Targeting GSK-3: a novel approach to enhance glioblastoma chemosensitivity
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Abstract

Results (1)

Glioblastoma (GBM) is, in essence, an incurable cancer, with
most patients surviving 12-15 months following initial diagnosis.
Previously published studies identified Glycogen Synthase
Kinase-3 (GSK-3) as a new therapeutic target in GBM.
Because GSK-3b is a positive regulator of NF-kB-mediated
survival and chemoresistance in cancer cells, we hypothesize
that the inhibition of GSK-3 may overcome NF-kB-mediated
chemoresistance to conventional drugs in human GBM. Using
IVIS imaging of live mice, we found that: 1) NF-kB is
constitutively active in orthotopic GBM patient-derived xenograft
(PDX) tumors expressing an NF-kB luciferase reporter; and 2) a
single intravenous injection of our novel GSK-3 inhibitor 9-ING41 significantly reduced NF-kB transcriptional activity in
orthotopic GBM PDX tumor. Using two different GBM PDX
tumor
models
(GBM6
and
GBM12),
enabled
for
bioluminescence
imaging
through
luciferase
reporter
transduction, we evaluated the antitumor effects of 9-ING-41,
alone as well as in combination with irinotecan, CCNU and
temozolomide. Our in vivo results revealed that treatment with a
combination of 9-ING-41 and CCNU leads to a complete
regression of orthotopic GBM6 and GBM12 tumors. Histological
evaluation of mouse brain confirmed the absence of cancer
cells in mice treated with 9-ING-41+CCNU. Our results provide
a rationale to advance 9-ING-41 for clinical evaluation in treating
GBM, especially when combined with CCNU cytotoxic therapy.

Figure 2. Development of orthotopic
GBM
PDX
tumor
model.
A,
Bioluminescence imaging of mice
bearing
intracranial
tdTomatoLuciferase-transduced GBM PDX tumor
(PCF 373811). B, Representative image
of GBM PDX tumor (PCF 373811) in
resected mouse brain. C, Image of
H&E-stained section of orthotopic GBM
PDX tumor (PCF 373811). D, Image of
GSK-3b expression in orthotopic GBM
PDX tumor (PCF 373811). E, Image of
tumor immunohistochemical staining for
phospho-Glycogen Synthase (GS), a
downstream target of GSK-3, in
orthotopic GBM PDX tumor (PCF
373811). F, Immunoblot results for subQ
GBM PDX tumor expression of GSK-3b.

We developed subcutaneous (subQ) and orthotopic GBM PDX tumor
models using freshly resected GBM tumor specimens from brain
cancer patients. GBM PDX models preserve the key features and
cellular diversity of human GBM tumors. A small piece of GBM PDX
tumor was dissociated and the tumor cell suspension was
transduced overnight with lentiviral vector encoding fluorescent
(tdTomato) and bioluminescent (Luc2) genes ex vivo.

Results (4)
Figure 7. Treatment with
combination of 9-ING-41
and CCNU leads to a
regression of intracranial
GBM6 PDX. MRI images
of mouse brain were taken
before and after treatment
with CCNU+9-ING-41 at
the indicated time points.
Mouse was treated twice a
week with a combination of
2 mg/kg CCNU and 70
mg/kg 9-ING-41 for 3
weeks.

Figure 3. Treatment with GSK-3 inhibitor 9-ING-41 suppresses NF-kB activity in
orthotopic GBM PDX tumor (PCF 373811). Bioluminescence imaging of mice bearing
intracranial NF-kB-luciferase reporter-transduced GBM PDX tumor (PCF 373811) was
performed at indicated time points before and after the treatment with 9-ING-41 as
indicated.

We tested whether inhibition of GSK-3b, a positive regulator of NFkB activity, using our novel and proprietary compound 9-ING-41,
overcomes NF-kB-mediated chemoresistance to conventional
chemotherapeutic drugs in human GBM. Our goal was to find a
combination of 9-ING-41 and cytotoxic chemodrug to achieve the
regression of GBM tumor. To determine optimal dosage, schedule
and combination of 9-ING-41 with irinotecan, temozolomide and
CCNU, we performed a subQ GBM PDX tumor study (Fig. 4).
Informed by the results of the subQ experiment, we then tested the
most promising combination of 9-ING-41 and CCNU in orthotopic
GBM PDX tumor models (Fig. 5-7).

A

Introduction
Malignant brain tumors represent one of the most devastating and
incurable cancers. Treatment with conventional chemotherapeutic
drugs has had little impact on glioblastoma (GBM) progression. Thus,
GBM represents a significant unmet medical need and the
identification of new therapeutic agents is urgently needed for the
effective treatment of GBM to improve clinical outcomes. The
molecular analysis of brain tumor biopsies identified that NF-kB and
its target genes are overexpressed in GBM and astrocytoma tumors
compared to normal brain tissue (1, 2). In addition, a positive
correlation between NF-kB activation and poor GBM prognosis was
reported (3). Aberrant NF-kB activity was found critical for GBM
invasive phenotype formation and resistance to alkylating agents in
GBM (1, 4). Thus, targeting components of NF-kB signaling activation
might represent a useful therapeutic approach to overcome malignant
brain cancer growth and chemoresistance. Glycogen Synthase
Kinase-3b (GSK-3b), a serine/threonine protein kinase, is an
essential positive regulator of NF-kB transcriptional activity (5). Our
previous studies showed that GSK-3b is a positive regulator of NFkB-mediated survival and chemoresistance of cancer cells (6-11).
Our studies also demonstrated that the inhibition of GSK-3 decreases
cancer cell survival via suppression of the NF-kB-mediated
expression of Bcl-2 and XIAP (6, 8, 10, 11). Moreover, we have
demonstrated that AR-A014418, a toolbox GSK-3 inhibitor, enhanced
the anticancer effect of docetaxel and synergistically decreased the
viability of renal cancer cells (10). Similarly, AR-A014418 was shown
to sensitize pancreatic cancer cells to gemcitabine (12). Finally, a
number of published studies identified GSK-3b as a new therapeutic
target in human GBM (13-15).

Results (3)

Results (2)
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Representative
bioluminiscent images
of GBM12-Luc tumors
in mouse brain before
and after the treatment
Figure 5. Treatment with CCNU+9ING41 causes complete regression of orthotopic
GBM12 PDX. Upper panel, Kaplan-Meier survival analysis of treated mice bearing
intracranial human GBM12 Tom-Luc PDX. Animals were enrolled into a xenotrial and
treatment was started when brain tumors were detected (bioluminescent signal) by IVIS
imaging. Mice were treated 2 times a week with DMSO (5 animals), 2 mg/kg CCNU (5
animals), 70 mg/kg 9ING41 (5 animals) and CCNU+9ING41 (5 animals). Lower panel, all
DMSO, CCNU and 9-ING-41 treated mice developed cachexia and became moribund,
necessitating animal subject euthanasia. Mean mouse weights are indicated; bars, SE.
Combination of CCNU and 9ING41 significantly prolonged survival of animals as compared
to CCNU treatment alone. Median survival in the control (DMSO), 9ING41, CCNU and
CCNU+9ING41 groups was 23, 25, 27 and 104 days, respectively (Logrank test for trend,
P=0.0032).

B

Conclusions
Clinically, initial GBM response to chemotherapy has two
scenarios: 1) refractory tumor with no response, or 2) partial
response with subsequent relapse and growth of refractory
tumor. Our results demonstrate that GSK-3 inhibitor 9-ING-41
enhances GBM chemosensitivity to CCNU in GBM12 (no
response to CCNU) and GBM6 (partial response to CCNU)
orthotopic GBM PDX models representing both clinical
scenarios. Our results provide a rationale to advance 9-ING41 for clinical evaluation in combination with CCNU for the
treatment of human GBM.
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Figure 1. Hypothesis: inhibition of GSK-3b, a positive regulator of NFkB activity, overcomes NF-kB-mediated chemoresistance and thereby
potentiates the effect of conventional chemodrugs in human GBM.

Thus, because GSK-3b is a potential positive regulator of NFkB-mediated survival and chemoresistance in cancer cells, we
hypothesize that the inhibition of GSK-3 may overcome NFkB-mediated
chemoresistance
to
conventional
chemotherapeutic drugs in human GBM (Fig. 1).

Figure 4. Treatment with GSK-3 inhibitor 9-ING-41 enhances the antitumor effect of
CCNU and CPT-11 in a subQ model of GBM6 PDX tumor. Small pieces of subQ GBM6
PDX tumor were engrafted subQ to nude mice (1 tumor per mouse). Tumors were size
matched and mice were randomized into treatment groups (5 mice per group). Vehicle (20
mL DMSO), 70 mg/kg 9ING41, 1 mg/kg CCNU (A), 5 mg/kg CPT-11 (B) or 1 mg/kg
temozolomide (TMZ) (C), were injected i.p. at indicated doses as shown by arrows (A-C,
left panel). Mean tumor volumes are plotted; bars, SE. Mice were sacrificed in 2 weeks
after initiation of treatment and the weight of resected tumors determined (A-C, middle
panel). Bar graphs: mean tumor weight; SE is indicated. Representative pictures of GBM
PDX subQ tumors from each group of animals (A-C, right panel).

Bioluminiscent images
of GBM12-Luc tumors
in mouse brain before
and after treatment

Figure 6. Treatment with CCNU+9ING41 results
in complete regression of orthotopic GBM6
PDX tumors. Upper panel, Kaplan-Meier survival
analysis of treated mice bearing intracranial
human GBM6 PDX-Tom-Luc tumors. Animals were
enrolled into a xenotrial and treatment was started
when brain tumors were detected (bioluminescent
signal) by IVIS imaging. Mice were treated 2 times
a week with DMSO (5 animals), 2 mg/kg CCNU (5
animals), 70 mg/kg 9ING41 (5 animals) and
CCNU+9ING41 (5 animals). Combination of CCNU
and 9ING41 significantly prolonged survival of
animals as compared to CCNU monotherapy.
Median survival in the control (DMSO), 9ING41,
CCNU and CCNU+9ING41 groups was 31, 45, 78
and 142 days, respectively (Logrank test for trend,
P<0.0001).
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