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A large number of cancer drivers have been identified through tumor sequencing efforts, but how they interact and
the degree to which they can substitute for each other have not been systematically explored. To comprehensively
investigate how cancer drivers genetically interact, we searched for modifiers of epidermal growth factor receptor
(EGFR) dependency by performing CRISPR, shRNA, and expression screens in a non-small cell lung cancer (NSCLC)
model. We elucidated a broad spectrum of tumor suppressor genes (TSGs) and oncogenes (OGs) that can genetically
modify proliferation and survival of cancer cells when EGFR signaling is altered. These include genes already known
tomediate EGFR inhibitor resistance as well asmany TSGs not previously connected to EGFR andwhose biological
functions in tumorigenesis are not well understood. We show that mutation of PBRM1, a subunit of the SWI/SNF
complex, attenuates the effects of EGFR inhibition in part by sustaining AKT signaling.We also show thatmutation
of Capicua (CIC), a transcriptional repressor, suppresses the effects of EGFR inhibition by partially restoring the
EGFR-promoted gene expression program, including the sustained expression of Ets transcription factors such as
ETV1. Together, our data provide strong support for the hypothesis that many cancer drivers can substitute for each
other in certain contexts and broaden our understanding of EGFR regulation.
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Cancer is driven by a number of distinct genetic alter-
ations, including gain or loss of chromosomes and chro-
mosomal segments, translocations, and point mutations
that result in inactivation of tumor suppressor genes
(TSGs) or activation of oncogenes (OGs). Attempts to
identify these cancer drivers based on patterns of muta-
genesis in tumors have uncovered a bewilderingly large
number of genes that bear the signature of genetic selec-
tion in tumors. Rather than a defined number of cancer
drivers, there exists a continuum of genes that appear
with increasingly lower frequency and potency in a pan-
cancer analysis (Davoli et al. 2013). This has also been re-
ferred to asmountains and hills and the “long tail” of can-
cer drivers (Wood et al. 2007; Leiserson et al. 2015; Cho
et al. 2016).

Unraveling how the genes in this large network contrib-
ute to tumorigenesis poses a significant challenge for
geneticists. While it is clear that certain basic conditions
related to the classic hallmarks of cancer (e.g., immortal-
ization and deregulated proliferation) must be satisfied
during tumor development (Hanahan and Weinberg

2011), it is currently unclear howmany cancer genes oper-
ate to achieve these conditions. From a theoretical per-
spective, it makes sense that many cancer drivers may
perform similar functions and be partially interchange-
able during tumor evolution. They may act either to ge-
netically modify a shared central oncogenesis pathway
or in parallel pathways that provide the cell with equiva-
lent functions to drive tumorigenesis. Thus, it is likely
thatmany genes on these TSG andOG lists will genetical-
ly interact to modify common conditions of oncogenesis.

One of the most extensively studied oncogenic path-
ways is the receptor tyrosine kinase (RTK)–RAS–phos-
phoinositol-3-kinase (PI3K) pathway. This pathway is
activated in the majority of solid tumors and has been
examined extensively both biochemically and genetical-
ly. Among RTKs, perhaps the most studied is the epider-
mal growth factor receptor (EGFR). EGFR activates
cellular signaling pathways such as PI3K/AKT, RAS/
RAF/MEK/ERK, and JAK/STAT, leading to increased
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cell proliferation and survival (Chong and Janne 2013). Ac-
tivating EGFR mutations occur in ∼10%–30% of tumors
of patients with non-small cell lung cancer (NSCLC), a
leading cause of cancer-related deaths (Stewart et al.
2015). These mutations confer sensitivity to EGFR inhib-
itors (EGFRis) such as gefitinib and a variety of later-gen-
eration inhibitors (Lynch et al. 2004; Paez et al. 2004;
Wang et al. 2016). Although EGFR mutant NSCLCs typi-
cally respond dramatically to EGFRis, these responses are
not universal, as the overall response rate is ∼71%. Even
among the initial responders, most inevitably develop ac-
quired resistance to EGFRi therapieswithin a year of treat-
ment (Mok et al. 2009; Rosell et al. 2009; Thress et al.
2015). The resistance mechanism is unknown in up to
30% of patients (Majem and Remon 2013).
Given its central role in driving oncogenesis, the exist-

ing knowledge of the pathway, and the many tools avail-
able, the EGFR pathway is well suited for examining
genetic interactions with other known and putative
cancer drivers. This is supported by existing evidence of
genetic interactions of EGFR with other drivers of tumor-
igenesis (Sharifnia et al. 2014). For example, patients bear-
ing EGFR mutations are known to evolve resistance to
EGFRi therapies by virtue of mutations in other cancer
drivers. In addition to mutations in EGFR itself, low ex-
pression of NF1 (de Bruin et al. 2014) or PTEN (Sos et al.
2009; Yamamoto et al. 2010), amplification of the MET
RTK (Engelman et al. 2007), amplification of the HER2
(ERBB2) RTK (Takezawa et al. 2012), and activation of
KRAS, PIK3CA, BRAF, and MAPK1 (ERK) (Sartore-Bian-
chi et al. 2009; Diaz et al. 2012; Ercan et al. 2012; Misale
et al. 2012; Ohashi et al. 2012) can confer EGFRi resis-
tance. Thus, it is likely that additional drivers will also ge-
netically interact with the EGFR pathway.
To test the hypothesis that cancer drivers can genetical-

ly interact and substitute for one another to drive prolifer-
ation and survival, we investigated TSG and OG drivers
for their ability when mutated to partially replace EGFR
in EGFR-dependent tumor cells by performing CRISPR,
shRNA, and OG expression screens in parallel in a
NSCLCmodel. We took advantage of an algorithm called
TUSON (Tumor Suppressor and Oncogene) Explorer to
identify TSGs and OGs (Davoli et al. 2013). This method
quantifies the likelihood that a gene is a cancer driver
based on the distortion of its mutational signature from
the pattern expected for a “neutral” gene. For example,
TSGs will have higher ratio of loss of function (LOF) to
benign mutations than neutral genes (Fig. 1A). Here, we
show that this genetic approach successfully recovered
previously validated TSGs and OGs that interact geneti-
cally with the EGFR pathway. We also identified novel
TSGs that have not been linked previously to EGFRi resis-
tance. We further characterized the mechanisms underly-
ing gefitinib resistance mediated by several novel TSGs.
Among these, we showed that mutation of PBRM1, a sub-
unit of the SWI/SNF complex, attenuated the effect of
gefitinib in part by sustaining AKT pathway function dur-
ing EGFR inhibition. We also showed that mutation of
CIC, a transcriptional repressor, partially restored the
EGFR gene expression program upon EGFR inhibition in

NSCLC cells in part through sustained activation of
ETV1, resulting in gefitinib resistance. These findings pro-
vide new biochemical insight into EGFR signaling and
support the general notion that cancer drivers are part of
a robust joint network that can compensate for the loss
of any one member.

Results

The central hypothesis motivating this study is that can-
cer mutations often impact the same pathways or control
parallel pathways that can substitute for each other. To
test this notion, we investigated the RTK EGFR pathway.
While EGFR has been extensively studied both biochemi-
cally and genetically, it has not been systematically
probed for its interactions with all known and putative
cancer drivers. To explore these interactions for genes
with TSG properties, we generated both a CRISPR and
an shRNA library containing 10 guide RNAs (gRNAs) or
10 shRNAs per gene to a list of ∼500 genes whose LOF
has been implicated in driving tumorigenesis by the
TUSON Explorer algorithm (Davoli et al. 2013). Each li-
brary also contained 1000 gRNAs or 1000 shRNAs target-
ing the Escherichia coli genome as negative controls. To
explore the genetic interactions with EGFR for genes
with OG properties, we generated a barcoded ORF lentivi-
rus library of ∼50 selected genes whose mutational signa-
tures implicate them as potential OGs by TUSON
Explorer (Fig. 1A; Davoli et al. 2013). We set out to deter-
mine which alterations could substitute for EGFR signal-
ing using a chemical inhibitor of EGFR, gefitinib. We
performed screens using a NSCLC cell line, PC9, which
harbors an activating EGFR mutation and is sensitive to
gefitinib. CRISPR and shRNA have different mechanisms
and off targets, thus providing complementary means of
assessing the functional contribution of TSGs to EGFRi
resistance. Genes that retain function at low expression
levels are likely to be missed in shRNA screens due to
their incomplete depletion. In contrast, genes that are es-
sential for cell viability cannot be assessed in CRISPR
screens. Partial depletion by shRNA will be useful in
these cases. In addition, as gene regulatory networks are
highly interconnected and contain multiple feedback
loops, the response to knockout and depletion can be
markedly different (Shalem et al. 2015). By performing
these complementary CRISPR and shRNA screens in par-
allel with the ORF screen, we were able to obtain a broad
genetic view of the EGFR-interacting pathways.
The schematic of the CRISPR, shRNA, and ORF

screens is outlined in Figure 1B and described in detail
in the Materials and Methods. In each screen, cells were
treated with either DMSO or 30 nM gefitinib for ∼17
d. This intermediate concentration of gefitinib was not
completely lethal but caused a significant lengthening of
the doubling time of PC9 cells, allowing more subtle sup-
pressors of reduced EGFR function to be detected. We
used the MAGeCK (model-based analysis of genome-
wide CRISPR–Cas9 knockout) scoring algorithm (Li
et al. 2014) to rank the performance of individual genes.
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For TSG screens, the negative controls were incorporated
in the MAGeCK analysis to generate null distributions
and calculate the P-value and false discovery rate (FDR)
for each gene. The top 15 hits from each screen are shown
in Figure 1C. For TSG screens, each screen successfully re-
covered previously validated TSGs that impact sensitivity
to EGFR inhibition, including NF1 and PTEN, as well as
novel TSGs that have not been linked previously to
EGFR pathway function. The rank and FDR of each gene
in the two TSG screens are summarized in Supplemental
Table S1. The top 30 genes based on the combined rank of

the two screens (combined FDR < 0.001) are marked in
red. The rank and FDR of each gene in the OG screen
are shown in the Supplemental Table S1. This screen iden-
tified a number of key regulators in the EGFR pathway
previously implicated in EGFRi resistance, including
EGFR itself, ERRB2, NRAS, HRAS, BRAF, and
MAP2K1, as well as two canonical cell cycle regulators:
CDK6 and CCND1. Since themajority of the strong inter-
actions with EGFRi resistance was known previously, we
focused the rest of our efforts on characterizing the novel
TSG hits.

Figure 1. Genetic screens identify modifiers of the cellular response to reduced EGFR signaling. (A) Schematic of the pipeline used by
TUSON Explorer to predict TSGs and OGs. Adapted from Dewar et al. (2013) with permission from Elsevier. (B) Outline of the genetic
screening strategy. (C ) Enrichment score (Z-score determined by MAGeCK [model-based analysis of genome-wide CRISPR–Cas9 knock-
out]) of gefitinib treatment plotted against vehicle (DMSO) treatment for genes in theCRISPR, shRNA, andORF screens. The top 15 genes
of each screen (false discovery rate [FDR] < 0.05) are highlighted. One outlier in the shRNA screen, AAMP (enrichment score for gefitinib
>100, FDR = 0.96) was excluded in the plot of shRNAs. (∗) Mutant form; (#) mutant form 2. (D) The number of overlapping genes observed
between the top hits of the CRISPR and shRNA screens compared with the number expected for a random overlap. (E) Distribution of the
pooled LOFmutation fraction based on a permutation of a group of 30 genes from theTSG library (combined FDR > 0.1 in the screens; blue)
or whole genome (excluding genes in theTSG library; gray) in EGFRmutant or EGFRwild-type tumors. The dot represents the behavior of
the top 30 hits fromour screenmapped on the distribution of theTSGs. TheP-valuewas calculated based on the relative distribution of the
TSG library.
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The top-scoring genes from the TSG screen showed sig-
nificant overlap between CRISPR and shRNA screens
(Fig. 1E). For example, the number of overlapping genes
in the top 20 of CRISPR and top 20 of shRNA is 10 (P =
1.1 × 10−10). As noted previously (Shalem et al. 2014),
CRISPR exhibited greater consistency among the gRNAs
targeting the top candidate genes comparedwith shRNAs.
For the top 20 genes, on average, 62.5% of gRNAs target-
ing each gene ranked among the top 5% of enriched
gRNAs, whereas 40.2% of shRNAs targeting each gene
ranked among the top 5% of enriched shRNAs (Supple-
mental Fig. S1A). Notably, the shRNA screen was able
to recover genes essential for cell viability that were
missed in the CRISPR screen. One example is ZC3H18
(Supplemental Fig. S1B; Blomen et al. 2015).
If the top TSG hits in this screen perform a function

equivalent to that of EGFR mutants, they would be ex-
pected to be largely epistatic and would lack selective
power in an EGFR mutant background. To examine this,
we calculated the LOF fraction (the ratio of nonsense,
frameshift, and high-impact missense mutations vs. total
mutations) for a group of the top 30 TSG hits (combined
FDR < 0.001) using the lung adenocarcinoma TCGA
(The Cancer Genome Atlas) data set. The higher the
LOF fraction, the more selective pressure is on those mu-
tations in a given tumor set. In tumors bearing awild-type,
but notmutant, EGFR gene, the LOF fraction of the top 30
hits was much higher than the average of all the genes in
the TSG library (P = 0.04). This suggests that the top TSG
hits aremore strongly selected in EGFRwild-type tumors.
Such selective pressure suggests that they act like activat-
ing EGFR mutations and theoretically could, when mu-
tant, impact EGFR signaling in EGFR mutant tumors
when treated with an EGFRi.

We also identified three genes among our top 30 hits
whose focal deletion/LOF mutations are mutually exclu-
sive with activating EGFR mutations (Supplemental Fig.
S1C). Two of these, NF1 and KEAP1, were previously
known to be involved in EGFRi resistance, while the
third, THRAP3, is novel. Themutual exclusivity between
the inactivation of these TSGs and activatingEGFRmuta-
tions observed in patients further suggests that such
events operate in the same or functionally redundant
pathways.

Down-regulation of PBRM1 attenuates the effect
of gefitinib by sustaining AKT pathway activation during
EGFR inhibition

A prominent candidate that emerged from the screens is
the SWI/SNF complex. Six genes encoding subunits of
SWI/SNF complexes have been ranked among the top
500 TSGs by the TUSON algorithm and were represented
in our libraries. Among those, PBRM1, ARID2, and
ARID1A scored in the top 30 of both CRISPR and shRNA
screens (combined FDR < 0.001), while ARID1B and
SMARCB1 scored only in the CRISPR screen (FDR <
0.001) (Fig. 2A). SWI/SNF complexes interact with tran-
scription factors, coactivators, and corepressors and are
capable of mobilizing nucleosomes at target promoters
and enhancers to modulate gene expression. The mecha-
nism by which mutation of each individual subunit pro-
motes oncogenesis and the function of mutated SWI/
SNF complexes in cancer are now active areas of investi-
gation (Helming et al. 2014).
The mechanistic role of PBRM1 in tumorigenesis re-

mains elusive. PBRM1 is required for p21 expression and
cell cycle arrest in breast cancer cells upon transforming

Figure 2. Multiple subunits of the SWI/SNF complex
scored asmodifiers of EGFR pathway function. (A) Sche-
matic of the BAF and PBAF complexes showing which
subunits scored in our screens as modifiers of EGFR
dependency. (B) PBRM1 down-regulation enhances sur-
vival of PC9 cells in long-term colony formation assays.
Cells were fixed and stained after treatmentwithDMSO
or 30 nM gefitinib for the indicated times. Uninfected
PC9 cells and GFP gRNA-expressing PC9 cells were
used as controls. (C ) Immunoblot analysis of PBRM1
mutant PC9 cells treated with 30 nM gefitinib for 0, 6,
and 12 h. Cells were incubated withmedium containing
0.5% serum 18 h before and during drug treatment. (D)
Immunoblot analysis of PBRM1mutant PC9 cells treat-
ed with 30 nM gefitinib for 3 d with the indicated
antibodies.
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growth factor-β (TGFβ) treatment (Xia et al. 2008). Howev-
er, in primary mouse embryonic fibroblasts (MEFs),
PBRM1 suppresses p21 expression, and deletion of
PBRM1 triggers cell cycle arrest and cellular senescence
(Lee et al. 2016). Direct links between EGFR signaling
and PBRM1 or other SWI/SNF components have not yet
been established.

To validate the effects of PBRM1 loss on the phenotype
of EGFR pathway impairment, we performed colony for-
mation assays in which cells were cultured in the pres-
ence of gefitinib for 3 wk. PBRM1 mutation using three
different gRNAs substantially enhanced cell survival in
these assays (Fig. 2B).PBRM1mutation also enhanced sur-
vival of PC9 cells treated with erlotinib or third-genera-
tion EGFRi AZD9291 but had no effect on cisplatin
treatment (Supplemental Fig. S2A). Given the role of
PBRM1 on p21 regulation in other cellular contexts, we
examined the p21 levels of PBRM1 gRNA-expressing
and control gRNA-expressing PC9 cells treated with
DMSO or gefitinib. PBRM1 mutation did not affect the
basal level of p21 in PC9 cells or reduce the induction of
p21 by gefitinib treatment (Supplemental Fig. S2B).
Because two other SWI/SNF subunits, SMARCE1 and
ARID1A, have been reported to negatively regulate
EGFR mRNA levels (Papadakis et al. 2015), we sought
to examine whether loss of PBRM1 also affects EGFR ex-
pression. PBRM1 mutation by CRISPR in PC9 cells did
not affect the level of EGFR or phosphorylation of EGFR
in the absence or presence of gefitinib (Fig. 2C).

Wenext examined the phosphorylation status of several
downstream signaling proteins of EGFR. We found that
treatment of PC9 cells with gefitinib quickly induced
the levels of AKT while reducing its phosphorylation (p-
AKT). We found that PBRM1mutant cells showed slower
rates of reduction of p-AKT than parental and control
gRNA-expressing cells after 6 and 12 h of gefitinib treat-
ment (Fig. 2C), but then the levels of p-AKT fully rebound-
ed to untreated levels by 3 d (Fig. 2D). Gefitinib
completely abolished ERK phosphorylation, and that ef-
fect did not rebound by 3 d of treatment. These results in-
dicate that PBRM1 loss attenuates the effects of gefitinib
on the downstreamAKT pathway, which is likely to ame-
liorate the effects on EGFR pathway inhibition.

Loss of CIC confers resistance of NSCLC cell lines
to EGFRis

Among the novel hits that scored in both the CRISPR and
shRNA screens, CIC (combined FDR = 0) stood out
because a related gene has been reported to transcription-
ally repress EGFR target genes duringDrosophila develop-
ment. In Drosophila, LOF of the CIC ortholog Capicua
bypasses the requirement for EGFR signaling in vein cell
determination (Roch et al. 2002). CICmutations increase
the rate of cell proliferationwithout affecting cell size and
bypass the requirement for EGFR signaling in imaginal
discs (Tseng et al. 2007). However, the potential role of
CIC loss in drug resistance has not been investigated.

To validate that CIC loss mediates gefitinib resistance,
we performed a multicolor competition assay in which

PC9 cells labeled with GFP were infected with a virus en-
coding Cas9 and a gRNA to CIC (referred to here as CIC
knockdown cells) and were mixed with control Cas9–
gRNA-infected cells labeled with mRuby in a 50:50 ratio.
After DMSO or gefitinib treatment, the percentage ofCIC
knockdown cells was then quantified as the percentage of
GFP cells using FACS. Knockdown of CIC protein was
confirmed by immunoblotting (Fig. 3A). The percentage
of CIC knockdown cells remained ∼50% under DMSO
treatment, indicating that CIC does not regulate basal
proliferation of PC9 cells. However, when treated with
gefitinib, CIC knockdown cells were selectively enriched
(Fig. 3B). CIC knockdown also enhanced survival of PC9
cells treated with erlotinib or the third-generation EGFRi
AZD9291 (Supplemental Fig. S3A). We confirmed the ef-
fects of CIC knockdown in another NSCLC cell line,
H1975. H1975 cells harbor an activating EGFR mutation
(L858R) and the gatekeeper mutation T790M, which
confers resistance to gefitinib and erlotinib but not
AZD9291. CIC knockdown using two different gRNAs
substantially enhanced cell survival under AZD9291
treatment in the colony formation assays (Fig. 3C,D), sug-
gesting that the role of CIC is cell type- and EGFRi-
independent.

To further characterize the resistance mechanism, we
examined apoptosis and cell cycle distribution of CIC
knockdown cells under gefitinib treatment using propi-
dium iodide (PI) staining and BrdU labeling, respectively.
Unlike loss ofNF1, impairingCIC function did not protect
PC9 cells from gefitinib-induced apoptosis (Supplemental
Fig. S3B).However,while gefitinib inducedG1/S cell cycle
arrest in control cells, impairingCIC function reduced the
effects of gefitinib on cell cycle arrest (Fig. 3E), suggesting
that CIC loss causes gefitinib resistance in part through
promoting cell cycle entry. This is consistent with our ob-
servation thatCIC loss prevents the repression of cyclinD
expression by gefitinib (see Fig. 4F). CyclinD binds and ac-
tivates the cyclin-dependent kinases CDK4 and CDK6 to
promote cell proliferation. If this mechanism contributes
to gefitinib resistance, one might expect that reducing
CDK4/6 function would restore gefitinib sensitivity of
CIC knockdown cells. We tested this hypothesis and
found that the selective outgrowth of CIC impaired cells
treated with gefitinib could be inhibited by cotreating
with a CDK4/6 inhibitor, palbociclib (Fig. 3F). The effects
appear to be specific to gefitinib treatment because palbo-
ciclib had little effect on these cells in the absence of
gefitinib.

CIC loss mediates sustained activation of EGFR target
genes during EGFR inhibition

To identify the effectors that are induced upon loss ofCIC
in the EGFRi resistance setting, we performed RNA se-
quencing (RNA-seq) using two replicates for control
gRNA and three different gRNAs of CIC as three repli-
cates. Cells were treated with DMSO or 30 nM gefitinib
for 6 h (Fig. 4A). Knockdown of CIC was confirmed by im-
munoblotting (Fig. 4B). The full analyses of differentially
expressed genes (DEGs) across different conditions are
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shown in Supplemental Table S2. Gene set enrichment
analysis (GSEA) revealed that the EGFR target genes iden-
tified by Kobayashi et al. (2006) comprised the highest-
ranking up-regulated gene set in CIC knockdown cells
compared with control cells during gefitinib treatment
(Fig. 4C), indicating that CIC knockdown cells were able
to partially sustain EGFR signaling during gefitinib treat-

ment. Protein–protein interaction (PPI) hub analysis indi-
cated that MAPK1/3 (ERK1/2) and EGFR were the most
significantly enriched hubs of DEGs betweenCIC knock-
down cells and control cells during gefitinib treatment
(Fig. 4D). However, CIC knockdown cells did not exhibit
differential phospho-EGFR or phospho-ERK1/2 compared
with control cells with or without gefitinib treatment
(Supplemental Fig. S4A), suggesting that CIC regulates
EGFR target genes downstream from EGFR–ERK1/2
function.
A heat map of the top 10 up-regulated genes in the

CIC knockdown cells compared with control cells dur-
ing gefitinib treatment is shown in Figure 4E. The top
two up-regulated genes were ETV4 and ETV5. ETV1,
ETV4, and ETV5 are members of the PEA3 (polyoma en-
hancer activator 3) subfamily of Ets transcription factors.
The three PEA3 Ets transcriptional activators function as
oncoproteins in several tumor types and promote cell
proliferation (Oh et al. 2012). Notably, ETV1 was shown
previously to restore the RAS/MAPK gene expression
program upon MEK inhibition in prostate cancer cells
(Hollenhorst et al. 2011). ETV1 was not included in the
transcriptional analysis due to low read counts detected
in RNA-seq but was significantly up-regulated in the
CIC knockdown cells compared with control cells dur-
ing gefitinib treatment and ranks in the top three genes
when considering fold change (Fig. 4E). Using RT-
qPCR, we further confirmed the mRNA levels of the
three PEA3 Ets transcription factors as well as CCND1,
which is of interest given that CIC knockdown bypassed
cell cycle arrest induced by gefitinib. The mRNA levels
of these genes were significantly reduced in response to
gefitinib in control cells but remained high in CIC
knockdown cells (Fig. 4F).

The CIC-regulated oncogenic Ets factor ETV1
can enhance cell growth in NSCLC cells when
the EGFR pathway is impaired

Given that mRNA levels of the PEA3 Ets transcription
factors were sustained inCIC knockdown cells upon gefi-
tinib treatment, we sought to determine whether these
genes contribute to the resistance caused by loss of CIC.
We individually expressed ORFs of ETV1, ETV4, and
ETV5 in PC9 cells and examined the effects on gefitinib
resistance using the multicolor competition assay. Ectop-
ic expression of ETV4was toxic to PC9 cells. The percent-
age of GFP-labeled ETV4-expressing cells decreased to
∼0% after DMSO treatment for 10 d (Fig. 5A); thus, its
role in promoting drug resistance could not be evaluated.
While not promoting the basal proliferation of PC9

cells, ETV1 expression conferred a significant growth ad-
vantage over the empty vector (EV) during gefitinib treat-
ment (Fig. 5A). The IC50 of gefitinib increased 10.7-fold for
ETV1-expressing cells comparedwith EV-expressing cells,
as determined by the sulphorhodamine B (SRB) assay (Fig.
5B). Notably, consistent with the regulation of its mRNA
levels, protein levels of ETV1 in the control cells were de-
creased upon gefitinib treatment, while in the CIC mu-
tant cells upon gefitinib treatment, ETV1 protein levels

Figure 3. CIC LOF enhances growth of cells with impaired
EGFR signaling. (A) Immunoblot analysis of the CIC protein in
PC9 cells infected with lentivirus expressing Cas9 and the indi-
cated gRNAs. (B) Viruses expressingCas9 andCIC orGFP gRNAs
were used to infect PC9 cells, infected cells weremixed in a 50:50
ratio and treated with either DMSO or 30 nM gefitinib for 10 d or
DMSO or 100 nM gefitinib for 14 d, and the percentage of CIC
mutants was quantified using FACS. (C ) Immunoblot analysis
of CIC protein in H1975 cells infected with lentivirus expressing
Cas9 and the indicated gRNAs. The dots indicate a cross-reactive
protein. (D) CIC mutation enhances survival of H1975 cells in
long-term colony formation assays with EGFRis. Cells described
in C were fixed and stained after treatment with DMSO or 100
nM AZD9291 for the indicated times. (E) Cell cycle profiles of
CIC and GFP gRNA-expressing cells treated with DMSO or 30
nM gefitinib for 48 h. Incorporated BrdU and total DNA content
(7AAD) were used to distinguish cells in the G0/G1, S, or G2/M
phases of the cell cycle. Apoptotic (sub-G1) cells are not shown.
(F ) Competition assays as inB. After 10 d of treatmentwith either
DMSO, 1 µM palbociclib, 30 nM gefitinib, or a combination of 1
µMpalbociclib and 30 nMgefitinib, the percentage ofCIC gRNA-
expressing cells was quantified using FACS. Data are themeans ±
SD. n = 3 in all panels. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001.
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weremaintained at a level comparablewith or higher than
the basal level of DMSO-treated control cells (Fig. 5C;
Supplemental Fig. S4B). Collectively, these results suggest
that sustained activation of ETV1 and possibly other Ets
factors contributes to gefitinib resistance mediated by
CIC loss.

ETV5 protein was expressed at low levels in PC9 cells,
and these levels were reduced upon gefitinib treatment
(Fig. 5C). Basal ETV5 levels weremuch higher inCICmu-
tant cells, and, while partially reduced by gefitinib treat-
ment, significant levels of ETV5 still remained after
gefitinib treatment and could potentially contribute to
gefitinib resistance. Surprisingly, while ectopic expres-
sion of ETV5 showed increased basal levels in untreated
cells, addition of gefitinib reduced the protein to undetect-
able levels. Consistent with this, doxycycline (Dox)-in-
duced expression of ETV5 in PC9 cells had no effect on
sensitivity to gefitinib treatment (Fig. 5A). Thus, the
role of ETV5 in promoting gefitinib resistance inCICmu-
tants remains to be established.

Discussion

We used LOF and gain-of-function genetic screens to sys-
tematically investigate genetic interactions among cancer
drivers with a focus on RTK pathways. CRISPR and
shRNA screening provided complementary means of as-
sessing the functional contribution of TSGs. While these
two approaches identified a significantly overlapping list
of genes that influence EGFRi resistance phenotypes,
they also identified unique genes. For example, the
shRNA screen identified ZC3H18, which is essential for
cell viability and was therefore missed in the CRISPR
screen. CRISPR, on the other hand, uniquely identified
NF2, which did not score in the shRNA screen. In general,
gRNAs targeting the top genes behave more consistently
in the CRISPR screens than shRNAs do in the shRNA
screens and show stronger enrichment with more signifi-
cant FDRs.

The validity of this genetic interaction screen was the
identification of many genes previously known to play

Figure 4. Identification and functional evaluation of genes regulated byCIC. (A) Schematic of the RNA sequencing (RNA-seq) analysis.
Cells were treated with DMSO or 30 nM gefitinib for 6 h. Differentially expressed genes (DEGs) were identified using edgeR. (B) Confir-
mation of CIC knockout in PC9 cells using immunoblots. (C ) EGFRi resistance signature enrichment plot (using Kobayashi EGFR Sig-
naling 24hr DN signature data sets obtained from the gene set enrichment analysis [GSEA]). The plot indicates a significant up-
regulation of EGFR signatures in CIC gRNA-expressing PC9 cells compared withGFP gRNA-expressing PC9 cells during gefitinib treat-
ment. (NES) Normalized enrichment score. (D) Protein–protein interaction (PPI) hubs among the DEGs between CIC gRNA-expressing
andGFP gRNA-expressing PC9 cells during gefitinib treatment. (E) Heat map of expression levels (Z-scores) of the top up-regulated genes
inCIC gRNA-expressing compared withGFP gRNA-expressing PC9 cells during gefitinib treatment. Each sample was normalized to the
basal condition (GFP gRNA-infected, DMSO-treated sample 1). FDRswere calculated by comparingCIC gRNA-expressing cells withGFP
gRNA-expressing cells during gefitinib treatment. The asterisk for ETV1 indicates that we were unable to calculate an FDR, as the total
read counts were too low, but it ranks in the top 10 by fold change. (F ) RT-qPCR analysis of mRNA expression of the indicated genes in
CIC gRNA-expressing orGFP gRNA-expressing PC9 cells treated with DMSO or 30 nM gefitinib for 6 h. Data are the means ± SD. n = 3.
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roles in RTK signaling, although only a few had been
shown previously to impact cell growth and survival in
EGFR-dependent cell lines. This is illustrated by the
heat map pathway shown in Figure 6. Core members of
the RTK pathway EGFR and ERBB2(HER2) scored
strongly, as did HRAS and NRAS, key downstream effec-
tors of the RTK pathway (Supplemental Table S1). Addi-
tional regulators of RAS—the RAS-GAPs NF1 and
RASA1—stood out, as did SPRED1 and SPRED2, known
to negatively influence RAS downstreamsignaling. Direct
effectors of RAS such as BRAF andMAP2K1 also strongly
scored, as did additional MAPK pathways that may func-
tion in various feedback mechanisms at play in RTK sig-
naling. Genes involved in the PI3K pathway that act
downstream from RTKs, such as PIK3R1, PTEN, NF2
(Pirazzoli et al. 2014), and AKT1, were also recovered in
our screens. One interesting observation from the OG
screenwas that expression ofmost of theOGs that provid-
ed enrichment in the presence of gefitinib resulted in a
negative enrichment score when expressed in cells bear-
ing activated EGFR without gefitinib (Fig. 1C). A similar
observation was observed previously for expression of ac-
tivated KRAS in EGFR mutant tumors (Unni et al. 2015),
suggesting that too much oncogenic signaling could be
toxic and result in synthetic lethality. Our results suggest
that this observation may not be an isolated example but
instead a general rule for OGs capable of suppressing
EGFR loss.

We observed additional pathways whose direct connec-
tion to the RTK signaling is less clear. Theymay represent
parallel pathways that provide equivalent functions. Per-
turbation of the TGFβ pathway—including the two
TGFβ superfamily receptors TGFBR2 and ACVR2A and
their downstream effector, the transcription factor
SMAD4—all showed phenotypes. SMAD4 loss has been
shown previously to impact resistance to EGFRis (Cheng
et al. 2015), but how it suppresses EGFRi sensitivity is not
known. Other key pathways illustrated in the screen in-
volved proliferation and survival. Genes involved in pro-
moting apoptosis, such as CCAR and MAP3K4 (Rishi
et al. 2006), were also identified. Consistent with the iden-
tification ofMAP3K4, TGFβ signalingwas shown to play a
role in tumor inhibition by activating MAPK14 (P38
MAPK) signaling through SMAD4-dependent GADD45β
expression (Takekawa et al. 2002). This could be part
of the mechanism of EGFRi resistance mediated by
SMAD4 loss. Among genes promoting proliferation are
the central G1/S transition regulators such as the cyclin-
dependent kinase CDK4/6–Cyclin D genes (Kobayashi et
al. 2006) and their inhibitors, p21CDKN1A and p27CDKN1B.
In addition, the downstream inactivation target of the
CDK4/6 kinases, the RB1 gene (Niederst et al. 2015) that
is known to restrain cyclin E and other genes necessary
for promoting entry into S phase, was a strong hit in the
screen. This central network may be a direct target of
many TSG and OG drivers and has been linked to both
RTK and TGFβ pathways in other contexts (Stalinska
and Ferenc 2005; Schiewer et al. 2012; VanArsdale et al.
2015; O’Leary et al. 2016). Another key pathway known
to regulate proliferation and survival identified in our
screens was theMYC–MAX pathway.WhileMAX scored,
MYC did not, but it is possible that MYC is already in ex-
cess, and its partner,MAX, is rate-limiting in this cell line.
We also recovered CDH1 in our screens, down-regulation
of which was shown previously to up-regulate EGFR and
promote proliferation and invasiveness in NSCLC cells
(Liu et al. 2013).
Many TSGs and OGs not previously implicated in RTK

signaling emerged from our screens, includingUSP28 and
the CUL3–KEAP1 E3 ubiquitin ligase complex. Although
damaging, mutations in KEAP1were shown previously to
mediate EGFRi resistance (Yamadori et al. 2012). Among
these, the SWI/SNF complex stood out, as multiple mem-
bers of that complex scored as modifiers of EGFR depend-
ency. Two SWI/SNF subunits, SMARCE1 and ARID1A,
have been reported to confer resistance to MET and ALK
inhibitors by regulating EGFR expression (Papadakis et
al. 2015). However, we showed that loss of PBRM1 does
not affect EGFR levels. Instead, PBRM1 mutant NSCLC
cells were able to restore activation of AKT in the pres-
ence of gefitinib after an initial inhibition. AKT signaling
pathways are known to rebound in the continuous pres-
ence of PI3K inhibitors due to relief of various feedback
mechanisms (Costa et al. 2015; Schwartz et al. 2015),
but it is unknown whether the effect of EGFR inhibition
works through the same mechanism as PI3K inhibitors,
and, in this case, the rebound in response to gefitinib is de-
pendent on PRBM1 mutation. Thus, how PBRM1

Figure 5. The CIC-regulated oncogenic Ets factor ETV1 can en-
hance cell growth when the EGFR pathway is impaired. (A) PC9
cells containing virus expressing the indicated ORFs were mixed
with cells containing the empty vector (EV) in a 50:50 ratio. After
10 d of treatment with DMSO or 30 nM gefitinib, the percentage
of GFP-labeled ORF-expressing cells was quantified using FACS.
Data are means ± SD. n = 3. (NS) Not significant; (∗∗) P < 0.01. (B)
PC9 cells expressing ETV1 or EV were treated with the indicated
concentrations of gefitinib for 72 h before cell viability was mea-
sured using a sulphorhodamine B (SRB) assay and normalized to
untreated controls. Data are means ± SD. n = 3. (C ) Immunoblot
analysis of PC9 cells overexpressing EV or the indicated ORFs
or infected with CIC gRNA and treated with 30 nM gefitinib
for 12 h.
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restrains AKT activation remains to be determined. The
different mechanisms underlying the regulation of EGFR
signaling by different subunits of SWI/SNF may be com-
plex. Also, despite the role of PBRM1 in regulating p21
in other cellular contexts, knockdown of PBRM1 in PC9
cells did not affect the basal level of p21 or its level during
gefitinib treatment. This may be in part because the com-
position of the SWI/SNF complex varies from tissue to tis-
sue, as do its transcriptional targets (Helming et al. 2014).
This level of combinatorial complexity may allow for dif-
ferent mechanisms depending on which subunits are ex-
pressed and in which tissues they are present.

Another tumor suppressor identified and characterized
in our study isCIC.CIChas been studiedprimarily inDro-
sophila melanogaster, where it acts downstream from
EGFR during fly development. Depending on the context,
EGFR signaling causes the CIC protein to decrease or exit
the nucleus and relocate to the cytoplasm (Jimenez et al.
2012). In some cases, neither of these events occurs, but
its activity is somehow interferedwith byRAS/MAPK sig-
nals (Dissanayake et al. 2011). In PC9 cells, we did not see
either inductionofCICprotein or increased localization to
the nucleus under gefitinib treatment (data not shown),
suggesting another form of inactivation in response to
EGFR signaling. Regardless, these studies suggest that
the relationship between CIC and EGFR found in Droso-
phila is conserved in humans and that CIC loss can sup-
press loss of EGFR signaling in both organisms.

Themechanism throughwhichCIC loss impacts EGFR
signaling and resistance to gefitinib is likely its role as a
transcriptional repressor of genes that affect the ability
of cells to maintain cell proliferation. Among the tran-
scriptional targets induced in PC9 cells in the absence of
CIC, we identified a D-type cyclin (CCND1) and a family
of Ets-related transcription factors (ETV1, ETV4, and
ETV5). Furthermore, the CDK4/6 kinase inhibitor
CDKN2B is induced by gefitinib in CIC wild-type cells,
but this induction was abrogated in the absence of CIC

(Supplemental Table S2). A functional role for regulators
of the cyclin D/CDK4/6/RB pathway in mediating part
of the bypass of EGFR function in the absence of CIC
was suggested by the enhanced sensitivity of CICmutant
PC9 cells to gefitinib in the presence of the CDK4/6 inhib-
itor palbociclib (Fig. 2D). The fact that CDK4 and CDK6
overproduction provided gefitinib resistance in the OG
screen (Supplemental Table S1) further supports a role
for cell cycle regulation in EGFR-driven cell proliferation.

The Ets factors, which have known oncogenic func-
tions, are also likely to play an important role in the abil-
ity of CIC mutants to modify PC9 cells’ resistance to
gefitinib. Ectopic ETV1 expression conferred gefitinib re-
sistance to these cells. It is likely that ETV4 and ETV5
also play a role in mediating resistance to gefitinib in
the absence of CIC; however, we were unable to test
this because we were unable to express sufficient levels
of these proteins in PC9 cells. Unexpectedly, while we
were able to express detectable levels of ETV5 from an ex-
ogenous promoter, inhibition of EGFR still extinguished
ETV5 protein levels, suggesting that active EGFR is pro-
moting the expression of ETV5 both transcriptionally
and post-transcriptionally. Nonetheless, the derepression
of this family of oncogenic transcription factors is likely to
play an important role in how CIC loss mediates resis-
tance to EGFR inhibition in PC9 cells.

The present system-level study of the genetic interac-
tions among cancer drivers provides strong support for
the hypothesis that cancer drivers can substitute for
each other in some contexts.We identified a large number
of TSGs and OGs that can genetically modify the growth
and survival deficiencies caused by reduced EGFR signal-
ing. In addition to the genes already known to modify re-
sistance to EGFR inhibition and genes directly implicated
in the RTK–RAS–PI3K signaling pathway, we uncovered
many new TSGs and OGs that can genetically interact
with EGFR signaling. These genes may play a role in aug-
menting the RTK–RAS–PI3K pathway or parallel path-
ways that can provide cells with enhanced growth and
survival functions that substitute for those lacking
when EGFR signaling is impaired.Many of these genes be-
come candidates for the 30% of tumors that acquire resis-
tance through unknown mechanisms. This type of
analysis can also be performed in cells experiencing other
forms of OG addiction or TSG hypersensitivity to identify
TSGs andOGs thatmodify their function andwill provide
information on the role of many relatively understudied
cancer drivers.

Materials and methods

Cell culture and reagents

PC9 cells were kindly provided by J. Engelman (Massachusetts
General Hospital Cancer Center and Harvard Medical School).
H1975 cells were kindly provided by Kwok Kin Wong (Dana-
Farber Cancer Institute and Harvard Medical School). 293T cells
were purchased fromAmericanTypeCultureCollection (ATCC).
PC9 cells/H1975 cells and 293T cells were maintained in RPMI
1640 medium (ATCC modification) and DMEM, respectively

Figure 6. Summary and pathway schematic. Genetic interac-
tions of TSGs and OGs with the EGFR pathway.
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(Thermo Fisher Scientific, Inc.), supplemented with 10%heat-in-
activated fetal bovine serum (FBS) (GE Healthcare HyClone), 100
IU/mL penicillin, and 100 µg/mL streptomycin in a humidified
atmosphere of 95% air and 5% CO2 at 37°C. Gefitinib, erlotinib,
and AZD9291 were purchased from Selleck Chemicals. Palboci-
clibwas a gift fromK.Cichowski.The antibodies usedwereTubu-
lin (1:2500; Cell Signaling, 2128S), GAPDH (1:2500; Cell
Signaling, 8884), PBRM1 (1:500; Bethyl Laboratories, A301-
591A-M), p21 (1:1000; Cell Signaling, 2947S), phospho-EGFR
(Tyr1068; 1:1000; Cell Signaling, 2236S), EGFR (1:1000; Cell Sig-
naling, 2232S), phospho-ERK1/2 (T202/Y204; 1:1000; Cell Signal-
ing,4370P), totalERK1/2 (1:1000;CellSignaling,4695P), phospho-
AKT (S473; 1:1000;Cell Signaling, 4060P), totalAKT (1:1000;Cell
Signaling, 2920S), ETV1 (1:1000; Abcam, ab184120), ETV5
(1:1000;Abcam, ab54704), andCIC (1:5000; a gift fromH.Zoghbi).

TSG CRISPR library construction

A customized DNA oligonucleotide library with 10 gRNAs per
gene for each of the 500 TSG candidates was synthesized on ami-
croarray (Agilent). The gRNA oligonucleotide library was PCR-
amplified by a set of specific primers and digested with BbsI.
The digested gRNA was purified on a 10% TBE PAGE gel and
cloned into BsmBI-digested pLentiCRISPR V2 (Addgene plasmid
no. 52961).

TSG shRNA library construction

A customized DNA oligonucleotide library with 10 shRNAs per
gene for each of the 500 TSG candidates was synthesized as
above. The shRNA oligonucleotide library was PCR-amplified
by a set of specific primers and digested with XhoI and EcoRI.
The digested PCR products were purified on a 3% Nusieve gel
and cloned into the XhoI/EcoRI-digested vector (pMSCV-mirE-
pheS) to make pMSCV-mirE libraries. The pMSCV-mirE libraries
were digested with XhoI/MluI and cloned into XhoI/MluI-cut
pHAGE-Ind10-mirE. The pMSCV-mirE-pheS vector was made
by two steps. First, pMSCV-PM-pheS plasmid DNAwas digested
with EcoRI, and a pair of complementary oligonucleotides con-
taining the 3′mirE sequences were inserted using SLIC (Li and
Elledge 2012) to generate pMSCV-mirE3′-pheS. Second, the
pMSCV-mirE3′-pheS plasmid was digested with HpaI, and a
pair of complementary oligonuclotides containing the 5’mirE se-
quence were inserted using SLIC to generate pMSCV-mirE-pheS.

CRISPR and shRNA screen

TheCRISPRand shRNAscreenswere performed in three and two
replicates, respectively. Each library contained 10 gRNAs or 10
shRNAs per gene for each of the 500 TSG candidates and 1000
gRNAs or 1000 shRNAs targeting the E. coli genome as negative
controls. PC9 cells were transduced using 4 µg/mL polybrene
(Sigma) at a lowmultiplicity of infection ([MOI] = 0.2) with an av-
erage representation of ∼1000 cells per gRNA/shRNA. Trans-
duced cells were then selected with 1 µg/mL puromycin
(Clontech) for 3 d. The shRNA library was constructed in a
Dox-inducible vector. After puro selection,Doxwas added 3 d pri-
or to gefitinib treatment, allowing the targeted genes to be
knocked down. For the CRISPR screen, cells were passaged for
9 d, allowing enough time for genomemodification byCas9. Cells
from the initial time point were harvested, and the cells were
then split into two arms and treated with either DMSO or 30
nM gefitinib for ∼17 d. Cells from the end time point (DMSO
treatment and gefitinib treatment for 17 d) were then harvested.
Genomic DNAs containing shRNA or gRNA were amplified by
PCR and subsequently subjected to next-generation sequencing.

The MAGeCK scoring algorithm (Li et al. 2014) was used to
rank the performance of individual genes based on enrichment,
comparing the gefitinib treatment group with the DMSO treat-
ment group. The negative controls were incorporated in the
MAGeCk analysis to generate null distributions and calculate
the P-value and FDR for each gene. Combined FDRs of the two
screens were generated using combined P-values generated by
Fisher’s method and were used as the FDRs for TSGs in Figure 6.

OG screen

The OG screen was performed in three replicates. A lentiviral li-
brary containing a partial list of barcoded OGs (K Mengwasser,
T Davoli, Y Leng, Q Xu, E Wooten, and S Elledge, in prep.) iden-
tified by TUSON under the control of a Dox-inducible TRE pro-
moter and containing the rtTA gene was introduced into PC9
cells. Transduced cells were then selected with 1 µg/mL puromy-
cin (Clontech) for 3 d and grown for 7 d. Dox (1 µg/mL) was added,
and cells were grown for 3 d, allowing the genes to be expressed.
Next, either DMSO or 30 nM gefitinib was added, and cells were
grown for ∼17 d inmedium containing Dox. DNAwas harvested,
processed, and analyzed as described above.

Analysis of the somatic mutation data set and focal
deletion data set

The data sets of somatic mutations and focal deletions of lung ad-
enocarcinoma patients were from TCGA (http://cancergenome.
nih.gov). We classified patients harboring the following acti-
vating mutations in EGFR as EGFR mutant patients: p.L858R,
p.TSPKANKE751del, p.KANKEI754del, p.LREAT747del,
p.ELR746del, p.ELREA746del, p.G719A, p.G719C, p.G719S,
p.V765A, p.T783A, and p.L861Q. After excluding patients with
mutations >1000, we ended up with 50 EGFR mutants and 443
EGFR wild-type patients.
We used the PolyPhen2 Hum-Var prediction model (Adzhubei

et al. 2010) to weigh the functional impact of each missense mu-
tation. Based on the possible or probable damage in the Hum-Var
prediction by PolyPhen2, we defined missense mutations with a
Hum-Var score >0.447 as damaging. We defined LOF mutations
as nonsense, frameshift, and “damaging missense” (correspond-
ing to possibly or probably damaging in the Hum-Var prediction
with a score >0.447). We defined a gene as focally deleted if its
log2 copy number change was lower than −0.2.
Because of the low number of EGFRmutant tumors in our data

set, most genes had few mutations and could not be analyzed in-
dividually. Therefore, we pooled 30 genes as a group to reduce
noise and gain statistical power. We then calculated the average
percentage of LOF mutations (LTop30) for our top 30 TSG hits in
EGFR mutant and wild-type patients as follows:

LTop30 =
∑30

gene=1
∑n

patient=1(Nonsense+ Frameshift +MissenseHVar.0.447)
∑30

gene=1
∑n

patient=1(All mutations)
× 100%.

We then performed 10,000 permutations using a random group of
30 genes to get the distribution of LTSG (using genes in the TSG
library with rank position >65 in the screens, FDR > 0.1) or
Lgenome (using all genes in the genome, excluding the ones in
the TSG library). The P-value of LTop30 was calculated based on
the distribution of LTSG.
The analysis of mutual exclusivity of each genewith activating

EGFR was performed using the Fisher exact test (one-tailed test)
based on 447 patients who had both mutation and focal deletion
data.
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Multicolor competition assay

GFP-labeled PC9 cellswere transducedwith the indicated gRNA/
ORFs, and mRuby-labeled PC9 cells were transduced with GFP
gRNA/EV. After puromycin selection and 3 d of 1 µg/mL Dox
treatment for ORF-expressing cells, GFP-labeled PC9 cells were
mixed with mRuby-labeled PC9 cells in a 50:50 ratio in six-well
plates. After treatment of DMSO or the indicated dose of drug,
the drug andmediumwere replaced every 2 d, and the percentage
of GFP-labeled gRNA/ORF-expressing cells was quantified using
FACS (BD, LSR II).

Colony formation assay

Single-cell suspensions were seeded into six-well plates (200 cells
per well) and incubated overnight before continuous treatment of
DMSO for 2 wk or 30 nM gefitinib for 3 wk, with drug and medi-
um replaced every 2 d. At the end of treatment, cells were fixed
with 10% trichloroacetic acid, washed, and stained with SRB as
described previously (Vichai and Kirtikara 2006).

Cell viability assay

The effects of gefitinib on cell proliferation were determined by
SRB as described previously (Vichai and Kirtikara 2006).

Apoptosis and cell cycle analysis

Cells seeded in six-well plates (5 × 104 cells per well) were treated
with DMSO or 30 nM gefitinib for 48 h. For apoptosis analysis,
cells were then fixed with 70% (v/v) cold ethanol overnight at
−20°C and stainedwith PI solution (20 µg/mL PI [Sigma-Aldrich],
0.1% Triton X-100, 8 µg/mL RNase). For cell cycle analysis, cells
were pulsedwith BrdU (10 µM final concentration) for 1 h prior to
fixation. BrdU labeling and staining were performed using the
APCBrdU flow kit (BD Biosciences) according to themanufactur-
er’s instructions. Samples were analyzed by flow cytometry (BD,
LSR II).

Quantitative RT-qPCR

Total RNAwas isolated using theRNAeasyminikit (Qiagen), and
cDNA was synthesized using SuperScript IV (Invitrogen) accord-
ing to the manufacturer’s instructions. Quantitative RT-qPCR
was performed in triplicate using the TaqMan gene expression
master mix (Invitrogen) with TaqMan gene expression assay
(Life Technologies) on an Applied Biosystems Fast 7500 machine
using GAPDH as the endogenous normalization control. The
IDs for the TaqMan assays used were as follows: GAPDH
(Hs99999905_m1), ETV1 (Hs00951951_m1), ETV4 (Hs003833
61_g1), ETV5 (Hs00927557_m1), and CCND1 (Hs00765553_m1).

Gene expression profiling

PC9 cells were transduced with pLentiCRISPR V2 with gRNA
targeting GFP or CIC. Infected cells were selected using 1 µg/
mL puromycin (Clontech) for 3 d. One week after transduction,
cells were treated with DMSO or 30 nM gefitinib for 6 h. Total
RNA was isolated using the RNAeasy minikit (Qiagen). RNA-
seq libraries were generated using NEBNext ultra RNA library
preparation kit (New England Biolabs). RNA-seq was performed
using two replicates for control GFP gRNA and three different
gRNAs of CIC as three replicates. Fifty-base-pair single-end se-
quencing was performed using an Illumina HiSeq 2500. Reads
were aligned to the hg19 genome using HiSat2 (Pertea et al.
2016), transcripts and frequencies were assessed from the aligned
data by subread (Liao et al. 2013), and edgeR (Robinson et al. 2010)

was used to identify DEGs and generate the CPM expression val-
ues used for GSEA (http://www.broadinstitute.org/gsea) (Subra-
manian et al. 2005). PPI hubs were identified using Enrichr
(Kuleshov et al. 2016). Z-scores were used to generate a heat
map of relative expression levels. Each sample was normalized
to the basal condition (GFP-gRNA-infected, DMSO-treated
sample 1) by subtracting the Z-score of the basal condition from
the Z-score of each sample for each gene as Znomalized to basal =
Zsample−ZGFP gRNA, DMSO sample 1.

Plasmids, cloning and viral transduction

gRNAswere cloned into pLentiCRISPRV2 (Addgene, plasmid no.
52961) as described previously (Sanjana et al. 2014).
The sequences targeted by the gRNAs used were as follows (if

the first base of the targeted sequence is not G, it was changed
to G during cloning for expression under U6 promoter): GFP,
GGGCGAGGAGCTGTTCACCG; PBRM1_1, CGAGACTAT
AAGGATGAACA; PBRM1_2, GCAATGGTCTTGAGATCTA
T; PBRM1_3, TCATTAGGGCACCAAAGCGA; CIC_1, GCAA
CCTGCCAGCCACCCAG; CIC_2, GGGGTACACAGCCTGG
ACGG; CIC_3, GGGGCGGCAGTGGGTAAAGG; and NF1,
GAGAGAAAATAAAACCCCAG.cDNA for ETV4 was from
PlasmID. cDNAs for ETV1 and ETV5 were from the human
ORFeome library version 8.1. Stop codons were added using
QuikChange II XL site-directed mutagenesis kit (Agilent Tech-
nologies). cDNAs were subcloned into pHAGE-TREx-BC-Dest
vector via LR recombinase reaction (Invitrogen).
To produce lentiviruses, 293T cells were transfected with vec-

tor DNA, pRev, pTat, pHIV Gag/pol, and pVSVG. Viruses were
harvested 48 h after transfection and filtered (45-µm pore size).
TransIT-293 (Mirus) was used to transfect 293T cells.
Cells were transduced with 4 µg/mL polybrene, and infected

cells were selected using 1 µg/mL puromycin (Clontech) for 3
d. pLentiCRISPR-V2-infected cells were subjected to multicolor
competition assay, cell viability assay, colony formation assay,
or immunoblot analysis 1 wk after infection to allow for genome
modification by Cas9. Cells expressing ORFs were treated with 1
µg/mL Dox for 3 d prior to subsequent experiments for ORF ex-
pression and maintained in medium containing 1 µg/mL Dox
during subsequent experiments.

Statistical analysis

Data are presented as the mean ± SD, and significance was ana-
lyzed using the Student’s t-test. Differences were considered sig-
nificant when P < 0.05.
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