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Several small molecules that inhibit the PI3 kinase
(PI3K)-Akt signaling pathway are in clinical develop-
ment. Although many of these molecules have been
effective in preclinical models, it remains unclear
whether this strategy alone will be sufficient to interrupt
the molecular events initiated and maintained by signal-
ing along the pathways because of the activation of other
pathways that compensate for the inhibition of the tar-
geted kinase. In this study, we performed a synthetic
lethality screen to identify genes or pathways whose
inactivation, in combination with the PI3K inhibitors
PX-866 and NVPBEZ-235, might result in a lethal phe-
notype in glioblastoma multiforme (GBM) cells. We
screened GBM cells (U87, U251, and T98G) with a
large-scale, short hairpin RNA library (GeneNet),
which contains 43 800 small interfering RNA sequences
targeting 8500 well-characterized human genes. To
decrease off-target effects, we selected overlapping
genes among the 3 cell lines that synergized with PX-
866 to induce cell death. To facilitate the identification
of potential targets, we used a GSE4290 dataset and
The Cancer Genome Atlas GBM dataset, identifying
15 target genes overexpressed in GBM tissues. We
further analyzed the selected genes using Ingenuity
Pathway Analysis software and showed that the 15
genes were closely related to cancer-promoting path-
ways, and a highly interconnected network of aberra-
tions along the MYC, P38MAPK, and ERK signaling
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pathways were identified. Our findings suggest that inhi-
bition of these pathways might increase tumor sensitivity
to PX-866 and therefore represent a potential clinical
therapeutic strategy.
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BM is the most common primary brain tumor.
GRecent progress in understanding the molecular
events that occur during GBM development
and progression has increased interest in developing
signal pathway-specific small-molecule kinase inhibi-
tors for treatment of cancer in general and GBM in par-
ticular."~®> Among these inhibitors are erlotinib and
gifitinib, which target the epidermal growth factor
receptor; > rapamycin and RADO01, which target
mammalian target of rapamycin (mTOR);®” and
PX-866 and NVPBEZ-235, which target
phosphatidylinositol-3  kinases (PI3  kinases or
PI3Ks).*? Although all these agents have shown good
preclinical inhibitory activity, it remains unclear
whether inhibition by these molecules alone will be suf-
ficient to interrupt the molecular events initiated and
maintained by signaling along the pathway because of
activation of other compensatory or collateral pathways
compensating for the inhibition of the targeted kinase.”
It is therefore important to identify combinations of
specific molecular agents that together can shut down
these compensatory and collateral pathways and
enhance the efficacy of inhibiting the PI3K pathway.
Large-scale RNA interference screening may be
useful for identifying novel targets for such drugs;'®
functional genetic screening has already been found to
be highly effective in the unbiased identification of
novel genes involved in biological processes.'""'* In the
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present study, we performed synthetic lethality screening
to identify genes or pathways whose inactivation, in
combination with targeting of the PI3 kinase pathway
by small-molecule inhibitors, would result in a lethal
phenotype in GBM cells."*> We used the GeneNet
human short hairpin RNA (shRNA) library, which con-
tains 43 800 small interfering RNA (siRNA) sequences
targeting 8500 well-characterized human genes listed
in the National Center for Biotechnology Information
RefSeq database.!* The siRNA template sequences
were designed to hybridize to oligonucleotide probes
on the GeneChip Human Genome Focus Array
(Affymetrix) to facilitate the identification of siRNA
inserts. The shRNA library was used in combination
with a new PI3K inhibitor, PX-866,"%"'¢ and a genome-
wide screening was performed using microarrays to
identify targets or pathways whose inactivation sensi-
tized cells to PX-866—induced cell death. We describe
here a functional genetic screen designed to identify
synergistic targets that would complement the effects
of a PI3K inhibitor and help provide the rationale for
combining the targeted therapies in GBM patients.

Materials and Methods

Cell Lines and Reagents

To identify novel synergistic targets in human GBM, we
used glioma cells with different genetic backgrounds:
U87 (bearing wild-type p53), U251 (bearing mutant
p53), and T98G (bearing wild-type phosphatase and
tensin homolog [PTEN]). All cell lines were maintained
as monolayer cultures in Dulbecco’s modified Eagle’s
medium/F12 medium supplemented with 10% fetal
bovine serum and penicillin/streptomycin (all from
Life Technologies).'”

PX-866 is a biologically stable synthetic viridin
related to wortmannin''~"? that inhibits PI3K by
binding covalently to Lys-802 of the catalytic site of
pl10a (more potently than wortmannin) (14) and
Lys-883 of p110y (16); PX-866 also inhibits p1103.
PX-866 was obtained from G. Powis, who is a consult-
ant to Oncothyreon, which is developing PX-866. A
second PI3K inhibitor, NVP-BEZ235 (Novartis), was
also tested to validate the screening process.

shRNA Library Screening Assay

We used the GeneNet Human 8.5K shRNA Library
(System Biosciences) to screen target genes whose inacti-
vation in combination with PI3K inhibition by the lead
drug, PX-866, would lead to a lethal phenotype in the
U87, T98G, and U251 GBM cell lines. The library was
cloned into a feline immunodeficiency virus (FIV)-
based pFIV-H1-cop green fluorescent protein (GFP)
shRNA expression vector.'” The cells were infected
with the shRNA expression vector using the manufac-
turer’s protocol (System Biosciences). In brief, 1 x
10°/10 cm? of each glioma cell line was infected with
2 multiplicities of infection (MOI) of the lentiviral

368 NEURO-ONCOLOGY < APRIL 2011

shRNA library that target 8500 genes with 4 or §
siRNAs per gene. After 48 h, one plate was treated
with 5-uM PX-866 for an additional 72 h and the
other plate was left untreated. Viable cells from both
plates were harvested to extract total RNA.

Inserted siRNAs were amplified by means of PCR
using shRNA library—specific biotinylated primers for
subsequent hybridization to an Affymetrix Genome
Focus Array (Affymetrix) in the MD Anderson Cancer
Center microarray core facility. Each microarray con-
sisted of 8793 probe sets, representing 8137 distinct
UniGene clusters (UniGene Build 186, August 2005).
Scan outputs of hybridization signals were modeled
and normalized as summarized gene expression values
using DNA-Chip Analyzer software (Affymetrix).
Expression measurements of each array were obtained
using the GeneNet software package (System
Biosciences). Expression data were normalized using
the R statistical computing platform and packages
from Bioconductor bioinformatics software project
(version 2.3.1). Expression profiling of cells treated
with PX-866 alone performed with Affymetrix
GeneChip arrays was used as a control to test if there
were significantly overlapped genes with that of genes
produced by PX-866 treatment with the sShRNA pools.
Since cell viability is our functional assay for shRNA
library—transduced cells followed by PX-866 treatment,
the shRNA signal absent in the PX-866—treated array
but not in the control-treated array will be taken as
evidence for synthetic lethality.

To identify differentially expressed genes, we per-
formed the unequal variance #-test on each probe set.
Because of the multiple comparisons, we expected
many low P values due to chance alone. Given our
null hypothesis that no genes would provide useful infor-
mation about predicting response to combination treat-
ment, we expected an overabundance of small P values.
We captured this situation by modeling the distribution
of the P value as a beta-uniform mixture. This analysis
has been used to estimate false discovery rates that
accompany particular P values derived from the #-test.”’

To identify the potential targets, we used a GSE4290
dataset? and The Cancer Genome Atlas (TCGA)
dataset’ as validation datasets that facilitated our
identification and selection of potential targets. In
addition, we used Ingenuity Pathway Analysis (IPA;
Ingenuity Systems) software to identify relevant path-
ways or networks (P for all <0.05).%?

Lentiviral-Expressing shRNA

Retroviral-expressing shRNA specific to the RACK1
available from Open Biosystems was used to inactivate
gene expression in glioma cell lines. We generated at
least 3 shRNA vectors for each target in a lentiviral
vector with the H1 promoter driving the expression of
shRNA. This vector also contains a puromycin selectable
marker. Lentiviral production was done as described
(39). Briefly, the packaging cell line 293T (8 x 10°) was
plated on poly-L-lysine-coated 100-mm tissue culture
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plates (Corning) and transfected the following day.
FuGeneé6 (Invitrogen) cotransfected with 1 wg of the
transducing RACK1 shRNA, 1 pg of the packaging
vector pCMV, and 1 pg of the vesicular stomatitis virus
envelope vector, according to the manufacturer’s instruc-
tions. The medium was changed the next day, and cells
were cultured for another 24 h. Conditioned medium
was then collected and cleared of debris by filtration
through a 0.45-pm filter and stored at —70°C. This col-
lection was repeated daily for 3 more days, and media
from the 3 days were pooled and added to U87 and
U251 cells at a density of 1 x 105 cells for 3 days.
Following shRNA transduction, clones resistant to puro-
mycin were isolated and assayed for gene expression
using western blotting analysis. We tested 3 shRNAs
for RACK1 and selected cell lines expressing at least
<70% of the target gene expression for further validation
experiments.

Cell Proliferation Assay

Cells were seeded in 96-well plates (1000 cells/well) and
incubated at 37°C for 24 h before addition of serial
dilutions of PX-866. Growth inhibition was determined
using the sulforhodamine B (SRB) viability assay.
The half maximal inhibitory concentration value was cal-
culated as the mean drug concentration required to inhibit
cell proliferation by 50% compared with vehicle controls.

Statistical Analyses

We used the 2-sample #-test to identify genes that were
differentially expressed between 2 classes of treated
and untreated shRNA library—infected cells. In brief,
the P value for the differential expression of each
probe (gene) between groups of treated and untreated
shRNA library—infected cells was computed on the
basis of the test statistic. The false discovery rate was
then used to identify genes that would predict response
to combination treatment, as described previously.*’
All in vitro assays were performed in triplicate.

Results

shRNA Library Screen for Genes Sensitizing to PX-866

To screen shRNA libraries for target genes whose inacti-
vation led to a lethal phenotype when combined with
PX-866 treatment in cancer cells, we used U87, U251,
and T98G cell lines. Detailed experimental procedures
are outlined in Figure 1A. Using a lentiviral vector carry-
ing a GFP reporter gene, we established that a MOI of 2
resulted in 95-100% transduction efficiency in U87
cells. Next, one plate was left untreated and the other
plate was treated with 5 uM of PX-866 for 72 h. In
cells infected with the library alone, GFP was uniformly
distributed. By contrast, PX-866 treatment resulted in
significant phenotypic variability. Our previous study
showed that treatment with PX-866 alone induced a

marked increase in the number of U87 cells in the G1
phase after 48 h.'® These initial assays showed that the
integrated systems in the U87 cell line behaved as expected,
showing >35% cell death. Therefore, this system was
used to screen the ShRNA library, targeting 8137 genes.
Instead of sequencing individual cell lines, we used a high-
throughput approach. The array dataset of each cell line
consisted of 6 Affymetrix GeneChip Human Genome
Focus Arrays. Data were normalized to analyze, and calcu-
lating a ¢-score generated a hit list. The scatter plot of the
analysis, shown in Figure 1B, verified that each GeneNet
shRNA library was efficiently transduced and expressed
in the 3 cell lines without a significant loss of represen-
tation by amplifying siRNA inserts from pseudoviral
RNA that had been isolated from the cell’s total RNA.
To identify shRNAs that modulate the lethal pheno-
type, we measured the viability of shRNA library—trans-
duced cells after PX-866 treatment and compared it with
the viability of untreated cells separately for each cell line;
the absence of an shRNA signal in the drug-treated array
but not the untreated array was considered evidence of
synthetic lethality. On the basis of the experimental
design, genes whose shRNA expression in untreated
cells was 2 times higher than that in PX-866—treated
cells were selected for further analysis. To avoid off-target
effects, as shown in Table 1, we selected 30 overlapping
genes among 3 cell lines identified by the screen and
showed that knockdown of these genes together with
PX-866 treatment could lead to a lethal phenotype
regardless of the genetic background of the cell lines.

Primary Target Validation Using Public Databases

After identifying genes that produced a lethal phenotype
in the 3 GBM cell lines, we performed the first round of
validation of these genes using public GBM databases.
To gain insight into the expression of the identified
target genes in GBM tissues, we assessed an independent
public GBM gene dataset (the GSE4290 dataset).”* We
performed hierarchical cluster analysis of the genes
highly expressed in all 3 cell lines using a 2-sample
t-test (P =.01). Hierarchical cluster analysis of the 30
overlapping genes revealed overexpression patterns of
15 genes in specimens from 116 GBM patients rep-
resented in the GSE4290 dataset, as compared with 21
nontumor tissues (Fig. 2). Therefore, we selected the
15 genes as a subset of our target genes shown in bold
type in Table 1. Of the 116 GBM patients, 67 were con-
sidered short-term survivors (<2 y) and 16 were con-
sidered long-term survivors (>2 y) (Supplementary
Fig. S1). Kaplan—Meier plots and log-rank survival ana-
lyses showed that the median overall survival time of all
the patients with overexpression of the 15 genes was
shorter (40.2 wks) than that in a group with lower
expression of the genes (59.7 wks), indicating that over-
expression of the 15 target genes was associated with
activation of cancer-related pathways. To confirm that
overexpression of these 15 genes constituted an unfavor-
able phenotype in GBM, we assessed data from the
TCGA project (Supplementary Fig. S2). In this dataset
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Fig. 1. (A) Outline of functional screening with GeneNet shRNA libraries showing the general steps required to identify genes that modulate
a specific phenotype: transduction of the library into target cells, selection of cells with the desired phenotype, and identification
of phenotype-inducing siRNAs and corresponding target genes by hybridizing amplified shRNA cassettes with a GeneChip Array.
(B) Representative results of an analysis of shRNA inserts in U87, U251, and T98G GBM cells infected with the Human 8.5K shRNA
Library in pFIV-H1-Puro vector. Cells were infected separately and harvested 72 h after PX-866 treatment. shRNA inserts were amplified
and hybridized as described in Materials and Methods. Green and red reflect the threshold and identified target genes, respectively.
Mean log intensity of gene expression is represented along the x-axis. The y-axis shows the mean log ratio. The ratio for most probes
was scattered around 1.0 (no change), with a range between 0.5 and 2.0.

(which contains data for 200 short-term survivors and
54 long-term survivors), the correlations among the
expression levels of the 15 genes were highly consistent
with those for the GSE4290 dataset. In addition, data
in the GSE4290 dataset allowed us to determine that
these genes were also overexpressed in stage II and
stage III glioma (data not shown), suggesting that the
15 genes are involved in glioma progression.

Secondary Target Validation Using Another
PI3K Inhibitor

For secondary validation, we performed a similar
shRNA library screening with the U87 cell line using a
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dual PI3K/mTOR inhibitor, NVP-BEZ235. We have
shown previously that PX-866 and NVP-BEZ235 at
micromolar and nanomolar concentrations can effec-
tively suppress U87, U251, LN229, and LN18 cell
growth.'®'® We also observed that the 2 agents caused
the same pattern of dose-dependent growth inhibition
and G1 cell cycle arrest in glioma cells. Therefore, the
same shRNA library was used to test the effect of
NVP-BEZ235 in U87 cells. The NVP-BEZ235 screen
also identified the 15 genes set similar to the PX-866
screen, with very consistent expression levels of the
inhibited targets in the comparison analysis (Table 2).
These findings further confirm the reproducibility of
the synthetic lethality screen and suggest that the
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Table 1. Overlapping genes among three cell lines using PX-866

Gene Fold

ACCno symbol ratio Description

NMO016270  KLF2 —5.8 Kruppel-like factor 2 lung

U11282 FUT7 —5.0 fucosyltransferase 7 alpha 13
fucosyltransferase

NMO012418 FSCN2 —4.9 fascin Strongylocentrotus
purpuratus homolog 2

NMO006098* RACK1 —4.8 receptor for activated
C-kinase 1

BC005241  MRE11A —4.7 meiotic recombination
S. cerevisiae 11 homolog A

u48297 PTP4A2 —4.6 protein tyrosine phosphatase
type IVA member 2

NM003299 HSP90B1 —4.0 heat shock protein 90kDa
beta Grp94 member 1

NMO015995 KLF13 —3.9 Kruppel-like factor 13

BC001360 RHOA —3.7 Ras homolog gene family
member A

L19184 PRDX1 —3.6 peroxiredoxin 1

U06935 TEF —3.6 cystatin B stefin B

u17714 ST13 —3.5 suppression of tumorigenicity
13 colon carcinoma Hsp70
interacting protein

NMO004369 COL6A3 —3.5 collagen type VI alpha 3

U43328 HAPLN1 —3.3 hyaluronan and proteoglycan
link protein 1

NMO002896 RBM4 —3.3 RNA binding motif protein 4

ALO39831 JAK1 —3.1 janus kinase 1 a protein
tyrosine kinase

NMO020365  EIF2B3 —3.1 eukaryotic translation
initiation factor 2B subunit
3 gamma 58kD

BC000733  EIF354 —3.0 eukaryotic translation
initiation factor 3 subunit
G

NMO001438 ESRRG —3.0 estrogen-related receptor
gamma

NMO019076 UGT1A6 —3.0 UDP glycosyltransferase 1
family polypeptide A6

NMO006078 CACNG2 —2.8 calcium channel
voltage-dependent gamma
subunit 2

NMO003668 MAPKAPK5 —2.7 mitogen-activated protein
kinase-activated protein
kinase 5

NM001408 CELSR2 —2.6 cadherin EGF LAG
seven-pass G-type
receptor 2

NM005271  GLUD1 —2.6 glutamate dehydrogenase 1

Al761759 CANX —2.6 calnexin

AF283777  CD72 —2.5 CD72 molecule

NM006494 CDC42BPA —2.5 CDC42 binding protein
kinase alpha DMPK-like

AF028333  GDF11 —2.5 growth differentiation
factor-11

NM022443 MLF1 —2.2 myeloid leukemia factor 1

AF196175  TRPV1 —2.2 transient receptor potential
cation channel subfamily V
member 1

15 genes identified may be potential novel targets that
have synergistic effects with PI3K inhibition in GBM.

IPA

We further analyzed the signal pathway relationship of
the 15 genes using IPA software to gain integrated bio-
logical insight into the underlying molecular pathways
that are differentially expressed in functional units of
the targets. We focused on pathways that are associated
with cell death and growth arrest because of our selec-
tion schema for cell viability loss based on our findings
regarding the effects of shRNA inhibition of these
targets on cell viability in the context of PI3K inhibition.
A protein—protein interaction network analysis was per-
formed using existing knowledge about GBM-related
networks, in particular the PI3K and Akt signaling path-
ways. The protein—protein interaction analysis ident-
ified several interacting genes among the 15 target
genes identified from the public databases; these
included genes encoding the G-protein coupled receptor
(RACK1); kinases (CDC42BPA and MAPKAPKS); a
growth factor (GDF11); and transcription regulators
(KLF13 and FEIF354). We also mapped clusters of
targets to functional networks and cellular pathways in
order of the strength of correlation, as determined by
the P value. Figure 3A shows the results of the gene
ontology functional analysis of various sets of the 15
target genes; these genes are known to be involved in
cancer-initiated cellular processes and functional dis-
orders in many cancers. Figure 3B shows the interactions
among these genes in various cancer-promoting path-
ways, in particular cancer-specific signaling, cell-cycle
regulation, cellular growth and proliferation, and
cytokine-specific signaling (Fig. 3A and B). When
inspecting the two analyses, we found that the 15 gene
sets have the functional relevance of cancer-related fea-
tures, consistent with the results of the glioma-related
databases. This analysis also identified a highly intercon-
nected network of aberrations, including 12 genes that
interact with MYC, P38MAPK, and ERK1/2 (Fig. 4),
which suggests that inhibition of these pathways might
increase cellular sensitivity to either PX-866 or other
PI3K inhibitors.

Validation of Target

We validated one of the targets, RACK]1, in this study.
First, endogenous expression of RACK1 was checked
in a battery of glioma cells using anti-RACK1 antibody
in Western blot analysis, and Figure SA shows that
glioma cells express high levels of RACK1. We selected
U87 and U251 glioma cells that express high levels of
RACK1 and generated U87 and U251 RACK1 knock-
down cell lines. RACK1 knockdown cell lines were gen-
erated using a recombinant shRNA retroviral vector
with 4 different shRNA species against RACK1 using
Open Biosystems retroviral shRNA against RACK1
(Fig. 5B). In an attempt to validate RACK1 as a
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Fig. 2. Hierarchical clustering of the GSE4290 dataset of 116 GBM samples from patients with GBM and 21 nontumor tissues from the same
patients based on the 30 genes we found overexpressed in all 3 of our cell lines. Genes with an expression ratio that differed by a factor of at
least 2 were selected for hierarchical analysis (8015 gene features). Thirty probe sets (22 genes) were generated using a two-sample t-test
(P =.01) between 2 populations. Fifteen genes were overexpressed in the GBM samples, and 7 genes were downregulated, with 8 genes
not showing in this analysis. The 30 probe sets are presented here in matrix format showing supervised hierarchical clustering, where rows
represent individual genes and columns represent each tissue. Each cell in the matrix thus represents the expression level of a particular gene
in an individual tissue. Red and green cells reflect high and low expression levels, respectively. Each blue bar represents a nontumor tissue.

Table 2. Fifteen genes regulated by PX-866 and NVP-BEZ235 in

u87 cells

ACCno Gene symbol PX-866 NVP-BEZ235
NMO006098 RACK1 -9.6 —-2.0
BC005241 MRET1A —3.6 —-2.0
NMO015995 KLF13 —3.4 —5.6
BC001360 RHOA —2.7 1.1
L19184 PRDX1 —-5.8 —-33
NMO004369 COL6A3 —2.2 —-23
NMO002896 RBM4 —-2.4 —4.8
BC000733 EIF3S4 —3.8 —2.2
NMO003668 MAPKAPK5 —-5.3 —-1.8
Al761759 CANX —-3.4 —-2.0
AF283777 CD72 —-2.1 —-1.6
NMO006494 CDC42BPA —-25 —-1.6
AF028333 GDF11 —-2.0 -1.3
NMO022443 MLF1 —4.3 —-2.1
AF196175 TRPV1 —-3.1 -1.8

synergistic target, we tested the sensitivity of RACK1
knockdown cells with the PI3K inhibitor PX-866. The
cell viability assay showed that RACK1 knockdown
cells showed enhanced sensitivity to PX-866, confirming
that inactivation of RACKI1 sensitizes glioma cells to
PX-866—induced cell death, thereby showing a strong
synergism of inactivating PI3 kinase and RACKI1
(Fig. 5C).

Discussion
Several small molecules that inhibit the PI3K-Akt signal-
ing pathway are in clinical development. In preclinical

models bearing PTEN/PIK3CA mutations, however,
single-agent Akt and dual PI3K/mTOR inhibitors only
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delay tumor growth and do not shrink existing
tumors.”>*® Even when PI3K/Akt inhibition is effective
in preclinical cancer models, apoptosis is not induced.””
Thus, single-agent PI3K pathway inhibitors often do not
yield the expected responses in cancers that are supposed
to be sensitive to these inhibitors.”® One potential reason
for the limited efficacy of PI3K inhibition alone is the
existence of compensatory or redundant pathways in
tumor cells. For example, inhibition of mMTORC1 leads
to activation of the ERK and PI3K signaling pathways,
showin% increased Akt activity and downstream
signals.”” Taken together, the evidence from the
present and prior studies suggests that combining mul-
tiple pathway inhibitors might be more effective.

In this study, we developed a comprehensive method
for identifying molecular targets whose inactivation
could enhance the therapeutic efficacy of PI3K inhibi-
tors, suggesting that combinations of PI3K inhibitors
and agents targeting those molecules can act synergisti-
cally to improve therapeutic efficacy, thus, affirming
that testing for synthetic lethality is useful for identifying
new targets that would complement the effects of drugs
of interest.’**! Here, we used a retrovirus-based library
that can target approximately one-third of human genes
and a platform whereby we could systematically assess
the loss-of-function phenotypes.®” Identifying the genes
that are essential for cell survival may facilitate the dis-
covery of compensatory signaling pathways that impair
the effectiveness of PI3K pathway inhibitors clinically.??
Using a synthetic lethality screen, we confirmed the func-
tional relevance of 15 cancer-related genes through the
use of the glioma-related databases and by analyzing
molecular pathways, showing that most, but not all, of
the target genes can lead to activation of the ERK signal-
ing pathway. Remarkably, recent studies showed that
for many cancers, combined PI3K-Akt and
Raf-MEK-ERK inhibition was required to effectively
shut off PI3K/mTOR signaling and promote apoptosis
through Bcl-2 family proteins.”
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Gene sets for each different functional group

A) Cancer (Tumorigenesis) (CANX, CDC42BPA, COL6A3, RACK1, MLF1, MRE11A, RHOA, TRPV1)

Focal adhesion (CDC42BPA, RHOA, RACK1)
Cell migration (RACK1, RHOA, TRPV1)
Cell cycle progression (GDF11, MLF1, RHOA)

Cell division process (GDF11, MLF1, RACK1, RHOA)
Genetic disorder (CANX, CD72, CDC42BPA, COL6A3, GNB2L1, MLF1, MRE11A, PRDX1, RHOA, TRPV1)

Immunological disorder (TRPV1)

Neurological disorder (CANX, CDC42BPA, COL6A3, RACK1, KLF13, MLF1, PRDX1, TRPV1)
Cellular growth and proliferation (CD72, GDF11, RACK1, PRDX1, RHOA)

Connective tissue disorder (RHOA)
Skeletal and muscular disorder (COLB6A3)

Cellular development process (CD72, KLF13, MLF1, RACK1, RHOA, TRPV1)

B) Breast cancer regulation (RACK1, RHOA)

Colorectal cancer metastasis signaling (RACK1, RHOA)

Glioblastoma invasiveness signaling (RHOA)

Role of BRCA1 in DNA damage response (MRE11A)
Role of CHK proteins in cell cycle checkpoint regulation (MRE11A)

ATM signaling (MRE11A)

Ephrin receptor signaling (RACK1, RHOA)
mTOR signaling (EIF3S4, RHOA)

Protein Kinase A signaling (RACK1, RHOA)
Axonal guidance signaling (RACK1, RHOA)

CCRS signaling (RACK1, RHOA)

CXCR4 signaling (RACK1, RHOA)

IL-8 signaling (RACK1, RHOA)

Lipid antigen presentation by CD1 (CANX)
Antigen presentation pathway (CANX)
Stilbene and coumarine biosynthisis (PRDX1)

Fig. 3. (A) Gene ontology analysis using IPA shows stratification of 15 genes in cancer-initiating functions. (B) IPA shows that
cancer-promoting pathways were major pathways for genes identified in the synthetic lethality screening. Each function (or pathway)
shows a statistically significant change, and the number in parentheses represents the number of genes in each category. The same gene
could be represented multiple times in each category.

Fig. 4. Network mapping of 12 gene sets found to have significant
changes in pathways by IPA. Each gene connects the top 3
signaling pathways, that is, the MYC, ERK, and p38MAPK
pathways. Red indicates a target gene; the uncolored ovals show
the names of the 3 main interacting genes. Arrows indicate gene
products that act on other gene products.

The genome-scale screening method used in our study
has been reported to be powerful, because it can reveal
interactions not only between gene products that have
direct contact but also between those whose signaling

occurs along the same or parallel pathways.>” An advan-
tage of a large-scale shRNA library is that it is genome-
wide and is robust for most if not all relevant targets.
The key practical issues when performing RNA interfer-
ence screening in mammalian cells are assay develop-
ment, library selection, target validation, robust
statistical algorithms, and functional validation exper-
iments.*® We used retroviral vectors under optimized
conditions so that cells are infected by only a single
virion during retroviral transduction.?” Monitoring phe-
notypic changes simplified the subsequent identification
of functional clones from the library and allowed us to
rapidly screen millions of cells. This approach can be
readily adapted to other cell types and phenotypic
changes. Some siRNAs have “off-target” effects, and
these effects are often the result of the RNAs being par-
tially homologous to other transcripts. A sequence iden-
tity of as few as 11 or 12 nucleotides between an siRNA
and an mRNA may be sufficient for interference to
occur,®® indicating that cross-reactivity is a substantial
problem. However, the shRNA library used in our
study was designed to avoid off-target effects by mini-
mizing the similarities between shRNAs and other
transcripts.

We performed a target-specific screening with
another PI3K/mTOR inhibitor, NVP-BEZ235, which
confirmed the functional validity of the high-throughput
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Fig. 5. (A) Western blot showing RACK1 expression in glioma cells. (B) Stable knockdown of RACK1 in glioma cells. U87 and U251 cells
were treated with a shRNA retroviral vector with different shRNAs against RACK1. RACK1 knockdown was observed by decreased
expression of RACK1. (C) Cell viability assay to determine the synergistic effect of knocking down the PI3 kinase pathway (PX-866) and
RACK1 expression. Inactivation of RACK1 differentially sensitizes glioma cells to PX-866—induced cell death.

screening, suggesting that our robust screening strategies
facilitated the selection of high-confidence target genes
that could be rationally combined with PI3K pathway
inhibitors. In addition, the target validation was done
using the shRNA approach to inactivate the individual
target, and inactivation of the target gene showed an
additive effect with PX-866 in growth inhibition.

The success of this large-scale screening approach is
illustrated by our bioinformatics and molecular discov-
ery that the target genes might be a significant contribu-
tor to the molecular mechanisms that underlie and
regulate selective sensitivity of GBM cells to PI3K inhibi-
tors. Our data strongly established the effectiveness of
searching for synthetic lethality using an shRNA
library with a specific molecular inhibitor to perform
genome-wide screening of potential targets or pathways
whose inactivation would synergize the antitumor
effects of the drug. We expect that our results will not
only advance knowledge of the interdependency
among complex signaling pathways and their response
to particular targeted therapies, but also increase the
number of combination therapies for GBM.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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