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Approximately 70% of patients with non–small-cell lung cancer
present with late-stage disease and have limited treatment op-
tions, so there is a pressing need to develop efficacious targeted
therapies for these patients. This remains a major challenge as the
underlying genetic causes of ∼50% of non–small-cell lung cancers
remain unknown. Here we demonstrate that a targeted genetic
dependency screen is an efficient approach to identify somatic
cancer alterations that are functionally important. By using this
approach, we have identified three kinases with gain-of-function
mutations in lung cancer, namely FGFR4, MAP3K9, and PAK5.
Mutations in these kinases are activating toward the ERK path-
way, and targeted depletion of the mutated kinases inhibits
proliferation, suppresses constitutive activation of downstream
signaling pathways, and results in specific killing of the lung
cancer cells. Genomic profiling of patients with lung cancer is
ushering in an era of personalized medicine; however, lack of ac-
tionable mutations presents a significant hurdle. Our study indicates
that targeted genetic dependency screens will be an effective strat-
egy to elucidate somatic variants that are essential for lung cancer
cell viability.
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Gain-of-function (GOF) mutations in enzymes (such as kinases)
confer increased activation of signaling pathways and lead

to unregulated cellular proliferation and survival (1, 2). In-
hibition of mutationally altered oncogenic kinases, such as EGFR
or EML4-ALK (echinoderm microtubule-associated protein-like
4 fused to anaplastic lymphoma kinase), results in significant
increases in lung cancer cell death and inhibition of proliferation
(3, 4). Further highlighting the importance of somatic GOF
mutations, patients with lung cancer with mutationally active
EGFR are generally responsive to EGFR inhibitors, whereas
patients with increased expression of EGFR by mechanisms such
as amplification are generally not responsive to EGFR inhibitors
(5, 6). This emphasizes the importance of identifying somatic
mutations in enzymes that alter their activity so that they become
essential for maintaining lung cancer cell viability. A lack of
“actionable” mutations, which we define as mutations in enzymes
that are amenable to pharmacological inhibition, is slowing our
progress in administration of personalized therapies to
patients with lung cancer. This has recently been highlighted by
the Biomarker-integrated Approaches for Targeted Therapy for
Lung cancer Elimination (BATTLE) trial, in which real-time
biopsies were used to assess the mutational status of patients
with lung cancer, but the actionable mutations and choice of
targeted therapies to administer to patients is extremely limited
(7). As personalized diagnostic approaches to lung cancer be-
come increasingly feasible, progress must be made to provide
novel targets and biomarkers to treat many of these patients.
Computational approaches to identify functionally important

somatic variants dominate the literature, but it is unclear how
many of the predicted driver mutations will actually be relevant

and required to maintain cancer cell survival (8, 9). Labor-intensive
functional studies must be performed to validate many of these
potential drivers (8). More recently, several approaches are
coming to the forefront to more efficiently identify genetic de-
pendencies from cancer cells for which whole genome or exome
sequencing has been performed (10). These include cross-species
comparisons, insertional mutagenesis screens, and RNAi screening
(10). There are benefits and deficiencies with many of these
approaches, as highlighted by Eifert et al. (10). Our targeted
approach benefits from a small screening strategy, a custom on-
target siRNA library for efficient knockdown of all genes har-
boring nonsynonymous somatic mutations, and a defined end-
point. For the defined endpoint, somatic variants that are
identified as essential are generated in the laboratory, and these
variants are tested to assess relative activation of downstream
pathways to determine if the somatic variants are GOF mutants.
These studies were expanded to determine if other mutations in
the target enzymes in primary tumors are similarly GOF muta-
tions. Finally, we assess whether targeting these somatic variants
or their downstream targets with small-molecule inhibitors will
result in specific killing of the lung cancer cells, suggesting the
enzymes could act as biomarkers. The use of this strategy allowed
us to identify mutations in three different kinases (FGFR4,
MAP3K9, and PAK5) that are activating toward the ERK pathway.
We demonstrate that targeted depletion of the kinases with siRNA
results in reduced viability of the lung cancer cells and attenuation
of signaling in the relevant downstream pathways. Highlighting the
importance of these kinases in promoting cell survival, pharmaco-
logical inhibition of the target kinases or downstream targets results
in robust responses specifically in the lung cancer cell lines harboring
the mutations. This suggests that patients with similar mutations may
respond similarly to the targeted therapies used in our study.

Results
Targeted Genetic Dependency Screen. By depleting lung cancer
cells of all proteins that carry nonsynonymous somatic mutations
and monitoring effects on proliferation, we aimed to identify
novel genes that harbor GOF mutations (Fig. 1A; methods and
statistical analysis summarized in SI Appendix, Fig. S1 A and B).
We evaluated six NSCLC cell lines that were exon-sequenced by
the Sanger Institute (11); these cell lines harbored, on average,
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65 nonsynonymous somatic mutations, and each cell line had
a unique cellular morphology [genes and mutations listed in SI
Appendix, Table S1, based on the Catalogue of Somatic Muta-
tions in Cancer (COSMIC); summarized in SI Appendix, Fig.
S1C, with cell morphologies displayed in SI Appendix, Fig. S1D]
(11, 12). All cell lines were adherent and amenable to transient
siRNA knockdown based on depletion of cyclophilin B (Fig. 1B;
summarized in SI Appendix, Fig. S1E). As proof of principle for
our approach, we depleted mutationally activated KRAS from
H2009 (KRASG12A) and H2122 (KRASG12C) cells and monitored
inhibition of downstream signaling. Depletion of KRASG12A or
KRASG12C resulted in attenuation of signaling in the PI3K and
ERK pathways (Fig. 1C). Additionally, we depleted mutationally
altered BRAF from H2087 cells; knockdown of BRAFL597V at-
tenuated ERK pathway activation (Fig. 1C) (13). Consistent with
these results, depletion of KRAS and BRAF in the respective cell

lines led to an inhibition of proliferation (Fig. 1D), and these
mutationally activated enzymes served as a positive controls for
screens in these cell lines [in addition to KIF11 (kinesin family
member 11), an essential protein required for cell division] (14).
We verified siRNA was successfully transduced into the cells
in each assay by using DY-547-cyclophilin B siRNA (Fig. 1E)
(15). The proliferative effects observed from depleting the mu-
tated proteins for all cell lines are highlighted in SI Appendix,
Tables S2–S7. Statistical plots for BrdU assays used to establish
mean values, z-scores, and strictly standardized mean differ-
ences (SSMD) for the H2087, H2009, and H2122 cell lines are
displayed in SI Appendix, Fig. S2 A–I (siRNA oligonucleotides
are listed in SI Appendix, Table S9). SSMD scores (β) were
used to identify proteins for which depletion led to a statistically
significant decrease in BrdU incorporation. Based on SSMD’s
probability interpretation, cutoff criteria were established at β ≤ −5
for strong regulators (corresponding to an error rate <1%) and
β ≤ −3 for intermediate regulators of proliferation (corresponding
to an error rate <2.5%; statistical methods included in SI
Appendix) (16–19). It is likely that other candidates that fell out-
side this stringent selection may also prove fruitful; however, more
downstream validation would be required. This work highlighted
three therapeutically tractable target kinases that scored high in
our screen: FGFR4, MAP3K9 (MLK1), and PAK5 (PAK7),
from the H2122, H2009, and H2087 cell lines, respectively (Fig.
1D and SI Appendix, Tables S2–S4); the relative mutational
frequencies of these genes in lung cancer are listed in Fig. 1F.
The other three NSCLC cell lines we evaluated (H1395, H1437,
and H2126) displayed less significant fold-change and SSMD
values (SI Appendix, Tables S5–S7); therefore, we chose to focus
on the targets identified in the cell lines listed earlier.

GOF Mutations in PAK5 Enhance Activation of the ERK Pathway.
As an example of the methods used in our screen, we will de-
scribe our strategy for the H2087 cell line. This cell line harbors
79 nonsynonymous somatic mutations in 79 different genes,
among 4,700 genes sequenced (11). A normal cell line estab-
lished from the blood of the same patient was sequenced and

Fig. 1. Genetic dependency screen identifies three potential genetic drivers
of lung cancer. (A) Schematic of siRNA targeted screen carried out on a panel
of six NSCLC cell lines. (B) Transfection efficiency for each cell line was op-
timized by using 100 nM siRNA against cyclophilin B (SiCycloB), 100 nM of
nontargeting siRNA (SiNeg), and transfection reagent alone (Mock). (C) Cell
line-specific positive controls BRAF and KRAS were knocked down by using
100 nM siRNA in respective NSCLC cells. (D) Box-and-whisker plots of sta-
tistically validated targets identified from BrdU screens, with data normal-
ized to nontargeting siRNA (NEG), plotted with KIF11 as assay positive
control, and BRAF (H2087) and KRAS (H2122, H2009) as cell line-specific
positive control. (E) DY-547-cyclophilin B siRNA was used as an indicator of
efficient transfection. Cell nuclei were stained with Hoechst 33342. Images
captured for H2009 cells are illustrated as an example. (Scale bars:
10 μm.) (F) Validated targets identified from targeted screen based on SSMD
values in three NSCLC cell lines and the frequency of their mutations fol-
lowing sequencing of lung cancer cells. Data compiled from COSMIC and
cBio Cancer Genomics Portal databases.

Fig. 2. On-target validation of PAK5 in H2087 cells. (A and B) PAK5 was
knocked down in H2087 (SMARTpool 100 nM; oligos 1–4, 50 nM). Plates
were subjected to (A) BrdU assay and (B) caspase 3/7 activity apoptosis assay.
Data (n = 9) were normalized to nontargeting siRNA (NEG). Error bars in-
dicate SD. P values were calculated by using one-tailed paired Student t test
(*P < 0.005, **P < 0.01, and ***P < 0.05 vs. nontargeting siRNA control). (C)
On-target effect of PAK5 SMARTpool (100 nM) and individual oligos (50 nM)
was also verified by Western blotting. (D) H2087 cells were reverse-trans-
fected with 100 nM siRNA as indicated (BRAF and SMARTpool siNRAS and
siPAK5). Knockdown of PAK5 was confirmed by RT-PCR.
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used to establish somatic events (11). We depleted this cell line
of transcripts that carried nonsynonymous mutations (corre-
sponding to 79 different proteins) by using on-target siRNA
SMARTpools and monitored effects on proliferation. For the
H2087 cell line, PAK5 was identified as a mutated protein re-
quired for proliferation. Based on our screening criteria, PAK5
had the most significant SSMD value for the H2087 cell line (SI
Appendix, Table S2) and was further verified with a caspase assay
(SI Appendix, Table S8 and Fig. S2 J–L, show statistical analysis).
PAK5 is a member of the class II p21 activated family of kinases
(20) and is an upstream regulator of CRAF (RAF-1) (21). Re-
cent cancer genomic sequencing studies indicate that PAK5 is
mutated in 5% to 10% of lung cancer cases (Fig. 1F). A decon-
volution experiment was performed by using each siRNA sin-
gularly from the siRNA pool to verify on-target specificity of
individual oligos. The single siRNA oligos significantly sup-
pressed cell proliferation (P < 0.01), induced apoptosis, de-
creased expression of the PAK5 kinase, and attenuated signaling
in the MAPK kinase (MEK)/ERK pathway (Fig. 2 A–C). Im-
portantly, depletion of PAK5 with the siRNA pool dampened
MEK/ERK signaling to a level comparable to depleting other
mutationally activated upstream regulators of the MEK/ERK
pathway present in this cell line, which include BRAFL597V

and NRASQ61K (Fig. 2D and SI Appendix, Fig. S1C). To assess if
the PAK5T538N mutation (heterozygous mutation verified by
resequencing) is a GOF mutation, we expressed this mutant and
compared with WT PAK5 and a kinase active (KA) PAK5 mutant
(S573N, based on homology with a PAK4KA mutant S445N) (22).
The PAK5T538N mutant had increased activity toward CRAF in
comparison with PAK5WT and PAK5KA, and this correlated with
an increase in ERK pathway activation (Fig. 3A). The mutation in
PAK5 at Thr538 is located in a surface accessible region that is
likely involved in substrate interactions [based on comparison with
protein kinase A (PKA), T538 lies in the substrate binding groove]
and may enhance an interaction between CRAF and PAK5 (Fig.
3B) (13). The H2087 lung cancer cell line has accumulated several
mutations in the RAF/MEK/ERK pathway (including PAK5T538N,
NRASQ61K, and BRAFL597V), resulting in hyperactivation of the
ERK pathway, potentially in a manner analogous to a BRAF
V600E mutation (Fig. 3C) (13). To determine if pharmacological
inhibition of the RAF kinases (ARAF, BRAF, and CRAF) would
promote cell death, we treated H2087 cells with a pan-RAF in-
hibitor (L779450). We observed a significant decrease (P < 0.01)
in cell viability specifically in the H2087 cells and not in the
five additional NSCLC cell lines included in our screen (Fig. 3 D
and E; Fig. 3F demonstrates that L779450 suppresses signaling
in the ERK pathway in H2087 cells). Consistent with multiple
mutations acting in concert to activate all RAFs, the BRAF-
specific inhibitor PLX4032 was less toxic to the H2087 cells than
the pan-RAF inhibitor (Fig. 3G). Lack of toxicity could also be
attributed to the paradox effect whereby inhibitor-bound BRAF
can act as a scaffold to enhance the activation of CRAF by
NRASQ61K (23, 24). Finally, we determined if other mutations
in PAK5 are activating toward the ERK pathway. We observed
that three additional PAK5 somatic mutations (S312C, V463L,
and V593I, identified in primary lung tumors by COSMIC) are
activating toward the ERK pathway compared with WT PAK5
(Fig. 3H).

FGFR4 Is Essential for Lung Cancer Cell Survival and Proliferation.
FGFR4 was identified as a significant driver of proliferation in
the H2122 NSCLC cell line (SI Appendix, Table S3 and Fig. S2
D–F). This cell line harbors a P712T heterozygous somatic mu-
tation (verified by resequencing) that lies in a surface-accessible
PXXP motif in the C-terminal region of the kinase domain (Fig.
4C) (25). The FGFR family of receptor tyrosine kinases regu-
lates myriad cellular fate decisions, including proliferation and
cell survival (26). Depletion of FGFR4 from the H2122 cell line
by using single siRNAs from the siRNA pool resulted in a sig-
nificant decrease in BrdU incorporation (P < 0.001) and pro-
moted cell death with three of four of the siRNA oligos (Fig. 4A

and SI Appendix, Fig. S3A). Furthermore, depletion of FGFR4
from H2122 cells attenuated signaling in the PI3K/Akt and ERK
pathways (Fig. 4B and SI Appendix, Fig. S3 B and C). To test if

Fig. 3. Characterization of PAK5 kinase as an actionable mutated target.
(A) Empty vector (EV), WT PAK5, KA S573N, and T538N mutant were over-
expressed in H157 cells, and lysates were analyzed by Western blotting. (B,
Upper) Crystal structure of PAK5 kinase domain (Protein Data Bank ID code
2F57) with ATP and magnesium ions shown as orange sticks and spheres,
respectively. Likely substrate binding region is shown in pale blue, based on
observed binding sites for other protein kinases, including PKA (PDB ID
IQ24). The mutation site of T538N, shown in red, is found at the bottom of
this binding region. (B, Lower; red sticks) Analysis of the structure shows that
this mutation allows more hydrogen-bonding opportunities with the
neighboring histidine residue (H537; blue sticks) compared with the WT
construct. (C) Mutationally activated PAK5, NRAS, and BRAF hyperactivate
the MEK/ERK pathway to drive proproliferative signals and promote lung
cancer cell survival. (D) The panel of six NSCLC cell lines was treated with
5 μM of the pan-RAF inhibitor L779450 for 72 h, and cytotoxicity was
determined by MTT assay. Data (n = 9) were normalized to untreated cells
(UNT; DMSO, <0.01%). (E, Upper) Cytotoxicity was also confirmed by colony
formation assay with crystal violet staining and (E, Lower) quantified by
solubilization (n = 6). (F) H2087 cells were treated with AZD6244 (3 μM) or
L779450 (5 μM) for indicated time points. Inhibition of downstream sub-
strates pMEK and pERK was analyzed. (G) H2087 cells were treated with
BRAF-specific inhibitor PLX4032 (2 μM) or pan-RAF inhibitor L779450 (5 μM).
Cell viability was assessed by MTT (n = 9). (H) PAK5 mutants in lung cancer
identified from the COSMIC database were overexpressed in H157 cells.
Three mutants—S312C, V463L, and V593I—were identified to be activating
at levels comparable to KA (S573N). Error bars show SD. P values were cal-
culated by using one-tailed paired Student t test (*P < 0.005, **P < 0.01, and
***P < 0.05 vs. DMSO control).
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the P712T mutation is a GOF mutation, we expressed this mu-
tant in HEK293T and H157 cells and observed hyperactivation
of the ERK pathway compared with WT FGFR4 (Fig. 4D and SI
Appendix, Fig. S3D). Treatment of cells with the FGFR-specific
inhibitor LY2874455 abrogated FGFR4-dependent activation of
the ERK pathway by WT and mutant FGFR4, indicating the
P712T mutation does not alter drug binding (Fig. 4D). Additional

FGFR4 mutants are also activating toward the ERK pathway
compared with WT FGFR4 [Fig. 4E; note that H713R and
S772N were observed in different lung cancer cell lines and the
D127H mutation was observed in two distinct ovarian and three
distinct hematopoietic cancer cell lines in the Cancer Cell Line
Encyclopedia (CCLE) (12)]. We then tested if pharmacological
inhibition of FGFR4 would promote cell death. Treatment of
H2122 cells with the FGFR inhibitor LY2874455 resulted in
a significant loss of cell viability (Fig. 4F) compared with two
lung cancer cell lines that lacked mutations in FGFR family
members (Fig. 4F; the inhibitor also decreased ERK signaling
in the H2122 cells; SI Appendix, Fig. S3E). These data suggest
that patients who harbor GOF mutations in FGFR4 may be
responsive to FGFR inhibitors.

GOF Mutation in MAP3K9 Leads to Preferential Activation of the MEK/
ERK Pathway. Finally, MAP3K9 was evaluated from the H2009
cells based on its potential as a drug target (27) and the fold
change and SSMD values from the siRNA screen (SI Appendix,
Table S4 and Fig. S2 G–I). MAP3K9 was identified to have a
heterozygous somatic mutation (E179K) based on results from
CCLE, and this was verified by resequencing. The CCLE database
became available before screening this last cell line, and we there-
fore included MAP3K9 in our screen (SI Appendix, Table S1).
MAP3K9 is a member of the mixed lineage family of kinases and
is composed of an SH3 domain, Ser/Thr kinase domain, and
a Cdc42/Rac interactive binding (CRIB) domain (28). This ki-
nase is an upstream activator of the JNK and ERK pathways
(29, 30). The role of MAP3K9 in cancer is not well defined, but
mutations in this kinase were recently found in 15% of patients
with metastatic melanoma (29). We performed a deconvolution
experiment and observed that three of four siRNA oligos were
specific for MAP3K9 and significantly decreased proliferation
(P < 0.005; Fig. 5A and accompanying Western blot to demon-
strate specificity of siRNAs; SI Appendix, Fig. S3F). Depletion
of MAP3K9 from H2009 cells resulted in a significant de-
crease in MEK/ERK pathway activation, but no significant
changes in the JNK pathway (Fig. 5B and SI Appendix, Fig.
S3F). To test if MAP3K9 could directly phosphorylate MEK
in vitro, we performed a kinase assay and observed that pu-
rified MAP3K9 kinase domain can phosphorylate kinase-dead
MEK1 (Fig. 5C) (31). To determine if the E179K mutation is
a GOF mutation, we expressed MAP3K9E179K in HEK293T
cells along with a WT and kinase-dead MAP3K9 (D294A).
Compared with WT, the MAP3K9E179K has increased activity
toward the MEK/ERK pathway (Fig. 5D). The glutamate (E in
sequence below) at position 179 lies in a flexible, un-
structured, and highly polar loop (ARHDPDEDISQT) in the
N-lobe of the kinase domain. Mutation from an acidic to
a basic residue is likely to impact the preferred conformation
of this loop (Fig. 5E). Molecular-dynamic simulations high-
lighted a role for this mutation in stabilizing the activation loop
and DFG motif compared with MAP3K9WT (Fig. 5 F and G),
leading to stabilization of an active conformation (32). Consistent
with our results, induced depletion of MAP3K9 (shRNA2)
resulted in attenuated MEK/ERK pathway signaling and a con-
comitant decrease in cell viability (Fig. 5 H and I). Combined,
these data suggest that mutationally altered MAP3K9 is required
to promote proliferation in the H2009 cells.

FGFR4, MAP3K9, and PAK5 Mutation Positive Cell Lines Are Responsive
to MEK Inhibition. Cumulatively, our data highlight the importance
of the MEK/ERK pathway in maintaining lung cancer cell pro-
liferation and viability, and illustrate that there are multiple
mechanisms to promote and enhance activation of this pathway
(Fig. 6A). To determine if MEK inhibition would promote apo-
ptosis in these three lung cancer cell lines, relative to the H2126
lung cancer cell line, which has no identifiable mutations in the
MEK/ERK pathway, we treated the cells with a MEK inhibitor,
AZD6244 (Fig. 6B). Consistent with our previous knockdown
data, inhibition of the MEK/ERK pathway increased cell death

Fig. 4. FGFR4 is a mutationally activated receptor tyrosine kinase essential
for lung cancer cell proliferation. (A) FGFR4 was knocked down in H2122
cells (SMARTpool 100 nM; oligos 1–4, 25 nM). Plates were subjected to BrdU
assay or MTT assay (SI Appendix, Fig. S3A), and data were normalized to
nontargeting siRNA (NEG). (B) On-target effect of FGFR4 SMARTpool (100
nM) and individual oligos (25 nM) was also verified by Western blotting.
Protein lysates were probed for FGFR4 protein level (♦, FGFR4 unmodified at
88 kDa and modified at 125 KDa) and inhibition of downstream signals of
pERK compared with the nontargeting siRNA (SiNeg). (C, Upper) Model of
the FGFR4 tyrosine kinase domain based on the crystal structure of FGFR2
(PDB ID 2PVF) bound to ATP and magnesium ions (orange sticks and spheres,
respectively). Partial substrate (green) is bound into the potential binding
pocket (pale blue). P712T mutation site is shown in red. (C, Lower) Potential
additional hydrogen-bonding partners of the mutant structure (R670) as
pink sticks compared with WT. (D) Empty vector (EV), FGFR4 WT, and P712T
mutant were expressed ectopically in 293T cells, with or without treatment
with the FGFR inhibitor LY2874455, 30 min before lysis. (E) FGFR4 cancer
mutants were also generated and overexpressed in 293T cells for 48 h,
compared with empty vector, WT, and kinase-dead K503M (KD). Lysates
were collected, and downstream ERK phosphorylation was analyzed by
Western blotting. (F) H2122 cells (FGFR4P712T) and H1395 and H1437
(FGFRWT) were treated with FGFR inhibitor and assayed by MTT. Data (n = 9)
were normalized to untreated cells (UNT; DMSO, <0.01%). Error bars
show SD. P values were calculated by using one-tailed paired Student t test
(*P < 0.005 vs. nontargeting siRNA or untreated).
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specifically in those cell lines with mutations in FGFR4, MAP3K9,
and PAK5, whereas the H2126 cell line was unaffected by MEK
inhibition. In summary, our results suggest that patients with
lung cancer with FGFR4, MAP3K9, or PAK5 mutations could be
stratified for treatment with MEK inhibitors.

Discussion
Cancer genomic studies are providing spatiotemporal portraits
of the process of clonal evolution that each tumor undergoes en
route to a malignant phenotype (33). For this information to
become clinically relevant, we must adapt strategies to identify
actionable mutations in the branch zones of the tumor as well as
truncal regions (33). Our study provides a functional genomics
approach that can be personalized to the mutational landscape
of an individual’s tumor, thereby allowing the identification of
mutationally activated essential genes in real time. Our targeted
genetic dependency screen identifies unique actionable mutations,
highlighting the potential of this approach to identify mutationally
activated low frequency oncogenes, which could serve as bio-
markers and possibly future targets for therapeutic intervention.
The three targets identified by our screen use different

mechanisms to activate the MEK/ERK pathway (Fig. 6A), and
the specific acquisition of these unique GOF mutations is likely
dependent on the genetic makeup of the specific tumor. For
example, the H2087 lung cancer cell line has accumulated sev-
eral intermediate activating mutations in the MEK/ERK path-
way that result in robust activation of this pathway. Given the
importance of the cellular localization of signaling complexes, it
may be that different mutationally activated complexes are used
to achieve differing cellular outputs. For example, activation of
the MEK/ERK pathway by PAK5T538N/CRAF could promote
increased cell survival, whereas activation of the MEK/ERK
pathway by BRAFL597V may increase cellular proliferation. For
the P712T GOF mutation in FGFR4, this mutation occurs in a
cell line with an activating KRAS mutation. Combining activated
FGFR4 with activated KRAS may specifically direct mutant
KRAS to activate the MEK/ERK pathway, suggesting that the
presence of other mutations in a tumor may direct the signaling

Fig. 5. MAP3K9 harbors an activating mutation maintaining H2009 cell
proliferation. (A) MAP3K9 was knocked down in H2009 cells (SMARTpool
100 nM; oligos 1–4, 50 nM). Plates were subjected to BrdU assay, and data
were normalized to nontargeting siRNA (NEG). Error bars show SD. P values
were calculated by using one-tailed paired Student t test (*P < 0.005 and
**P < 0.05 vs. nontargeting siRNA control). (B) MAP3K9 was transiently knocked
down in H2009 cells by different siRNA oligos at 100 nM (SI Appendix, Table
S9), and downstream substrate phosphorylation was analyzed by Western
blotting. (C) Kinase-inactive MEK1 and purified GST-MLK1 kinase domain
(isolated from baculovirus-infected insect cells) were subjected to in vitro
kinase assay. (D) Empty vector (EV), WT, kinase-dead (KD) D294A, and E179K
mutants were expressed ectopically in 293T cells. Lysates were collected and
analyzed by Western blotting to evaluate MEK/ERK activation relative to WT
and kinase-dead. (E) Structural image of MAP3K9 highlighting the position
of the mutation site (green/red sticks) in comparison with the DFG motif
(dark blue sticks), αC-helix (cyan), and activation loop (blue). The region
containing the E179K mutation (pink and green bubble) is located close to
the activation loop (blue). Mutation site is housed within a highly polar loop.
Mutation from the acidic glutamic acid (green sticks) to a basic lysine residue
(red sticks) is likely to impact the preferred conformation. This is likely to
disrupt potential hydrogen bonding opportunities occurring between E179
(green sticks) and activation loop, thus stabilizing activation loop in a po-
tentially active confirmation. Image created in PyMol version 1.3. (F and G)
Radius of gyration of the (F) DFG motif and (G) activation loop within WT
MAP3K9 (black line) compared with MAP3K9E179K (gray line). Data show
a reduction in the radius of gyration within the E179K mutation, suggesting
a greater stability within these regions allowing less movement. Data shown
are the average of three repeats generated by using GROMACS version
4.5.3. (H and I) MAP3K9 knockdown was induced with 1 mM IPTG in H2009
cells. Level of MAP3K9 knockdown and downstream ERK phosphorylation was
evaluated by (H) Western blotting relative to nontargeting control (shNT), and

effect on foci formation was assessed by (I) colony formation assay stained
with crystal violet (scanned plate converted to black-and-white image).

Fig. 6. (A) Proposed mechanism of pathway hyperactivation in lung cancer.
Intermediate driver mutants cooperate with previously established driver
mutants such as BRAF and KRAS to further activate the MAPK proproliferative
pathway. FGFR4P712T mediates pathway activation upstream of KRAS and
possibly via additional intermediate substrates other than RAFs, PAK5T538N

mediates activation at the RAF level, and MAP3K9E179K acts as a direct MEK
kinase. (B) Four NSCLC cell lines (H2009, H2087, H2122 harboring MEK/ERK
activating mutants, and H2126 with no identifiable MEK/ERK activating mu-
tant) were treated with the MEK inhibitor AZD6244 at 3 μM, and cytotoxicity
was determined by MTT assay. Data (n = 9) were normalized to untreated cells
(UNT; DMSO, <0.01%). Error bars show SD. P values were calculated by using
one-tailed paired Student t test (*P < 0.05 vs. untreated control).
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outputs of mutationally activated KRAS and have implications
for combination therapies (34). Finally, we observed that the
MAP3K9E179K mutation is a GOF mutation toward the
MEK/ERK pathway and not the JNK pathway. The exact
mechanism of activation is unknown, but our in vitro data suggest
that MAP3K9 is directly activating MEK (Fig. 5C).
Although we focused on kinases as a result of their pharma-

cological tractability, several other interesting candidates were
identified from our screen. For example, in the H2087 cell line,
GATA2 was identified as an important driver of proliferation.
The mutation in GATA2, P125T, is located in the transactivation
domain, and it is interesting to speculate whether this mutation
may promote activation of GATA2-mediated transcription. In-
deed, GATA2 has been identified as an essential protein in
KRAS-driven lung cancers, and GOF mutations in GATA2 were
identified in 7 of 85 patients with chronic myelogenous leukemia
in recent studies (35, 36). In addition, we identified a small
GTPase RasL10b, as a potential mutationally activated enzyme
in the H2122 cell line. It is unknown if this protein plays a role in
tumorigenesis, but if the mutations promote the activation of the
GTPase in an analogous manner to KRAS codon 12 and 13
activating mutations, the protein could promote activation of
signaling pathways to enhance proliferation (37). Although we
were able to successfully identify important functional somatic
variants by using our approach, one limitation is that we did not
include more complex genetic alterations such as translocations,
and there is always a possibility that mutations can be missed
from any global exon-based sequencing approach. In addition,
false-positive findings as a result of depletion of essential house-
keeper genes harboring nonfunctional passenger mutations
could prove problematic; therefore, we emphasize the impor-
tance of assessing the functional impact of the genetic alterations
on the target gene.

There is an urgent need for the identification and character-
ization of actionable mutations in lung cancer (4, 7). As patients’
exomes are increasingly being sequenced in real time, we will be
presented with exciting opportunities to evaluate the genetic
alterations that are promoting lung cancer cell viability (7).
However, if clinicians are to provide targeted therapies aimed at
these genetic alterations, then we must begin to catalogue ac-
tionable mutations, which can be used to dictate patient therapy.
Here we provide a targeted approach to identify actionable
mutations, and, combined, our data indicate that patients with
FGFR4, MAP3K9, or PAK5 mutations could benefit from treat-
ment with a MEK inhibitor [such as trametinib (GSK1120212),
which is currently being used in clinical trials]. Alternatively, these
findings could encourage the development of FGFR4, MAP3K9,
and PAK5 inhibitors to be used in the clinic.

Methods
Statistical analysis, structural modeling, and other additional methods are
described in SI Appendix.

Cells were reverse transfected with DharmaFECT1 (Thermo Scientific)
using optimized conditions (SI Appendix, Fig. S1E) in 96-well plates
arrayed with 100 nM siRNA oligos seeded from resuspended custom-
designed siRNA library (Thermo Scientific; SI Appendix, Table S9). After 72 h,
cells were assayed for BrdU incorporation (BrdU Cell Proliferation Assay;
Calbiochem) or apoptosis (Apo-ONE Homogeneous Caspase-3/7 assay;
Promega) according the to manufacturers’ protocols (SI Appendix, Fig. S1A).
Each experimental setup was seeded in triplicate, including siGLO cyclophilin
B transfection indicator control (Thermo Scientific), and at least three in-
dependent experiments were carried out (n = 9).
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