), and
subsequently transferred onto a PVDF membrane. Membranes were blocked in non-fat
milk followed by incubation in primary antibody overnight at 4°C. Secondary antibody
incubation was for 1 hour at room temperature. All antibodies were obtained from Cell
Signaling Technology with the exception of ATF3 (Santa Cruz Biotechnology) and Ran
(BD Biosciences). Membranes were incubated in ECL Prime (GE Healthcare) and exposed
to autoradiography film. Films were then developed using Konica Minolta SRX-101A
x-ray developer. Membranes were re-probed following incubation with Western Blot
Restore Buffer (Thermo Scientific). Films were scanned at high resolution (600 dpi) and
densitometry was performed using Image Studio Lite (Version 5.2; Li-Cor).

Generation of CHOP knockout cell line

U251 CHOP Knockout cells were generated using the CRISPR-Cas9 system
(GeneCopoeia). Plasmids containing single sgRNAs along with the Cas9 endonuclease were
stably introduced into U251 using Endofectin (GeneCopeiea). Single colonies were isolated
following selection with 700 ug/mL of G418 and capture of mCherry positive cells using
the Kuigpick system (NeurolnDx). Efficacy of different syRNA/Cas9 combinations was
assessed using the T7 Endonuclease Assay (New England Biolabs). Of note, U251 clones
containing two sgRNA demonstrated the most efficacious targeting of CHOP. Promising
clones were treated with 2.5 and 5.0 pmol/L NH125 and 1.0 pg/mL Tunicamycin. Protein
was collected and analyzed for expression of ATF4, CHOP, and DR5 via Western blot
analysis. Absence of CHOP protein and abrogated DR5 expression signified successful
knockout of CHOP.

CHOP knockdown in GSC

T4213 were transfected with either nontargeting pooled siRNA or pooled siRNA against
CHOP (GE Dharmacon) for 48 hours using Lipofectamine RNAIMAX (Invitrogen). Cells
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were then incubated with either 0.1% DMSO or 2.5 pmol/L NH125 during the final 24
hours of transfection followed by cell lysis. Lysate was then probed for key ISR signaling
intermediates to assess the impact of CHOP knockdown.

Compound dilution studies, cell viability, and caspase activation

Cells were plated at density of 1.0 x 104 cells/well in 96-well plates using their respective
media. Plates were then incubated in a humidified environment at 37°C and 5% CO, for
24 hours. An 11-point dilution series of NH125 from a high dose of 40 umol/L down to
0.039 umol/L was added to each plate. Cells treated with 0 umol/LNH125 (0.1% DMSO)
served as a vehicle control. Plates were incubated with NH125 for 24 hours at 37°C and
5% CO», followed by addition of Cell Titer Glo (Promega) or Caspase 3/7-Glo (Promega).
Bio-luminescent readings were obtained using a Synergy HT luminometer (BioTek). Raw
bio-luminescent values were normalized to their vehicle-treated controls, and then fit to a
modified Hill Equation using OriginPro 8 (OriginLab) in order to calculate IC50 values. All
dilution series experiments were performed as biological triplicates, and repeated at least
three times.

To study the effects of serum on GSC, cells were plated in the presence of 10% FBS for 24
hours, and then treated in the presence of 10% FBS for an additional 24 hours, followed by
addition of Cell Titer Glo.

In separate experiments, T4213 cells were co-incubated with NH125 and 10 umol/L
Salubrinal for 24 hours at 37°C and 5% CO2, followed by addition of Cell Titer Glo.

Statistical significance was determined in OriginPro8 using unpaired ¢tests, with Pvalues
less than 0.05 considered significant.

Sphere formation assay

T4213 cells were plated at 2,000 cells/well in 6-well plates, and then allowed to incubate
overnight at 37°C and 5% CO». Cells were treated with 0.1% DMSO, 2.5 umol/L NH125, or
250 pmol/L TMZ in biological triplicate for 7 days. On day 7, individual wells were imaged
on a Lionheart Fx microscope at 4 x magnification following addition of NucBlue (Hoechst
33342; Invitrogen). Circular blue objects greater than 50 um in diameter were counted as
neurospheres. Neurosphere counts were then divided by the total number of circular blue
objects greater than 10 pum to obtain a percentage of sphere formation. Phase contrast images
of neurospheres were taken under 10x magnification 24 hours after treatment with NH125
or Temozolomide.

TRAIL synergy

NH125-treated U251 and U251 CHOP knockout cells were co-incubated with 25 ng/mL

of TRAIL (PeproTech) for 4 hours. NH125-treated U251, T4213, and NS039 were also
co-incubated with 5.0 ng/mL TRAIL for 4 hours. In separate experiments U251, CHOP
knockout, T4213, and NS039 cells were treated with a TRAIL only dilution series for 4
hours. Cell viability was determined after 24 hours using Cell Titer Glo and the Synergy HT
plate reader. The combination index method was used to assess NH125 and TRAIL synergy
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(22). Combination indices were calculated using CompuSyn with values less than <1.0 being
indicative of TRAIL synergy.

Immunofluorescence

Individual GSCs were cystospun onto Thermo Shandon coated slides using Rotofix 32a
(Hettich) centrifuge at 800 RPM for 5 minutes. Cells were fixed with 4% paraformaldehyde
and incubated in blocking buffer for 1 hour at room temperature, followed by incubation

in biotin conjugated anti-CD133 (Miltenyi Biotec) overnight at 4° C. Secondary antibody
dilution was for 1 hour at room temperature using a Strepavidin conjugated Alexa Fluor
antibody (Thermo Fisher Scientific). Slides were mounted using Vectashield with DAPI
(\Vector Labs), and imaged under 63X (oil immersion) using a Zeiss Axio Observer inverted
fluorescent microscope.

T4213 neurospheres were plated in single wells of a poly-D-lysine culture slide. Culture
slides were then incubated overnight in a humidified environment at 37°C and 5% CO».
Slides were fixed with 4% paraformaldehyde, and then incubated overnight at 4°C with

primary antibodies against SOX2 (Cell Signaling Technology) and Nestin (Abcam).

Whole transcriptome analysis

U251, NHA, and T4213 were treated with 0.1% DMSO or 2.5 umol/L NH125 in biological
triplicate. Total RNA was isolated using the NucleoSpin RNA Kit (Macherey-Nagel) after
24 hours of treatment. RNA concentration and quality was assessed using a NanoDrop
ND-1000 before determining the integrity of each sample on an Agilent 2100 Bioanalyzer.
Sequencing libraries were assembled from 500 ng of RNA using the QuantSeq 3° mRNA-
Seq Library Prep Kit FWD (Lexogen). Quality control of the libraries was performed on an
Agilent 2100 Bioanalyzer followed by quantification with the KAPA Library Quantification
Kit. Libraries were sequenced on an Illumina NextSeq 500 with the help of the Wistar
Genomics Core (University of Pennsylvania), generating single-end 75-bp reads. These
reads were trimmed and aligned to the reference genome GRCh38 using the Bluebee data
analysis pipeline. The resulting read counts were assembled in count matrices in R, followed
by normalization and differential gene expression using the DESeq2 package. Heatmaps
were generated using R, and pathway analysis was performed using ingenuity pathway
analysis (IPA) software (Qiagen). Raw and processed read counts were uploaded to NCBI
Gene Expression Omnibus under accession number GSE102505.

Generation of PEG-PCL encapsulated NH125

Encapsulation of NH125 in polyethylene glycol-polycaprolactone (PEG-PCL) was
performed by the Chemical and Nanoparticle Synthesis Core at the University of
Pennsylvania. NH125 was dissolved in chloroform at 20 mg/mL. Separately, PEG (4000)-
PCL (3000) copolymer was dissolved in chloroform at a concentration of 50 mg/mL.

A solution (200 pL) of PEG-PCL (4 mg) and NH125 (1 mg) was added directly to a

glass vial containing 4 mL of Millipore water, and the resulting mixture was sonicated for
approximately 5 minutes. The emulsion was then allowed to stand overnight to evaporate

the chloroform. The mixture was purified by dialysis (molecular weight cutoff of 3.5 kDa)
against water for 24 hours to remove free NH125. Drug loading efficiency (DLE%) and drug
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loading content (DLC%) were calculated according to the following formulas: DLE (wt%)

= (weight of loaded drug/weight of drug in feed) x 100%, DLC (wt%) = (weight of loaded

drug/weight of drug loaded micelles) x 100%. The size and size distributions of the NH125
micelles were measured with dynamic light scattering (DLS) in water at 25°C.

Tumor implantation in mice and NH125 treatment

Results

All animal work was approved by the Institute for Animal Care and Use Committee at the
University of Pennsylvania. NS039 cells were resuspended in PBS, and then 1.5 x 10 cells
were injected into the right flank of 8-week-old female athymic nude mice (Charles River
Laboratories). Tumor dimensions were measured on a weekly basis using digital calipers
following 2 weeks of growth. Tumor volume was calculated using the formula V= 0.5 x

(L x WA). Once tumors reached a volume of approximately 50 mm3, mice were randomly
divided into two groups, and treated with either 3 mg/kg empty PEG-PCL (vehicle) or
PEG-PCL containing NH125 (PEG-PCL-NH125). All treatments were administered via an
intratumoral route in anesthetized mice. A total of two treatments were administered, with
each treatment separated by 24 hours. Mice were weighed at least twice weekly throughout
all experiments. Statistical comparison was performed on tumor volumes from day 45 using
an unpaired ftest assuming unequal variance. P values less than 0.05 were considered
significant.

NH125 is a potent inducer of DR5 expression

We developed a reporter system to identify CHOP-mediated inducers of DR5 (Fig. 1A).
We validated reporter function using Nelfinavir, which has been shown induce DR5
expression through modulation of CHOP (20). Both immunoblot and bio-luminescent assays
demonstrated dose-dependent increases in DR5 expression in response to Nelfinavir (Fig.
1A). Following validation of our reporter cell line, we sought to identify potent inducers of
DR5 expression by screening libraries of known kinase, redox, and protease inhibitors. A
total of 223 compounds were screened at two concentrations (2 and 10 pmol/L), generating
a single promising hit (Fig. 1B; Supplementary Fig. S1). Of note, our screening assay

had a Z’-factor of 0.64 using Tunicamycin and DMSO as positive and negative controls,
respectively (21). The single hit came from a plate containing kinase inhibitors screened

at 2 umol/L, and was identified as NH125. NH125 produced a bio-luminescent signal that
was greater than two SDs above the plate mean (Fig. 1C). NH125 was included on the
kinase inhibitor plate due to its characterization as an eEF2 kinase inhibitor (23). However,
recent studies suggest that this classification may not capture its true mechanism (24, 25).
Bio-luminescent imaging of an NH125 dilution series revealed peak activity at 2.5 umol/L
in U251 (Supplementary Fig. S2). Decreasing bio-luminescence and cell viability were
seen at higher doses (Supplementary Fig. S2). Increases in DR5 protein following NH125
treatment were confirmed using immunofluorescence (Fig. 1D). Increased DR5 expression
was also observed in cells treated with 1.0 pg/mL Tunicamycin, but absent in DMSO- and
mock-treated cells (Fig. 1D).
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Increased DR5 expression is due to upregulation of key ISR intermediates

We chose to probe for upstream regulators of DR5 by examining key signaling intermediates
EIF2a, ATF4, and CHOP. Treatment of U251 cells with increasing concentrations of NH125
lead to dose-dependent increases in EIF2a phosphorylation, ATF4, and CHOP expression

at 24 hours (Fig. 2A). These dose-dependent increases in ATF4 and CHOP expression

were accompanied by an increase in DR5 expression (Fig. 2A). Activation of the EIF2a-
ATF4-CHOP pathway was noted as earlier as 2 hours, and continued to increase up to 24
hours (Fig. 2B). The EIF2a-ATF4- CHOP pathway was also activated in NH125-treated
U87-MG and mouse-derived GL261 (Fig. 2C). Concomitant upregulation of DR5 was also
seen in NH125-treated U87-MG (Fig. 2C). DRS5 expression was not detected in GL261

due to poor specificity of antibodies against the mouse death receptor (Fig. 2C). Increases

in EIF2a phosphorylation along with ATF4-CHOP-DR5 expression were also observed in
A549, H1299, and H1703 at 24 hours (Fig. 2C). Tunicamycin-treated U251 served as a
positive control demonstrating activation EIF2a-ATF4-CHOP signaling axis followed by
DR5 expression (Fig. 2C). These findings demonstrate that NH125 induces phosphorylation
of EIF2a followed by ATF4, CHOP, and DR5 expression in a broad range of cancer cell
lines.

CHOP has a critical a role in DR5-dependent TRAIL synergy

Addition of 25 ng/mL of TRAIL to NH125-treated U251 cells leads to a decrease in cell
viability across a range of NH125 concentrations (Fig. 2D). Increasing the concentration
of TRAIL to 100 ng/mL did not lead to a further decrease in cell viability, suggesting

that 25 ng/mL of TRAIL is sufficient to produce a synergistic interaction (ClI < 0.5; Fig.
2D; Supplementary Table S1). Knockout of CHOP led to abrogation of TRAIL synergy
following addition of both 25 and 100 ng/mL of TRAIL (CI > 1.0; Fig. 2D; Supplementary
Table S1). Lysate of NH125-treated CHOP knockout cells revealed absent CHOP protein
and diminished DR5 expression (Fig. 2E). U251 CHOP knockout cells also demonstrated
increased sensitivity to NH125 treatment when compared with their wild-type counterpart
(Fig. 2D).

GSC proliferation is greatly diminished following in vitro NH125 treatment

We explored the effect of NH125 treatment in a panel of GSC. GSC are glioma-derived
tumor cells that express stem cell markers, demonstrate a capacity for self-renewal,

and recapitulate tumor formation in animal models (26-29). GSC present a therapeutic
challenge due to their resistance to DNA-damaging agents, and the ability initiate tumor
formation (7, 8). Our panel of GSC exhibit varying degrees of CD133 expression, and form
neurospheres in culture (Fig. 3A; Supplementary Fig. S3). T4213 also demonstrate SOX2
and Nestin expression (Supplementary Fig. S3). T4213 cells exhibited clonal proliferation
into neurospheres following both vehicle (0.1% DMSO) and Temozolomide treatment.
However, sphere formation was dramatically reduced from 55% following vehicle treatment
down to 8% following NH125 treatment (Fig. 3B). Phase contrast images reveal largely
intact neurospheres following Temozolomide treatment (Supplementary Fig. S4). However,
NH125 treatment resulted in a striking loss of neurosphere integrity, with cells acquiring a
shrunken and fragmented morphology (Supplementary Fig. S4).
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GSC are more sensitive to in vitro NH125 treatment

NH125 treatment produced an approximately six-fold shift in the 1C5q in T4213 when
compared with NHAs, with only 33% viable cells at a concentration of 1.25 umol/L

(log1gp = 0.1 pmol/ L; Fig. 3C). Treatment of T4213, NS039, and HK296 with an

NH125 dilution series generated I1C5q’s of 0.89, 1.90, and 2.50 umol/L, respectively (Fig.
3D; Supplementary Table S2). NH125 treatment also produced an increase in EIF2a
phosphorylation accompanied byincreases in ATF4, CHOP, and DR5 in our panel of GSC
(Fig. 3E). PARP cleavage was observed in NH125- treated T4213 and NS039, but absent in
HK296 at the time and concentration tested (Fig. 3E). However, increases in Caspase 3/7
activity were observed in all NH125-treated GSC when compared with their vehicle-treated
counterparts (Supplementary Fig. S5). By comparison, PARP cleavage and Caspase 3/7
activity were detected in U251 cells at 10 umol/L (Supplementary Fig. S6). Salubrinal was
utilized to establish the role of ISR signaling in GSC viability. Salubrinal has been shown to
block EIF2aa. dephosphorylation by selectively inhibiting protein phosphatase 1 (PP1; ref.
30). Co-incubation of T4213 cells with low-dose NH125 and 10 pmol/L Salubrinal led to an
appreciable decrease in cell viability (< 0.05, Fig. 3F). As expected, Salubrinal potentiated
the expression of ATF4 and CHOP in T4213-treated with nanomolar concentrations of
NH125 (Fig. 3F). These findings further implicate NH125 activation of the ISR pathway in
GSC viability. We considered that growth in serum-free media may enhance GSC sensitivity
to ISR inducing agents. Addition of serum caused T4213 cells to acquire a differentiated
morphology accompanied by a three-fold increase in the 1Cgq from 0.89 to 2.71 micromolar
(P<0.05, Supplementary Fig. S7). However, removal of serum from U251 cells prior

to treatment with NH125 had a negligible impact on the 1IC50 (Supplementary Fig. S7),
suggesting that differentiation status is involved in GSC sensitivity to NH125.

NH125 induces CHOP-mediated DR5 expression and TRAIL synergy in GSC

Pooled siRNAs were utilized to explore the role of CHOP expression in NH125-treated
T4213. Incubation of T4213 with NH125 leads to an increase in DR5 expression at 24
hours. However, knockdown of CHOP in T4213 results in a decrease in DR5 expression
following NH125 incubation (Fig. 4A). These findings further support a CHOP-mediated
mechanism for DR5 expression in NH125-treated GSC. NH125-treated GSCwere also found
to be exquisitely sensitive to TRAIL. Addition of 5 ng/mL TRAILwas sufficient to produce
a synergistic interaction inT4213 and NS039 (Fig. 4A; Supplementary Table S3). However,
this synergistic interaction was absent in NH125-treated U251 incubated with 5 ng/mL of
TRAIL (Fig. 4A; Supplementary Table S3). This discrepancy in TRAIL sensitivity may

be due to preferential degradation of IAP in NH125-treated GSC. Incubation of T4213

and NS039 with an NH125 dilution series produces a dose- dependent decrease in cFLIP,
and Survivin (Fig. 4B). By comparison this dose-dependent effect is less prominent in
NH125-treated U251 (Fig. 4B).

Transcriptome analysis uncovers a unique profile in GSC

We performed whole transcriptome analysis to identify changes in gene expression
following NH125 treatment. We utilized the QuantSeq 3’mRNA Library Kit from Lexogen
due to its ability to accurately detect gene expression values. Analysis of differential
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gene expression using the IPA software package revealed a high score for the cellular
compromise network in NH125-treated T4213 (score of 36). Key ISR transcripts, such

as ATF4, TRIB3, DDIT3 (CHOP), and ATF3were strongly upregulated in this network
(Fig. 5A). Additionally, ATF4, TRIB3, ATF3, and CEBPB were identified as nodes that
exhibited high levels of connectivity to other members of the network (Fig. 5A). For
instance, ATF4is linked to ATF3, and the pro-apoptotic molecules, DDIT3, TNFRSF10B
(DR5), TRIB3, and PMAIP1. ATF4is also indirectly linked to the prosurvival molecule
GADD45A (Fig. 5A). In NH125-treated NHA, ATF6, XBP1, and HSFPA5 (ER chaperone
BIP) acted as the strongest nodes (Fig. 5A). This implicates involvement of the IREla-
ATF6 and XBP1 pathways of the ER stress response in NH125-treated NHA. Increased
expression of A7F3, DDIT3, and TNFRSF10B was common between both networks, with
ATF3expression highest in NH125-treated T4213 (Fig. 5A). Direct comparison of log,
fold change in a subset of genes with low FDR (<0.1) revealed an increase in DDI/T3
expression inNH125 treated T4213, U251, and NHA (Fig. 5A). However, expression of
ATF3, XBP1, PPP1R15A (GADD34), and GADD45B was highest in T4213, with ATF3
showing the largest change in expression (Fig. 5B). Interestingly, the top three canonical
pathways identified in NH125-treated T4213 involved growth arrest and response to DNA
damage (Fig. 5C). By comparison, EIF2a signaling is identified as one of the top canonical
pathways in both NH125-treated U251 and NHA (Supplementary Fig. S8).

PEG-PCL-NH125 micelle characterization

PEG-PCL encapsulation was performed to enhance delivery of NH125 to xenograft tumors
and minimize delivery to healthy tissue. Stable PEG-PCL micelles containing NH125

were generated with an average hydrodynamic diameter of 25 + 5 nm, and an average
polydispersity index (PDI) of <0.2. The drug loading efficiency of PEG-PCL-NH125
micelles was between 60% and 65%. The drug loading content of PEG-PCL-NH125
micelles was between 10% and 13%. /n vitro treatment of U251 with 2.5 pg/mL PEG-PCL-
NH125 produced an increase in CHOP and DR5 when compared with PEG-PCL-treated
U251 (Supplementary Fig. S9).

Injection of encapsulated NH125 decreases GSC tumor volume

We performed intratumoral delivery of encapsulated NH125 to maximize its therapeutic
window. Localized delivery of chemotherapeutic agents has been clinically validated
through the use of carmustine loaded wafers (Gliadel) in glioma. Direct injection of 3
mg/kg PEG-PCL-NH125 to NS039 flank tumors produced a sustained decrease in tumor
volume in four of six treated tumors over the course of 4 weeks (Figs 6A). Tumor volume
was significantly decreased by an average of 177 mm3 in PEG-PCL-NH125 treated tumors
when compared to PEG-PCL on day 45 (P < 0.05, Fig. 6B). Visual inspection revealed

a dramatic reduction in gross tumor volume in four out of six mice 5 weeks following
PEG-PCL-NH125 treatment (Fig. 6C). Both vehicle and PEG-PCL-NH125 treated mice
continued to gain weight throughout the entire study (Fig. 6D).
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Discussion

We utilized our novel cell based death receptor assay to identify NH125 as a potent inducer
of DR5 expression. We then demonstrate that NH125 treatment leads to activation of the
integrated stress signaling pathway, which is required for DR5 expression. These findings
represent a new mechanism of action for NH125 that is reproducible throughout a panel

of cancer cells. Prior to our study, NH125 was identified as an eEF2 kinase inhibitor (23).
Additional work demonstrated that the eEF2 mechanism may be responsible for TRAIL
sensitization in glioma cell lines (31). However, subsequent studies found that NH125
treatment leads to an increase in eEF2 phosphorylation (24, 25). Furthermore, activation

of ISR and ER stress signal pathways has been shown to lead to an increase in eEF2
phosphorylation. For instance, cells exposed to hypoxic stress signal through ATF4 leading
to eEF2 phosphorylation (32, 33). Because ATF4 signaling halts global translation during
cellular stress, an increase in eEF2 phosphorylation is expected in this setting (32, 33). Thus,
increased eEF2 phosphorylation is expected if NH125 is truly behaving as an ISR inducing
agent.

The ISR pathway also plays a critical role in NH125-mediated DR5 expression in a

variety of cells regardless of p53 status. These findings support the conclusion that NH125
engages p53 independent pathways leading to DR5 expression and cell death. We found
that this p53-independent mode of action was useful in addressing difficult to treat tumor
populations, such as GSC. CD133 positive GSC have been shown to survive irradiation
through increased expression of ATM and CHK1 (7). Furthermore, CD133 positive GSC
are largely resistant to Temozolomide treatment (8, 34). Temozolomide treatment of T4213
GSC had a limited impact on clonal proliferation and neurosphere integrity in the in vitro
setting. However, exposure to NH125 produced a dramatic loss in both clonal proliferation
and neurosphere integrity. These suggest a role for NH125 and similar ISR inducing agents
in targeting tumor populations that are resistant to DNA damaging agents.

NH125 modulation of ISR signaling allows for TRAIL synergy in a wide range of cell
types. The mechanism behind this effect is multilayered. NH125 leads to an increase in
DR5 expression primarily through modulation of CHOP (Fig. 7). In GSC, NH125 treatment
also leads to a decrease in Survivin and cFLIP (Fig. 7). Increased expression of DR5 is a
proven strategy to sensitize tumor cells to TRAIL. Bortezomib has been shown to increase
DR5 expression in NSCLC, and sensitize primary human astrocytomas to TRAIL (18,35).
Similarly, ONC201 has been shown to upregulate ATF4, DR5, and sensitize a broad range of
malignant cells to TRAIL (36). Thus, NH125 fits into the existing paradigm of modulating
ISR and ER stress intermediates to drive DR5 expression. Modulation of DR5 expression
may not be sufficient in overcoming TRAIL resistance in certain cells. Increased expression
of cFLIPs and 1APs, such as Survivin, have been shown to confer resistance to TRAIL

(13, 14, 37). Survivin and cFLIP disrupt signaling events during the caspase cascade by
blunting the pro-apoptotic activity of effector caspases following activation of DR5 (13, 14).
Targeting cFLIP and Survivin has shown promise in sensitizing TRAIL resistant melanoma
and glioma cell lines (37, 38). Because NH125 produces a dose-dependent decrease in
cFLIPL and Survivin in GSC, it may prove useful in targeting tumor cells that are resistant
to TRAIL.
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Although NH125 treatment leads to classical ISR signaling events, prolonged ISR activation
in the presence of Salubrinal leads to an appreciable decrease in GSC viability. This

stands in contrast to the established findings that Salubrinal protects against ISR/ER stress
by halting translation and allowing cells to recover from the stressor (30). However,
Salubrinal has also been shown to enhance proteasome inhibitor mediated ER stress in
multiple myeloma cell lines (39). The proposed mechanism for this effect involves restoring
EIF2a phosphorylation thereby preventing cells from entering a quiescent state (39). We
speculate that a similar mechanism maybe activated following NH125 treatment of GSC.
NH125 treatment may lead to quiescence through ATF4-mediated GADDA4S5 signaling

(Fig. 7; 40). Transcriptional profiling of NH125-treated T4213 demonstrates strong nodal
involvement of A7TF4in ISR signaling, including an indirect connection between A7F4

and GADD45A (Fig. 5A and Fig. 7). Furthermore, GADD458 is strongly upregulated in
T4213 when compared with both U251 and NHA (Fig. 5A and Fig. 7). Both GADD45A
and GADD45B have proven roles in protecting cells against the DNA damaging effects of
UV irradiation, and controlling the G,-M checkpoint (41, 42). Our data would suggest

that NH125 treatment may in fact lead to GADD45-mediated cell-cycle changes, and
co-incubation with Salubrinal prolongs EIF2a phosphorylation shifting cells away from
GADDA45 induced quiescence towards apoptosis (Fig. 7). We can speculate that overcoming
GADDA45 signaling may allow for further reductions in GSC viability.

Changes in the ATF3 expression were also identified through transcriptional analysis. ATF3
has a broad range of activity in cancer cells. It has been shown to have an integral role in the
stress response following PERK mediated phosphorylation of EIF2a (43). Stress-induced
expression of ATF3 also leads to increased expression of pro-apoptotic molecules, such as
TINFRSF10B (Fig. 7; refs. 44, 45). However, overexpression of ATF3 has been shown to
have pro-survival advantage, even leading to a pro-metastatic phenotype in breast cancer
cells (45, 46). In glioblastoma, ATF3 has been linked to TGF-f through BMI1, and stress-
induced expression of ATF3 results in upregulation of NOXA (47, 48). We found that
NH125 treatment leads to increased expression of ATF3 (Fig. 4A and Fig. 7). However, it
is unclear whether ATF3 knockdown confers a survival advantage or sensitizes T4213 to
NH125 treatment. Either scenario is possible given ATF3’s complex role in stress response
signaling. Further exploration of ATF3 signaling in NH125-treated GSC remains a future
area of study.

The mechanistic strategy of targeting cancer stem cells through manipulation of the ISR
has been explored in several studies. Recently, inducers of ER stress have been shown

to cause intestinal cancer stem cells to differentiate making them more susceptible to
chemotherapy (49). We were able to re-characterize NH125 as an ISR inducing agent
that exhibits unique behavior in GSC. We then demonstrate that this mechanism has
exciting therapeutic implications for treatment resistant GSC. Direct application of PEG-
PCL encapsulated NH125 to GSC flank tumors leads to a sustained reduction in tumor
volume in four out of six mice. Although flank tumor models do not fully recapitulate
the tumor microenvironment and blood brain barrier of brain tumors, our pre-clinical
findings highlight the potential of NH125 against GSC /n vivo. One could speculate that
encapsulated NH125 could be applied to a resection cavity followed by systemic delivery
of an immunomodulatory agent to treat residual disease. Direct injection of encapsulated
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NH125 to a distant disease site may be coupled with systemic therapy to elicit an abscopal
response. This strategy has been explored in preclinical studies, where the delivery of
immunomodulatory agents to the tumor microenvironment, along with the delivery of
systemic immunostimulatory agents leads to the eradication of distant disease (50).

Nanoparticle encapsulation of NH125 may be necessary to accommaodate its elongated
hydrophobic tail, and improve its uptake in target tissues. Localized injection of
encapsulated NH125 may be the best approach to achieve a meaningful therapeutic window
in a clinical setting. In nude mice, direct injection of encapsulated NH125 did not produce
any appreciable adverse health effects. Evaluation of blood and organ toxicity will be
essential to determine the presence of systemic toxicity. Additional studies may also include
absorption, distribution, metabolism, and excretion testing. However, we felt that these
studies were beyond the scope of our present work. Regardless, our findings point to a
promising and understudied therapeutic strategy of modulating the ISR to treat GSC, a
resistant population of cells that have been implicated in glioblastoma recurrence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Taken together, these data suggest that engaging the ISR pathway represents a promising
strategy to target treatment refractory GSC that have been implicated in glioblastoma

recurrence.

Implications
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Figurel.

NH125 is identified as a potent inducer of death receptor 5 (DR5) expression. A, The 5’
flanking sequence of DR5 (red region) was subcloned into the PGL4.21 plasmid upstream
of the luciferase reporter. This plasmid construct was then stably introduced into U251
cells. Bioluminescence and immunoblots were performed 24 hours following incubation
with increasing doses of Nelfinavir. A dose-dependent increase in bioluminescence that
closely matched DR5 expression was observed following Nelfinavir treatment. B, Raw
bioluminescence values from U251 DR5 Luciferase cells incubated with kinase inhibitors
(2 pumol/L) were normalized using z-scores. Normalized values were then displayed using a
red-green-yellow heatmap to emphasize a single positive hit (red square). C, A scatter plot
of zscores demonstrates that a single compound produces a z-score of greater than two SDs
above the plate mean. This compound would later be identified as NH125. D, Representative
immunofluorescent images of U251 cells treated with media, 0.1% DMSO, 2.5 umol/L
NH125, or 1 pg/mL Tunicamycin (Tun) taken at 63x magnification (scale bar = 15 pm).
Images are presented as an overlay of DAPI (blue) and DR5 (green), with both NH125

and Tun leading to increased DR5 expression when compared with their vehicle-treated
counterparts.
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Figure 2.
NH125 treatment leads to key ISR signaling events culminating in CHOP-mediated DR5

TRAIL synergy. A, U251 cells were treated with increasing concentrations of NH125

for 24 hours and probed for ISR signaling events. Incubating U251 cells with increasing
concentrations of NH125 produces an increase in EIF2a phosphorylation accompanied by
an increase in ATF4, CHOP, and DR5 expression. B, In a parallel set of experiments, lysate
from U251 incubated with 2.5 umol/L NH125 for 0,2,4,8,12, and 24 hours was probed for
ISR signaling events. EIF2a phosphorylation, ATF4, CHOP, and DR5 expression occur as
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early as 2 hours. C, EIF2a phosphorylation, ATF4, CHOP, and DR5 expression are observed
across a panel of glioma and non-small cell lung cancer cells treated with 5 mmol/L

NH2125 for 24 hours. This pattern is also observed in U251 cells treated with 1 pg/mL

of Tunicamycin for24 hours. D, U251 cells were treated with increasing concentrations

of NH125 for 24, and then co-incubated with either 25 ng/mL or 100 ng/mL of TRAIL

for 4 hours. Raw viability data were normalized to 0.1% DMSO-treated U251, and means
and SDs from biological triplicates were plotted. Addition of 25 or 100 ng/mL of TRAIL
produces a noticeable decrease in cell viability (*** indicates combination index <0.5, see
Supplementary Table S1). Following successful knockout of CHOP, U251 cells were treated
with increasing concentrations of NH125 for 20 hours, and then co-incubated with either 25
or 100 ng/mL of TRAIL for 4 hours. Raw viability data were normalized to 0.1% DMSO-
treated CHOP knockout cells, and means and SDs from biological triplicates were plotted.
Knockout of CHOP led to an abrogation of TRAIL-mediated cell death at both 25 and

100 ng/mL. E, Knockout of CHOP leads a dramatic reduction in DR5 expression following
treatment with 2.5 and 5.0 umol/L NH125 for 24 hours. Similarly, CHOP knockout cells
treated with 1 pg/mL Tunicamycin for 24 hours also display decreased DR5 expression.
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Figure 3.

GSC that enrich for CD133 experience a reduction in viability following NH125-mediated
ISR signaling. A, Representative immunofluorescence images of untreated GSCs taken
under 63% magnification (scale bar = 15 pm). Images are presented as an overlay of
CD133 (cytoplasmic staining) and DAPI (nuclear staining), showing that each stem cell
line has varying degrees of CD133 expression when compared with U87. B, Assaying for
sphere formation following a 7-day treatment with either vehicle, TMZ or NH125 reveals a
decrease in neurospheres following NH125 treatment. Means and SDs are calculated from
biological triplicates. C, An identical NH125 dilution series is applied to both NHAs and
T4213 GSC, revealing a six-fold decrease in the 1Csq for T4213. Data points represent
means and SDs of normalized viability calculated from biological triplicates. D, ICgq values
from a panel of NH125-treated cell lines highlight GSC (light gray) sensitivity to NH125.
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Means and SDs are calculated from three independent experiments. E, GSC and U251
were incubated with either 0 pmol/L NH125 (0.1% DMSO) or 5 umol/L NH125 for 24
hours. Lysate was then probed for ATF4, CHOP, DR5, and PARP cleavage. All cell lines
demonstrate an increase in ATF4, CHOP, and DR5 expression. PARP cleavage is observed
in NH125- treated T4213 and NS039 at the time and concentration tested. F, DMSO and
NH125 T4213 were co-incubated with 10 umol/L Salubrinal (Sal) for 24 hours. Means and
SDs are calculated from three independent experiments revealing a decrease in viability
following the addition of Sal (P <0.05). Only combination treatment of T4213 with NH125
and Sal produces an increase in ATF4 and CHOP expression.
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Figure 4.

NH125 treatment leads to CHOP-mediated synergy with low-dose TRAIL, and a decrease
In C-FLIP_ and Survivin In GSC. A, T4213 transfected with either nontargeting or CHOP-
specific pooled siRNAs were treated with either 0.1% DMSO or 2.5 umol/L NH125 for

24 hours. An absence of CHOP leads to diminished DR5 expression following NH125
treatment despite intact ATF4 and ATF3. B, T4213, NS039, and U251 cells were treated
with increasing concentrations of NH125 for 20 hours, and then co-incubated with 5 ng/mL

of TRAIL for 4 hours. Raw viability data were normalized to cells treated with 0.1%

DMSO, and means and SDs from biological triplicates are presented. Addition of 5 ng/mL
of TRAIL produces a synergistic decrease in viability at nanomolar and low micromolar
concentrations of NH125 in T4213 and NS039 (*** indicates combination index <0.5, see
Supplementary Table S3). This synergistic decrease in viability is not observed in U251. C,
A dose-dependent decrease in the long isoform of C-FLIP and Survivin is seen in NH125-
treated T4213 and NS039 after 24 hours. A marginal decrease in C-FLIP and Survivin is
observed in NH125-treated U251 after 24 hours.
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Figureb.
Transcriptional profiling of NH125-treated GSC reveals unique connections between ISR

intermediates and GADDA45 signaling. A, A subset of genes with a low P-adjusted value
(<0.1) underwent Core Analysis using IPA software. Analysis of the cellular compromise
network in T4213 revealed increased expression (red shading), and strong connectivity
(solid lines) of ATF4, TRIB3, ATF3 and DD/T3. Increased connectivity was seen with
ATF6, HSPA5 XBP1, and ATF3in NH125-treated NHA. B, A heatmap representation

of differential gene expression from T4213, U251, and NHA treated with 2.5 pmol/L
NH125. Genes for comparison were chosen from known ER and ISR mediators, cell-cycle
regulators, and stem cell markers. Only genes that shared low P-adjusted values (<0.1)
across all three cell lines were used to generate the heatmap. Each square is color coded
based upon the log2fold change in gene expression between NH125-treated and vehicle-
treated controls. Red coloring indicates the strongest expression, whereas blue and white
coloring indicates weaker levels of expression. Rows are clustered using an unsupervised
hierarchal clustering method based upon minimization of the Euclidean distance. All three
cell lines showed similar increases in DD/T3and TR/B3expression. However, T4213
demonstrated increased expression in ATF3, PPP1R15A, XBPT, GADD45B, and VEGFA
when compared with U251 and T4213. C, The 10 most significant canonical pathways from
analysis of the transcriptional data of NH125-treated T4213. Significance is calculated using
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the Fischer exact test to determine gene sets that closely match pathways from Ingenuity’s
Knowledge Base. A red-green-blue heatmap is used to emphasize the most significant
canonical pathways.
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Figure®6.
NS039 flank tumors dramatically shrink following treatment with PEG-PCL encapsulated

NH125. A, Tumor volumes from individual NS039 flank tumors following intratumoral
treatment with either 3 mg/kg PEG-PCL (1 =5 mice) or 3 mg/kg PEG-PCL-NH125 (n =

6 mice). Four of six PEG-PCL-NH125-treated flank tumors had tumor volumes less than

50 mm3 in the 4 to 5 weeks that tumor volume was tracked. B, Box plot representation

of tumor volume on day 45 post-implantation. Boxes are bounded by the 25th and 75th
percentile, and include the median tumor volume. Whiskers represent the 5th and 95th
percentile of tumor volume. Black diamonds and circles represent the mean, minimum,

and maximum tumor volumes, respectively. Comparison of average tumor volume on day
45 between PEG-PCL (n = 5) and PEG-PCL-NH125 treated tumors (7= 6), demonstrates
an approximately 177 mm? difference in tumor volume (*** indicates 2 <0.05). C, A
representative image of mice bearing a NS039 flank tumor following treatment with 3 mg/kg
PEG-PCL or PEG-PCL-NH125. A dramatic reduction in tumor volume is observed 5 weeks
(day 52 post-implantation) following treatment. D, Average weight of mice prior, during,
and after treatment with 3 mg/kg intratumoral PEG-PCL and PEG-PCL-NH125. Dark gray
arrows indicate when both treatments were delivered on day 17 and 19, respectively. Mice
weight does not differ between the two treatment groups throughout the course of the study.
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Figure7.
Overlay of IPA expression data and integrated stress signaling events in NH125-treated

GSC. Red and green shading are reflective of increased or decreased expression respectively
as predicted by IPA. Orange lines are experimentally observed interactions that lead

to an increase in expression. Blue lines are experimentally validated interactions that

lead to a decrease in expression or degradation/inhibition of a signaling molecule. Gray
lines are interactions predicted by IPA algorithms. Experimental data demonstrate that
incubation with NH125 leads to phosphorylation of EIF2a, increased translation of A7F4,
expression of DD/T3(CHOP), and ATF3. Interconnection of ATF3and DD/73was
predicted by IPA with both signaling events contributing to an increase in 7TNFRSF10B
(DR5) expression. Translation of A7F4 was found to be indirectly linked to increased
expression of GADD45A and GADD45B through IPA. NH125 leads a decrease in B/IRC5
(Survivin) and CLFAR (C-FLIP) protein. B/RCS5 (Survivin) interacts with CASPE (Caspase
8), and CLFAR (C-FLIP) interacts directly with TAFRSF10B. Whole transcriptome analysis
and co-incubation studies with Salubrinal provide evidence that expression of DD/T3

and PPP1R15A (GADD34)/PP1 are interconnected. Co-incubation with Salubrinal inhibits
PPP1R15A blocking de-phosphorylation of EIF2a.
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