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OSU-03012 suppresses GRP78/BiP expression
that causes PERK-dependent increases
in tumor cell killing
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We have further defined mechanism(s) by which the drug OSU-03012 (OSU) kills tumor cells. OSU lethality was
suppressed by knock down of PERK and enhanced by knock down of ATF6 and IRETa. OSU treatment suppressed
expression of the chaperone, BiP/GRP78, and did so through reduced stability of the protein. Knock down of BiP/GRP78
further enhanced OSU lethality. Overexpression of BiP/GRP78 abolished OSU toxicity. Pre-treatment of cells with OSU
enhanced radiosensitivity to a greater extent than concomitant or sequential drug treatment with radiation exposure.
Expression of a mutant active p110 PI3K, or mutant active forms of the EGFR in GBM cells did not differentially suppress
OSU killing. In contrast loss of PTEN function reduced OSU lethality, without altering AKT, p70 S6K or mTOR activity, or
the drug’s ability to radiosensitize GBM cells. Knock down of PTEN protected cells from OSU and radiation treatment
whereas re-expression of PTEN facilitated drug lethality and radiosensitization. In a dose-dependent fashion OSU
prolonged the survival of mice carrying GBM tumors and interacted with radiotherapy to further prolong survival.
Collectively, our data show that reduced BiP/GRP78 levels play a key role in OSU-3012 toxicity in GBM cells, and that this

drug has in vivo activity against an invasive primary human GBM isolate.

Introduction

Inflammatory immune responses are part of the biology of many
chronic human diseases, such as rheumatoid arthritis and multiple
sclerosis. Cyclooxygenase inhibitors were developed to suppress
the function of immune cells for treatment of such maladies."* At
the same time, it was discovered that COX2 was overexpressed in
many tumor cell types and COX2 inhibitors such as Celecoxib
could, at levels at or near their plasma C,,,,, cause apoptosis and
suppress tumor cell growth.” Individuals with prolonged exposure
to COX2 inhibitors were also shown to often have a lesser risk of
developing cancer, notably colon cancer, suggestive that COX2
inhibitors had cancer preventative effects.”® As the biology of
COX2 inhibitors was further investigated it was discovered that
COX2 levels did not simply correlate with tumor cell sensitivity to
COX2 inhibitors.”" Hence COX2 inhibitors had another target
that played a role in their actions against cancer cells.
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The agent OSU-03012, termed also AR-12, was developed as
an anticancer agent, with Celecoxib as the chemical backbone.'""*?
In vitro OSU-03012, lacks COX2 inhibitory activity. Based on
these preliminary observations, OSU-03012 has been licensed and
a Phase I trial has been initiated by Arno Pharmaceuticals. We
have shown that OSU-03012 caused death through a form of
endoplasmic reticulum (ER) stress, mitochondrial dysfunction
and loss of HSP70 expression, and that was a caspase-independent
form of cell death.">"* The lethality of OSU-03012 in tumor cells
in several initial reports was argued to be due to inhibition of the
enzyme PDK-1, part of the PI3 kinase pathway, and OSU-03012,
in the ~10 pM range, has been shown to suppress AKT
phosphorylation and showed measurable inhibition of PDK-1
activity. OSU-03012 interacts with multiple kinase inhibitors to
kill cumor cells in a manner that is caspase independent.'*"”

In the present studies, we have utilized primary human glioma
and established colon cancer cell lines that lack or have restored
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ceramide synthase activity. We have further examined the impact
of OSU-03012 on cell viability, and additionally defined the
molecular mechanisms by which OSU-03012 enhances tumor
cell death. We have discovered that a major mediator of OSU-
03012 biology is through inhibition of the chaperone protein
BiP/GRP78. OSU-03012 suppresses BiP/GRP78 levels and
causes excessive toxic forms of ER stress that lead to cell killing.
This results in GBM cell death in vitro and in vivo. Our data
argue that use of OSU-03012 as an anti-glioblastoma drug for
patient studies is warranted.'>"?

Results

Treatment of primary human glioma cells with OSU-03012
increased the levels of LC3 and LC3II in a PERK dependent
fashion (Fig. 1A). OSU-03012 treatment also decreased expres-
sion of GRP78 and enhanced protein kinase RNA-like endo-
plasmic reticulum kinase (PERK) phosphorylation. In agreement
with OSU-03012 stimulating LC3 processing/autophagy, cell
killing was suppressed by transient siRNA knock down of
Beclin 1 or ATG5 (Fig. 1B). Knock down of mediators of ER
stress signaling—inositol-requiring protein 1ot (IRE1lar), activating
transcription factor 6 (ATF6) and PERK—differentially altered
the cell death response. Knock down of IREla or of ATF6
enhanced OSU-03012 lethality whereas knock down of PERK
reduced drug toxicity (Fig. 1C). A similar pattern of survival/
killing was observed when OSU-03012 was combined with
ionizing radiation exposure. Expression of dominant negative
PERK generated a similar response to that of knock down of
PERK (Fig. 1D).

In short-term viability and in colony formation assays OSU-
03012 radiosensitized GBM cells (Fig.2A-C). Based on these
findings we then determined whether prior, concomitant or
sequential drug exposure differentially affected radiosensitivity.
In GBM6 and GBM12 cells, prior treatment with OSU-03012
radiosensitized cells to a greater extent than concomitant or
sequential drug exposure (Fig. 2D).

The bio-active lipid ceramide can play a role in many toxic
processes and we next tested whether actions of the de novo
ceramide synthesis pathway played a role in OSU-03012 lethality.
To perform these assays we made use of isogenic colon cancer cell
lines that lack or have restored activity of ceramide synthase 6
(LASS6). In a manner similar to our data in GBM cells, in
SW480 cells, but not in isogenic SW620 cells that lack ceramide
synthase 6 expression, OSU-03012 caused a dose-dependent
increase in cell killing, and radiosensitized the cells (Fig.2E).
Stable transfection of SW620 cells to express ceramide synthase 6
enhanced OSU-3012 lethality as a single agent and restored the
radiosensitization effects of OSU-03012 (Fig. 2F). Knock down
of LASS6 in GBM cells also reduced OSU-03012 toxicity and the
radiosensitizing effects of the drug (Fig. 2G). Collectively our data
argue that ceramide plays an important role in the lethal effects of
OSU-03012.

OSU-03012 is derived from Celecoxib, and we next
determined the relative abilities of Celecoxib and OSU-03012
to kill cells, as well as to alter BiP/GRP78 levels. Treatment with
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OSU-03012 reduced BiP/GRP78 expression whereas Celecoxib
increased BiP/GRP78 levels in GBM cells (Fig. 3A, upper blots).
In side-by-side dose response analyses we noted that OSU-03012
was approximately an order of magnitude more potent at killing
GBM cells than Celecoxib (Fig.3A, lower graphs). We then
determined, using Celecoxib and OSU-03012 doses that have
similar single agent lethality, whether both agents radiosensitized
GBM cells. Celecoxib had a very weak radiosensitizing effect
compared with OSU-03012 (Fig. 3B). Prior treatment of cells
with Celecoxib, unlike OSU-03012, did not further enhance
radiosensitivity (data not shown).

We next determined, in multiple GBM lines, whether loss of
BiP/GRP78 expression reduced the ability of OSU-03012 as a
single agent to further stimulate cell killing and whether
overexpression of BiP/GRP78 abolished OSU-03012 toxicity.
Knock down of BiP/GRP78 significantly enhanced OSU-03012
lethality in all cell lines tested (Fig.4A—C). Conversely, over-
expression of BiP/GRP78, particularly at early time points (-24 h)
abolished OSU-03012 killing (Fig. 5A-C). We then examined
the role of BiP/GRP78 on the radiosensitizing ability of OSU-
03012. Knock down of BiP/GRP78 radiosensitized tumor cells
(Fig. 6A—C). Nonetheless, in cells with reduced BiP/GRP78
expression, OSU-03012 still retained capability to enhance
radiation toxicity and to a similar extent as in cells that expressed
the protein (Fig. 6A-C; note the arrows and values for the
percentage increase in cell death). Overexpression of BiP/GRP78
largely abolished OSU-03012 lethality as a single agent and
profoundly reduced the ability of OSU-03012 to radiosensitize
tumor cells (Fig. 7A-C; note the values for the percentage change
in cell death). This argues that BiP/GRP78 is one of the key
targets of OSU-03012 in causing cell death.

OSU-03012 was initially proposed to be an inhibitor of PDK1
and based on this fact, and that loss of Phosphatase and tensin
homolog (PTEN) is often observed in GBM, we defined the role
of PTEN in the ability of OSU-03012 to cause cell killing. In
GBM14 cells that lack PTEN, expression of PTEN enhanced
OSU-03012 toxicity (Fig. 8A, lower graphs). Of note, although
expression of PTEN reduced basal levels of mTOR, p70 S6K and
AKT activity, this effect was not further lowered in the presence
of OSU-03012, i.e., this argues against OSU-03012 at this
concentration being a PDK1 inhibitor (Fig.8A, upper blots).
We next performed similar analyses in GBMG6 cells that have had
their PTEN expression knocked down. Knock down of PTEN in
PTEN wild type GBM cells decreased the ability of OSU-03012
to kill (Fig. 8B, lower graphs). Knock down of PTEN increased
basal activity levels of mTOR, p70 S6K and AKT that were not
altered by OSU-03012 treatment (Fig. 8B, upper blots).

We next investigated the mechanism(s) by which OSU-03012
was reducing BiP/GRP78 levels. Treatment of cells with OSU-
03012 caused a significant reduction in BiP/GRP78 protein levels
that increased with time (Fig. 9A, upper; cf induction of LC3
processing in Fig. 1A). The relative level of BiP/GRP78 mRNA,
did not significantly alter compared with vehicle control over this
time course (Fig. 9A, lower). We then determined whether OSU-
03012 reduced the stability of BiP/GRP78 protein or the stability
of mRNA levels. We found that OSU-03012 did not alter mRNA
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Figure 1. OSU-03012 toxicity in transformed cells is regulated by ER stress signaling proteins. (A) Upper: GBM12 cells were treated with 2 uM OSU-03012
and the expression of LC3I and LC3Il determined over a 24 h time-course. Lower: GBM12 cells were transfected with empty vector plasmid (CMV) or a
plasmid to express dominant negative PERK. Twenty-four hours after transfection cells were treated with vehicle (DMSO) or with OSU-03012 (2 puM). Cells
were isolated after 6 h and the levels of LC3Il determined. (B) GBM6 cells were transfected with scrambled siRNA (siSCR) or siRNAs to knock down ATG5
or Beclin1. Twenty-four hours after transfection cells were treated with vehicle (DMSO) or 2 uM OSU-03012. Viability was determined 48 h later (n = 3,
+/— SEM). (C) GBM6 cells were transfected with scrambled siRNA (siSCR) or siRNAs to knock down PERK, ATF6 or IRE1a. Twenty-four hours after
transfection cells were treated with vehicle (DMSO) or 2 ptM OSU-03012. Cells were then irradiated (4 Gy). Viability was determined 48 h later (n = 3,
+/— SEM). (D) GBM6 cells were transfected with empty vector plasmid (CMV) or a plasmid to express dominant negative PERK. Twenty-four hours after
transfection cells were treated with vehicle (DMSO) or with OSU-03012 (2 uM). Viability was determined 48 h later (n = 3, +/— SEM).

stability (data not shown). In contrast, we noted that OSU-03012
decreased BiP/GRP78 protein stability (Fig. 9B).

luciferase. In GBMG6 tumors, treatment with OSU-03012

significantly suppressed tumor growth, an effect that was

Finally, we determined whether OSU-03012 could prolong
animal survival and cause tumor radiosensitization in vivo using
our primary human GBM isolate that expresses ERBB1 VIII,
GBM6, and which has been stably transfected to express
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enhanced further by radiation exposure (Fig. 10, luciferase upper
images). OSU-03012 prolonged animal survival in a dose-
dependent fashion and interacted with radiation to promote
additional animal survival (Fig. 10, lower graph).
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Figure 2. For figure legend, see page 228.
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Figure 2 (See previous page). OSU-03012 radiosensitizes GBM cells. (A) GBM6 cells were treated with vehicle (DMSO) or with OSU-03012 (2 pM) and
30 min later irradiated (2 Gy, 4 Gy). Viability was determined 24 and 48 h later (n = 3, +/— SEM). (B) GBM12 cells were treated with vehicle (DMSO) or with
OSU-03012 (2 pM) and 30 min later irradiated (2 Gy, 4 Gy). Viability was determined 24 and 48 h later (n = 3, +/— SEM). (C) GBM6 and GBM12 cells were
plated as single cells. Twelve hours after plating cells were treated with vehicle or OSU-03012 (2 uM) and 30 min later irradiated (4 Gy). Forty-eight hours
later the media was replaced with drug free media. Colonies were permitted to form over the following ~14 d. Colonies of > 50 cells were counted
(n = 3, +/— SEM). (D) GBM6 and GBM12 cells were treated with vehicle (DMSO) or with 2 uM OSU-03012 for 24 h (pre-treatment: “pre”); after which
time portions of the vehicle treated cells were treated with OSU-03012 (concomitant: “concom”). Cells were irradiated (2 Gy, 4 Gy). In parallel sets, cells
were incubated with vehicle for 48 h, irradiated and OSU-03012 added 24 h after irradiation. All cells were isolated for viability 24 h after radiation
exposure. Data are presented as the true percentage increase above control values for each condition (n = 3, +/— SEM). (E) Left: SW480 and SW620 cells
were treated with increasing doses of OSU-03012 (0-3 pM). Cells were isolated 48 h after drug treatment and viability determined (n = 3, +/— SEM);
Right: SW480 and SW620 cells were treated with OSU-03012 (2 pM). Cells were irradiated and then isolated 48 h after drug treatment and viability
determined (n = 3, +/— SEM). (F) Wild-type SW620 and SW620 cells with restored LASS6 expression were treated with OSU-03012 (2 uM). Cells were
irradiated and then isolated 48 h after drug treatment and viability determined (n = 3, +/— SEM).

Discussion
The present studies were initiated to further elucidate the

molecular mechanisms by which the Celecoxib derivative OSU-
03012 kills transformed cells in vitro and in vivo. Our analyses
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have demonstrated that OSU-03012 kills glioblastoma and colon
cancer cells in a dose-dependent fashion and that OSU-03012
toxicity was linked to the induction of a form of ER stress
signaling that correlated with increased levels of ceramide through
the de novo synthesis pathway.
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Figure 3. OSU-03012 is a more effective anticancer drug than Celecoxib. Panel (A) Lower: GBM6 and GBM12 cells were treated with increasing
concentrations of Celecoxib (0-20 puM) or with OSU-03012 (2 puM). Cells were isolated 24 and 48 h later and viability determined (n = 3, +/— SEM).
Upper: OSU-03012 reduces BiP/GRP78 expression whereas Celecoxib increases BiP/GRP78 levels. Cells were treated with OSU-03012 (1-2 pM) or
Celecoxib (5-20 uM) and cells isolated 24 h after drug treatment. (B) GBM12 cells were treated with vehicle (DMSO), OSU-03012 (2 uM) or Celecoxib
(10 uM). Cells were irradiated 30 min after drug treatment and portions of cells isolated 24 and 48 h later for viability determination (n = 3, +/— SEM).

Our studies examined several possible proteins and signaling
pathways that could play a role in modulating OSU-03012
lethality. One possible mode of OSU-03012 biology was
originally claimed that the compound acted as an inhibitor of
PDK-1. In our present studies, and in agreement with prior data
in other tumor isolates, toxic doses of OSU-03012 did not
significantly inhibit phosphorylation of the downstream target of
PDK1: AKT, and of a novel nature herein, of mTOR and p70
S6K. These findings would seem to rule out the PI3K-PDKI1
pathway as a major target of OSU-03012-induced killing in
GBM cells.

The ER resident, HSP70 family member, BiP/GRP78 has been
extensively examined as a response marker for endoplasmic
reticulum  stress.'®'"” Increased expression of BiP/GRP78 after
treatment with ER stress inducing agents such as thapsigargin and
Celecoxib is well known and is thought to be a compensatory
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survival response in stressed cells."**' We had postulated
previously that OSU-030120-induced HSP70 expression was
also a compensatory survival reaction. In our present studies with
OSU-03012 we discovered that drug exposure suppressed BiP/
GRP78 levels, primarily by reducing the half-life of BiP/GRP78
protein. Reduced BiP/GRP78 protein levels partially explained
some of the changes in cell viability seen after OSU-03012
exposure, i.c., siRNA knock down of already drug-reduced BiP/
GRP78 levels further enhanced OSU-03012 toxicity as a single
agent or combined with radiation. Overexpression of BiP/GRP78
abolished and/or significantly reduced drug lethality. Collectively
these findings argue that at least two cellular targets exist for
OSU-03012, with one primary target being BiP/GRP78.

Prior studies from this laboratory examining the actions of
OSU-03012 had focused on the observation that the drug
modestly decreased HSP90 levels and modestly increased the
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Figure 4. Knock down of BiP/GRP78 enhances
OSU-03012 toxicity. (A) GBM12 cells were
transfected with scrambled siRNA or with an
SiRNA to knock down BiP/GRP78. Twenty-four
hours after transfection cells were treated with
vehicle (DMSO) or OSU-03012 (2 pM). Portions of
cells were isolated 24 and 48 h later for viability
determination (n = 3, +/— SEM). (B) GBM6 cells
were transfected with scrambled siRNA or with
an siRNA to knock down BiP/GRP78. Twenty-four
hours after transfection cells were treated with
vehicle (DMSO) or OSU-03012 (2 uM). Portions of
cells were isolated 24 h and 48 h later for
viability determination (n = 3, +/— SEM).

(C) GBM14 cells were transfected with scrambled
siRNA or with an siRNA to knock down
BiP/GRP78. Twenty-four hours after transfection
cells were treated with vehicle (DMSO) or
OSU-03012 (2 uM). Portions of cells were
isolated 24 and 48 h later for viability
determination (n = 3, +/— SEM).

levels of HSP70."® Further inhibition of
HSP70 function markedly enhanced OSU-
03012 lethality.”” In these studies we also
discovered that the increase in HSP70 levels
was dependent upon PERK signaling. This
is of note because the ER-localized chaper-
one and inhibitor of PERK is BiP/GRP78.
Collectively, with our present findings this
argues that OSU-03012 promoted PERK-
dependent increases in  HSP70
through inhibition of BiP/GRP78.
There are three main sensors of ER stress:
inositol-requiring  protein  loo  (IRElay),
activating transcription factor 6 (ATFO)
and protein kinase RNA-like endoplasmic
reticulum kinase (PERK). Signals by IRE1a
and ATFG are generally thought to have,
based on the form of stress, either a pro-
tective or a toxic role based on the inten-
sity and duration of the signal.>>*® Signaling
by PERK is generally thought to mediate
toxic ER stress signals. BiP/GRP78 acts as a
chaperone for all three proteins and over-
expression of this protein will act to suppress
activation of all three ER stress sensors and
is generally thought to be protective. Loss of
BiP/GRP78 will therefore prolong and
increase the intensity of ER stress signaling
that acts to cause tumor cell death.
Glioblastoma is one of the most lethal

levels

malignancies with survival times measured
in months. At present standard modalities
for GBM therapy include surgery followed
by radiotherapy and the use of several toxic
chemotherapy drugs (Temodar and Gliadel
wafers). A number of additional novel
approaches are being developed based on
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Figure 5. OSU-03012 lethality is suppressed by
overexpression of BiP/GRP78. GBM cells, as
indicated, were transfected with empty vector
plasmid (CMV) or with a plasmid to express
BiP/GRP78. Twenty-four hours after transfec-
tion cells were treated with vehicle (DMSO) or
0OSU-03012 (2 puM). Portions of cells were
isolated 24 and 48 h later for viability
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Figure 6. Loss of BiP/GRP78 does not further radiosensitize GBM cells above the sensitization effect caused by OSU-03012. GBM cells as indicated were
transfected with scrambled siRNA or with an siRNA to knock down BiP/GRP78. Twenty-four hours after transfection cells were treated with vehicle
(DMSO) or OSU-03012 (2 uM). Cells were irradiated (4 Gy). Cells were isolated 24 h later for viability determination (n = 3, +/— SEM). The arrows with
numeric value indicate the percentage increase in death above each corresponding vehicle control.

Infection of cells with recombinant adenoviruses. Cells were For BiP/IGRP78 promoter-luciferase assays. Assays were as
infected with recombinant adenoviruses as described in references  described in references 12 and 13.
12 and 13. Transfection with siRNA. Transfections were as described in
Transfection of cells with siRNA or with plasmids. For references 12 and 13.
Plasmids. Plasmids were transfected according to details in Data analysis. Comparison of the effects of various treatments
references 12 and 13. was performed following ANOVA using the Student’s t-test.
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Figure 7. Overexpression of BiP/GRP78 suppresses OSU-03012-induced radiosensitization. GBM cells, as indicated, were transfected with empty vector
plasmid (CMV) or with a plasmid to express BiP/GRP78. Twenty-four hours after transfection cells were treated with vehicle (DMSO) or OSU-03012 (2 pM).
Cells were then irradiated. Cells were isolated 24 h later for viability determination (n = 3, +/— SEM). The arrows with numeric value indicate the
percentage increase in death above each corresponding vehicle control.
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Figure 8. Modulation of PTEN function changes OSU-03012 lethality. (A) GBM14 cells were transfected with control plasmid (GFP) or a plasmid to express
PTEN (PTEN-GFP). Twenty-four hours after transfection cells were treated with OSU-03012 (2 uM). Cells were isolated 24 and 48 h later for viability
determination (n = 3, +/— SEM). Upper blots: portions of cells were isolated 24 and 48 h after OSU-03012 treatment and lysates subjected to blotting to
determine the phosphorylation and expression of the indicated proteins. (B) GBM6 cells were transfected with control plasmid (shSCR) or a plasmid to
knock down expression of PTEN (shPTEN). Twenty-four after transfection cells were treated with OSU-03012 (2 uM). Cells were isolated 24 and 48 h later
for viability determination (n = 3, +/— SEM). Upper blots: portions of cells were isolated 24 and 48 h after OSU-03012 treatment and lysates subjected to
blotting to determine the phosphorylation and expression of the indicated proteins.
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Figure 9. OSU-03012 reduces the half-life of BiP/GRP78. (A) Upper: GBM12 cells were treated with vehicle or OSU-03012 (2 uM). Cell lysates were isolated
at the indicated times to determine the expression of BiP/GRP78 and densitometry performed. Lower: GBM12 cells were treated with vehicle or OSU-
03012 (2 uM). Total RNA was isolated at the indicated time points and quantitative RT-PCR performed to determine BiP/GRP78 levels (n = 3, +/— SEM).
(B) GBM12 cells were treated with vehicle or cycloheximide (20 pg/ml), followed by OSU-03012 (2 uM). Cells were lysed to determine the protein
expression of BiP/GRP78 compared with GAPDH and the relative intensity of protein levels presented graphically (n = 3, +/— SEM).
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Figure 10. OSU-03012 prolongs animal survival using an orthotopic model and invasive primary human glioma cells. Upper: GBM6-luciferase cells
(1 x 10°) were implanted into the brains of mice (45 total). Tumors were permitted to form for 16 d after which animals were grouped based on tumor
luminosity. The panel shows that over the following 12 d treatment with 50 mg/kg OSU-03012 significantly reduced tumor mass (**p < 0.05) and
interacted with radiation to further suppress tumor mass (#p < 0.05)
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