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Abstract

Purpose—The aim of this study was to show preclinical efficacy and clinical development
potential of NVP-BKM120, a selective pan class | phosphatidylinositol-3 kinase (PI3K) inhibitor
in human glioblastoma (GBM) cells /n vitroand in vivo.

Experimental Design—The effect of NVP-BKM120 on cellular growth was assessed by
CellTiter-Blue assay. Flow cytometric analyses were carried out to measure the cell-cycle,
apoptosis, and mitotic index. Mitotic catastrophe was detected by immunofluorescence. The
efficacy of NVP-BKM120 was tested using intracranial U87 glioma model.

Results—We tested the biologic effects of a selective PI3K inhibitor NVP-BKM120 in a set of
glioma cell lines. NVP-BKM120 treatment for 72 hours resulted in a dose-dependent growth
inhibition and effectively blocked the PI3K/Akt signaling cascade. Although we found no obvious
relationship between the cell line's sensitivity to NVP-BKM120 and the phosphatase and tensin
homolog (PTEN) and epidermal growth factor receptor (EGFR) statuses, we did observe a
differential sensitivity pattern with respect to p53 status, with glioma cells containing wild-type
p53 more sensitive than cells with mutated or deleted p53. NVP-BKM120 showed differential
forms of cell death on the basis of p53 status of the cells with p53 wild-type cells undergoing
apoptotic cell death and p53 mutant/deleted cells having a mitotic catastrophe cell death. NVP-
BKM120 mediates mitotic catastrophe mainly through Aurora B kinase. Knockdown of p53 in
p53 wild-type U87 glioma cells displayed microtubule misalignment, multiple centrosomes, and
mitotic catastrophe cell death. Parallel to the assessment of the compound in /n vitro settings, in
vivo efficacy studies using an intracranial U87 tumor model showed an increased median survival
from 26 days (control cohort) to 38 and 48 days (treated cohorts).
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Conclusion—Our present findings establish that NVP-BKM120 inhibits the PI13K signaling
pathways, leading to different forms of cell death on the basis of p53 statuses. Further studies are
warranted to determine if NVP-BKM120 has potential as a glioma treatment.

Introduction

The phosphatidylinositol-3 kinase (PI3K) pathway is a key signal transduction system that
links oncogenes and multiple receptor classes to many essential cellular functions and is one
of the most commonly activated signaling pathway in human cancer. This pathway therefore
presents both an opportunity and a challenge for cancer therapy in solid tumors and
hematologic malignancies (1). Ample genetic and laboratory studies suggest that the PI3K/
Akt pathway is vital to the growth and survival of cancer cells. Because there are multiple
possible causes of PI3K activation, there are also several possible therapeutic approaches
that may be taken to target cancer cells by means of PI3K inhibition and the clinical benefit
of the different therapies may vary that affects both the most effective therapeutic approach
and the likelihood of clinical benefit from PI3K inhibition.

Several genetic abnormalities are known to activate PI3K/AKkt signaling. The first genetic
mechanism identified was loss of the phosphatase and tensin homolog (P7EN) tumor
suppressor, which encodes a phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) 3'-
phosphatase that turns off the PI3K pathway (2-5). Although loss of PTEN is tumorigenic, it
is unclear if PTEN loss alone is sufficient to activate PI3K. Indeed, recent studies have
shown that some receptor tyrosine kinase (RTK) inhibitors have therapeutic potential
because they can down regulate Akt even when PTEN expression is lost (6). Although loss
of PTEN might not absolutely preclude the capacity for RTK inhibitors to shut off PI3K
signaling, it seems to reduce the likelihood of cancers responding to these therapies as single
agents (7-10).

Somatic activating mutations were recently identified in the class 15 PI13K catalytic subunit,
p110a [encoded by PIK3CA (11)]. Somatic mutations in PIK3CA occur in up to 30% of
some types of common epithelial cancer, which includes breast, colon, prostate, and
endometrial cancers (11) Recent data suggest that some cancers harbor activating mutations
in the PI3K regulatory subunit, p85 (encoded by P/K3RI). The Cancer Genome Atlas
Research Network identified P/K3R1 mutations in 9 of 91 human glioblastomas (GBM,; ref.
12). In addition, our own TCGA data analysis also identified PTEN mutation in 48 of 157
human GBMs (30.6%) with 74% samples showing PTEN loss and 9% showing PTEN
deletion (Personal communication). The PTEN tumor suppressor is a central negative
regulator of the PI3K/Akt signaling cascade that influences multiple cellular functions
including cell growth, survival, proliferation, and migration in a context-dependent manner.

PI3K activation initiates a signal transduction cascade that promotes cancer cell growth,
survival, and metabolism. Akt, a serine-threonine kinase that is directly activated in response
to PI3K, is a major effector of PI3K in cancers. The PIP3 generated by activation of the
PI13Ka isoform or sustained by the inactivation of P7EN binds to a subset of lipid-binding
domains in downstream targets, such as the pleckstrin homology domain of the oncogene
Akt (13, 14), thereby recruiting it to the plasma membrane. Once at the plasma membrane,
Akt can be fully activated (15, 16). The downstream effects of the PI3K inhibition are very
complex and depend on the biochemical features and molecular background of the cell type.
The reported cell-cycle effects are predominantly Gy (17, 18) and G»-M block (19, 20). The
Go-M arrest has been observed independently of p53 and Rb status, yet several key
regulatory proteins of G,-M transition (Chekl, Cdk1, Weel, Mytl, and Polo-1 kinase) have
been identified targets of PI3K which may explain the substantial Go-M peak in cell cycle
on treatment. Failure to arrest the cells at or before mitosis results in formation of
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micronucleated cells, aberrant segregation of chromosomes, microtubule misalignment,
multicentrosomes, multipolar mitoses, and aneuploidy, leading to eventual cell death (21).
Mitotic catastrophe is a term used to describe these failures in mitosis, reported previously in
literature (22-25). Accumulating evidence has implicated p53 as a key regulator of the DNA
damage checkpoint response, the S and G»-M checkpoint (26, 27). Studies by Jin and
colleagues show that Go-M checkpoint is complex and may involve redundant controls
including both p53 independent and p53-dependent mechanisms.

Many of the PI3K inhibitors currently in pre- or clinical development inhibit all of the
catalytic subunit isoforms of class 15 PI13Ks (p110a, p110p, and p110y). However, it
remains unclear which type of inhibitor would be more effective clinically, isoform-specific
inhibitors or pan-PI13K inhibitors. Therefore, we tested the effect of NVP-BKM120—a pan
class I PI3K inhibitor in glioma cells. We observed that PI3K activity blockade by NVP-
BKM120 induces G,-M cell-cycle arrest in vitro. Interestingly, this drug exerts its effects in
a p53-dependent manner with p53 wild-type cells undergoing apoptosis and p53-mutant/
deleted cells undergoing mitotic catastrophe through the regulation of Aurora B kinase
protein. In addition, NVP-BKM120 treatment prolonged the median survival of mice with
intracranial xenograft tumors without causing any obvious toxic effects; a finding supporting
the use of NVP-BKM120 inhibition of the PI3K/Akt pathway as a safe and effective therapy
for cancers with aberrant PTEMand/or high PI13K expression.

Materials and Methods

Cell lines

Reagents

Twenty-one glioma cell lines with various p53 and PTEN statuses were maintained as
monolayer cultures in Dulbecco's Modified Eagle Medium (DMEM)/F12 supplemented
with 10% FBS and penicillin-streptomycin (all from Life Technologies, Inc.).

NVP-BKM120 (28) was provided by Novartis Pharma AG through a material transfer
agreement with The University of Texas M. D. Anderson Cancer Center (Houston, TX). For
in vitro use, NVP-BKM120 was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) to
a concentration of 10 mmol/L, stored at —20°C, and further diluted to an appropriate final
concentration in DMEM at the time of use. DMSO in the final solution did not exceed 0.1%
(v/v). For in vivo studies NVP-BKM120 was dissolved in 1 volume of NMP (1-methyl-2-
pyrrolidone). After dissolution, 9 volumes of PEG300 were added. The final ratio was NMP
10%/PEG300 90%. Once in solution, animals were treated in the next 30 minutes tol hour.

Growth inhibition assays

Cells were seeded in 96-well plates (5,600 cells per well) and incubated at 37°C for 24 hours
before addition of serial dilutions of NVP-BKM120. Growth inhibition was determined
using the CellTiter-Blue (Promega) viability assay. The ICsq value was calculated as the
mean drug concentration required to inhibit cell proliferation by 50% compared with vehicle
controls.

Cell-cycle and apoptosis analysis

Glioma cells were plated at a density of 3 x 10° cells per well in 60-mm plates and
maintained in 10% FBS-containing medium overnight. The following day, the cells were
washed twice and treated with NVP-BKM120 in 10% FBS-containing medium. Seventy-
two hours later, cells were fixed in 70% ethanol in PBS and stored at —20° C for 24 hours.
Propidium iodide staining of DNA was carried out to determine the distribution of cells at
different phases of the cell cycle. Cells for DNA analysis were fixed in 1%
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paraformaldehyde, stored in 70% ethanol, and analyzed for apoptosis by flow cytometry
using the Annexin V Kit (Phoenix Flow Systems) according to the manufacturer's
instructions. Samples were analyzed using a BD FACS Calibur Flow Cytometer and Cell
Quest software (BD Biosciences).

We also investigated the effect of NVP-BKM120 on the expression of apoptotic proteins. In
particular, we determined the effect of inhibitor treatment on PARP, a well-known substrate
for caspase-3, 6, and 7, and caspase-3 to determine whether inhibitor-induced apoptosis was
mediated through caspase activation. In this experiment, glioma cells were treated with
NVP-BKM120 for 24, 48, and 72 hours, after which whole-cell extracts were prepared and
analyzed for cleavage of PARP and caspase-3. Immunoblot analysis was then carried out to
determine the activation status of the downstream caspases.

Western blot analysis

Subconfluent monolayers of cells were treated with NVP-BKM120 at various doses in
serum-free medium. Four hours later, cells were harvested and then either stimulated with
epidermal growth factor (EGF; 50 ng/mL) for 10 minutes or left untreated. The cells were
harvested in lysis solution as previously described (29) and subjected to Western blot
analysis. Membranes were probed with the following primary antibodies: phospho-specific
Akt (Ser-473 and Thr-308), total Akt, phospho-S6K1, total S6K1, phospho-S6, total S6, and
phospho-Aurora B kinase, Aurora B kinase, and p53 (all from Cell Signaling). Anti-B-actin
antibody was purchased from Sigma.

Indirect immunofluorescence

Immunofluorescence staining was carried out as described previously (30). Briefly, cells
were seeded at a concentration of 2 x 10° cells per well in 6-well plates with coverslips
inside and left overnight. The following day, the cells were treated with the indicated dose of
NVP-BKM120 for 72 hours, media were aspirated, and the cells were washed with PBS
once before being fixed with 3.7% formaldehyde in PBS for 20 minutes. After another PBS
wash, the cells were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes and then
blocked with 3% bovine serum albumin-0.1% Tween 20-PBS for 1 hour. Cells were then
incubated with mouse primary antibodies against F-actin for 1 hour. After 2 washes with
PBS (containing 0.1% Tween 20), the cells were incubated with Alexa Fluor 488 anti-mouse
secondary antibody (Molecular Probes) and was applied subsequently. Nuclear morphology
was visible with 4',6-diaminidino-2-phenylindole (Molecular Probes). Images were
processed with the Olympus software (Olympus).

Mitotic index

Cells were treated with 2 ym of NVP-BKM120 or DMSO (0.1%) for 72 hours and stained
according to the manufacturer's instructions with phospho-histone H3 (Ser19) antibodly,
Alexa Fluor 488-conjugated antibody (Cell Signaling Technology) and PI. In this assay, the
fraction of cells that incorporates Pl and co stains with anti-phospho-his-tone H3 antibody is
considered as to be at the onset of mitosis. The percentage of mitotic cells was determined
by fluorescence-activated cell-sorting analysis.

Specific knockdown of p53 by lentiviral short hairpin RNA

U87 cells were infected with the p53 short hairpin RNA (shRNA; Santa Cruz Biotechnology
Inc.). Twenty-four hours later, cells were treated with NVP-BKM120 for another 72 hours.
Cells were harvested after 5 days either for Western blot analysis or fixed for staining with
phosphohistone H3 and F-actin as described above.
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Animal studies

All animal studies were conducted in the veterinary facilities of M. D. Anderson Cancer
Center in accordance with institutional rules, state and federal laws, and ethical guidelines
for experimental animal care. We examined the antitumor efficacy of NVP-BKM120 in
intracranial xeno-grafts derived from U87 cells. Nude (/u/ nu) 6- to 8-week-old mice (10
animals in each group) were obtained from the M. D. Anderson breeding facility. To create
the intracranial disease model, we engrafted U87 human GBM cells (5 x 10°) into the
caudate nucleus of each mouse using a previously described guide-screw system (31) and
then randomly divided the mice into 4 groups of 10 mice each. Starting on day 4 after the
tumor cells were implanted, mice were treated by oral gavage with 20 or 40 mg/kg once per
day with NVP-BKM120 in NMP/PEG300 or NMP/PEG300 alone (control) on a 5-days-on,
2-days-off schedule for 4 weeks. At 2 and 4 weeks, 2 animals from each group were
euthanized for biologic assessment of tumor response or tolerability with respect to body
weight, water intake, and general activity. At necropsy, all organs were analyzed grossly and
microscopically to assess tolerability at the tested doses.

Immunohistochemical staining

Results

Sections (5-um thick) of formalin-fixed, paraffin-embedded whole brains from control
vehicle and NVP-BKM120- treated animal specimens were stained with anti p-Akt, cleaved
PARP, cleaved caspase-3 (all from Cell Signaling), and Ki-67 (BD Biosciences). The
sections were visualized by using a diaminobenzidine substrate kit. The slides were
examined under a bright-field microscope.

Pharmacokinetics of NVP-BKM120

NVP-BKM120 (Fig. 1A) inhibits PI3K activity by binding to the ATP binding cleft of this
enzymes and was tested against class | PI3K and other kinases using an ATP depletion
(Kinase-Glo) assay (Table 1). The compound was shown to be active against P110 a, B, and
y. Further characterization of NVP-BKM120 has shown that it poorly inhibits a
representative panel of protein kinases in biochemical assays (Table 1).

NVP-BKM120 inhibited cell growth of glioma cells

We tested NVP-BKM120 against a panel of 21 glioma cell lines that differed in terms of the
mutational statuses of PTEN and p53. NVP-BKM120 potently inhibited glioma cell
proliferation in all the lines, with 1Cgq values in the cell viability assay of 1 to 2 umol/L
(Fig. 1B). Although no obvious relationship existed between sensitivity to NVP-BKM120
and PTEN status, we did observe a differential sensitivity pattern with respect to p53 status,
with wild-type p53 cells being more sensitive to NVP-BKM120 than p53-mutant/deleted
glioma cells (Fig. 1C, P-value < 0.0001). The p53 and PTEN statuses of the glioma cells are
shown in Fig. 1C. The relative sensitivity of the glioma cancer cell lines to NVP-BKM120
was calculated relative to the mean ICsq of LN751 cells using the equation: —log, (ICsq
individual cell line/IC5p of LN751). The p53 wild-type cell lines had a significantly lower
average ICsgq than p53-mutant/deleted cell lines (~-value < 0.0001). The average 1Cs for the
p53 wild-type cell lines was 1.28 with a SD of 0.33, whereas that for the p53-mutant/deleted
cell lines was 2.08 with a SD of 0.69. (Fig. 1D). In contrast, the PTEN status did not have a
significantly effect on the sensitivity toward NVP-BKM120 (i.e., ICsq) with a ~-value of
0.38. The average ICsq for the PTEN-positive cell lines was 1.82 with a SD of 0.98, similar
to that for the PTEN-negative cell lines (1.60 with a SD of 0.48).
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NVP-BKM120 is a PI3K-specific inhibitor and affects only PI3K-mediated signaling

To examine the role of NVP-BKM120 in growth factor-mediated signaling, we tested its
effects on serum-starved and EGF-induced glioma cells. Regardless of £53 status, NVP-
BKM120 inhibited PI3K-mediated signaling by inhibiting the phosphorylation of Akt and
S6, (Fig. 2A). Treatment of glioma cells with NVP-BKM120 inhibited PI3K-mediated
signaling in a dose-dependent manner.

Comparison of the effect of selective PI3K and mammalian target of rapamycin (mMTOR)
inhibitors on mTOR signaling revealed differential regulation of S6 and 4E-BP1. Whereas
selective inhibition of PI3K by NVP-BKM120 resulted in minor dephosphorylation only of
the S6 protein. On the other hand, exposure to the dual PI3K and mTOR inhibitor (NVP-
BEZ235) resulted in nearly complete dephosphorylation of both S6 and 4E-BP1 (Fig. 2B).

NVP-BKM120 shows activity in glioma cell lines irrespective of PTEN status

We have shown that NVP-BKM120 is active in a broad range of glioma cell lines and that
this activity persists even in the background of mutations, such as PTEN, that activate
signaling through PI3K. First, the dose response for NVP-BKM120 in blocking
phosphorylation of Akt and in inducing proliferative arrest did not change as a function of
PTEN status. We treated U87MG (PTEN mutant) and LN18 (PTEN wt) cells with
increasing concentrations of NVP-BKM120 and analyzed proliferation, cell-cycle
distribution, and levels of phosphorylated Akt by immunoblot (Supplementary Fig. S1B).
The ICsq for inhibiting phosphorylation of Akt was between 0.5 to 1 pmol/L consistent with
the range of concentration required to inhibit cell proliferation (Supplementary Fig. S1A)
and did not differ dramatically between cells wild-type and mutant at PTEN.

NVP-BKM120 arrested cells in G, to M phase of the cell cycle

We have further explored the effect of NVP-BKM120 on cell-cycle arrest (Fig. 2C). Control
cells showed a typical pattern of cell cycle with 5% to 10% of cells in the G, to M phase.
The G, to M fraction at 72 hours increased in comparison with control cells in both p53-wt
(U87) and p53-mutant/deleted (U251) cell lines. In addition, an increasing population of
polyploid cells was observed in treated U251 cells. It seems that the NVP-BKM120-treated
p53-null cells adapted to NVP-BKM120 inhibition and reentered the cell cycle. U87 cell
type has a mixed diploid and polyploid cell population. In addition p53-mutant/deleted
(U251) lines show multinucleated cell after NVP-BKM120 treatment (Fig. 2D and E). We
used logistic regression to assess the effect between the percentage of multi-nucleated cells
and the dose of NVP-BKM120. In the model, we included the dose of NVP-BKM120, the
cell line indicator, and their interaction as the covariates. Compared with the U87 cell lines,
the U251 cell lines were significantly more likely to have multinucleated cell when treated
with NVP-BKM120. Compared with the U87 cell lines, the U251 cell lines were
significantly more likely to have multinucleated cell when treated with NVP-BKM120.

Mitotic catastrophe cell death in NVP-BKM120-treated cells and downregulation of Aurora

B kinase

Interestingly, NVP-BKM120-treated cells show aberrant segregation of chromosomes,
microtubule misalignment, multicentrosomes, or multipolar mitoses. Mitotic perturbances
are correlated with mitotic entry frequencies. p53-Mutant/deleted exhibited highest number
of mitotic aberrations. Clearly, cells with dysfunctional G,-M checkpoint (U251, LN18, and
LN229) enter more frequently into mitosis on NVP-BKM120 treatment. Multiple
centrosomes are characteristic feature of U251 cell line. Chromosome misalignments along
the spindle and micronucleated cells were typically encountered in U251 (Fig. 3A). Because
low mitotic entrance was reported for p53-wt cell lines (U87), only few aberrant mitotic
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figures were present. These data confirm that mitotic catastrophe was the primary mediator
of cell death induced by NVP-BKM120.

p53 deficiency induces bypass of the G,-M checkpoint and premature mitosis after NVP-

BKM120

We hypothesized that, on treatment with the drug, the majority of cell lines at first arrest in
G, stage, with a differential percentage of cells that overcome G,-M transition checkpoint
and enter aberrant mitosis, leading to mitotic catastrophe cell death. If p53 is involved in the
checkpoint control, p53-deficient cells will show a higher number of cells in M phase after
NVP-BKM120 treatment. Expression of phospho-H3 varied from 1% to 3% in control cells
of both p53-wt and p53-mutant/deleted cell lines. After treatment, all cell lines responded
with an increase of phospho-H3 (Fig. 3B). U87, D54, and U343 showed 2.6%, 2.8, and 3%
of cells in mitosis, respectively, after treatment with NVP-BKM120. Surprisingly, premature
mitotic entry in p53-mutant/deleted cells after treatment increased drastically to 12.4%,
7.3%, and 7.9% in U251, LN18, and LN229, respectively. Statistically significant
differences in the entrance in mitosis were found between p53-mutant/deleted and p53-wt
cells (P<0.001). These data suggested that NVP-BKM120 activates G,-M checkpoint in
p53-wit cells, delaying the movement of G, cells into mitosis phase. In contrast, NVP-
BKM120 treatment of p53-mutant/deleted cells did not activate G,-M checkpoint after
NVP-BKM120 treatment as those cells largely progressed into mitosis. Alternatively, we
have shown that NVP-BKM120 activates a mitosis-specific blockage such as spindle
checkpoint or chromosome separation. To gain mechanistic insight into how NVP-BKM120
induced mitotic defects, we examined the effects of NVP-BKM120 on a number of mitotic
checkpoint regulators, including cyclin B1, cyclin A, Aurora A, Aurora B, and Cdc2, in U87
and U251 cells treated with 2 ymol/L NVP-BKM120 for indicated periods and found that
NVP-BKM120 efficiently depleted Aurora B kinase activity in p53-mutant/deleted cells
(U251) in a time-dependent manner (Fig. 3C). Notably, the catastrophic mitotic defects
observed in U251 cells and lacking Aurora B signal closely resembled the nuclear
morphology of cells in which Aurora B kinase activity is inhibited indicating that mitotic
catastrophic death is because of deregulation of Aurora B kinase activity.

Mitotic catastrophe cell death is followed by apoptotic DNA fragmentation

According to the cell-cycle profile, a sub-G increase was detected in cell lines on treatment
at 72 hours. It is noteworthy that the sub-Gg population increment followed decrease in Go-
M block. To further study cells in sub-Gg, the earliest apoptotic marker, Annexin V, was
studied. The change of the percentage of apoptosis upon NVP-BKM120 treatment was
significantly higher for the p53-wt cell lines (14.52%) than the p53-mutant/deleted cell lines
(3.98%) with a Pvalue < 0.0001 (Fig. 4A). Our data indicate that, after 72 hours of
treatment, the p53-mutant/deleted cell lines were undergoing predominantly mitotic
catastrophe, whereas p53-wt cell lines had preponderance toward apoptotic like death. An
increase in PARP and caspase-3 cleavage was observed in a time-dependent manner (Fig.
4B).

Rescue of mitotic catastrophe by p53 knockdown after NVP-BKM treatment

To analyze the effects of NVP-BKM120 on mitotic catastrophy induced by p53 loss, p53
was knocked down by lentiviral shp53 in U87 glioma cells. p53 levels were measured using
Western blot analysis 96 hours posttransduction. Transduction with p53 shRNA produced a
noteworthy decrease in p53 protein expression (Fig. 5A), and treatment with PI3K inhibitor
NVP-BKM120 significantly increased mitotic catastrophy generation as measured by
increased number of multinucleated cells (Fig. 5B), microtubule misalignment, multiple
centrosomes (Fig. 5C), and increased percentage of phospho-histone—positive cells (Fig.
5D). NVP-BKM120 treatment in p53 knockdown cells lead to decrease on p-Aurora B
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kinase (Fig. 5A) indicating that mitotic catastrophic death is because of deregulation of
Aurora B kinase activity. These results confirm that NVP-BKM120 exert differential forms
of cell death on the basis of p53 status of the cells with p53 wild-type cells undergoing
apoptotic cell death and p53-mutant/deleted cells having a mitotic catastrophe cell death.

NVP-BKM120 treatment is well tolerated and effective in an intracranial GBM xenograft

model

NVP-BKM120's antitumor efficacy was also evaluated in the U87 xenograft intracranial
tumor model of glioma. The median survival time of the control mice (i.e., those injected
with NMP/PEG300) was 26 days, whereas the median survival time of the mice orally
treated with 20 or 40 mg/kg of NVP-BKM120 once a week for a total of 5 weeks was 38
days and 48 days, respectively. The /n vivotherapeutic efficacy of NVP-BKM120 was
assessed by plotting the Kaplan—Meier survival curves of animals, and group data were
compared using the log-rank test (Fig. 6A). Mice treated with NVP-BKM120 had no
obvious signs of adverse effects with respect to body weight, water intake, and general
activity. Ex vivo analyses of tumor tissues obtained from necropsied mice at the end of
treatment showed marked inhibition of phosphorylated Akt and phosphorylated S6 in the
NVP-BKM120-treated animals (Fig. 6B). The antitumor effect was also evidenced by
decreased levels of phosphorylated Akt in the tumor tissues, consistent with a blockade of
PI3K, as revealed by immunohistochemical analyses of tumor sections (Fig. 6C).

Immunohistochemical analysis further showed a significant reduction in the percentage of
cells expressing Ki-67, control tumors displayed hyper cellular areas with high mitotic
numbers, whereas NVP-BKM120-treated cells showed decreased proliferation (Fig. 6C).
Consistent with the /in vitro finding of apoptotic cell death in U87 cell lines by NVP-
BKM120 treatment, the /n vivo U87 model also showed increased cleaved PARP and
cleaved caspase-3 staining in tumors treated with NVP-BKM120 treatment further
strengthening the fact that NVP-BKM treatment leads to apoptotic cell death in cells with
wild-type p53 status (Fig. 6C).

Discussion

Because of the high frequency of genetic alterations in the PI3K/Akt signhaling cascade in
many types of human cancer, there is intense interest to discover inhibitors of this pathway
and evaluate them for therapeutic use. A number of potential therapeutics targeting the PI3K
signaling cascade has been generated. The research presented in this report describes the use
of a selective pan PI3K inhibitor NVP-BKM120 in a set of well-characterized GBM cell
lines with specific features that may affect the inhibitor's mechanism of action.

In our study, we have examined the response of a panel of glioma cell lines to PI3K
inhibitor, NVP-BKM120. Our data indicate cytotoxic and cytostatic effect of the drug.
Although we have observed a range of ICsq in all the glioma cell lines analyzed, we could
identify differential form of death between p53-mutant/deleted and p53-wt cells followed by
NVP-BKM120 treatment. We found that PI3K inhibitor induced G,-M arrest in both p53-wt
and p53-mutant/deleted cell lines analyzed; however, p53-mutant/deleted cell lines
displayed a significant mitotic index increase and cellular and nuclear morphology typical
for mitotic catastrophe cell death. Mitotic arrested cells displayed chromosomes
missegregation, microtubule misalignment, and multiple centrosomes. Furthermore, as a
DNA repair process is impaired in p53-deficient cells, more aberrant mitotic figures were
reported in U251, U373, and LN18 cell lines after inhibiting PI3K. The mitotic catastrophe
cell death was followed by secondary apoptosis. On the contrary, U87, U343, and D54 cells
showed a low increase in mitotic entrance, the cells were arrested in G, to M phase of the
cycle. The cells died mostly through apoptosis. Aurora B kinase is a chromosomal passenger
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protein and plays a crucial role in chromosome condensation, alignment, spindle
checkpoints, chromosome segregation, and cytokinesis (32). Impaired regulation of Aurora
B expression in human cells causes chromosomal abnormality and instability. Both the
expression level and the kinase activity of Aurora B have been found to be upregulated in a
variety of human cancers (33, 34). Overexpression of Aurora B results in centrosome
amplification and multinucleation in human cells, causing unequal distribution of genetic
information and creating aneuploidy cells, one of the hallmarks of cancer (35-38). Depletion
of Aurora B or overexpression of a kinase-inactive form in cells would also compromise the
spindle checkpoint because the activity of Aurora B is required for checkpoint protein
recruitment. Our data also showed Aurora B levels were reduced in p53-mutant/deleted
glioma cells treated with NVP-BKM120 cells. In line with the fact that decreased Aurora B
leads to phenotypically mitotic defects. These observations support the idea that properly
maintained Aurora B levels are essential for successful completion of chromosome
segregation. Despite the important function of Aurora B kinase in mitotic progression and
cancer development, the mechanisms regulating Aurora B expression through the cell cycle
remain largely unknown. In this study, we further showed that knockdown of p53 in p53
wild-type cells rescues the wild-type cells from apoptosis to mitotic catastrophic cell death
by PI3K inhibition by NVP-BKM120 further strengthening the finding that NVP-BKM120
exert differential form of cell death on the basis of p53 status.

Current PI3K inhibitors under development are grouped by their specificity, ranging from
pure PI13K inhibitors to compounds that block both PI3K and mTOR (dual inhibitors) to
pure catalytic mTOR inhibitors, and to inhibitors that block Akt. However, it remains
unclear which type of inhibitor would be more effective clinically, isoform-specific
inhibitors, pan-PI13K inhibitors or dual inhibitors. Numerous PI3K-targeted compounds,
many of which are dual PI3K and mTOR inhibitors, are being introduced into clinical trials.
Dual inhibitors like NVP-BEZ235 (39) and XL765 (40) are currently undergoing phase |
clinical investigation for treatment of solid tumors. Preclinical data show that NVP-BEZ235
has strong anti-proliferative activity against tumor xenografts that have abnormal PI13K
signaling, including loss of PTEN function or gain-of-function PI3K mutations (41).
Subsequently PI-103, a p110a-specific inhibitor was shown to potently block PI3K
signaling in glioma cells through its ability to inhibit both p110a and mTOR (42).
Numerous compounds that preferentially target selected isoforms of class | PI13Ks are also
under development. For example, PX-866 targets p110a, p110y, and p1108, with ICsq
values in the low nanomolar range (43). GDC0941 is a class | PI3K small molecule inhibitor
that is active in many tumor types irrespective of Ras mutational status (44). The XL147
agent is a selective PI3K inhibitor and has shown preclinical efficacy in P/3K-, PTEN-, and
KRAS-mutant xenografts (45). In this study we have discussed the effects of NVP-BKM120
—a selective pan class | PI3K inhibitor without mTOR inhibition capacity.

Overall, our present findings establish that NVP-BKM120 inhibits the PI3K signaling
pathways, leading to different forms of cell death on the basis of p53 statuses. Our data
support a mechanistic rationale by which inhibition of PI3K signaling can augment p53-
mediated apoptosis. NVP-BKM120 induced proliferative arrest /n vitro and inhibited growth
of established human tumor xenografts /n vivo. Given the importance of the PI3K pathway
in the malignant phenotype, further optimization of the clinical use of this new compound in
the coming years is warranted and should lead to better patient outcomes. We provide here a
strong rationale for undertaking clinical trials of NVP-BKM120 in patients with GBM in the
very near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Several components of the phosphatidylinositol-3 kinase (PI3K) pathway are
dysregulated in a wide spectrum of human cancers. Gain- or loss-of-function mutants of
several components of the pathway lead to neoplastic transformation and therapeutic
strategies that target the PI3K pathway are now in development. Small-molecule
therapeutics that block PI3K signaling might deal a severe blow to cancer cells by
blocking many aspects of the tumor cell phenotype. These facts put the issue of
developing targeted drugs for the treatment of cancers that have PI3K pathway
dysregulation at the forefront of the translational cancer-research field and one approach
is to develop kinase inhibitors for PI3K. NVP-BKM120, a selective pan class | PI3K
inhibitor, showed single-agent efficacy in glioma model. Tumor regression was observed
in animal models. Preclinical data suggest use of NVP-BKM120 in the treatment of
cancers with elevated PI3K signaling. We should soon be in a position to evaluate the
clinical success of drugs that are targeted against the PI3K pathway.

Clin Cancer Res. Author manuscript; available in PMC 2013 September 27.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Koul et al.

Page 14

NVP-BKM120 IC5, (umol/L)
o =4 90N w a

U373
U251E
D54
u251V111

T p53status vs. NVP-BKM 120 sensitivity FTEN BTEN status vs. NVP-BKM 120 sensitivity

s
s

o Relative sensitivity (-109; 1Cs/ICsor)
Relative sensitivity (-log, ICso/ICso-)
wt mut del

wt mut del

NVP-BKM120 NVP-BKM120

= %

pS3wildtyps  pS3-mutant PTEN wildtype  PTEN-mutant

IG5 (1mol/L)

.
F }.
ICs (umoliL)

Figure 1.

NVP-BKMZ120 inhibits glioma cell proliferation. A, structure of NVP-BKM120. B,
waterfall plot of IC50 micromolar values. These graphs show that NVP-BKM120 has a
particular growth inhibition signature, with some cell lines being exquisitely sensitive and
others being relatively resistant. For this, glioma cell lines were plated in 96-well plates at a
density of 5,000 cells per well. Cells were treated with increasing concentrations of NVP-
BKM120 in triplicate wells for 72 hours, and cell viability was assessed by CellTiter-Blue
assay as described in Materials and Methods. The results shown are of a single experiment
with 3 independent replicates. C, the relative sensitivity of GBM cell lines to the PI3K
inhibitor NVP-BKM120 versus p53 and PTEN status. The sensitivity of NVP-BKM120
against the GBM cell lines measured using CellTiter-Blue assay. Indicated values represent
the concentration causing 50% growth inhibition (ICsg). Values are expressed relative to the
mean of 1Cgg of LN751 cell line using the equation: —logs (ICsq individual cell line/ICgq of
LN751). D, dot blot showing correlation between p53 and PTEN status and /n vitro drug
sensitivity as shown by the 1Csq of individual cell line. Lines indicate median value. The
wild-type p53 cells are more sensitive to NVP-BKM120 than p53-mutant/deleted glioma
cells (P< 0.0001).
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Figure 2.

Molecular responses of human glioma cells to NVP-BKM120. A and B, cell lysates were
separated by gel electrophoresis and immunoblotted for phospho-Akt (Ser473), phospho-Akt
(Thr308) phospho-S6 (Ser240/244 and Ser235/236) and phospho-4E-BP1 (Thr37/46). Total
Akt, total S6, total 4E-BP1, and actin were used as loading controls. C, representative cell-
cycle profiles of glioma cells following 72 hours exposure to ICsg concentration of NVP-
BKM120 represented as stacked columns (*, £< 0.04; **, £<.0001; #, P< 0.0001; ##, P<
0.0001). D, accumulation of multinucleated cells in U251 cells exposed to increasing
concentrations of NVP-BKM120. Scale bars, 25 pm. E, quantification of multinucleated
cells after NVP-BKM120 in glioma cells. Con, control.
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Figure 3.

Muitotic catastrophe cell death on NVP-BKM120 treatment. Seventy-two hours after
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treatment with 2 pmol/L of NVP-BKM120, cells were collected and immunoassayed with
anti-a-F-actin antibody counterstained with 4',6-diaminidino-2-phenylindole. A, mitotic
catastrophe figures showing multiple centrosomes, predominant in U251 cell line. Scale
bars, 50 um. B, significant increase in mitotic entry on treatment with NVP-BKM120 in
p53-mutated cell lines. Mean £ SD of 3 independent experiments. Mitotic index in control
untreated cells and cells after 72 hours of incubation with PI3K inhibitor is represented. C,
Western blot showing p-Aurora B decrease in U251 cells after NVP-BKM120 treatment in a
time-dependent manner. B-Actin is used as a loading control. Con, control.
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NVP-BKM120 treatment induces apoptosis in glioma cells containing mutant p53. A,
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glioma cell lines were treated with 1 and 2 umol/L NVP-BKM120 for 72 hours before they
were harvested for Annexin V staining as an indication of apoptosis. The population of cells
positive for Annexin V staining was compiled as shown. U251, LN18, and LN229 cell lines

had minimum apoptosis, whereas U87, D54, and U343 cell lines produced maximum

Annexin V-positive staining. B, glioma cells were treated with 2 ymol/L NVP-BKM120 for

various time intervals, as indicated. Total protein was extracted and subjected for the

detection of PARP cleavage and cleaved caspase-3 in a Western blot analysis using an anti-
PARP and anti-caspase-3 antibody. Results showed that PARP and caspase-3 were cleaved
after NVP-BKM120 treatment in U87 but not in U251 cells.
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p53 knockdown restores mitotic catastrophe in U87 glioma cells. A, cell lysates were
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separated by gel electrophoresis and immunoblotted for p53, p-Aurora B, and Aurora B, and

actin was used as loading control. B, quantification of multinucleated cells after NVP-

BKM120 in glioma cells. C, p53 knockdown U87 cells were treated with 2 um of NVP-

BKM120; cells were collected and immunoassayed with anti-a-F-actin antibody

counterstained with 4',6-diaminidino-2-phenylindole. Scale bars, 50 pm. D, significant

increase in mitotic entry as determined by p-H3-positive cells on treatment with NVP-
BKM120 in p53 knockdown U87 cell line. Mean + SD of 3 independent experiments.

Mitotic index in control untreated cells and cells after 72 hours of incubation with PI3K

inhibitor is represented.

Clin Cancer Res. Author manuscript; available in PMC 2013 September 27.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Koul et al.

1009 — U87 control
T god =~ BKM120, 20 mg/kg
€ — BKM120, 40 mg/kg
2 604
£
8 404
&
204
0
10 20 30 40 50 60 70 80
Days
c p-AKT Ki-67
I* o TEe LT y i@ -
."!:.’-.‘ L @ o (..9
B st e’ &
- » é
Con L .c\.. 'y o0 &
* vy R
‘.“.-l.‘ .».~
R
".‘ ..?r,‘ ‘d ‘.”' N
= S
. “ e
“e N i ate 7
et -
BKM v N - R
. ?rate VR
A . v

-wi

f
:

Control
Control
20 mg/kg
40 mg/kg
20 mg/kg
40 mg/kg

D S . A (ser'Td)
> e - B . (7o)

AR

— V — _iﬁ p-S6 (235/236)

Cleaved Cleaved
PARP caspase-3

1 " AN P LA

’ -
o —

Figure 6.

NVP-BKM120 extends survival in an intracranial animal model. A, U87 cells were
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implanted intracranially in nude mice (7= 10 in each group), and treatment was commenced
4 days later. NVP-BKM120 (20 and 40 mg/kg/d) was administered orally 5 times a week for
a total of 20 treatments. The control group mice were treated with NMP/PEG300. Mice were
sacrificed at morbidity, and survival curves were compared by using Prism 5 software. The
treatment of NVP-BKM120 showed a statistically significant improvement over control (P=
0.001 for 20 mg/kg A= 0.0006 for 40 mg/kg), as determined by pair-wise log-rank Mantel—

Cox test of the Kaplan—Meier survival curves. B, immunoblotting analyses of both the

expression and activation of Akt and S6 in 2-week and 4-week tumors following NVP-
BKM120 treatment. Immunoblotting analyses showed that NVP-BKM120 inhibited the

activity of Akt and S6 in both sets of tumors, as assessed by the level of corresponding
phosphorylated protein. C, analysis of NVP-BKM120 effects on tumor xenograft

proliferation. Nude athymic mice with established U87 xenografts were treated with vehicle
control and NVP-BKM120 (40 mg/kg), tumors were harvested, formalin fixed, and stained
for Ki-67 as a marker of proliferation. Tumor sections were stained with antibodies PI3K

downstream target p-Akt, apoptotic markers cleaved PARP, and cleaved caspase-3 as

described in Materials and Methods. Representative microscopic fields of each
immunohistochemical reaction with the overall semiquantitative grading scale. Scale bars,

25 um. Con, control.
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Biochemical profile of NVP-BKM120 against selected protein kinases and class | PI3Ks

Enzyme

1Cso (mean + SD), nmol/L

Class | PIBK P110a
P110B
P110y
P110 6
P110a H1047R
P110a E545K
P110a E542K

Protein kinases ~ Fak
KDR
PKA
PKB
PDK1
HER-1
c-Met
IGF1
Eph-B4
FGFR3
Ret
Tek
B-Raf V599E
c-Abl
c-Src
Jak-2
mTOR

0.035 +0.017
0.175 £ 0.067
0.348 £0.013
0.108 +0.048
0. 058 + 0.002
0. 099 + 0.006
0. 084 +0.001
>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

9.2

>10

>10

>10

4.6 +1.86

NOTE: All the IC5( values are expressed in ymol/L + SD.
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