Functional genomics reveals that tumors
with activating phosphoinositide 3-kinase
mutations are dependent on accelerated
protein turnover
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Activating mutations in the phosphoinositide 3-kinase (PI3K) signaling pathway are frequently identified in cancer.
To identify pathways that support PI3K oncogenesis, we performed a genome-wide RNAI screen in isogenic cell
lines harboring wild-type or mutant PIK3CA to search for PI3K synthetic-lethal (SL) genes. A combined analysis of
these results with a meta-analysis of two other large-scale RNAi screening data sets in PI3K mutant cancer cell lines
converged on ribosomal protein translation and proteasomal protein degradation as critical nononcogene depen-
dencies for PI3K-driven tumors. Genetic or pharmacologic inhibition of either pathway alone, but not together,
selectively killed PI3K mutant tumor cells in an mTOR-dependent manner. The expression of ribosomal and pro-
teasomal components was significantly up-regulated in primary human colorectal tumors harboring PI3K pathway
activation. Importantly, a PI3K SL gene signature containing the top hits of the SL genes identified in our meta-
analysis robustly predicted overall patient survival in colorectal cancer, especially among patients with tumors with
an activated PI3K pathway. These results suggest that disruption of protein turnover homeostasis via ribosome or

proteasome inhibition may be a novel treatment strategy for PI3K mutant human tumors.
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Devising strategies to selectively kill cancer cells while
sparing their wild-type counterparts has been a persistent
challenge in cancer drug development (Engelman 2009).
Selectivity can be achieved by targeting the oncogenic
“driver” mutations upon which cancer cells become de-
pendent for growth and survival (Jonkers and Berns
2004; Weinstein and Joe 2006, 2008). For example, tyro-
sine kinase (TK) inhibitors are initially efficacious in
treating tumors harboring oncogenic receptor TK (RTK)
mutations (Paez et al. 2004); however, many tumors ulti-
mately become resistant to these drugs (Linardou et al.
2009). An alternative approach is to search for genes that
exhibit synthetic lethality with oncogenic mutations
(Fece de la Cruz et al. 2015). This approach is based on
the concept of nononcogene addiction, which postulates
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that tumorigenic mutations confer certain critical cellu-
lar dependences on the activity of specific genes that are
themselves not oncogenes but are required to a greater ex-
tent for cell growth and survival in tumor cells relative to
wild-type cells (Solimini et al. 2007; Luo et al. 2009). This
concept broadens the list of potential therapeutic targets
beyond the oncogene itself. RNAi screens have been
used extensively for the identification of such nononco-
genic addictions, although the utility of this approach is
often hindered by the inefficiency and off-target effects
of reagents (Adamson et al. 2012; Mohr et al. 2014).
Phosphoinositide 3-kinase (PI3K) is an intracellular lip-
id kinase that phosphorylates the 3’-hydroxyl position on
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the inositol ring of phosphotidylinositols (PtdIns), leading
to activation of AKT1 kinase, a central regulator of cell
growth (Whitman et al. 1988). A key downstream trans-
ducer of the PI3K-AKT pathway is the serine-threonine
kinase mTOR, whose activation promotes protein synthe-
sis and other anabolic processes (Yuan and Cantley 2008).
mTOR stimulates the translation of specific mRNAs con-
taining highly structured 5 untranslated regions (UTRs)
and 5’ oligopyrimidine tract mRNAs, encoding cell cycle
regulators (such as Cyclin D1 and Myc) and translation
factors. It accomplishes this primarily through the phos-
phorylation of S6K kinase, which enhances translation,
and phosphorylation-dependent inhibition of EIF4EBP1/
2, a negative regulator of translation. Furthermore, by pro-
moting S6K-dependent phosphorylation of the trans-
cription factor UBF, mTOR increases the rate of tDNA
synthesis (Hannan et al. 2003). More recently, mTOR has
been implicated in the promotion of NFE2L1-dependent
transcription of proteasomal genes (Zhang et al. 2014).

PIK3CA encodes the catalytic subunit p110a of PI3K.
Activating “hot spot” mutations in PIK3CA, such as
E545K (in the helical domain) and H1047R (in the kinase
domain) (Chalhoub and Baker 2009), are found in ~30% of
colon, prostate, and breast cancers, among others (Sam-
uels and Velculescu 2004; Chalhoub and Baker 2009).
Constitutive PI3K activation in cancer can also occur sec-
ondary to PTEN inactivation or RTK-activating mutation
or amplification (Yuan and Cantley 2008). In colorectal
cancer, PI3K mutations likely occur after the transforma-
tion of colon polyps to malignant lesions and are associat-
ed with poor clinical outcomes (Engelman 2009; He et al.
2009).

Given the prevalence and importance of PI3K mutation
in human cancer, a number of isoform-specific PI3K in-
hibitors, including pan-PI3K inhibitors and dual PI3K-
mTOR inhibitors have been developed, and >15 of these
drugs are in various phases of clinical trials (Wong et al.
2010; Klempner et al. 2013). However, in contrast to the
effects of targeted inhibitors in other examples of onco-
gene addiction such as BRC-ABL or EGFR mutation, sin-
gle-agent PI3K pathway inhibitors thus far have not had
comparable success (Luo et al. 2003; Engelman 2009;
Klempner et al. 2013). In some preclinical studies, many
of these drugs led to tumor stasis rather than cell death
in vivo, and substantial tumor shrinkage was not observed
(Fan et al. 2007; Raynaud et al. 2007; Serra et al. 2008). In-
terestingly, the combination of MEK inhibition with
PI3K/mTOR dual inhibition has a synergistic effect in
lung adenocarcinoma (Engelman et al. 2008).

PI3K activation during normal development is likely to
be part of a highly coordinated process of cell proliferation
and growth control. Mutational activation of PI3K outside
of this normal regulatory environment is likely to have
profound and possibly unbalanced effects on cellular
physiology that could produce novel vulnerabilities in
tumors. To identify specific vulnerabilities of PI3K mu-
tant tumors, we investigated the genetic dependencies
of human cancer cells bearing oncogenic mutations in
PIK3CA. Through a meta-analysis of our genome-wide
RNAI synthetic lethality screen in isogenic colon cancer

PI3K synthetic lethality

cells and large data sets of RNAi-based screens in other
cancer cell lines with oncogenic PI3K mutations, we un-
covered a particular sensitivity of human cancer cells
with oncogenic PI3K hyperactivation to inhibition of ribo-
somal protein translation and proteasomal protein degra-
dation. By using a gene expression data set from cancer
cell lines and human primary tumors, we demonstrate
that multiple molecular components of the translation
pathway and the proteasome are up-regulated in tumors
bearing PI3K mutations. Importantly, a gene expression
signature derived from the meta-analysis of our PI3K syn-
thetic-lethal (SL) interactions significantly predicts over-
all survival in colorectal cancer patients. These results
suggest that the disruption of protein turnover homeosta-
sis via ribosome or proteasome inhibition may be an effec-
tive treatment strategy for PI3K mutant human tumors.

Results

A genome-wide screen for genes exhibiting synthetic
lethality with oncogenic PISK

A genome-wide shRNA screen was performed in a pair of
isogenic HCT116 colon cancer cell lines harboring either
PIK3CA oncogenic mutation H1047R (PI3K Mut) or not
(PI3K wild-type) (Samuels et al. 2005). These lines were
derived from the parental HCT116 line after inactivation
of either the wild-type or the Mut allele (Samuels et al.
2005). PI3K Mut and PI3K wild-type cells were trans-
duced with a retroviral shRNA library targeting 18,300
human genes (four shRNA per genes), and, after passaging
for eight population doublings, the relative distribution of
each shRNA in the cell population was determined by
next-generation sequencing (NGS) of PCR-amplified
half-hairpins as described previously (Fig. 1A).

To determine the vulnerabilities associated with PI3K
mutation, we first used EdgeR (Robinson et al. 2010) to
estimate a lethality score; i.e., a quantification of the
decrease in fitness for each shRNA separately in the
PI3K wild-type and Mut cell line (Supplemental Fig. S1).
The EdgeR-based method for NGS-based genetic screen-
ings is superior to the simple use of log, fold change (in
shRNA abundance comparing end point versus start
point) for quantifying the fitness change determined by
each reagent in the genetic library (see the Materials and
Methods). Finally, RIGER (RNAIi gene enrichment rank-
ing) (Luo et al. 2008) KS metrics were applied to the A le-
thality score (difference between lethality scores)
between the PI3K Mut and wild-type cells for each shRNA
to determine a synthetic lethality score for each gene rep-
resented in the library (Fig. 1B; see the Materials and
Methods; Supplemental Fig. S1; Supplemental Table S1).

A significant SL interaction score was found for multi-
ple genes in the PI3K pathway, such as PIK3CA itself (P
<0.001), AKT1 (P=0.04), and RPS6 (P=0.004, Fig. 2A).
Additionally, a gene set derived from the Reactome data-
base that contained genes essential for PI3K pathway acti-
vation (i.e., “PI3K.AKT.MTOR.Activation.Pathway”) was
enriched ~80% over expected (P < 0.05, Fisher’s exact test)
(Supplemental Table S2). Using the gene list ranked by the
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synthetic lethality score, we performed a gene set en-
richment analysis (GSEA) (Subramanian et al. 2005),
which showed that the proteasome pathway (Kyoto
Encyclopedia of Genes and Genomes [KEGG]), the ribo-
some pathway (KEGG), and the related translation path-
way (Reactome) were significantly enriched in the list
of genes ranked by their PI3K synthetic lethality score
(Fig. 2B,C; Supplemental Table S3). The pathway of splic-
ing was also enriched (P =0.01; false discovery rate [FDR]
-0.12).

Meta-analysis of three data sets for synthetic lethality
with activation of PISK

Genetic screens with isogenic cancer cell lines allow the
examination of the phenotypic effect of a specific genetic
alteration in an otherwise identical genetic background.
An alternative approach is to perform RNAi screens
across a number of different cancer cell lines, where con-
textual lethalities can be inferred by comparing groups
of cancer cell lines classified according to their genetic al-
terations (Cowley et al. 2014). Although unsuitable for
analysis of the effect of one genetic determinant at a
time, the latter method represents a complementary
approach to the use of isogenic cell lines and allows the
testing of the reproducibility of genotype-specific vulner-
abilities within different genetic contexts (Cowley et al.
2014). We therefore performed an integrated analysis of
the data from our PI3K SL screen in isogenic HCT116 cells
with two other data sets from RNAi screens performed by
other institutions on a panel of different cancer cell lines:
the Project Achilles data set of RNAi screens performed in
102 cancer cell lines (Cheung et al. 2011) and the COLT-
Cancer data set of RNAI screens in 72 cancer cell lines
(Supplemental Fig. S2; Koh et al. 2012; Marcotte et al.
2012).
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We first applied ATARIS (analytic technique for assess-
ment of RNAi by similarity) on the Achilles and COLT-
Cancer data sets to identify shRNAs that, based on their
phenotypic pattern across multiple cell lines, are more
likely to affect their intended target genes relative to their
off-target effects (Shao et al. 2013). Next, by usng the ATA-
RIS solutions as quantification of the phenotypic effect of
the inhibition of each gene across the two RNAI data sets,
we performed a two-class comparison between PI3K Mut
and PI3K wild-type cell lines in both data sets (Wilcoxon
test) (see the Materials and Methods; Supplemental Ta-
bles S4, 5). PI3K Mut cells were defined as those cancer
cell lines bearing an oncogenic activating mutation in
PIK3CA, while PI3K wild-type cells were defined as those
cell lines harboring a wild-type PIK3CA gene that also did
not have PI3K-activating mutations or amplifications in
KRAS, HRAS, NRAS, BRAF, AKT1, PTEN, EGFR, or
ERBB2 oncogenes (Supplemental Tables S4, S5). As a con-
firmation of our analysis to identify genes synthetically le-
thal with PI3K hyperactvation, we found that the PI3K.
AKT.mTOR.Activation.Pathway was strongly enriched
in both RNAi data sets (Achilles data set: 46% enrich-
ment; COLT-Cancer data set: 84% enrichment) (Supple-
mental Table S2). As a negative control, we compared
cancer cell lines harboring or not harboring oncogenic
KRAS mutations in the Achilles data set. In this compar-
ison, depletion of KRAS itself scored as highly significant
SL, as expected, while there was no enrichment of the
PI3K.AKT.mTOR.Activation.Pathway among the SL
genes (Supplemental Tables S2, S6).

Using the Fisher method, we obtained a combined P-
value, derived from all three PI3K data sets (Supplemental
Table S7). This meta-analysis resulted in an enrichment of
the PI3K.AKT.mTOR.Activation.Pathway relative to the
three individual analyses; i.e., the analysis of the screen
in isogenic lines, the Achilles data set analysis, and the
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Figure 2. Meta-analysis of the shRNA PI3K synthetic lethality screen in isogenic cell lines and the Achilles and COLT-Cancer RNAi
data sets. (A) The major dependencies in the PI3K pathway are represented, and the combined P-value of each gene for synthetic lethality
with the PI3K pathway is indicated with the heat map (see the text for details on the combined P-value; Supplemental Tables S2, 8). (B) The
ribosome/translation pathway is represented with all of the genes present in the library and color-coded according to their combined P-
value and heat map as in A (Supplemental Table S8). (C) Enrichment plots for the indicated pathways derived from GSEA on the list of
genes ranked by the combined P-value for synthetic lethality with PI3K mutation (Supplemental Table S8).

COLT-Cancer data set analysis. In fact, while the three in-
dividual analyses resulted in, at most, ~80% enrichment
(observed versus expected) of the PIBK.AKT.MTOR.Acti-
vation.Pathway, the combined analyses resulted in a
102% enrichment (P = 0.03, Fisher exact test) (Fig. 2; Sup-
plemental Table S2). This result highlights the utility of
performing a meta-analysis that includes screens per-
formed on isogenic cell lines and parallel screens per-
formed on multiple cell lines.

A GSEA on the gene list, ranked by the synthetic lethal-
ity combined P-value, showed a high enrichment for genes
implicated in the ribosome/translation (enrichment in
the top 10% =445%), proteasome (enrichment in the top
10% =497%), and splicing pathways (enrichment in the
top 10% =308%; FDR <1 x 107 for all three pathways)
(Supplemental Table S8). Importantly, the enrichment
score (GSEA ES) of the genes in these three pathways was
more prominent in the combined analysis compared with
the analysis of the screening on isogenic cell lines by itself
(cf. Supplemental Table S3 and Supplemental Table
S8). The common enrichment from multiple orthogonal
screens and databases of these three pathways is very
strong evidence for their involvement as nononcogene de-
pendencies for tumors with activating PI3K mutations.

Based on this combined analysis, we designed a focused
shRNA library (10 shRNAs per gene) to perform a second-
ary screen in the same cell lines. Analysis of this second-
ary screen, performed in a fashion similar to the genome-
wide screen, showed that 312 of 1045 genes (29 %) targeted
by the library had significant SL scores in PI3K Mut cells
compared with wild-type cells (Supplemental Table S1).
Although the smaller size of this library compared with

the one used for the genome-wide screen rendered path-
way analysis more difficult, the translation, proteasome,
and ribosome pathways were all significantly enriched
(FDR < 0.3), corroborating our previous findings.

Inhibition of protein synthesis is synthetically lethal with
PI3K oncogenic mutations

To further examine the synthetic lethality of the identified
candidate pathways, we performed a multicolor com-
petition assay (MCA) (Smogorzewska et al. 2007) in which
GFP-expressing HCT116 PI3K wild-type cells and
dsTomato-expressing HCT116 PI3K Mut cells were com-
bined and cocultured for at least six population doublings
(5-7 d)in the absence or presence of a drug or after the trans-
duction with an shRNA. Treatment with the translation
elongation inhibitors cycloheximide (CHX) or lactimido-
mycin (LTM) resulted in an ~30%-40% decrease in the rel-
ative survival of Mut versus wild-type cells, which is similar
to that observed for the mTOR inhibitors Torinl, Torin2,
and rapamycin or the dual PIBK/mTOR inhibitor NVP-
BEZ235 (Fig. 3A,B; Supplemental Fig. S3E). Cell death as-
says with 7-amino-actinomycinD (7-AAD) staining (see
the Materials and Methods) revealed that CHX or LTM in-
duced significantly more cell death in PI3K Mut versus
wild-type cells (Fig. 3C,D). The increase in cell death
with translation inhibitors in PI3K Mut cells versus wild-
type cells was higher than for Torin1/2 or NVP-BEZ235.
Importantly, we confirmed the selective induction of
cell death in PI3K Mut versus wild-type cells with CHX
and LTM by using a different pair of isogenic colon
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cancer cell lines: DLDI (carrying a different oncogenic
mutation in PIK3CA and E545K) (Fig. 3C,D, black lines;
Samuels et al. 2005). Moreover, we found a similar effect
in PTEN~/~ cells, which exhibit PI3K pathway activation,
compared with their wild-type counterparts (Fig. 3E; Sup-
plemental Fig. S3A). In contrast, KRAS Mut versus wild-
type cell lines did not show a significant difference in
the induction of cell death from protein synthesis inhibi-
tion as well as mTOR signaling inhibition (Supplemental
Fig. $3B,C).

We next studied the effects of genetic inhibition of the
protein translation process by transducing cells with len-
tiviral vectors (pHAGE-pInd10-mirE) expressing doxycy-
cline-inducible shRNAs that target translation factors
that scored in the top hits of SL genes in the meta-analysis
of the three data sets (Supplemental Table S7). In MCAs,
depletion of the elongation factor EIF1AX (combined P-
value =9 x107°) to ~10%-15% of its endogenous level
by two independent shRNAs resulted in a significant
selective inhibition of HCT116 PI3K Mut versus wild-
type cells compared with two negative control shRNAs
targeting Luciferase (Fig. 3F,H; Supplemental Fig. S3D).
Depletion of the ribosomal protein RPL34 (P=1x 107
had a similar selective decrease in viability for HCT116
PI3K Mut compared with wild-type cells. Additionally,
in MCAs, the combination of individual shRNAs target-
ing EIF1AX with Torinl and Torin2 did not further in-
crease the selective growth inhibition of PI3K Mut cells
versus wild-type compared with treatment with the drugs
or EIF1AX shRNAs individually (Fig. 3I). These results
collectively indicate that PI3K pathway activation due
to oncogenic PIK3CA mutation or PTEN inactivation
confers a specific susceptibility to ribosome and protein
translation that is likely dependent on mTOR.

Proteasome inhibition shows synthetic lethality
with PI3K oncogenic mutations

In addition to the ribosome/translation pathway, the pro-
teasome machinery was also significantly enriched among
the list of PI3K SL hits (Fig. 2). We investigated whether the
expression of components of the proteasome pathway is
up-regulated in response to oncogenic PI3K activation by
analyzing a gene expression profiling data set from
PTEN~/~ and PTEN*/* isogenic HCT116 cancer cell lines
(data set Gene Expression Omnibus [GEO] GDS2446)
(Kim et al. 2007). This data set contains the expression pro-
file of parental HCT116, one PTEN*/* control clone, and
three PTEN~/~ clones. Limma-based analysis (Ritchie
et al. 2015) followed by GSEA showed that multiple com-
ponents of the proteasome were up-regulated in PTEN ™/~
cells compared with PTEN** (FDR=0.003) (Fig. 4A;
Supplemental Table S9). Indeed, 10 out of 48 proteasomal
genes are contained in the top 10% of the genes ranked by
differential overexpression in PTEN~/~ versus PTEN"/*
cells, resulting in an enrichment of 111% over expected
(Supplemental Table S9). PSMA1 and PSMB5, two of the
most significantly overexpressed genes in PTEN /™ versus
wild-type cells (GEO GDS2446), were also up-regulated
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(greater than twofold) in PI3K Mut versus wild-type
HCT116 and DLDI1 cells (Fig. 4B; Supplemental Fig. S4A,
B). This increase was mTOR-dependent, since the expres-
sion of both genes in PI3K Mut cells was reduced by Torin2
and rapamycin treatment (Fig. 4B; Supplemental Fig. S4A,
B; data not shown).

Up-regulation of proteasome subunits suggests that the
activity of the proteasome is enhanced in PI3K mutants.
We therefore analyzed proteasomeal activity in PI3K
Mut versus wild-type cells. We found that the kinetics
of ubiquitin conjugate degradation after protein synthesis
inhibition by CHX was significantly faster in PI3K Mut
than wild-type cells, suggesting an enhanced rate of pro-
teasome-mediated protein degradation in PI3K Mut com-
pared with wild-type cells (Fig. 4C,D). In addition, we
measured the chymotrypsin-like activity with a lucifer-
ase-based reporter assay, which confirmed a significant in-
crease in proteasome activity in PI3K Mut versus wild-
type cells (Fig. 4E).

We further assessed the synthetic lethality between
proteasome inhibition and PI3K mutations using phar-
macological inhibition. Treatment of the cells with dif-
ferent inhibitors of the proteasome (MG-132, clasto-
lactacystin lalactone and bortezomib) resulted in selec-
tive inhibition of cell growth in PI3K Mut versus wild-
type cells (Fig. 4F) accompanied by increased cell death
(Supplemental Fig. S4C). Similar selective inhibition
was found in PTEN~/~ compared with PTEN*/* cells (Sup-
plemental Fig. S4D) but not in KRAS Mut versus KRAS
wild-type cells (Supplemental Fig. S4E). In contrast, the
autophagy inhibitor bafilomycin Al did not exhibit a
selective effect on PI3K Mut cells (Supplemental Fig.
S4F). These data indicate that PI3K pathway hyperactiva-
tion results in increased proteasome activity that renders
tumor cells more sensitive to proteasome inhibition rela-
tive to wild-type cells.

PI3K pathway hyperactivation leads to an increase in
protein turnover by increasing both protein synthesis
and protein degradation. We reasoned that PI3K Mut (or
PTEN~/7) cells are more sensitive to translation or protea-
some inhibition because antagonism of either pathway
would result in an “uncoupling” of protein synthesis
from protein degradation, thereby impairing cell survival
via effects on the homeostasis of protein turnover. In sup-
port of this is the fact that an MCA that used simultane-
ous translation and proteasome inhibition did not result
in a synergistic effect on cell survival (Fig. 4G). In fact,
the combined inhibition of translation and the protea-
some significantly diminished the inhibition of either
pathway alone in PI3K Mut versus wild-type cells (Fig.
4G).

We also tested the effect of bortezomib on tumor
growth in mice. We subcutaneously injected DLD1-PI3K
wild-type and Mut cells into the flanks of athymic nude
mice and waited for tumor formation (see the Materials
and Methods). Mice were then treated with either vehicle
(PBS) or 0.5 mg/kg bortezomib by intraperitoneal injection
once daily for 28 d and monitored for tumor growth.
We found that, although both PI3K wild-type and PI3K
Mut tumors exhibited a response to the drug, the PI3K
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Figure 3. Synthetic lethality of oncogenic PI3K hyperactivation with ribosome and translation inhibition. (A,B) MCAs were performed
using the indicated drugs and concentrations. Mixtures of HCT116 PI3K Mut and wild-type cells (expressing different fluorescent pro-
teins) were passaged in the presence of the drug for 5-7 d. At the end of the assay, the relative percentages of Mut and wild-type cells
were quantified by FACS. “Mut cell fitness” represents the ratio between the percentage of Mut cells in the sample treated with the
drug and the percentage of Mut cells in the sample treated with DMSO (drug concentration of 0 nM). (BEZ235) NVP-BEZ235. The presence
of an asterisk indicates a statistical significance for the corresponding measurement and the relative control (see the Materials and Meth-
ods; Supplemental Fig. S3E). (C-E) Results of cell death assays performed in HCT116 and DLD1 cells of the indicated genotypes. After the
treatment of cells with the indicated drug and incubation for 48-72 h, FACS analysis was performed to assess the fraction of cell death after
staining with 7-AAD. The fraction of cell death at the different concentrations is reported. (BEZ235) NVP-BEZ235. A drug concentration of
0 nM corresponds to DMSO control. (F,G) A mixture of HCT116 PI3K Mut and wild-type cells transduced with pHAGE-Ind10-mirE en-
coding the indicated sShRNAs was treated with or without 1 pg/mL doxycycline to induce expression of the shRNA. Western blot was
performed and visualized using the Licor system with the indicated antibodies after 72 h of treatment. Quantification of the amount
of protein was performed using Image Studio Analysis software and is reported below the Western blots (see also Supplemental Fig.
S3D). (H) Cells infected with the indicated shRNAs as in F were selected and cultured for an additional 5-7 d in the presence or absence
of 1 pg/mL doxycycline before FACS analysis was performed to determine the fitness of Mut cells (relative to wild-type), as in A and B.
Analysis was performed as described in A. (I) MCAs were performed as in A by treating the cells with the different reagents (ShRNAs or
drugs) individually or in combination. Both Torinl and Torin2 were used at a concentration of 50 nM. The difference between the com-
bination of Torinl + EIF1AX-shRNA and the two reagents used individually and between Torin2 + EIF1 AX-shRNA and the two reagents
used individually was not statistically significant.

Mut cell tumors showed a significantly stronger response A PI3K SL signature predicts survival in colorectal

to bortezomib than PI3K wild-type cell tumors (Fig. 4H; cancer patients

P=0.004). These results suggest that oncogenic PI3K

mutations in tumors promote sensitivity to bortezomib We next analyzed the expression signatures of genes in
in vivo. pathways that we found to be synthetically lethal with
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Figure 4. Synthetic lethality of oncogenic PI3K activation with inhibition of the proteasome in vitro and in vivo. (A) GSEA enrichment
plot for the proteasome pathway among genes ranked by the P-value of overexpression in HCT116 PTEN '~ versus PTEN*/* cells (from
data set GEO GDS2446). (B) Quantitative PCR (qPCR) for the indicated mRNAs in cells with the indicated genotype treated with DMSO,
20 nM Torin2, or 20 nM rapamycin for 48 h prior to harvesting the cells. (C) PI3K Mut and wild-type cells were treated with 50 pM CHX,
and cells were harvested and analyzed at the indicated times. Western blots were performed for total ubiquitin conjugates as well as B-
actin (a long-lived protein that serves as a loading control). (D) The quantification of the ubiquitin conjugates in each sample in C relative
to p-actin is plotted (average values). The asterisk indicates a significant difference between Mut and wild type after Wilcoxon test at 4 and
6 h (three replicates). (E) Quantification of proteasome activity measured with proteasome-glow chymotrypsin-like cell-based assay in
cells of the specified genotype treated for 48 h with 20 nM Torin2 or 20 nM rapamycin. (F) MCAs were performed by using the indicated
drug and concentration as in Figure 3A. The percentage of Mut over wild-type cells at the end of the assay relative to the treatment with
DMSO is shown. (CLL) Clasto-lactacystin lalactone. (G) MCAs were performed as in Figure 3A by treating the cells with the different
drugs as single agents or in combination. All drugs were used at 50 nM concentration. Asterisks refer to a significant difference between
samples treated with CHX versus CHX + MG132 and LTM versus LTM + MG132. (H) DLD1-PI3K wild-type and Mut cells were injected
in the flanks of nu/nu nude mice. After tumor formation, mice were treated with vehicle or bortezomib, and tumor volume was moni-
tored. The change of tumor volume over time for PI3K wild-type and PI3K Mut tumors treated with vehicle or bortezomib is shown.
P-value (P =0.004) refers to the comparison between the change in tumor volume (of bortezomib-treated vs. vehicle-treated tumors) be-
tween PI3K Mut and PI3K wild-type tumors (Wilcoxon test). The experiment was repeated twice, and both times each cohort included at
least seven mice.

mutant PI3K activation in human primary tumors. We Our screen was performed in isogenic human colorectal
chose to analyze The Cancer Genome Atlas (TCGA) cancer cell lines. (2) The majority of cell lines used for
gene expression data set along with the clinical data of pa- the two-class comparison of PI3K Mut and wild-type lines
tients with colorectal carcinoma for several reasons: (1) in the Achilles data set was also derived from colorectal
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cancer. (3) Oncogenic PI3K mutations correlate with a
higher rate of recurrence and worse outcome in nonmeta-
static colorectal cancer (He et al. 2009; Ogino et al. 2009).

In order to compare tumors with or without PI3K path-
way activation, samples were first classified according to
the presence or absence of an oncogenic mutation in
PIK3CA and/or the presence or absence of an inactivating
mutation or deletion in PTEN. Additionally, given the
role of RTK mutation/amplification in promoting PI3K
pathway hyperactivation, tumors that had mutations or
amplifications in EGFR or ERBB2 were classified among
the tumors with PI3K pathway activation (see the Materi-
als and Methods). Limma analysis of gene expression fol-
lowed by GSEA showed that components of both the
ribosome and the proteasome pathway were significantly
enriched in tumors with PI3K pathway activation (FDR <
1x 1072, Fig. 5A).

Since oncogenic PI3K mutations correlate with a worse
outcome in nonmetastatic colorectal cancer (He et al.
2009), we asked whether a gene expression signature de-
rived from the analysis of our identified PI3K SL genes
could predict survival in patients. In order to derive a
PI3K SL signature for colon cancer, we considered the
meta-analysis described above and selected the genes
with a combined P-value of <0.02 (350 genes). We derived
an average expression score for this PI3K SL gene signature
for each tumor sample in the data set of colorectal cancer

PI3K synthetic lethality

patients. By comparing tumors with higher or lower PI3K
SL gene signatures, PI3K SL gene signature significantly
predicts survival among all colorectal cancer patients
(HR =2.1; P =0.03) (Fig. 5B; Supplemental Table S10). Fur-
thermore, when we analyzed only patients classified as
having PI3K hyperactivation (as described above), our
PI3K SL gene signature showed an even greater ability to
predict overall survival (HR =6; P=0.033) (Fig. 5C; Sup-
plemental Table S11). The PI3K SL gene signature re-
mained a significant parameter in the prediction of
survival after taking into consideration the stage, age,
and site of the disease (Fig. 5D,E).

Discussion

The discovery of synthetic lethalities through high-
throughput RNAI screens is often hindered by the low ef-
ficiency of reagents, off-targets effects, and heterogeneity
in RNAi among cancer cell lines (Hart et al. 2014). Here,
we show that a functional genomics approach that uses
a meta-analysis performed on three independent screen-
ing data sets, performed with different strategies (one in
a pair of isogenic cell lines, the other two on several differ-
ent cancer cell lines) and different libraries, is superior to
the analysis of each of the individual data sets in detecting
positive control genes, which, in our case, were the known

A Figure 5. Analysis of a transcriptome data
w set of primary colon adenocarcinoma and
o § prediction of survival based on PI3K SL sig-
s nature. (A) Gene expression profiles of pri-
85 mary colorectal carcinomas with the
g normal or hyperactive PI3K pathway are
presented showing the enrichment (based
on GSEA) of ribosome and proteasome
o g genes in tumors with a hyperactive PI3K
33 pathway (TCGA data). (B,C] A PI3K SL
a @ gene signature was derived by considering
the top hits of the SL genes identified in
= the meta-analysis (P < 0.02; 350 genes) (Sup-
= plemental Table S7). Survival analysis
B Colorectal Cancer Patients - ALL Patients C  Colorectal Cancer Patients with Hyperactive piak | <aPlan-Meier curve) comparing colorectal
I cancer patients (TCGA data) with a high
10- HR=2.1 p=0.03 1.0- HR=6 p=0.033 .
"i_ y fn or low PI3K SL signature score (top and bot-
=— Signature DOWN Signature DOWN .
B arire U = tom half) in all colorectal tumors (Supple-
. mental Tables S10) or in the subset of
0.8+ ’ tumors with a hyperactive PI3K pathway
(Supplemental Tables S11). HR and P-value
E 3 . (Wald test) are shown. (D,E) The tables
{% 0.6- c% show the HR and P-value of the multivari-
able Cox proportional hazard model, in-
o cluding the PI3K SL signature and other
- clinical covariates for all colorectal cancer
patients (D) or the subset with the hyperac-
. . . ‘ . - . . . tive PI3K pathway (E).
0 1000 2000 3000 4000 0 500 1000 1500
Time (days) Time (days)
D HR p-value E HR p-value
PI3K SL signature 2.05 0.03 PI3K SL signature 2.7 0.03
stage 1.9 0.001 stage 3.2 0.09
age 1.7 0.007 age 4.3 0.09
site (colon or rectum) 1.1 0.9 site (colon or rectum) 6.1 0.9
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critical players of the PI3K pathway. This suggests the oth-
er SL genes identified by this meta-analysis are likely to be
of higher confidence and greater potency than those iden-
tified by the individual screens.

Our analysis identified novel vulnerabilities for cancer
cells harboring PI3K pathway activation. The two major
pathways that our combined analysis identified as SL
with oncogenic PI3K pathway activation were the ribo-
some/translation and the proteasome pathways. Protein
synthesis is enhanced and modulated by PI3K activation
of the mTOR pathway (Hay and Sonenberg 2004). Our
data suggest that PI3K mutation also enhances protein
degradation by the proteasome. These findings are consis-
tent with recent studies that suggest that mTOR activa-
tion and a consequent increase in protein synthesis can
lead to a concomitant increase in protein degradation
that promotes the maintenance of cellular amino acid ho-
meostasis (Zhang et al. 2014). If this is true, it would pre-
dict that the uncoupling of ribosomal protein synthesis
from proteasomal protein degradation via the inhibition
of either pathway, but not both pathways simultaneously,
would compromise cell viability—particularly in the con-
text of mTOR activation. This hypothesis is in agreement
with our data showing that simultaneous proteasome and
translation inhibition not only did not have a synergistic
effect but actually diminished the PI3K-selective vulnera-
bility of inhibiting either pathway alone.

Despite increasing interest in exploring protein synthe-
sis inhibition as a therapeutic strategy in cancer, this ap-
proach has not yet been used in the clinic, mainly due to
pharmacokinetic barriers and toxicity of existing drugs
(Hsieh et al. 2011; Malina et al. 2012). Interestingly,
4E1RCat, which inhibits CAP-dependent translation by
blocking the binding of EIF4G to EIF4E-bound nascent
mRNA transcripts, improved the response to chemother-
apy in a murine model of EuMyc lymphoma (Cencic et al.
2011). In contrast, targeting the proteasome has already
emerged as a viable strategy for some types of malignan-
cies (Adams 2003). Bortezomib (Velcade) has been ap-
proved for the treatment of patients with multiple
myeloma and mantle cell lymphoma (http://www.fda.
gov). In solid tumors, a number of clinical trials performed
in patients with advanced (usually metastatic) tumors did
not show a significant benefit of treatment with bortezo-
mib as a single agent (Shah et al. 2004; Yang et al. 2006).
Among the many potential reasons for inefficacy in these
trials are the dose used in the trial, the advanced stage of
the disease, and the treatment with bortezomib as a single
agent. Furthermore, selection of the patients for the clin-
ical trial, based on tumor molecular markers that may pre-
dict the response to a specific agent, is a crucial aspect of
new clinical trials for targeted therapy. Our data indicate
that the presence of PI3K oncogenic mutations might con-
fer a particular susceptibility to proteasome inhibitors.
Additionally, our data suggest that the expression levels
of some proteasomal factors might also represent useful
molecular biomarkers to identify patients who may bene-
fit from treatment with proteasome inhibitors.

The relevance of our analysis of SL for tumors with a hy-
peractive PI3K pathway in cancer patients is highlighted
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by the survival analysis in colorectal cancer patients.
Among patients with hyperactive PI3K, a gene expression
signature derived from PI3K SL hits in colon cancer cell
lines significantly correlates with survival. In other
words, patients with hyperactive PI3K who show a lower
expression of the genes in this defined signature have bet-
ter survival. Importantly, this expression signature is a
significant predictor of survival also in multivariate anal-
ysis taking into account the stage of the disease. This re-
sult highlights the fact that the PI3K SL genes identified
by our analysis also likely represent bona fide SL factors
in human tumors. Our findings may also be relevant for
wild-type PI3K tumors that harbor other genetic or epige-
netic alterations that result in AKT and mTOR pathway
activation. Thus, these PI3K SL factors may represent
not only biomarkers that can predict patient outcome
but also potential therapeutic targets.

Materials and methods

shRNA genome-wide library and shRNA constructs

The shRNA library targeting 18,300 human genes (four shRNA per
gene) was cloned into the retroviral MSCV vector. PI3K Mut and
PI3K wild-type HCT116 cells were infected at an MOI (multiplic-
ity of infection) of 0.5, selected in puromycin, and passaged for
eight population doublings. Cells were harvested right after selec-
tion (start population) and after eight population doublings (end
population). The relative distribution of each shRNA in the cell
population was determined by NGS of PCR-amplified half-hair-
pins (Schlabach et al. 2008). Briefly, for NGS, DNA was harvested
from the cells by standard procedures, and half-hairpins were am-
plified by PCR. Indexing primers were finally added by PCR ampli-
fication before Illumina sequencing. The screen was performed in
triplicate. For transduction of individual shRNA targeting a specif-
ic gene and for the secondary shRNA screen, shRNAs were cloned
into pHAGE-Ind-10-mirE-inducible lentiviral vector.

Cell culture

Cells were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin-
strepomycin, and 2 mM glutamine. For virus production, 293T
cells were transfected using Trans-IT Minus, and the supernatant
was harvested after 36 h and stored at —80°C. For the infections,
cells were exposed to the appropriate amount of virus for 24 h in
the presence of 8 ug/mL polybrene. For the shRNA screens, the
cells were infected with an MOI of 0.5.

Western blotting and quantitative PCR (qPCR)

Protein gels for Western blotting were run using standard proce-
dures. The proteins were detected using the LI-COR system (LI-
COR Biosciences). After transfer, the nitrocellulose membranes
were blocked for 30 min with Odyssey blocking buffer containing
PBS with 0.2% Tween, incubated overnight in the same buffer
containing PBS with the specific primary antibody, washed in
PBS 0.2% Tween, and incubated with Alexa fluor-conjugated sec-
ondary antibodies (Invitrogen) before a second wash in PBS 0.2%
Tween. Signals were detected with the LI-COR system and quan-
tified using Image Studio software (LI-COR Biosciences).

For qPCR, total RNA was isolated using the RN Aeasy minikit
(Qiagen), and ¢cDNA was synthesized using the High Capacity
RNA-to-cDNA kit (Invitrogen) according to the manufacturer’s
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instructions. RT-qPCR was performed in triplicate using the gene
expression assay (Applied Biosystems) on an Applied Biosystems
Fast 7500 machine. GAPDH and ACTB were used as internal con-
trols for normalization and relative quantification.

Data analysis of sShRNA screen in HCT116 cell lines

Sequence read alignment was performed using Bowtie software
(Langmead et al. 2009). EdgeR was used to estimate the lethality
score in PI3K Mut and wild-type cell lines (Robinson et al.
2010). The shRNAs with a read count >10 in at least one replicate
were considered. The negative binomial distribution (EdgeR clas-
sic method) was used to determine the significance in the relative
representation of each shRNA between the end and start popula-
tions. The lethality score for each shRNA was defined as the
log,o of the P-value multiplied by the sign corresponding to the di-
rection of the fold change (+1 for genes increasing between start
and end population and —1 for the opposite behavior). Thus, a
positive lethality score corresponds to an shRNA that undergoes
a significant drop between the start and the end populations and
vice versa for a negative lethality score (Fig. 1B; Supplemental
Fig. S1). Afterward, RIGER KS metrics (Luo et al. 2008) were ap-
plied to the A lethality score between the PI3K Mut and wild-type
cells for each shRNA to determine a synthetic lethality score for
each gene in the library. The A lethality score represented the
difference between the lethality score of the PI3K Mut versus
wild-type cells.

Meta-analysis and combined P-value

We applied ATARIS on the Achilles and COLT-Cancer data sets
(Marcotte et al. 2012). Next, by using the ATARIS solutions as
quantification of the phenotypic effect of the inhibition of each
gene across the two RNAI data sets, we performed a two-class
comparison between PI3K (or KRAS) Mut and PI3K (or KRAS)
wild-type cell lines in both data sets (Wilcoxon test). For PI3K
synthetic lethality, PI3K Mut cells were defined as those cancer
cell lines bearing an oncogenic activating PIK3CA mutation,
while PI3K wild-type cells were defined as those cell lines having
awild-type PIK3CA gene that also did not have mutations or am-
plifications in KRAS, HRAS, NRAS, BRAF, AKT1, PTEN, EGFR,
or ERBB2 oncogenes. Similarly, for KRAS synthetic lethality,
KRAS mutant cells were defined as those cancer cell lines bearing
an oncogenic activating KRAS mutation, while PI3K wild-type
cells were defined as those cell lines having a wild-type KRAS
gene that also did not have mutations or amplifications in
KRAS, HRAS, NRAS, BRAF, EGFR, or ERBB2 oncogenes. The
list of the cell lines used for these comparisons is in Supplemental
Tables S4 and S5. The Fisher method was used to obtain a com-
bined P-value between the P-values derived from the individual
analyses of the screen on the isogenic HCT116 cell lines, the
Achilles’ data set, and the COLT-Cancer data set. Q-values
were determined using the Benjamini-Hochberg method (see
also Supplemental Table S2).

Cell death assay

7-AAD is a fluorescent DNA intercalator commonly used to stain
dead cells. Briefly, 1 x 10% or 2 x 10* cells were plated in 100 L in
each well of a 96-well plate. The next day, the cells were treated
with the drug to be tested or solvent only. After 48-72 h, the cells
were washed twice by PBS and trypsinized. Cells in each well
were then resuspended in 100 puL of PBS containing 2 pL of 7-
AAD staining solution (1 g/mL; BD Bosciences) and incubated
for 5-15 min at 4°C in the dark prior to FACS analysis. The pres-
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ence of an asterisk in the figure panels relative to cell death assays
indicates a statistical significance for the difference in the cell
death rate between PI3K Mut and wild-type at the corresponding
experimental conditions.

Gene expression analysis

For the comparison between HCT116 PTEN~/~ and PTEN*/*, we
used the GEO data set GDS2446 (Kim et al. 2007). For each gene,
we calculated the P-value for overexpression in HCT116
PTEN~/~ cells versus PTEN*/* using a one-sided t-test (Supple-
mental Table S9). GSEA was performed through the stand-alone
software available at http://www.broadinstitute.org/gsea/index.
jsp, using the classic method (Subramanian et al. 2005).

Primary tumor sample analysis and survival analysis

We used TCGA data sets of gene expression data (Agilent micro-
array data set and/or RNA sequencing [RNA-seq] data), gene mu-
tation, and copy number variation of nonmetastatic colorectal
tumor samples (http://gdac.broadinstitute.org). Tumor samples
having a functionally relevant mutation in PIK3CA, PTEN, or
ERBB?2; a deletion in PTEN; or amplification or overexpression
in ERBB2 or EGFER were classified as having a hyperactive PI3K
pathway. Tumors that were normal for all of these parameters
were considered wild type for PI3K pathway. A Limma-based
analysis (Ritchie et al. 2015) was performed to compare the
PI3K hyperactive versus the PI3K wild-type tumors.

The PI3K SL gene expression signature was derived from the
PI3K SL gene list (combined analysis of the three data sets) (Sup-
plemental Table S7), including the genes with a combined P-val-
ue of <0.02 (350 genes). For the survival analysis, a univariate or
multivariate Cox proportional hazard model was used to deter-
mine the impact of each parameter on the overall survival
(Wald test P-value is reported).

Drugs and antibodies

The following chemicals were used: Torinl (Cayman Chemical),
Torin2 (Cayman Chemical), LTM (Millipore), CHX (Sigma-Al-
drich), rapamycin (Sigma-Aldrich), NVP-BEZ235 (Cayman
Chemical), MG-132 (EMD Millipore), clasto-lactacystin lalac-
tone (Sigma), epoxomicin (Sigma), bortezomib (Selleckchem),
and doxycycline (Fisher). The following antibodies were used:
ubiquitin antibody clone FK-2 (Enzo Life Sciences), PSMALI anti-
body (Sigma), EIF1AX antibody (Novus Biologicals), RPL34 anti-
body (Abcam), and actin antibody (Santa Cruz Biotechnology).

Drug-based MCA

The competition assay used to test candidate genes/drugs (PI3K
signaling pathway inhibitors) from the screen was modified
from a previous protocol (Luo et al. 2007; Smogorzewska et al.
2007) and was carried out in 96-well plates in independent
triplicates. For this assay, 20,000 GFP-labeled PI3K Mut and
ds-Tomato-labeled wild-type cells were mixed and seeded at a ra-
tio of 1:3 to 1:1 in each well. As an alternative to the GFP- and ds-
Tomato-labeled cells, GFP-labeled PI3K Mut and unlabeled wild-
type cells (or vice versa) were used. Cells were treated with drugs
or DMSO (control) for 5-7 d prior to FACS analysis. The fitness
of Mut cells (relative to wild type) was determined at the end of
the assay as the ratio between the percentage of Mut cells in the
sample treated with the drug (or shRNA) (see below) and the per-
centage of Mut cells in the sample treated with DMSO (or con-
trol shRNA). In the figures (e.g., Fig. 3A), a concentration of 0
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nM of the drug corresponds to the DMSO control treatment. The
presence of an asterisk in the figure panels relative to MCA indi-
cates a statistical significance for the difference in the fitness of
Mut cells in the treatment samples (drug or shRNA) as compared
with the control samples (DMSO or control shRNA) and was de-
rived using the Wilcoxon test.

shRNA-based MCA

mir30-based shRNAs were designed and synthesized as clonable
PCR products and cloned into pHAGE-pInd-10-mirE, an induc-
ible lentiviral vector (Supplemental Table S10). Cells were trans-
duced with the vectors for the expression of the shRNAs,
selected, and cultured in the presence or absence of 1 pg/mL dox-
yeycline for an additional 5-7 d. FACS analysis was then per-
formed using a BD FACSAria II (BD Biosciences). The MCA was
performed as described above, comparing the samples treated
with shRNA specific for the gene of interest with the samples
treated with the shRNAs specific for Luciferase.

Assay for proteasome activity

The measurement of proteasome activity was carried out by
using a Promega Proteasome-Glo chymotrypsin-like cell-based
assay. Proteasome-Glo cell-based assays are homogeneous, lumi-
nescent assays that individually measure the chymotrypsin-like,
trypsin-like, or caspase-like protease activity associated with the
proteasome complex in cultured cells. Briefly, appropriate sub-
strate and inhibitors were added to Proteasome-Glo cell-based re-
agent and incubated at room temperature for 30 min. After
equilibration, equal volumes of this reagent were added to 48-h
drug-treated cells in a 96-well plate and then shaken. The lumi-
nescence was read after 10-30 min of incubation.

Effect of bortezomib on tumor growth in mice

nu/nu mice were purchased from Charles River Laboratories In-
ternational, Inc. DLD1-PI3K wild-type and Mut cell lines were
detected as pathogen-free at Charles River Laboratories Interna-
tional, Inc., and cultured in RPMI-1640 with 10% FBS and 1%
penicillin-streptomycin. Cells were resuspended in serum-free
medium mixed with an equal amount of Matrigel (BD Bioscienc-
es). Mice were injected with 2 million cells per shot at two loca-
tions per mouse in the flanks. The mice were randomly grouped,
and treatment was started when tumor size reached 100-200
mm?®. The experiment was repeated twice, and, every time,
each cohort included at least seven mice. Tumor sizes were mon-
itored weekly, and volumes were calculated with the following
formula: mm? = length x width x width x 0.5.
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