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Abstract

In glioblastoma, PI3kinase (PI3K) signaling is frequently activated by loss of the tumor suppressor
PTENZ. However, it is not known whether inhibiting PI3K represents a selective and effective
approach for treatment. Here we interrogate large databases and find that Shh signaling is
activated in PTEN-deficient glioblastoma. We demonstrate that Shh and PI3K pathways synergize
to promote tumor growth and viability in human PTEN-deficient glioblastomas. A combination of
PI13K and Shh signaling inhibitors not only suppresses activation of both pathways, but also
abrogates S6kinase signaling. Accordingly, simultaneously targeting both pathways results in
mitotic catastrophe and tumor apoptosis, and dramatically reduces growth of PTEN-deficient
glioblastomas in vitro and in vivo. The drugs tested here appear safe in humans; therefore this
combination may provide new targeted treatment for glioblastoma.

Contact: Correspondence and requests for materials should be addressed to rosalind_segal@dfci.harvard.edu.
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Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor.
Currently average time from diagnosis to death is 15-18 months?, therefore new approaches
are needed3. 36% of GBMs harbor loss or inactivation of Phosphatase and tensin homolog
(PTEN)?, a lipid phosphatase that is a key negative regulator of PI3K signaling. However, it
is unclear whether tumors deficient for PTEN are susceptible to PI3K inhibitors#>.

Here we describe a therapeutic approach that targets PTEN-deficient GBMs. In two large
data sets, pten mRNA expression varies more than ten-fold among GBMs®. We divided a
dataset of 100 GBMs®, and the TCGA dataset of over 400 GBMs’ into those that express
low levels of pten versus all other tumors (Supplementary Fig. 1a). In both datasets, GBMs
with decreased pten exhibit increased Shh pathway activation, assessed by expression of glil
and gli2, which encode transcription factors critical for Shh signaling (Fig. 1a,
Supplementary Fig. 1b). Moreover, pten expression negatively correlates with combined
mRNA expression of glil and gli2 across each dataset (Spearman Correlation coefficient
-0.23, p = 0.02 and —0.23226, p = 2x107% respectively). Further analysis of TCGA data
demonstrates that gli2 expression is higher in tumors with pten copy loss (Fig. 1b,
Supplementary Fig. 1c), and, as expected, pten expression correlates with pten copy humber.
These data indicate that PTEN-deficient GBMs exhibit activation of Shh signaling, in
addition to the known activation of PI3K cascades.

We tested the effects of selective PI3K and Shh inhibitors on neurosphere cultures from a
human PTEN-deficient GBM (hBT70), and a PTEN-expressing GBM (hBT75)8 (Fig. 1d).
Neurosphere cultures recapitulate critical features of primary tumors, including somatic
mutations, antigenic properties, tumor initiation and angiogenic activity®. Treatment with
PI3K inhibitor NVP-BKM120* at 100 nM (IC50 52-99, 166, 116 nM for p110a, f, y)° did
not alter cell viability of PTEN-deficient or PTEN-expressing neurospheres (Fig. 1d). No
effect on viability was seen when we treated with NVP-LDE225, an inhibitor of
Smoothened (Smo) which prevents Shh signaling'®. In contrast, in PTEN-deficient GBM
neurosphere cultures only, a significant reduction in viability was seen with combination of
BKM120 and LDE225 at multiple doses of inhibitors; responses to PI3K inhibitors alone
were observed at high doses (Fig. 1d,e, Supplementary Fig. 1d). Using varying doses of
several inhibitors targeting PI3K and Shh pathways!!, we consistently observed a
synergistic decrease in cell viability with combination therapy (Fig. 1e, Supplementary Fig.
1e,f). This effect was only seen with continuous treatment (Supplementary Fig. 1g). Thus
simultaneous inhibition of PI3K and Shh pathways reduces viability of human PTEN-
deficient GBMs, as demonstrated using several distinct targeted drugs.

We analyzed responses to combination therapy in monolayer cultures of hBT70 and two
additional PTEN-deficient tumors (hBT112, hBT145) (Fig 1c)!2. Combination therapy led
to efficacious and synergistic reduction in viability in all PTEN-deficient tumors tested (Fig.
1f) (two-way ANOVA factorial interaction, F = 10.27, DFn =1, DFd = 8, p = 0.0125), but
did not alter growth in PTEN-expressing GBMs (Fig. 1c, g). As human GBMs vary in
several additional characteristics (Supplementary Fig. 1h) we asked whether PTEN
expression is a critical determinant of response. Two different ShRNAs against pten
introduced in two distinct PTEN-expressing human GBMs decreased PTEN levels by 50—
70% (Fig. 1h). Acute reduction of PTEN increases glil and gli2 expression (Fig. 1i), while
acute overexpression of PTEN decreases these Shh pathway components (Supplementary
Fig. 1i). Notably, when PTEN expression is stably reduced in two distinct GBM tumors,
combination therapy with BKM120 and LDE225 decreases viability of previously resistant
cells (Fig. 1j). Thus PTEN expression is not merely correlative for response, but has a
causative role as well.
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Based on these promising results we analyzed PTEN-deficient tumors in vivo, using an
orthotopic xenograft model3. We intracranially,injected 1x108 human GBM cells (hBT112)
expressing luciferase and followed tumor size with bioluminescencel3. We initiated
treatment only after tumors showed exponential growth. Mice treated with vehicle or
LDE225 exhibited rapid increases in bioluminescence (Fig. 2a). BKM120 treatment initially
slowed tumor growth, however this effect was transient. In striking contrast, mice treated
with combination therapy showed stable bioluminescence throughout the experiment,
indicating dramatically reduced tumor growth (p = 0.026, compared to vehicle) (Fig. 2a).
Similar results were seen in a second tumor tested in vivo (hBT145) (Fig. 2b). Moreover,
while both BKM120 and combination therapy treated groups show improved survival
compared to vehicle and LDE225 treated groups (Fig. 2c), tumor burden in animals that
survived to late time points is reduced in mice treated with combination therapy (Fig. 2d).

Consistent with bioluminescence studies, MRIs and histological examination show that
combination therapy diminished tumor size (Fig. 2e,f) and decreased dissemination of tumor
cells (Fig. 2f) as assessed by staining for human NuMA (nuclear mitotic apparatus protein).

To examine the cellular basis for synergistic effects of combination treatment, we labeled
glioblastoma cells with Dil (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate), and imaged individual cells over time (Fig. 3a). Combination therapy decreases
proliferation and increases cell death (Fig. 3b). Accordingly, combination therapy increases
apoptosis both in vitro, demonstrated by activated caspase-3 (Fig. 3c,d, Supplementary Fig.
2a) and in vivo, demonstrated by TUNEL stain of GBM xenografts (Fig. 3e,f). Combination
therapy also affects tumor cell morphology: In vitro, combination therapy reduces cell size
(Supplementary Fig. 2b) and results in abnormal mitotic spindles, in which chromosomes
distributed in a rosette-like pattern surround centrally located centrosomes (Fig. 3g,h). In
vivo, combination therapy-treated GBM cells appeared smaller in size, with frequent
pyknotic nuclei and aberrant mitotic figures (Fig. 3i, Supplementary Fig. 2c). Mitotic
abnormalities might engender mitotic catastrophel4, thereby contributing to diminished
tumor growth. Indeed, in combination therapy, many dividing cells produce two daughters
that rapidly die (Supplementary Fig. 2d). Thus, combination treatment causes mitotic
abnormalities and apoptosis in vitro and in vivo.

Combination therapy clearly achieves targeted responses: BKM120, alone or combined with
LDE225, decreases phosphorylation of Akt, the kinase activated by PIP3 phospholipids!®
(Fig. 4a, Supplementary Fig. 3a). Consistent with data that gli levels are high in pten—
deficient GBMs, glil mRNA is readily detected in hBT112 cells, and LDE225 decreases
expression of glil and ptcl (Fig. 4b). This effect of LDE225 is potentiated when combined
with BKM120 (Fig. 4c, Supplementary Fig. 3b).

An inhibitor of the PI3K-regulated mTOR complex (NVP-RADO001)16 significantly reduced
tumor cell viability when combined with LDE225 (Fig. 4d), indicating that the pathways
intersect further downstream. Inhibition of S6kinase (S6K), which is regulated by mTOR,
could explain decreased cell size observed with combination therapy® 17. In cultured GBM
cells, both BKM120 and LDE225 alone reduce pS6K and pS6, and these effects are
potentiated in combination therapy (Fig. 4e, Supplementary Fig. 3c). Similarly, in vivo both
LDE225 and combination treatment reduced pS6 (Fig. 4f,g). Stimulation of GBM cells with
SAG, a Smoothened agonist!®, causes dose-dependent increases in pS6, implicating the Shh
pathway in S6K activation (Fig. 4h). Furthermore, a small molecule inhibitor of S6K (PF
4708671)19 leads to dose-dependent decreases in pS6 and tumor cell viability (Fig. 4i,
Supplementary Fig. 3d), suggesting that S6K represents a critical interaction node for
combination therapy. Combination therapy also synergistically decreases cyclinD1, which is
regulated by PI3K, Shh and S6K pathways2%-21(Supplementary Fig. 3e. Thus, while
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BKM120 and LDE225 each successfully attack appropriate targets in PTEN-deficient GBM
cells, both PI3K- and Shh signaling must be targeted to maximally diminish S6K activity
and repress tumor growth.

To identify additional consequences of combination therapy on a genome-wide scale, we
performed Affymetrix microarrays with two different PTEN-deficient GBMs treated with
single drugs or combination therapy. Genes significantly affected by combination therapy in
hBT70 and/or hBT112 (Supplementary Fig. 3f, Supplementary Table 1, include several
genes implicated in GBM prognosis, or identified as targets of Shh, PI3K or S6

pathways 22-24(Figure 4j).

The studies presented here indicate that Shh signaling and PI3K cascades are both activated
in PTEN-deficient GBMs, and therapies that target only PI3K have limited efficacy in these
tumors?®, Instead, a combination of PI3K and Shh signaling inhibitors successfully targets
both pathways and achieves a synergistic effect on S6K signaling. Combination therapy
causes apoptosis as well as mitotic catastrophe, and dramatically reduces tumor growth in
vitro and in vivo.

Activation of Shh signaling has previously been reported in GBMs26:27, Here we find that
expression of gli transcription factors correlates with both pten mRNA levels and pten copy
number in large GBM databases. Our data indicate a causal connection between PTEN and
Shh signaling and identify S6K signaling as a critical node of interaction?8-31 (Figure 4j). In
the absence of PTEN, decreased degradation of PIP3 lipids results in activation of Akt,
mTOR and S6K; S6K activity in turn enhances gli-dependent transcriptionl7-32-34
Stimulation of the Shh receptor, Smo, further enhances S6K signaling. Accordingly PTEN-
deficiency increases PI3K, Shh and S6K signaling, and so a combination of PI3K and Shh
inhibitors results in apoptotic death of PTEN-deficient h\GBM cells.

Previous studies suggest that high doses with inhibitors of either the Shh or PI13K pathway
reduce GBM neurosphere growth and/or colony formation 4:35-38 Here we show efficacy
using doses of the PI3K inhibitor, BKM120 and the Shh pathway inhibitor, LDE225
achievable in vivo through oral administration. These drugs cross the blood-brain-barrier,
have acceptable toxicity profiles and have now entered clinical trials 53940, Qur results
indicate the need to monitor PTEN status and pS6K activation in clinical studies and
highlight the importance of testing these agents as combination therapy for
glioblastoma3940,

Genomic Analysis

GEO database was used to examine pten, glil and gli2 in 100 high grade gliomas (H.
Phillips, GEO Data Set GDS1815)6. Mean robust Z-score of gli1 or gli2 was determined for
the set of tumors with lower pten expression (20-40% of tumors), and for the rest of the
tumors with higher pten expression. Student’s t-test was used to determine whether
differences in glil or gli2 between these groups was significant. Data in Supplementary Fig
1a use a cut off of 22% (Supplementary Figure 1b); this difference was also significant (p <
0.05) for glil and gli2 using a cutoff at 34 or 39%. Similar analysis was carried out for
TCGA data (LBL) in Figure 1a. pten copy number from TCGA’, was categorized as copy
loss (log2 ratio less than —0.3) or copy neutral. The —0.3 threshold represents a minimum in
copy number distribution (Supplementary Figure 1b).
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All human subjects work was reviewed by the Institutional Review Board Committees of the
Brigham and Women’s Hospital and Dana-Farber Cancer Institute for appropriate use, that
informed consent was obtained from all subjects when required, and appropriate waiver of
consent requirements was obtained for minimal risk studies.

Animal studies

All experimental procedures were done in accordance with the National Institutes of Health
guidelines and were approved by the Dana-Farber Cancer Institutional Animal Care and Use
Committee.

GBMs in vitro

Human GBM tumor initiating cell lines (hBT112, hBT145, hBT188, hBT239) were derived
from BWH patients according to IRB approved protocols. hBT70 and hBT75 lines are from
C. David James® (UCSF). Cells from glioblastoma biopsies were implanted into nu/nu mice.
Dissected xenografts were processed as described®. For adherent conditions, cells were
cultured as described12. All cultures were grown in NS-A stem cell media (Stem Cell
Technologies) with EGF (20 ng mI~1), bFGF (20 ng mI~1), 0.2% Heparin (1 pl mi~1).
Viability was determined by Trypan Blue exclusion or by CellTiter-Glo Luminescent Cell
Viability Assay (Promega) at the end of treatment (day 7 for monolayer, day 14 for
neurosphere assays). PTEN knock-down was achieved in hBT188 and hBT239 cultures after
48h infection with lentivirus expressing one of two distinct ShRNAs to pten. Cells were used
after 7 d Puromycin selection (1 jug ml~1) in assays of viability, immunoblotting and real
time RT-PCR. PTEN overexpression was achieved in hBT112 cultures after 48h infection
with a retrovirus expressing full length pten. Cells were used after 1 d Puromycin selection
(1 pg mI~1) in assays of real time RT-PCR.

Live imaging

Human GBM tumor initiating cells (hBT70) were stained with Dil (Vybrant Multicolor
Cell-labelling Kit, Invitrogen) for 20 min at 37 °C, then mixed with unlabeled hBT70 cells,
and plated on laminin-coated (10 pg mi~2, Invitrogen) 12-well plates. 24 h after plating,
drugs or vehicle was added as indicated. Dishes were placed within an incubation chamber
fitted around the stage of an inverted microscope (Nikon Eclipse Ti). For nine fields per
well, images for phase-contrast and fluorescent signal were captured with an XY Z stage-
control system every 15 min over 120 h. Time-lapse images were analyzed with NIS
Elements AR 3.10 software.

In vivo experiments

For orthotopic transplants, hBT112 or hBT145 neurospheres expressing luciferasel3 were
dissociated and resuspended in HBSS at 1x1076 cells/pl. One pl was injected
stereotactically (coordinates: x = -2, y = 0,z = —2) into nu/nu mouse brains. After 6 weeks,
animals were imaged weekly. Animals with increasing BLI were randomly assigned to four
groups. Drugs were administered by oral gavage once daily; ten mice received vehicle
control, ten mice LDE225 at 60 mg kg2, ten mice BKM120 at 30 mg kg™t and ten mice the
combination of LDE225 and BKM120, with 30 min between dosing of the two drugs. MRIs
were performed on two animals per group at the end of treatment on day 65 (vehicle and
LDE225) and day 77 (BKM120 and combo). T2 weighted images were acquired, 3D-
rendered models were generated and tumor volume was measured using 3D Slicer with a
thresholding method!3. Animals were euthanized when ill.

Nat Med. Author manuscript; available in PMC 2014 May 01.
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NVP-LDE225, NVP-BKM120, NVP-LEQ506 and NVP-RADO001 were from Novartis.
NVP-LDE225, NVP-BKM120 were formulated as diphosphate salt in 0.5% methylcellulose
and 0.5% Tween 80 (Fisher) for in vivo studies. For in vitro studies NVP-LDE225, NVP-
BKM120, NVP-LEQ506 and NVP-RADOO01 were suspended in DMSO and used at the
concentrations indicated. GDC-0941 was from Sai Advantium Pharma and ShangHai
Biochempartner. PF-4708671 was a generous gift from Nathanael Gray. Cyclopamine was
from LC laboratories.

ShRNA for pten

hBT188 and hBT239 neurospheres were cultured as monolayer on lamininl2, Lentivirus
(Sh-Control) targets Luciferase. Targeting Sequence for sh-PTENL1 is
CCACAGCTAGAACTTATCAAA, for sh-PTEN2 is AGCCGCTATGTGTATTATTAT.
Protamine was included during lentiviral infection; following infection cells were selected in
puromycin 1 ug mi~1 for 1 week.

Immunoblots

GBM tumor initiating cells were lysed in modified RIPA buffer (50 mM NaTris ph 7.4, 150
mM NacCl, 1% v/v NP-40, 0.25% Na-Deoxycholate, 1 mM DTT, 10 mM NaF, 1 mM active
Na-Vanadate, 1 mM PMSF, 1x Proteinase Inhibitor). Lysates were separated by 4-12%
SDS-PAGE. Antibodies used: rabbit anti-PTEN (1:1000) rabbit anti-Akt (1:1000), rabbit
anti-phospho Akt (Ser473) (1:2000), rabbit anti-phospho Akt (Thr308) (1:1000), rabbit anti-
cyclin D1 (1:5000), rabbit anti-p70 S6 kinase (1:1000), rabbit anti-phospho p70 S6 kinase
(1:1000), mouse anti-S6 ribosomal protein (1:1000), rabbit anti-phospho S6 ribosomal
protein (1:1000), and rabbit anti-actin (1:1000). Anti-cyclinD1 ab was from Millipore; all
other antibodies were from Cell Signaling Technologies. Bands were visualized with
secondary antibodies conjugated to HRP (1:10,000; Bio-Rad) and ECL Western Blotting
Detection Reagents (Amersham); band intensity was quantified with ImageJ 1.42q and
normalized to actin.

Immunocytochemistry

hBT70 cells were plated on laminin-coated cover slips and treated as indicated for 7 d. Cells
were fixed for 15 min in 4% PFA, blocked in 10% normal goat serum, 1% bovine serum
albumin, and 0.1% TritonX-100 in PBS for 30 min at room temperature before staining for
activated caspase-3, or fixed at —20C for 10 min in pre-cooled 100% methanol,
permeabilized at RT for 5 min in 0.2% Triton X-100 and blocked at RT for 30 min in 5%
bovine serum albumin and 0.1% Triton X-100 for spindle staining. Samples were incubated
with primary antibodies for 2 h at room temperature, then with anti-rabbit Alexa Fluor 488
(Invitrogen, 1:800) or anti-mouse AlexaFluor 546 (Invitrogen, 1:800) and DAPI for 1.5 h at
room temperature. All cover slips were mounted using ProLong Gold Antifade Reagent
(Invitrogen). Primary antibodies used were: rabbit anti-activated caspase-3 (Abcam
ab83847, 1:1000), rabbit anti-y-tubulin (Sigma Aldrich #T5192, 1:400) and mouse anti-
acetylated tubulin (Sigma Aldrich #6793, 1:800).

Images were obtained with a Nikon E800 microscope, CoolSnap EZ camera and NIS
Imaging software using a 40x oil objective for y-tubulin and acetylated tubulin and a 20x
objective for activated caspase-3. Images of spindles were acquired using a 100x objective,
Yokogawa Spinning Disk Confocal microscope, Orca ER camera and Andor iQ 2.3
software.
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Immunohistochemistry of in vivo tumors

Specimens were fixed in 10% buffered-formalin, and embedded in paraffin. Five-micron
sections were stained with hematoxylin and eosin (H&E) or used for immunohistochemical
studies. After antigen retrieval (citrate, high temperature) NuMA antibody was used
(Epitomics, S2825, 1:200), Phospho S6 (Cell Signaling #22118S, 1:200) and visualized using
the Envision Plus Detection System (Dako, Carpinteria, CA). Neuropathologists performed
all evaluation and interpretation of brain sections (KL, SR). TUNEL staining was performed
using the DeadEnd Fluorometric TUNEL System (Promega).

Real Time RT-PCR

GBM tumor initiating cells were collected and lysed in either RNAlater (Life Technologies)
or Buffer RLT (Qiagen) and RNA was isolated with RNeasy Plus Mini kit (Qiagen).
Reverse Transcription was performed with a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Quantitative real-time RT-PCR was performed using Tagman
Gene expression assays for human pten (Hs_02621230_s1), human glil (Hs00171790_m1),
human gli2 (Hs_002579771_m1), human ptchl (Hs00181117_m1), and human gapdh
(TagMan Pre-developed Assay reagents). Each analysis was performed in triplicate, was
normalized to gapdh levels for each samples.

Microarray analysis

RNA was isolated as described from hBT112 and hBT70 cells after 5 d of treatment, then
applied to Affymetrix Human Genome U133A 2.0 Arrays by the DFCI microarray facility
http://chip.dfci.harvard.edu. Biological duplicate samples were tested; arrays were
visualized and analyzed using dChip software (http://www.biostat.harvard.edu/complab/
dchip).

Statistical Analysis

All analysis was done using Microsoft Excel or Prism GraphPad 5.00 for Mac OS (San
Diego California, www.graphpad.com), except for analysis of tumor growth in vivo, which
was done using SAS 9.2 (SAS Institute Inc., Cary, NC). Synergistic effects of protein,
mRNA or viability were analyzed by two-way ANOVA factorial design with Bonferroni
post-test. Tests of efficacy were done using one-way ANOVA with Bonferroni post-test,
student’s two-tailed, type2 t-test, or z-test as indicated.

To combine multiple experiments, in each experiment results were normalized to the
associated vehicle control before calculating mean and SEM.

For hBT112 in vivo experiments, normality was checked for all measurements using the
Kolmogorov-Smirnov test, analysis of covariance and analysis of covariance tests were
performed to explore treatment group effect as well as essential covariates among baseline
weight, baseline log bioluminescence, and relative percent change of weight. In longitudinal
modeling, five forms of linear mixed models were considered: 1) linear mixed model with
random intercept, 2) individual linear mixed model with random intercept, 3) random
regression model, 4) random regression model where random slope and intercept are
assumed to be independent, and 5) linear mixed model where a within-subject covariance-
variance structure is specified. Under respective models, group effect (categorized as
vehicle-treated control, BKM120, LDE225, and combination of BKM120 and LDE225) was
introduced as an independent variable, and we examined different combinations of the
covariates and variance-covariance specifications (unstructured, 1-autoregressive, and
compound symmetry). Among all the fit models, the best model was selected based on
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Akaike information criterion (AIC) and significance of covariates. In order to make an
inference on group effect, contrast tests were performed using the selected best model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Coordinate activation of Shh and P13k pathwaysin PTEN-deficient Glioblastoma

(a) gli1, gli2 expression in pten-deficient and —expressing GBMs; robust z-scores for glil,
gli2 (LBL database, 40% cutoff). (*) p = 0.015, (**) p= 1.5 x 1075. (b) gli2 expression and
pten copy number (Broad database 8). (*) p = 0.0002 (Supplementary Figure 1b). (c) PTEN
Immunoblot in GBMs. Actin: loading control. (d) hBT70, hBT75 GBM neurospheres after
treatment with Vehicle, LDE225 (1 pM), BKM120 (100 nM), or combination. Scale bar = 1
mm. (€) Quantification of hBT70 viability in (d). n = 3; two-way ANOVA factorial
interaction to identify synergy in e-h, j. F =5.19, DFn=1, DFd =8, p=10.0523. (*) F =
5.98, DFn =1, DFd = 8, p = 0.0403. (f) Viability of PTEN-deficient lines (hBT70, 112, 145)
and therapies, n=3; (*) F = 10.27, DFn =1, DFd = 8, p = 0.0125. (g) Viability of PTEN-
expressing lines (hBT75, 188, 239) and therapies. n=3; F=0.09, DFn=1,DFd=8, p=
0.7749 (n.s. = not significant). (h) PTEN Immunoblot in GBM cells. Actin: loading control.
(i) pten, glil, gli2 mRNA normalized to gapdh. Results normalized to no virus, * = p < .05,
** =p<.01, ***=p<.005, T =0.06. hBT188 cells (n = 8), For sh-control: p=0.36, 0.72,
0.20 for pten, glil, gli2, respectively; for sh-PTEN1 p = 0.03, 1.1x10712, 0.0004 for pten,
glil, gli2; for sh-PTEN2 p = 0.03, 0.0003, 9x1076 for pten, glil, gli2,. hBT239 cells (n = 6),
For sh-control p= 1.3, 1.1, 2.72 for pten, glil, gli2, respectively; sh-PTEN1 p = 0.03,
0.0002, 0.008 for pten, gli1, gli2,; for sh-PTEN2 p = 0.03, 4.3x10714, 0.06 for pten, glil,
gli2,. Z-test with Bonferroni post-test, comparison to one. (j) GBM response to therapies
after pten knock-down hBT188 cells, n = 10, two technical replicates each in five
experiments (sh-PTENL: (*) F =4.69, DFn=6, DFd =81, p=0.004; sh-PTEN2: (*) F =
3.10, DFn =6, DFd = 81, p = 0.008): hBT239 cells, n =9, two technical replicates in three
experiments (sh-PTENL: (*) F =2.59, DFn=6, DFd =72, p=0.02; sh-PTEN2: (*) F =
2.47, DFn=6, DFd =72, p=0.03). Error bars; + S.E.M.
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Figure 2. Combination of PI3K- and Smo-inhibition reducestumor growth in vivo

(a) Relative bioluminescence during 80 d of treating intracranial luciferase-expressing
hBT112 (n = 10 mice/group). Daily vehicle, LDE225 (60 mg kg™1), BKM120 (30 mg kg™1),
or combination therapy. (b) Relative bioluminescence during 100 d of treatment in mice
with luciferase-expressing hBT145 (n = 10 mice/group). Drugs above, given in cycles of 3
weeks on, 1 week off. Non-takers, non-tumor deaths censored (<1 animal per group).
Treatment groups differ by two-way ANOVA (p < 0.0001). Combination treatment differs
from BKM120 after Bonferroni post-test (p < 0.0001). (c) Kaplan-Meier analysis shows
increased survival with combination therapy or BKM120, (p < 0.0001) by two-way
ANOVA with Bonferroni post-test. (d) Relative bioluminescence of combination therapy
and BKM120 treated mice on day 145 (BKM120, combination groups: 7 mice each), day
162 (BKM120: 4 mice; combination: 6 mice). (*) p=0.03, (**) p = 0.01 by t-tests. (€) MRIs
on day 65 (vehicle, LDE225), day 77 (BKM120, combination). 3-D reconstructions; tumor
tissue (blue), arrowhead: anterior, tumor volumes indicated. (f) Immunostaining for human
NuMA shows tumor cells within mouse brain (day 65 for vehicle, LDE225, day 80 for
BKM120, combination). Scale bar = 5mm.
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Figure 3. Cellular basisfor efficacy of combination treatment

(a) Time-lapse imaging (120 h) of hBT70 cells. Time after drug application in hh:mm:ss,
Scale bar = 25um. (b) Data from 60 cells per condition, three technical replicates, p =
0.0045 by one-way ANOVA. (*) p < 0.05 with Bonferroni post-test. (c) Immunostaining for
activated caspase-3 in hBT70, DAPI nuclear staining, Scale bar = 50pm. (d) Apoptotic
index increased in combination therapy, n = 3; p < 0.0001 by one-way ANOVA, (*) p<
0.05 with Bonferroni post-test. (€) TUNEL staining in hBT112 xenografts, DAPI nuclear
staining, Scale bar = 50pM. (f) Apoptotic index in vivo increased in combination therapy, N
= 2000 cells per condition, p < 0.0001 by one-way ANOVA, (*) p < 0.05 after Bonferroni
post-test. (g) hBT70 treated, stained for DAPI (blue), y tubulin (centrosomes; green),
acetylated tubulin (spindles; red). Monopolar spindle (right) and normal, bipolar spindle
(left). Scale bar = 10pum. (h) Monopolar spindles increased with combination therapy. > 261
cells per treatment, in two independent experiments, (*) p < 0.001 by chi-square. (i)
Immunostaining for human NuMA in hBT112 xenografts. Arrowheads indicate abnormal
mitoses, Scale bar = 50 M. Error bars; £ S.E.M.
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Figure 4. Combination therapy targets Pl 3k, Shh and S6k pathways

(a) Immunoblots of phosphorylated and total AKT in hBT112 treated with LDE225 (1 pM),
BKM120 (500 nM), combination therapy, Actin: loading control. (b) glil, ptch1 mRNA
levels normalized to gapdh (n = 3): Error bars; +/- SEM, p < 0.05 by one-way ANOVA,
Tukey post-test. (c) glil mRNA levels normalized to gapdh (n = 3): Error bars; +/— SEM,
(*) p<0.005 by z-test compared to one: (**) p < 0.05 by one-way ANOVA, Tukey post-
test. (d) Combination treatment with RAD001 (1 nM, 10 nM, 50 nM), and LDE225 (1 pM)
synergistically reduces viability of hBT70 (n = 3), two-way ANOVA factorial interaction (*)
F =10.45, DFn = 3, DFd = 16, p = 0.0005. (€) Immunoblots of phosphorylated and total
S6K, S6 from hBT112, Actin: loading control. (f) Immunostaining of phosphorylated S6
(pS6) in hBT112 xenografts after 65 d (vehicle, LDE225), 77 days treatment (BKM120,
combination). Scale bar = 50pum. (g) pS6-positive cells decreases with LDE225,
combination therapy in vivo. Data represent = 900 cells per condition, (*) p = 0.0003 by chi-
square, Bonferroni post-test. (h) SAG increases pS6 intensity per cell increases in hBT112.
Means of = 1944 cells from three independent experiments. (*) p = 0.01 by one-way
ANOVA with Tukey post-test. (i) hBT112 shows decreased viability (n = 3): (*) p < 0.05 by
one-way ANOVA with Bonferroni post-test. (j) Model of interaction between PI3K, Shh
pathways in PTEN-deficient GBMs. Error bars; £ S.E.M.
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