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Columbia, Vancouver, Canada

Abstract Synthetic lethality results when mutant KRAS and EGFR proteins are co-expressed in
human lung adenocarcinoma (LUAD) cells, revealing the biological basis for mutual exclusivity of
KRAS and EGFR mutations. We have now defined the biochemical events responsible for the toxic
effects by combining pharmacological and genetic approaches and to show that signaling through
extracellular signal-regulated kinases (ERK1/2) mediates the toxicity. These findings imply that
tumors with mutant oncogenes in the RAS pathway must restrain the activity of ERK1/2 to avoid
toxicities and enable tumor growth. A dual specificity phosphatase, DUSP$, that negatively
regulates phosphorylation of (P)-ERK is up-regulated in EGFR- or KRAS-mutant LUAD, potentially
protecting cells with mutations in the RAS signaling pathway, a proposal supported by experiments
with DUSPé-specific siRNA and an inhibitory drug. Targeting DUSP6 or other negative regulators
might offer a treatment strategy for certain cancers by inducing the toxic effects of RAS-mediated
signaling.

DOI: https://doi.org/10.7554/eLife.33718.001

Introduction

Extensive characterization of cancer genomes has begun to change the classification of neoplasms
and the choice of therapies (Garraway and Lander, 2013). The genetic profiles of most cancers are
notoriously heterogeneous, often including thousands of mutations affecting genes with a wide
range of credentials—from those well-known to drive oncogenic behavior to those not known to
have a role in pathogenesis. Moreover, cancers continue to accumulate mutations during carcino-
genesis, producing tumor subclones with selectable features such as drug resistance or enhanced
growth potential (McGranahan and Swanton, 2017).

Despite this heterogeneity, consistent patterns have been observed, such as the high frequency
of gain-of-function or loss-of-function mutations affecting specific proto-oncogenes or tumor sup-
pressor genes in cancers that arise in certain cell lineages. Conversely, coincident mutations in cer-
tain genes are rare, even when those genes are frequently mutated individually in specific types of
cancer (Kandoth et al., 2013). Examples of these ‘'mutually exclusive’ pairs of mutations have been
reported in a variety of cancers (Yoshida et al., 2011; Unni et al., 2015, Petti et al., 2006;
Sensi et al., 2006; Varmus et al., 2016); the mutual exclusivity has usually been attributed either to
a loss of a selective advantage of a mutation in one gene after a change in the other has occurred
(‘functional redundancy’) or to the toxicity (including ‘synthetic lethality’) conferred by the coexis-
tence of both mutations in the same cells.
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We recently reported that the mutual exclusivity of gain-of-function mutations of EGFR and
KRAS, two proto-oncogenes often individually mutated in lung adenocarcinomas (LUADs), can be
explained by such synthetic toxicity, despite the fact that products of these two genes operate in
overlapping signaling pathways and might have been mutually exclusive because of functional
redundancies (Unni et al., 2015). Support for the idea that the mutual exclusivity of KRAS and EGFR
mutations is synthetically toxic in LUAD cells was based largely on experiments in which we used
doxycycline (dox) to induce expression of mutant EGFR or KRAS alleles controlled by a tetracycline
(tet)-responsive regulatory apparatus in LUAD cell lines containing endogenous mutations in the
other gene (Unni et al., 2015). When we forced mutual expression of the pair of mutant proteins,
the cells exhibited signs of RAS-induced toxicity, such as macropinocytosis and cell death. In addi-
tion, we observed increased phosphorylation of several proteins known to operate in the extensive
signaling network downstream of RAS, implying that excessive signaling, driven by the conjunction
of hyperactive EGFR and KRAS proteins, might be responsible for the observed toxicity.

Recognizing that such synthetic toxicities might be exploited for therapeutic purposes, we have
extended our studies of signaling via the EGFR-RAS axis, with the goal of better understanding the
biochemical events that are responsible for the previously observed toxicity in LUAD cell lines. In the
work reported here, we have used a variety of genetic and pharmacological approaches to seek evi-
dence that identifies critical mediators of the previously observed toxicities. Based on several con-
cordant findings, we argue that activation of extracellular signal-regulated kinases (ERK1 and ERK2),
serine/threonine kinases in the EGFR-RAS-RAF-MEK-ERK pathway, is a critical event in the genera-
tion of toxicity, and we show that at least one feedback inhibitor of the pathway, the dual specificity
phosphatase, DUSP$, is a potential target for therapeutic inhibitors that could mimic the synthetic
toxicity that we previously reported.

Results

Synthetic lethality induced by co-expression of mutant KRAS and EGFR
is mediated through increased ERK signaling

In previous work, we established that mutant EGFR and mutant KRAS are not tolerated in the same
cell (synthetic lethality), by placing one of these two oncogenes under the control of an inducible
promoter in cell lines carrying a mutant allele of the other oncogene. These experiments provided a
likely explanation for the pattern of mutual exclusivity in LUAD (Unni et al., 2015). While we docu-
mented several changes in cellular signaling upon induction of the second oncogene to produce tox-
icity, we did not establish if there is a node (or nodes) in the signaling network sensed by the cell as
intolerable when both oncoproteins are produced. If such a node exists, we might be able to pre-
vent toxicity by down-modulating the levels of activity; conversely, we might be able to exploit iden-
tification of that node to compromise or kill cancer cells.

To seek critical nodes in the RAS signaling pathway, we extended our previous study using the
LUAD cell line we previously characterized (PC9, bearing the EGFR mutation, E746_A750del) and
two additional LUAD lines, H358 and H1975. H358 cells express mutant KRAS (G12C), and H1975
cells express mutant EGFR (L858R/T790M). As in our earlier work, we introduced tet-regulated,
mutant KRAS (G12V) into these lines to regulate mutant KRAS in an inducible manner and used the
same vector encoding GFP rather than KRAS as a control. This single-vector system includes rtTA
constitutively expressed from a ubiquitin promoter, allowing us to induce KRAS with the addition of
dox (Meerbrey et al., 2011).

KRAS or GFP were appropriately induced after adding dox to the growth medium used for these
cell lines (Figure 1A). To establish whether induction of a mutant KRAS transgene is detrimental to
H358 cells producing endogenous mutant KRAS or H1975 cells producing mutant EGFR proteins,
we cultured cell lines in dox for 7 days and measured the relative numbers of viable cells with Alamar
blue. As we previously showed, the number of viable PC9 cells is reduced by inducing mutant KRAS
(Figure 1A). Similarly, when mutant KRAS was induced in either H358 or H1975 cells for seven days,
we observed fewer viable cells compared to cells grown without dox or to cells in which GFP was
induced (Figure 1A). These results indicate that increased activity of the RAS pathway, either in
LUAD cells with an endogenous KRAS mutation (H358 cells) or with an endogenous EGFR mutation
(PC9 and H1975 cells) is toxic to these cell lines.
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Figure 1. Induction of mutant KRAS reduces the numbers of viable lung cancer cells harboring KRAS or EGFR mutations, and the effects can be
rescued by inhibiting ERK (A) Reduced numbers of viable LUAD cells after activation of KRAS. Production of GFP or KRAS®'? was induced by addition
of 100 ng/mL dox in the indicated three cell lines as described in Methods. GFP and KRAS protein levels were measured by Western blotting 24 hr
later. (top); tubulin served as a loading control. The numbers of viable cells, normalized to cells grown in the absence of dox (set to 1.0), were
determined by measuring with Alamar blue six days later. Error bars represent standard deviations based on three replicates. (B) Induction of KRAS®'?Y
uniquely increases phosphorylation of ERK1/2 among several phosphoproteins. PC9-tetO-KRAS cells were treated with dox for 24 hr and cell lysates
incubated on an array to detect phosphorylated proteins. Fold changes of phosphorylation compared with lysates from untreated cells (set to 1.0,
dotted line) to treated cells is presented from a single antibody array. Error bars are derived from duplicate spots on antibody array. The detection of
HSP&0 and B-catenin are of total protein, not phosphoprotein. (C) Phosphorylation of ERK occurs early after induction of mutant KRAS. Lysates
prepared as described for panel (A) were probed for the indicated proteins by western blot. Loading control is the same as in A. (D) Drug-mediated
inhibition of the MEK1/2 kinases ameliorates KRAS-induced loss of viable cells. Mutant KRAS was induced with dox in the three indicated cell lines in

the absence and presence of trametinib at the indicated dose for 7 days. The relative number of viable cells was measured with Alamar blue. Error bars
represent standard deviations determined from three samples grown under each set of conditions. Values are normalized to measurements of cells that

received neither dox nor trametinib (bottom). Cells were treated with dox and with or without trametinib for 24 hr at the dose conferring rescue of
numbers of viable cells. Lysates were probed for indicated proteins to confirm inhibition of MEK. (E) Reduction of ERK proteins with inhibitory small
hairpin (sh) RNAs protects cells from loss of viability in response to induction of mutant KRAS. LUAD cell lines, transduced with the indicated shRNA
targeted against ERK1 or ERK2, were assessed for levels of ERK proteins, p42 and p44, by Western blotting (top panels). The same lines were treated
with dox for 7 days and the number of viable cells measured with Alamar blue. Values are normalized to numbers of viable cells of each type grown in
the absence of dox (1.0), with error bars representing standard deviations among three replicates. Similar results were obtained from 2 or 3

independent experiments.

DOI: https://doi.org/10.7554/eLife.33718.002

The following figure supplement

is available for figure 1:

Figure supplement 1. Letality induced by mutant KRAS induction is rescued by supression of ERK.

Figure 1 continued on next page
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Figure 1 continued

DOI: https://doi.org/10.7554/eLife.33718.003

We previously documented increases in phosphorylated forms of the stress kinases, phospho-
JNK (P-JNK) and phospho-p38 (P-p38), as well as in phospho-ERK (P-ERK or P-p44/42), in one of
these cell lines (PC9) 72 hr after treatment with dox (Unni et al., 2015; Varmus et al., 2016). We
used a phospho-protein array to assess the status of protein activation more broadly after KRAS
induction, using PC9-tetO-KRAS cells after 1 and 5 days of dox treatment (Figure 1B, Figure 1—fig-
ure supplement 1A). After 5 days, we again observed increases in P-JNK, P-p38, and P-ERK (Fig-
ure T—figure supplement 1A), suggesting that three major branches of the MAPK pathway are
activated after extended induction of mutant KRAS. In addition, several other proteins show
enhanced phosphorylation at this time. At 24 hr after addition of dox, however, only P-ERK and
P-AKT show a pronounced increase (Figure 1B). Specifically, the stress kinases, JNK and p38, were
not detected as phosphorylated proteins with the protein array. A possible interpretation of these
findings is that ERK may be phosphorylated relatively soon after induction of mutant KRAS, with sub-
sequent phosphorylation (and activation) of stress kinases and several other proteins. We also
observed increased phosphorylation of ERK 24 hr after induction of mutant KRAS by western blot in
all three LUAD cell lines (Figure 1C). In H358 and in H1975-based cell systems we observed persis-
tently increased levels of P-ERK and, ultimately, the presence of cleaved PARP (Figure 1—figure
supplement 1B). We previously reported multiple mechanisms of RAS-induced toxicity in PC9-tetO-
KRAS cells (Unni et al., 2015). Based on the cleavage of PARP in the studies shown here, apoptosis
appears to be at least one of the mechanisms of reduced viability in H358 and H1975 cell lines.

The results shown in Figure 1 suggest that ERK itself could be the signaling node that causes a
loss of viable cells when inappropriately activated. As one test of this hypothesis, we used trametinib
(Gilmartin et al., 2011), an inhibitor of MEK, the kinase that phosphorylates ERK, to ask whether
reduced levels of P-ERK would protect cells from the toxicity caused by induction of mutant KRAS.
In all three LUAD cell lines, trametinib completely or partially rescued the loss of viable cells caused
by induction of mutant KRAS by dox (Figure 1D, Figure 1—figure supplement 1C). We confirmed
that doses of trametinib that protected cells from the toxic effects of seven days of treatment with
dox were associated with reduced levels of P-ERK after 24 hr of induction of mutant KRAS
(Figure 1D). A PI3K inhibitor, buparlisib, did not rescue mutant KRAS-induced lethality in H358-
tetO-KRAS cells (Figure 1—figure supplement 1D), implying that the toxic effects of KRAS are not
mediated by enhanced signaling via PI3K.

To extend these findings and further challenge the hypothesis that P-ERK is an important node in
the cell signaling network downstream of KRAS that confers cell toxicity, we transduced LUAD cell
lines with retroviral vectors encoding shRNAs that 'knock down’ expression of ERK1 or ERK2. Using
two different shRNAs for each gene, as well as a non-targeted shRNA vector as control, we stably
reduced the levels of ERK1 or ERK2 in the three LUAD cell lines (Figure 1E). When PC9 and H358
lines were treated with dox to assess the effects of ERK1 or ERK2 knockdowns on the loss of viable
cells, we found that depletion of ERK2, but not ERK1, rescued cells from KRAS toxicity after 7 days
in dox (Figure 1E). In H1975 cells, however, neither knockdown of ERK1 nor of ERK2 prevented
KRAS-induced cell toxicity. Since trametinib rescues the number of viable cells after induction of
KRAS in H1975 cells (Figure 1D), it seemed possible that either ERK1 or ERK2 might be sufficient to
mediate RAS-induced toxicity in this line. In that case, it would be necessary to reduce the levels or
the activity of both ERK proteins to rescue H1975 cells from toxicity. We tested this idea by treating
dox-induced H1975-tetO-KRAS cells with SCH772984 (Morris et al., 2013), a drug that inhibits the
kinase activity of both ERK1 and ERK2 (Figure 1—figure supplement 1E). As we observed with the
MEK inhibitor, trametinib, in other lines (Figure 1D, far right), the ERK inhibitor reduces KRAS-asso-
ciated toxicity in H1975 cells with concomitant reductions of P-ERK1 and P-ERK2 (Figure 1—figure
supplement 1E).

To examine this issue in a different way, we performed a genome-wide CRISPR-Cas9 screen to
evaluate mechanisms of mutant KRAS-induced toxicity in an unbiased manner. After growing H358-
tetO-KRAS cells for 7 days following introduction of the appropriate vectors carrying Cas? and a
library of DNA encoding gene-targeted RNAs (see Materials and methods), guide RNA (sgRNA)
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targeting ERK2 (MAPK1) was highly enriched in cells grown in the presence of doxycycline (Fig-
ure 1—figure supplement 1F, Supplementary file 1). Guide RNA targeting RAF1 (CRAF) was also
significantly enriched. Data from this CRISPR-Cas9 genome-wide screen strongly suggests that
depletion of critical proteins in the RTK-RAS pathway can mitigate the toxicity induced by excess
RAS activation. Collectively, our data suggest that LUAD cell lines are sensitive to inappropriate
hyperactivation of the ERK signaling node and that toxicity mediated by activation of the RAS path-
way is ERK-dependent.

DUSPé6 is a major regulator of negative feedback, expressed in LUAD
cells, and associated with KRAS and EGFR mutations and with high
P-ERK levels

The evidence that hyperactive ERK signaling has toxic effects on LUAD cells raises the possibility
that cancers driven by mutations in the RAS pathway may have a mechanism to ‘buffer’ P-ERK levels
and thereby avoid reaching a lethal signaling threshold. Genes encoding negative feedback regula-
tors are typically activated at the transcriptional level by the EGFR-KRAS-ERK pathway to place a
restraint on signaling (Avraham and Yarden, 2011). Such feedback regulators previously implicated
in the control of EGFR-KRAS-ERK signaling include the six dual specificity phosphatases (DUSP1-6),
the four sprouty proteins (SPRY1-4) and the three sprouty-related, EVH1 domain-containing proteins
(SPRED1-3) (Avraham and Yarden, 2011; Lake et al., 2016). To begin a search for possible nega-
tive regulators of RAS-mediated signaling in LUAD cells driven by mutations in either KRAS or
EGFR, we asked whether mutations in either proto-oncogene would up-regulate one or multiple
members of these families of regulators, based on the assumption that such proteins might constrain
P-ERK levels, leading to optimal growth without cytotoxic effects.

To search for potential negative regulators specifically involved in LUAD, we compared amounts
of RNAs from DUSP, SPRY and SPRED gene families in tumors with and without mutations in either
KRAS or EGFR, using RNA-seq data from The Cancer Genome Atlas (TCGA) (Cancer Genome Atlas
Research Network, 2014) (Figure 2A,B and Figure 2—figure supplement 1A,B). DUSP6 was the
only negative-feedback regulatory gene with significantly different levels of expression when we
compared tumors with mutations in either KRAS or EGFR with tumors without such mutations (Bon-
feroni corrected p < 0.01, two-tailed t-test with Welch's correction). Further, DUSP6 mRNA was sig-
nificantly up-regulated in LUAD tumors with mutations in common RTK-RAS pathway components
compared to those without, consistent with a role of DUSP6 in regulating EGFR-KRAS-ERK signaling
(Figure 2—figure supplement 1C) (Avraham and Yarden, 2011; Muda et al., 1996a; Muda et al.,
1996b; Groom et al., 1996; Kidger and Keyse, 2016; Zhang et al., 2010). DUSP6 RNA was also
present at higher levels in LUADs with EGFR or KRAS mutations than in tumors without such muta-
tions in an independent collection of 83 tumors collected at the British Columbia Cancer Agency
(BCCA, p = 0.004), confirming the findings derived from the TCGA dataset (Figure 2C and Fig-
ure 2—figure supplement 1D). Furthermore, DUSP6 RNA was more abundant in EGFR/KRAS
mutant LUADs than in normal lung tissue (p<0.0001) whereas no significant differences in DUSP6 lev-
els were observed between normal lung tissue and tumors without mutations in either of these two
genes (p = 0.64) (Figure 2C and Figure 2—figure supplement 1D).

To ascertain whether DUSP$6 is up-regulated specifically in tumors driven by mutant KRAS or
mutant EGFR signaling rather than in tumors associated with activation of other oncogenic path-
ways, we measured DUSP6 RNA in experimental systems driven by the activation of various onco-
genes. In transgenic mouse models of lung cancer, Duspé RNA was present at significantly higher
levels in the lungs of mice bearing tumors driven by mutant EGFR or KRAS transgenes than in nor-
mal mouse lung epithelium (Figure 2D) (Felsher and Bishop, 1999; Fisher et al., 2001; Politi et al.,
2006). In contrast, Dusp6 RNA levels were not significantly different in lungs from mice with tumors
driven by MYC and in normal mouse lung tissue (Figure 2D). Similarly, increased levels of DUSP6
RNA were observed in primary human epithelial cells only when the cells were also transduced with
mutant RAS genes, but not with a variety of other oncogenes or with plasmids encoding GFP
(p < 0.0001) (Figure 2E) (Bild et al., 2006). Lastly, our LUAD cell lines engineered to produce
KRAS®'?" in response to dox showed an increase in DUSP6 RNA that correlated with augmented
phosphorylation of ERK and cell toxicity (Figure 2F). It is unclear why increased levels of DUSPé
RNA are not sufficient to decrease P-ERK in these inducible systems; this may reflect the localization
of P-ERK, which we have not explored here. Together, these findings suggest that DUSPé is a critical
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Figure 2. DUSPé is the only negative feedback regulator significantly up-regulated in LUAD tumors with KRAS or EGFR mutations. (A) Negative
feedback regulators differentially expressed between clinical LUADs with or without EGFR or KRAS mutations (as indicated in green or blue,
respectively, in the third and second horizontal bars). Expression levels for the indicated genes as determined by RNA-seq were compared between
LUAD tumors with (n = 107, red) and without (n = 123, black) KRAS or EGFR mutations. In the heatmap, red indicates high relative expression and blue,
low expression. Significance, as determined by two-tailed unpaired t-test with Bonferroni multiple testing correction, is indicated as the —logx(p-value).
The significance threshold was set at a p-value < 0.01 and is indicated by the dotted line. Only DUSPé surpassed this threshold. (B) DUSPé is the main
negative feedback regulator upregulated in LUADs with EGFR or KRAS mutations. Box plots show levels of DUSP6 RNA from samples in A. LUADs with
EGFR or KRAS mutations (n = 107) express DUSPé at higher levels than do LUADs with wildtype KRAS and EGFR (n = 123) in the TCGA dataset. (C)
Validation of increased DUSPé expression in LUADs with mutated KRAS or EGFR. In an independent internal dataset from the BCCA, LUADs with EGFR
or KRAS mutations (n = 54) demonstrated higher expression of DUSPé compared to LUADs in which both EGFR and KRAS were wild-type (n = 29) and
to normal lung tissues (n = 83). (D) Duspé is upregulated in the lungs of mice with tumors induced by mutant EGFR or Kras transgenes. Tumor-bearing
lung tissues from mice expressing EGFR or Kras oncogenes produce higher levels of Duspé RNA than do normal lung controls or tumor-bearing lungs
from mice with a MYC transgene. (E) Increased DUSP6 RNA is specific to cells with oncogenic signaling through RAS. Human primary epithelial cells
expressing a HRAS oncogene (n = 10 biological replicates) express DUSPé at higher levels than control cells producing GFP (n = 10 biological
replicates) whereas cells expressing known oncogenes other than RAS genes (MYC, SRC, B-Catenin, and E2F-3) do not. (F) DUSP6 RNA levels increase
in PC9, H358 and H1975 cells expressing mutant KRAS. Dox was added to induce either GFP or the KRAS®'? oncogene for 24 hr; DUSP6 RNA was
measured by gPCR. (G-I) DUSPé expression is associated with P-ERK levels. (G) LUADs with EGFR or KRAS mutations (n = 107) have higher P-ERK
levels, but not P-p38 or P-JNK levels, than LUADs with wildtype KRAS and EGFR (n = 123) in the TCGA dataset. (H) LUADs with the highest DUSP6 RNA
levels (n = 46) demonstrated higher P-ERK levels, but not P-p38 or P-JNK levels, than LUADs with the lowest DUSP6 RNA levels (n = 46). (I) DUSPé RNA
levels correlate with the levels of P-ERK in LUADs (n = 182). Pearson correlation coefficient (r) and p-value are indicated. *p < 0.05, **p < 0.01,

***p5 < 0.001, ***p < 0.0001, NS = Not Significant.

Figure 2 continued on next page
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Figure 2 continued
DOI: https://doi.org/10.7554/eLife.33718.004
The following figure supplement is available for figure 2:

Figure supplement 1. Negative feedback regulators are differentially expressed in clinical LUADs with or without EGFR or KRAS mutations.
DOI: https://doi.org/10.7554/elife.33718.005

negative feedback regulator activated in response to oncogenic signaling by mutant RAS or EGFR
proteins in LUAD.

In our previous study (Unni et al., 2015) (see also Figure 1—figure supplement 1A), we found
that co-induction of oncogenic KRAS and EGFR activated not only ERK, but also JNK and p38 MAPK
pathways, albeit at later times. To investigate whether DUSPé is up-regulated solely in response to
phosphorylation of ERK or also in response to phosphorylation of JNK and p38, we assessed the
relationship of amounts of DUSP6 RNA in tumors with levels of P-ERK, P-JNK and P-p38 proteins as
determined for TCGA (Cancer Genome Atlas Research Network, 2014), using the Reverse Phase
Protein Array (RPPA). LUADs with a KRAS or an EGFR mutation contained significantly higher levels
of P-ERK - but not of P-JNK or P-p38 - than did tumors without those mutations, consistent with a
role for these oncogenes in ERK activation (Figure 2G). Furthermore, tumors with high DUSP6é RNA
have relatively high amounts of P-ERK but not of P-JNK or P-p38 (Figure 2H). Lastly, there is a posi-
tive correlation between P-ERK levels and DUSP6 RNA in LUAD (Figure 2I), whereas no such associ-
ation was observed between DUSP6 RNA and P-JNK or P-p38 (Figure 2—figure supplement 1E,F).
Together, these observations support the proposal that DUSPé is expressed in response to activa-
tion of ERK and that it serves as a major negative feedback regulator of ERK signaling in LUAD, buff-
ering the potentially toxic effects of ERK hyperactivation.

Knockdown of DUSP6 elevates P-ERK and reduces viability of LUAD
cells with either KRAS or EGFR oncogenic mutations

If DUSP6 is a negative feedback regulator of RAS signaling through ERK, then inhibiting the function
of DUSP6 in LUAD cell lines driven by oncogenic KRAS or EGFR should cause hyperphosphorylation
and hyperactivity of ERK, possibly producing a signaling intensity that causes cell toxicity, as
observed when we co-express mutant KRAS and EGFR. Consistent with this prediction, introduction
of DUSPé-specific siRNA pools into PC9 cells decreased DUSP6 levels and reduced the number of
viable cells to levels similar to those observed when mutant EGFR, the driver oncogene, was itself
knocked down (Figure 3A). siRNA pools for either DUSP6 or EGFR decreased DUSP6 protein levels.
A decrease in DUSP6 protein levels with siRNA against EGFR RNA can be explained by a reduction
in EGFR protein levels causing a decrease in ERK activation (Figure 3A) and subsequently diminish-
ing expression of DUSPé, a direct negative feedback regulator of ERK activity. Importantly, almost
complete knockdown of DUSP6 was required to elicit toxic effects in PC9 cells.

The pool of Dharmacon-synthesized siRNAs we used is composed of 4 individual siRNAs (labeled
DUSPé6-6,7,8 and 9, Figure 3 and Figure 3—figure supplement 1A,B). We tested the individual
siRNAs to confirm knockdown of DUSPé6 protein and assess cell viability after siRNA treatment (Fig-
ure 3—figure supplement 1A,B). Treatment of PC9 cells with any one of three particular siRNAs
resulted in a significant decrease in DUSPé levels (particularly DUSP6-6 and DUSP6-7), however, the
number of viable cells on day 5 was greater than in cells treated with the non-targeting control
siRNA (Figure 3—figure supplement 1A,B). This observation was in contrast to the loss of cell via-
bility we documented with the siRNA pool against DUSP6 (Figure 3). However, treatment with one
other siRNA in the pool, DUSP6-8, resulted in the greatest depletion in DUSPé protein and also a
striking loss of cell viability (Figure 3—figure supplement 1A,B), consistent with the results from the
siRNA pool. This suggests that DUSP6 protein levels need to be substantially depleted to exert an
effect in PC9 cells.

Because only one siRNA in the pool (DUSP6-8) had a deleterious effect on PC9 cells, we con-
firmed the effects of this siRNA by utilizing another siRNA that targets a different region of DUSPé
mRNA (A 5’ coding sequence is targeted by DUSP6-Qiagen, whereas a 3’ coding sequence is tar-
geted by DUSP6-8). DUSP6-Qiagen suppresses DUSP6 protein to a level similar to what we
observed with the siRNA pool (Figure 3B,C). We also observed a loss of cell viability in PC9s cells
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Figure 3. Knockdown of DUSP6 increases P-ERK and selectively inhibits LUAD cell lines with KRAS or EGFR mutations. (A) Interference with DUSPé
RNA induces toxicity in PC9 cells. Pooled siRNAs for DUSP6, EGFR or a non-gene targeting control (Non-T) were transfected into PC9 cells (carrying an
EGFR mutation) on day 0 and day 3, and the numbers of viable cells in each condition was measured with Alamar blue at the indicated time points and
scaled to the Non-T condition at day 1 to measure the relative changes in numbers of viable cells. Experiments were done in biological triplicate with
the average values presented +SEM. Western blots were performed at the endpoint of the assay (day 5) to confirm reduced amounts of DUSP6 protein
and measure levels of ERK and P-ERK (p42/44 and P-p42/44, respectively). (B-C) A siRNA that targeted the 5' region of DUSP6 mRNA coding sequence
(siDUSP6-Qiagen,; different from siDUSP6-8 that targets the 3’ mRNA coding region), reduces levels of DUSP6 protein and decreases the numbers of
viable cells. The indicated siRNAs (DUSP6-pool, DUSP6-8, DUSP6-Qiagen, EGFR and Non-Target) were delivered to PC9 cells, the levels of DUSP6
protein measured and the numbers of viable cells was determined as described for panel A. Experiments were done at least three times, and the
average =SEM is indicated for cell viability. (D) Interference with DUSPé RNA acutely increases P-ERK levels. DUSP6 was knocked down in PC9 and
H1975 cells (EGFR mutants), A549 cells (KRAS mutant), and HCC95 cells (KRAS and EGFR wild-type); levels of ERK and P-ERK were measured by
Western blot 24 hr later. Relative P-ERK levels (ratio of phosphorylated to total levels normalized to actin) were determined by dosimetry and compared
to the non-targeting control (NT) to quantify the relative increase after DUSPé knockdown. Three independent western blots were performed and the
average +SEM is plotted. (E) Interference with DUSP6 RNA inhibits LUAD cell lines with activating mutations in genes encoding components of the
EGFR/KRAS signaling pathway. Numbers of viable cells 5 days after knockdown of DUSPé or knockdown of positive controls (EGFR, KRAS or KIF11)
were assessed with Alamar blue and compared to the non-targeting controls to determine relative changes. Experiments were done in biological
triplicate with the average values presented £SEM. Western blots to monitor knockdown of target genes at Day 5 are also displayed. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, NS = Not Significant.

DOV https://doi.org/10.7554/eLife.33718.006

The following figure supplement is available for figure 3:

Figure supplement 1. (A-B) Extensive knockdown of expression of DUSPé with individual or pooled siRNAs is necessary to induce toxicity in PC? cells.
DOI: https://doi.org/10.7554/eLife.33718.007
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treated with DUSP6-Qiagen siRNA comparable to that of the siRNA pool, suggesting these effects
are not off-target (Figure 3B,C).

While it was anticipated that knockdown of mutant EGFR would diminish the numbers of viable
cells by reducing levels of P-ERK and its growth-promoting signal, cells in which DUSP6 was knocked
down with siRNAs also displayed reduced P-ERK levels five days after transfection, not the expected
increase in phosphorylation of ERK (Figure 3A). One way to reconcile this apparent discrepancy is to
examine the kinetics of phosphorylation and dephosphorylation of ERK after manipulation of the
abundance of DUSP6 and its resulting effects on RAS signaling. To determine whether an initial,
transient increase in P-ERK occurred after nearly complete knockdown of DUSP6, preceding the
observed reduction in viable cells, we measured P-ERK in two cell lines with mutations in EGFR (PC9
and H1975 cells), one cell line with a mutation in KRAS (A549 cells) and a lung squamous cell carci-
noma with wildtype EGFR and KRAS (HCC95 cells) 24 hr after addition of DUSP6 siRNA. In the three
cell lines assessed with mutant EGFR or KRAS, there was a small but consistent increase (~1.5 fold)
in P-ERK 24 hr after receiving DUSP6 siRNA, compared to non-targeting siRNA controls (Figure 3D).
Within 5 days, knockdown of DUSPé reduced the numbers of viable cells in the LUAD lines with
activating KRAS or EGFR mutations (PC9, H1975 and A549 cells), but not in a cell line with no known
activating mutations affecting the EGFR-KRAS-ERK pathway (HCC95 cells) (Figure 3E).

Mirroring the decrease in viability, cleaved PARP was also induced five days after DUSP6 knock-
down in EGFR/KRAS mutant, but not EGFR/KRAS wildtype cells (Figure 3—figure supplement 1C).
While there was no correlation between sensitivity to DUSP6 knockdown and basal DUSP6 protein
levels, KRAS or EGFR mutant cell lines demonstrate higher P-ERK levels and/or a high P-ERK to
DUSPé6 protein ratio that could contribute to P-ERK hyperactivity and the subsequent decrease in
cell viability after inhibition of DUSPé6 (Figure 3-figure supplement D,E,F). Lastly, as described above,
reduction of ERK1 or ERK2 levels with shRNAs in EGFR-mutant PC9 cells partially rescued the
decreased cell viability caused by DUSP6 knockdown, suggesting that ERK — at least in part - medi-
ates the toxic effects of DUSPé inhibition (Figure 3—figure supplement 1G,H,I). These data sug-
gest that knockdown of DUSPé6 or potentially other negative feedback regulators that can increase
P-ERK would reduce cell viability in cells containing an oncogenic KRAS or EGFR mutation.

Pharmacological inhibition of DUSP6 reduces the number of viable
LUAD cells bearing mutations that activate the ERK pathway

The results presented thus far suggest that LUAD cells with mutations in KRAS or EGFR depend on
negative regulators like DUSP6 to attenuate P-ERK for survival, offering a potentially exploitable vul-
nerability that could be useful therapeutically. However, blocking synthesis of DUSP6 efficiently with
siRNA is difficult, in part because reduced levels of DUSP6 lead to increased levels of phosphory-
lated ERK, stimulating a subsequent increase in DUSP6 mRNA. As DUSP6 mRNA rises, more siRNA
may be required to sustain the reduction of DUSP6. Based on this negative feedback cycle, we rea-
soned that pharmacological inhibition of the enzymatic activity of DUSP6 would be more effective. A
small molecule inhibitor of DUSP6, (E)—2-benzylidene-3-(cyclohexylamino)—2,3-dihydro-1H-inden-1-
one (BCI), was identified through an in vivo chemical screen for activators of fibroblast growth factor
signaling in zebrafish (Molina et al., 2009; Korotchenko et al., 2014). BCI inhibits DUSPé allosteri-
cally, binding near the active site of the phosphatase, inhibiting activation of the catalytic site after
binding to its substrate, ERK (Molina et al., 2009). BCI also selectively inhibits DUSP1, which, like
DUSP6, has catalytic activity dependent on substrate binding. However, as demonstrated in
Figure 2A, DUSP1 is not significantly up-regulated in LUADs with EGFR or KRAS mutations. Further-
more, siRNA-mediated knockdown of DUSP1, as opposed to knockdown of DUSP6, has no effect on
viability of EGFR-mutant H1975 cells, suggesting that DUSP6 should be the main target of BCI (Fig-
ure 4—figure supplement 1A,B).

We tested 11 lung cancer cell lines - 8 with a KRAS or EGFR mutation and 3 with no known activ-
ating mutations in these genes — with a dosing strategy covering the previously determined active
range of the drug (Shojaee et al., 2015). We predicted that cancer lines with mutations in KRAS or
EGFR would be more sensitive to the potential effects of BCI treatment on numbers of viable cells,
since DUSP6 would be required to restrain the toxic effects of P-ERK in these cells. Our findings are
consistent with this prediction (Figure 4A,B). The cell lines fell into three categories of sensitivity: 1)
the most sensitive lines, with IC50s between 1-3 uM and with > 90% loss of viable cells at 3.2 uM, all
harbored KRAS or EGFR mutations; 2) the one line with intermediate sensitivity, H1437 (IC50 > 4
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Figure 4. Treatment with the DUSP6 inhibitor BCl selectively kills LUAD cell lines with KRAS or EGFR mutation, implying a dependence on ERK-
mediated signaling. (A-B) BCl induces toxicity specifically in lung cancer cell lines with mutations in genes encoding components in the EGFR-KRAS-
ERK pathway. (A) Eleven lung cancer cell lines were treated with increasing doses of BCl for 72 hr based on the reported effective activity of the drug
(Shojaee et al., 2015). Cell lines could be assigned to three distinct groups: sensitive (red), intermediate (green) and insensitive (black). All sensitive cell
lines contained either EGFR or KRAS mutations; the intermediate and insensitive cell lines were wild-type for genes encoding components of the EGFR-
KRAS-ERK signaling pathway (as determined by the Sanger Cell Line Project and the Cancer Cell Line Encyclopedia [Barretina et al., 2012]).
Experiments were done in biological duplicate with the average values presented £SEM. (B) Crystal Violet stain of cells plated in the indicated doses of
BCl or control (0 = 0.1% DMSO) for 72 hr. Sensitive cells with a KRAS mutation (H358 cells; denoted with red underlining) show a more pronounced
decrease in cell number than do cells without oncogenic mutations in genes encoding components of the EGFR-KRAS-ERK pathway (H1648 cells; black
underlining). Experiments were done in biological duplicate with a representative image shown. (C) BCl increases P-ERK levels specifically in BCI-
sensitive cell lines. Sensitive lines (H358, PC9, H1975 and A549; red underlining) and insensitive lines (HCC95 and H1648; black underlining) were
treated with the indicated doses of BCI or vehicle control (0.1% DMSO) for 30 min, and the levels of ERK (p44/p42) and P-ERK (P-p44/42 T202/Y204)
Figure 4 continued on next page
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assessed by Western blot. P-ERK appeared in the sensitive cells at low doses of BCI, but P-ERK levels did not increase in the insensitive cells at the
tested doses of BCI. (D) Dosimetry plots from the experiment shown in panel. (C) (E-F) Cell lines sensitive to BCl are also dependent on P-ERK for
survival. BCl-sensitive cells with oncogenic mutations in EGFR or KRAS (PC9 and H358, respectively; red underlining) and BCl-insensitive cells (H1648
and HCC95; black underlining) were treated with the indicated doses of the MEK inhibitor trametinib for 72 hr; viable cells were measured with Alamar
blue and compared to cells receiving the vehicle control (0 = 0.1% DMSQ). (E) Treatment with trametinib decreased P-ERK levels as determined by
western blot. (F) The reduction in P-ERK corresponded to a greater decrease in viable cells in BCl-sensitive lines (red coloring), compared to BCI-

insensitive cell lines (black coloring).

DOI: https://doi.org/10.7554/eLife.33718.008

The following figure supplement is available for figure 4:

Figure supplement 1. (A-B) Knockdown of DUSPé, but not DUSP1, decreases viability of LUAD cells.
DOI: https://doi.org/10.7554/eLife.33718.009

uM), contains an activating mutation in MEK (Q56P); and 3) the relatively insensitive lines (IC50s > 5
uM) lack known mutations affecting the EGFR-KRAS-ERK signaling pathway. The insensitive cell lines
did not demonstrate the marked (> 90%) reduction in numbers of viable cells observed with the sen-
sitive cell lines and only sensitive cell lines showed induction of cleaved PARP after BCI treatment
(Figure 4—figure supplement 1C). Together, these data suggest that pharmacological inhibition of
DUSP6 specifically kills cells with EGFR or KRAS-mutations.

P-ERK levels increase in LUAD cells after inhibition of DUSP6 by BCI,
and P-ERK is required for BCI- mediated toxicity

Based on findings in the preceding section, we predicted that BCl-mediated inhibition of DUSPé
would increase P-ERK to toxic levels, similar to the effects of co-expressing mutant KRAS and EGFR.
To test this proposal, we measured total ERK and P-ERK after BCI treatment in sensitive and insensi-
tive cell lines. A subset of the most sensitive cell lines, H358 (KRAS mutant) and PC9 and H1975
(EGFR mutants), demonstrated a large, dose-dependent increase in P-ERK in response to BCl treat-
ment, with appreciable increases observed even at the lowest doses tested (1 uM) (Figure 4C,D).
This induction of P-ERK precedes the appearance of cleaved PARP and cell death, as indicated by a
time course of observations after BCI treatment in KRAS-mutant H358 cells (Figure 4—figure sup-
plement 1D). Likewise, another sensitive cell line, A549 (KRAS mutant), demonstrated an increase in
P-ERK, albeit at higher BCI concentrations, consistent with a less acute BCI sensitivity (Figures 3C
and 4C,D). Conversely, BCI did not induce increases in P-ERK in the insensitive cell lines HCC95 and
H1648, even at the highest levels of BCI (10 uM) (Figure 4C,D). Importantly, cell lines sensitive to
BCI were also dependent on sustained P-ERK signaling for survival, as the MEK inhibitor trametinib,
while effectively reducing P-ERK in all cell lines, reduced cell viability to a greater degree in BCI- sen-
sitive lines (H358 and PC9) compared to BCl-insensitive lines (H1648 and HCC95; Figure 4E,F).
Thus, the oncogenic mutation profile and dependency on activation of the EGFR-RAS-ERK pathway
correlates with dependence on DUSP6 activity. These correlations are likely to reflect the central sig-
nificance of P-ERK as a determinant of cell growth and viability.

To confirm whether P-ERK is involved in regulation of BCl-mediated cell death, we treated KRAS
mutant H358 cells with a combination of BCI and the ERK1/2 inhibitor VX-11E, predicting that simul-
taneous inhibition of DUSP6 and ERK would mitigate the toxic effects of BCI treatment. Unlike other
ERK inhibitors such as SCH772984, VX-11E does not block ERK phosphorylation, but instead limits
ERK activity following phosphorylation (Chaikuad et al., 2014). Consistent with this, while no differ-
ence in P-ERK induction was observed, VX-11E treatment limited BCI- induced phosphorylation of
the downstream ERK target RSK (Figure 4—figure supplement 1F). In addition, treatment with VX-
11E lead to a relative increase in the number of viable cells after BCI treatment in a dose-dependent
manner, with higher VX-11E concentrations demonstrating less decline in viability in response to BCI
compared to lower doses (Figure 4—figure supplement 1E). Together, these data suggest that
ERK activation plays a vital role in mediating the inhibitory effects of BCl treatment in KRAS or EGFR
mutant lung cancer cells.

To further understand BCl-mediated toxicity, we searched for potential resistance mechanisms
through an unbiased, genome-wide CRISPR screen of the type described earlier (Figure 1—figure
supplement 1F). If loss of genes targeted by guide RNA confers resistance, that can reveal the
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nature of the pathway being targeted, since inhibited expression of the gene mitigates the effects of
the drug. We performed this screen in H460 cells that are mutant (Q61H) for KRAS and sensitive to
BCI (Figure 4A). In the screen, we found that sgRNAs targeting KRAS were significantly enriched in
KRAS-mutated H460 cells upon treatment with BCl compared to untreated controls (Figure 4—fig-
ure supplement 1G, Supplementary file 1). Guide RNA targeting KRAS were depleted in the
absence of drug suggesting a dependence on mutant KRAS in this cell line. These results suggest
that KRAS pathway activity is a major determinant of sensitivity to BCI (Figure 4—figure supple-
ment 1G). To validate these results, we cloned two individual sgRNAs targeting KRAS and trans-
duced H460 cells. After 7 days of puromycin selection, the polyclonal population was evaluated for
KRAS depletion (Figure 4—figure supplement 1H). The KRAS-targeted and control H460 cells were
treated at this time point with a dose response of BCI for 72 hr. Cells that contained sgRNAs against
KRAS were less sensitive to BCl than cells containing control sgRNA and un-manipulated cells (Fig-
ure 4—figure supplement 1I).

We also generated two clones of DUSP6-deficient H358 cells using CRISPR-Cas9 and indepen-
dent guide RNAs (Figure 4—figure supplement 1J). Unexpectedly, both clones remained respon-
sive to BCl's cell killing activity (Figure 4—figure supplement 1K). These results may be explained
by the presence of DUSP1 (Figure 4—figure supplement 1J) and the reported activity of BCI
against DUSP1 in addition to DUSPé. Further studies will be required to ascertain if these cells are
still dependent on P-ERK for BCl-mediated sensitivity through DUSP1 or through another mecha-
nism. While BCI sensitivity may not be solely due to DUSP6, our genome-wide screen for resistance
to BCl suggests activation of the RAS pathway is at least partly required.

To further test RAS pathway dependency and its relation to BCI sensitivity, we predicted that
stimulating the EGFR-RAS-ERK pathway in a BCl-insensitive cell line would make the cells more
dependent on DUSPé6 activity and more sensitive to BCI. Using HCC95 lung squamous carcinoma
cells, which express relatively high levels of wild-type EGFR (Figure 5A), we showed that EGF
increased the levels of both P-EGFR and P-ERK, confirming activation of the relevant signaling path-
way (Figure 5A,B, Figure 5—figure supplement 1). In addition, BCI further enhanced the levels of
P-ERK, especially in the EGF-treated cells, with dose-dependent increases; these findings are similar
to those observed in cell lines with EGFR or KRAS mutations (Figure 4C,D). After pretreatment with
EGF (100 ng/mL) for ten days and treating the cells with increasing doses of BCl to inhibit DUSPé6, 3
uM BClI reduced the number of viable HCC95 cells by approximately 40% compared to the control
culture that did not receive EGF (Figure 5C). This outcome implies that prolonged EGF treatment
and subsequent activation of P-ERK signaling makes HCC95 cells dependent on DUSPé6 activity, as
also observed in cell lines with EGFR or KRAS mutations (Figure 4A). Taken together, these findings
suggest that LUAD cells with KRAS or EGFR mutations are sensitive to BCl because the drug acutely
increases P-ERK beyond a tolerable threshold in a manner analogous to the synthetic lethality we
previously described in LUAD lines after co-expression of mutant KRAS and EGFR (Unni et al.,
2015).

Discussion

The pattern of mutual exclusivity observed with mutant EGFR and mutant KRAS genes in LUAD is a
consequence of synthetic lethality, not pathway redundancy; co-expression of these oncogenes is
toxic, resulting in loss of viable cells (Unni et al., 2015; Varmus et al., 2016). There are reports of
exceptions to this mutual exclusivity but these arise in conditions that include inhibition of EGFR
(Blakely et al., 2017; Ramalingam et al., 2018). This is to be expected, as cells treated with kinase
inhibitors are not experiencing the effects of both oncogenes (i.e. mutant EGFR and mutant KRAS).
A cancer cell that has not been exposed to inhibitors (e.g. against mutant EGFR) could arise, particu-
larly at an advanced stage of disease, with activating mutations in both EGFR and KRAS; but we
would anticipate that other events—like decreased RAS-GTP levels—might prevent P-ERK from
reaching toxic levels.

Despite the possible exceptions, it remains critical to understand why, based on the pattern of
mutual exclusion, cells are generally unable to tolerate the combination of these two oncogenes
more readily. And what are the biochemical mechanisms by which the toxicity is mediated, might be
modulated to avoid lethality, or could be exploited therapeutically? To address these questions, we
began by regulating the expression of mutant KRAS in LUAD cell lines carrying mutant RAS or EGFR
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Figure 5. EGF-mediated activation of ERK signaling leads to dependence on DUSPé. (A) EGF increases P-ERK in HCC95 cells. BCI- insensitive HCC95
cells were grown in the presence and absence of EGF (100 ng/mL) and increasing doses of BCI; levels of the indicated proteins were assessed in cell
lysates by Western blotting. EGF increased the levels of P-EGFR and P-ERK, and levels of P-ERK were further increased by BCI. (B) Relative P-ERK levels
(ratio of phosphorylated to total levels normalized to actin) were determined by dosimetry and compared to the vehicle controls (0 BCI = 0.1% DMSO)
to quantify the relative increase after BCl treatment from the gels in A. (C) Increase of P-ERK promotes sensitivity of lung cancer cell lines without KRAS
or EGFR mutations to BCI. BCI- insensitive HCC95 cells were treated with 100 ng/mL of EGF for 10 days and then grown in medium containing
escalating doses on BCl with continued EGF. Viable cells were measured 72 hr later with Alamar blue and compared to the vehicle controls (in 0.1%
DMSO) to assess the relative change in numbers of viable cells. Experiments were done in biological triplicate with the average values

presented +SEM. The EGF-treated cells (red line) showed increased sensitivity (decreased viable cells at lower BCI conditions) than those without EGF
treatment (black line). (B=C).

DOV https://doi.org/10.7554/eLife.33718.010

The following figure supplement is available for figure 5:

Figure supplement 1. Protein lysates from conditions indicated in Figure 5A were subjected to electrophoresis on the same gel to directly compare
p-EGFR and P-ERK levels in EGF-treated and untreated HCC95 cells.

DOI: https://doi.org/10.7554/eLife.33718.011

alleles. The levels of RAS activation in these cells are not expected to mirror what is found in tumors;
these levels presumably will exceed what tumors can tolerate. We suggest that tumor cells could
experience this state during progression, particularly when co-mutations in the RAS pathway have
occurred. Understanding how the toxicity arises provides insight into mutual exclusivity and how lim-
its for RAS activation may be set and exploited in cancer cells.

Our efforts to answer these questions have led to the conclusions that the toxicity is mediated
through the hyperactivity of phosphorylated ERK1/2 and that inhibition of DUSPé may re-create the
toxicity through the role of this phosphatase as a negative regulator of ERK1/2. Several results
reported here support these conclusions: (i) the previously reported toxicity that results from co-
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expression of mutant EGFR and mutant KRAS is accompanied by an early increase in the phosphory-
lation of ERK1/2, and the effects can be attenuated by inhibiting MEK (which phosphorylates and
activates ERK1/2) or by reducing ERK levels with inhibitory RNAs; (ii) DUSP6, a phosphatase known
to be a feedback inhibitor of ERK activity, is present at relatively high levels in LUADs with EGFR and
KRAS mutations; and (iii) inhibition of DUSP$, either by introduction of siRNAs or by treatment with
the drug BCI, reduces the number of viable LUAD cells with EGFR or KRAS mutations or of BCl-resis-
tant cells exposed to EGF.

Taken in concert, these findings support a general hypothesis about cell signaling. Activation of a
biochemical signal from a critical node, such as ERK, in a signaling pathway must rise to a certain
level to drive neoplastic changes in cell behavior; if signal intensity falls below that level, the cells
may revert to a normal phenotype or initiate cell death as a manifestation of what is often called
‘oncogene addiction” (Nissan et al., 2013; Weinstein et al., 1997, Dow et al, 2015;
Varmus et al., 2005; Sharma et al., 2006). Conversely, if the intensity of signaling rises to exceed a
higher threshold, the cells may display a variety of toxic effects, including senescence, vacuolization,
or apoptosis (Unni et al., 2015; Chi et al., 1999; Serrano et al., 1997, Joneson and Bar-Sagi,
1999; Overmeyer et al., 2008; Zhu et al., 1998). In this model, two approaches to cancer therapy
can be envisioned: (i) blocks to signaling that reverse the oncogenic phenotype or induce the apo-
ptosis associated with oncogene addiction, or (ii) enhancements of signaling that cause selective tox-
icity in cells with pre-existing oncogenic mutations, a form of synthetic lethality that depends on
changes that produce a gain rather than a loss of function. The former is exemplified by using inhibi-
tors of EGFR kinase activity to induce remissions in LUAD with EGFR mutations (Lynch et al., 2004;
Paez et al., 2004; Pao et al., 2004). Based on the findings presented here, the latter strategy might
be pursued by using inhibitors of DUSPé or other negative feedback regulators to block its usual
attenuation of signals emanating from activated ERK1/2.

Several factors are likely to determine the threshold for producing the cell toxicity driven by
hyperactive signaling nodes, such as ERKs, in cancer cells. These factors are likely to include allele-
specific attributes of oncogenic mutations in genes such as KRAS (Hunter et al., 2015) and BRAF
(Hunter et al., 2015; Yao et al., 2017; Nieto et al., 2017); the cell lineage in which the cancer has
arisen (Shojaee et al., 2015; Yao et al., 2017, Zhao et al., 2015); the levels of expression of mutant
cancer genes (Zhu et al., 1998; Nieto et al., 2017; Cisowski et al., 2016, Ambrogio et al., 2017);
the co-existence of certain additional mutations (Barretina et al., 2012); and the multiple proteins
that negatively regulate oncogenic proteins through feedback loops, such as MIG6 on EGFR
(Ambrogio et al., 2017, Maity et al., 2015; Anastasi et al., 2016), GAPs on RAS proteins (Cour-
tois-Cox et al., 2006; Vigil et al., 2010), or SPROUTYs and DUSPs on kinases downstream of RAS
(Kidger and Keyse, 2016; Shojaee et al., 2015; Zhao et al., 2015). All such factors would need to
be considered in the design of therapeutic strategies to generate signal intensities that are intolera-
ble specifically in cancer cells. DUSP6 is a well-established negative regulator of ERK activation in a
normal cellular context (reviewed in Keyse, 2008, and Theodosiou and Ashworth, 2002), so it is
perhaps not surprising that this protein appears to have a critical role in persistently limiting ERK
activation, even in a pathological context such as cancer.

The findings presented here, as well as recent results from others (Shojaee et al., 2015;
Leung et al., 2018; Wittig-Blaich et al., 2017), support several underlying features of a therapeutic
strategy based on inordinate signaling activity involving RAS proteins: that the activity of ERK needs
to be actively controlled in cancer cells of diverse tissue origins; that hyperactivation of ERK can be
deleterious to cells; and that inhibition of negative regulators like DUSPé can create a toxic cellular
state. This leads to the hypothesis that cancer cells dependent on ERK signaling have an active RTK-
RAS-RAF-MEK pathway that produces levels of activated (phosphorylated) ERK1/2 that require
attenuation. In other words, ERK-dependent tumor cells, including cancers driven by mutant RTK,
RAS, BRAF, or MEK proteins, will have a vulnerability to hyperactivated ERK and that vulnerability
can potentially be exploited by inhibition of feedback regulators like DUSPé.

Relevant to this concept are recent studies that address ‘drug addiction’ whereby cells lose viabil-
ity when the inhibitor (e.g. vemurafenib) is removed (Hong et al., 2018; Kong et al., 2017,
Das Thakur et al., 2013; Moriceau et al., 2015; Sun et al., 2014). These scenarios, in which an
additional mutation can arise in the RTK-RAS-RAF-MEK pathway, create conditions similar to those
we have modeled, once the inhibitor is removed. Additionally, Hata et al. have shown that mutations
can arise while cells are exposed to a drug; as mentioned above, such mutations might appear to
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violate patterns of mutual exclusivity but the pattern only arose because of pathway down-modula-
tion (Hata et al., 2016) Recently, Leung et al. have found a similar dependency on ERK activation
limits in mutant BRAF-driven melanoma (Leung et al., 2018).

The mechanisms of cell toxicity that arise from hyper-activation of ERK are likely to be diverse.
We previously documented autophagy, apoptosis and macropinocytosis in cells expressing mutant
EGFR and mutant KRAS, and others have described parthanatos and pseudosenescence as mecha-
nisms for cell death from hyper-activation of ERK (Hong et al., 2018). ERK-dependent processes
may differ from cell type to cell type based on mutation profiles and cellular state at the time of ERK
activation. This same dependence on ERK (ERK2 specifically) has been documented for senescence
when mutant RAS is introduced into normal cells (Shin et al., 2013).

The hypothesis that DUSP6 regulates ERK activity in the presence of signaling through the RAS
pathway is particularly attractive in view of the frequency of RAS gene mutations in human cancers
and the difficulties of targeting mutant RAS proteins (Simanshu et al., 2017; Papke and Der, 2017,
Downward, 2015). Because DUSP6 directly controls the activities of ERK1 and ERK2, rather than
proteins further upstream in the signaling pathway, it appears to be well-situated for controlling
both the signal delivered to ERK through the activation of RAS and the signal emitted by phosphory-
lated ERK. Recently, Wittig-Blaich et al. have also found that inhibition of DUSPé by siRNA was toxic
in melanoma cells carrying mutant BRAF (Wittig-Blaich et al., 2017). Inhibition of other DUSPs, like
DUSPS5, that regulate ERK1 and ERK2 may create similar vulnerabilities and should be explored
(Kidger and Keyse, 2016; Kidger et al., 2017). These ideas should provoke searches for inhibitors
of DUSPs and other feedback inhibitors of this signaling pathway, as well as experiments that better
define the downstream mediators and the consequences of non-attenuated ERK signaling.

Materials and methods

Cell lines and culture conditions

PC9 (PC-9), H358 (NCI-H358), H1975 (NCI-H1975), H1648 (NCI-H1648), A549, H460 (NCI-H460),
H23 (NCI-H23), H2122 (NCI-H2122), H1650 (NCI-H1650), H2009 (NCI-H2009), H2030 (NCI-H2030),
H1437 (NCI-H1437) and HCC95 cells were obtained from American Type Tissue Culture (ATCC) or
were a kind gift from Dr. Adi Gazdar (UTSW) or Dr. Romel Somwar (MSKCC). Cell lines were periodi-
cally checked for mycoplasm contamination and found to be negative. Cells have been validated by
STR profiling. For experiments involving doxycycline inducible constructs, cells were maintained in
RPMI-1640 medium (Lonza) supplemented with 10% Tetracycline-free FBS (Clontech) or FBS that
was tested to be Tet-free (VWR Life Science Seradigm), 10 mM HEPES (Gibco) and 1 mM Sodium
pyruvate (Gibco). For other experiments, cells were grown in RPMI-1640 medium (Thermo Fisher)
supplemented with 10% FBS (Sigma), 1% Glutamax (Thermo Fisher) and Pen/Strep (Thermo Fisher).
Cells were cultured at 37°; air; 95%; CO2, 5%. Where indicated, doxycycline hyclate (Sigma-Aldrich)
was added at the time of cell seeding at 100 ng/ml. Trametinib (Selleckchem), Buparlisib (Selleck-
chem), SCH772984 (Selleckchem), Dual Specificity protein phosphatase 1/6 inhibitor (BCI) (Calbio-
chem), and EGF recombinant human protein solution (Thermo Fisher) were added at the time of cell
seeding at the indicated doses.

Plasmids and generation of stable cell lines

Plasmids used were identical to those described in a prior publication (Unni et al., 2015). In brief,
DNAs encoding mutant KRAS or GFP were cloned into pInducer20, a vector that carries a tetracy-
cline response element for dox-dependent gene control and encodes rtTA, driven from the UbC
promoter (Meerbrey et al., 2011). Lentivirus was generated using 293 T cells (ATCC), psPAX2
#12260 (Addgene, Cambridge, MA) and pMD2.G (Addgene plasmid#12259). Polyclonal cell lines
(H358-tetO-GFP, H358-tetO-KRAS®'?Y, PC9-tetO-GFP, H1975-tetO-GFP) and single cell-derived
clonal cell lines (PC9-tetO-KRASC'?Y, H1975-tetO-KRASC®'?Y) were used. pLKO.1-based lentiviral vec-
tors were used to establish cells stably expressing shRNAs for the indicated genes. Knockdown was
achieved using two independent shRNAs targeting ERKT (noted in text as A4 or ERK1-4 and A5 or
ERK1-5) or ERK2 (noted in text as Gé6 or ERK2-6 and G7 or ERK2-7) RNAs. shRNA-GFP: GCAAGC
TGACCCTGAAGTTCAT shRNA-ERK1 (A4): CGACCTTAAGATTTGTGATTT shRNA-ERK1 (A5): CTA
TACCAAGTCCATCGACAT shRNA-ERK2 (Gé): TATTACGACCCGAGTGACGAG shRNA-ERK2 (G7):
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TGGAATTGGATGACTTGCCTA shRNAs targeting GFP or a scramble sequence were used as con-
trols. shRNA constructs were kindly provided by J. Blenis, Weill Cornell Medicine. Lentivirus was
generated using 293 T cells as above. After transduction, polyclonal cells were selected with puro-
mycin and maintained as a stable cell line.

Measurements of protein levels

Cells were lysed in RIPA buffer (Boston Bioproducts) containing Halt protease and phosphatase
inhibitor cocktail (Thermo Fisher). For experiments involving dox-inducible constructs, lysates were
cleared by centrifugation, and protein concentration determined by Pierce BCA protein assay kit
(Thermo Fisher). Samples were denatured by boiling in loading buffer (Cell Signaling). 20 pug of
lysates were loaded on 10% MiniProtean TGX gels (Bio-Rad), transferred to Immun-Blot PVDF mem-
branes (Bio-Rad), blocked in TBST (0.1% Tween-20) and 5% milk. For all other experiments, samples
were denatured by boiling in loading buffer (BioRad) and 25 ug of lysates were loaded on 4-12%
Bis-Tris gradient gels (Thermo Fisher), run using MOPS buffer, transferred to Immobilon-P PVDF
membranes (Millipore) and blocked in TBST (0.1% Tween-20)/5% BSA (Sigma).

Primary incubation with antibodies was performed overnight at 4° in 5% BSA, followed by appro-
priate HRP-conjugated secondary antisera (Santa Cruz Biotechnology) and detected using ECL
(Thermo Fisher). Antibodies were obtained from Cell Signaling and raised against the following pro-
teins: phospho p-38 (4511), p38 (8690), p-p44/p42 (ERK1/2) (9101), p44d/p42 (ERK1/2) (4695),
p-SAPK/JNK (4668), SAPK/JNK (9252), P-EGFR (3777, 2234), EGFR (2232), KRAS (8955), PARP
(9542), cleaved-PARP (5625), a-Tubulin (3873) and B-Actin (3700, 4970). Additionally, we used an
antibody against GFP (A-21311, Thermo Fisher), DUSP1 (ab1351, abcam) and DUSPé (ab76310,
abcam and SC-377070, SC-137426, Santa Cruz)..

For 24 hr time course experiments, 100,000 cells (PC9, H1975) or 500,000 cells (H358) per well
were seeded in a 6-well plate and stimulated with dox or dox and drug. For 5 day experiments,
25,000 cells were seeded in 6-well format. For 7 day time course experiments, 300,000 cells (H358)
or 30,000 cells (H1975) were seeded into 10 cM plates and media was changed every day.

For proteome profiler array, 200 ug of total lysate was incubated on membranes in the A/B set
(ARY003B, R and D Systems) and processed according to protocol (R and D Systems). Film expo-
sures were scanned and spot density quantified using Image Studio Lite (Licor). Data were plotted in
Microsoft Excel.

For western blots with BCl and Trametinib, cells were seeded to achieve 80% confluency 18 hr
post seeding. Medium was aspirated and replaced with antibiotic-free medium containing drug at
indicated concentrations and incubated for 30 min. Cells were lysed and protein levels assessed as
stated above. Quantification of western blot images was performed using ImageJ software. Scanned
files were saved in TIFF format, and background was subtracted from all images. Rectangle tool was
used to fully encompass each separate band. Rectangles and bands were assigned lanes and histo-
gram plots were generated based on each lane. Each histogram was enclosed using a straight line
across the bottom and the ‘magic wand’ tool generated a value for area of histogram. These values
were exported to and assessed using Excel and Graphpad Prism software.

Measurements of viable cells

For experiments with dox-inducible constructs, cells were seeded into media containing doxycycline
(100 ng/ml) and/or drug (Trametinib, SCH772984). Media (with or without doxycycline or drug) were
replenished every 3 days during the 7 days. At indicated time points, medium was aspirated and
replaced with medium containing Alamar Blue (Thermo Fisher). Fluorescence intensities from each
well were read in duplicate on a FLUOstar Omega instrument (BMG Labtech), and data plotted in
Microsoft Excel. Cells were seeded in triplicate in 24-well format at 1,000 cells/well (PC9 or H1975
derivatives) or 5,000 cells/well (H358 derivatives). For other experiments, cells were grown in 6-well
plates, Alamar Blue added, and intensities measured for each well in quadruplicate using a Cytation
3 Multi Modal Reader with Gen5 software (BioTek).

For crystal violet assays, cells were seeded to achieve 80-90% confluency at the end point in the
absence of drug treatment. 18 hr later, medium was aspirated and replaced with medium containing
drug. Cells were incubated for 72 hr, washed with PBS and Crystal Violet solution (Sigma) was added
and incubated for 2 min before washing again with PBS and imaging.
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Genomic datasets and analyses

RNA-Seq (RSEM) data for EGFR-KRAS-ERK pathway phosphatases (DUSP1-6, SPRED1-3, SPRY1-4)
along with corresponding mutational data for EGFR, KRAS, MET, ERBB2, BRAF, NF1, NRAS and
HRAS for 230 lung adenocarcinoma tumors from The Cancer Genome Atlas (Cancer Genome Atlas
Research Network, 2014) were downloaded from cBioPortal (http://www.cbioportal.org/)
(Cerami et al., 2012; Gao et al., 2013). Expression of each gene was compared between tumors
with KRAS or EGFR mutations and those without, using an unpaired T-Test. Resulting p-values were
adjusted for multiple comparisons using a Bonferroni correction and the —Log, value plotted as an
indication of significance. Normalized expression values (sample gene value — median gene expres-
sion across all samples/row median absolute deviation) for each gene were also plotted using MOR-
PHEUS software (https://software.broadinstitute.org/morpheus, Broad Institute) as a heat map.
Expression of DUSPé was also individually compared for tumors with EGFR mutation only, KRAS
mutation only, or any RTK-RAS-ERK pathway mutation (EGFR, KRAS, MET, BRAF, ERBB2, NRAS,
HRAS or NF1) vs those wild-type for the in each instance using a two-tailed Mann-Whitney U-Test in
Prism 7 (Graphpad).

Reverse phase protein array (RPPA) data (replicate-base normalized [Akbani et al., 2014]) for
182/230 tumors were downloaded from the UCSC Cancer Genomics Browser. Levels of
MAPKPT202Y204, P38PT180Y18 and JNKPT183Y185 were compared between samples with a KRAS
or EGFR mutation and those without, using the Mann-Whitney U-Test.. Likewise, samples were sepa-
rated into groups with high and low DUSPé expression levels, based on the highest and lowest
DUSPé6 expression quartiles; MAPKPT202Y204, P38PT180Y18 and JNKPT183Y185 levels were com-
pared between the groups as above. Lastly, MAPKPT202Y204 levels from RPPA (RBN values) were
correlated with DUSP6 expression (Log, RSEM values), and the Pearson correlation coefficient and
p-value determined. As phospho-protein levels were predicted to be higher in samples with KRAS
or EGFR mutation or high DUSP6, one-tailed p-values were calculated.

DUSP6 expression was also compared between tumors with and without EGFR or KRAS muta-
tions in 83 tumors and matched normal lung tissues from the BC Cancer Agency (BCCA) and depos-
ited in the Gene Expression Omnibus (GSE75037) as described above. Similarly, DUSPé expression
was compared between human epithelial cells expressing various oncogenes or GFP control
(GSE3151) (Bild et al., 2006). Lastly, Affymetrix Mouse Genome 430 2.0 Arrays were used to profile
the lung from genetically engineered mouse models of lung cancer with and without the expression
of different driver oncogenes (EGFR-DEL, EGFR-L858R, KRAS-G12D and MYC) (Fisher et al., 2001,
Politi et al., 2006; Podsypanina et al., 2008) and levels of DUSP6 compared using a two-tailed
Mann-Whitney U-Test in Prism seven software (Graphpad).

siRNA transfections
For the time course experiments, 50,000 cells (PC9) per well were seeded in a 6-well plate. For the
endpoint experiments, 50,000 cells (PC9, PC9-shERK1-5, PC9-shERK2-7, PC9-shScramble) or 75,000
cells (1975, A549, HCC95) per well were seeded. Cells were then transfected with ON-TARGETplus
siRNA pools (Dharmacon) against the following targets as previously described (Lockwood et al.,
2012)— EGFR (L-003114-00-0010), KIF11 (L-003317-00-0010), KRAS (L-005069-00-0010), DUSP$6 (L-
003964-00-0010)—as well as a non-targeting control (D-001810-10-20). In addition, to test specificity
for DUSP6, siRNAs comprising the pool (J-003964-06-0005, J-003964-07-0005, J-003964-08-0005
and J-003964-09-0005) were also tested individually. An additional siRNA (Hs_DUSPé_6 FlexiTube
siRNA S103106404, Qiagen) targeting a different region of DUSPé coding sequence than J-003964-
08-0005 was tested to establish that the decreased viability was not due to off target effects.

DUSP6-8 (Dharmacon) Target Sequence: GGCATTAGCCGCTCAGTCA

DUSP6-Qiagen (Qiagen) Target Sequence: GTCGGAAATGGCGATCAGCAA

For consistent transfection efficiency across experiments, 10 uL of 20 uM siRNA pool was added
in 190 uL of OptiMEM (Life Technologies) and 5 uL of Dharmafect was added in 195 uL of OptiMEM
(Life Technologies) at room temperature. The siRNA and Dharmafect suspensions were mixed and
incubated for 20 min prior to transfection. Media was changed 24 hr after transfection. For sustained
knockdown of targets, transfections were conducted on Day 0 and again on Day 3. Viable cells were
measured using Alamar Blue as described above. For the time course experiment, cell viability was
determined on Day 1, Day 3 (prior to second transfection) and Day 5 or only on Day 5. Results were

Unni et al. eLife 2018;7:e33718. DOI: https://doi.org/10.7554/eLife.33718 17 of 24


http://www.cbioportal.org/
https://software.broadinstitute.org/morpheus
https://doi.org/10.7554/eLife.33718

LI F E Cancer Biology

compared between each siRNA and non-targeting control using a one-sample t-test as previously
described (Lockwood et al., 2012).

BCl dose-response treatments

Dose-response curves for BCl were established using a modified version of the protocol previously
described (Lockwood et al., 2012). Briefly, cells were seeded in quadruplicate at optimal densities
into 96-well plates containing media with and without BCI at indicated doses in 0.1% DMSO. Viable
cells were measured 72 hr later with Alamar Blue as described above. All experiments were per-
formed in at least biological duplicate and plotted +SEM. For HCC95 sensitization assays, cells were
cultured with or without 100 ng/mL of EGF Recombinant Human Protein Solution (Life Technologies)
for 10 days prior to seeding in 96-well plates for BC| dose response assays with or without EGF. The
cells were allowed to adhere for 24 hr before treatment with 17 different concentrations of BClI,
ranging from 0 to 8 uM, with 0.5 uM increment doses at 0.1% DMSO concentration. Additionally,
100 uM of Etoposide (0.1% DMSO) was added as a positive control for cell death. Cell viability was
determined after 72 hr of drug exposure using Alamar Blue. Graphpad Prism software was used to
create dose response curves.

For BCI rescue experiments, 75,000 H358 cells were seeded in 6-well plates and adhered for 24
hr. After attachment, the cells were treated with varying combinations of VX-11e and BCl with the
final DMSO concentration at 0.1% in each well. Cells were treated for 72 hr and then the media was
switched with fresh media containing Alamar blue for viability assessment. Resulting values for each
BCl + VX-11e containing well were normalized to well containing corresponding concentration of
VX-11e only. Experiments were performed in biological triplicate and the average +SEM plotted.

Quantitative RT-PCR

Cells were homogenized and RNA extracted using the RNeasy Mini kit (Qiagen) according to the
manufacturer’s instructions. cDNA was prepared using the High-Capacity cDNA Reverse Transcrip-
tion kit (Thermo Fisher). RT-PCR reactions were carried out using the TagMan Gene Expression Mas-
ter Mix (Thermo Fisher) and TagMan Gene Expression Assays (Thermo Fischer) for DUSPé
(Hs00169257_m1) and GAPDH (Hs99999905_m1). Reactions were run on a QuantStudioé Real Time
PCR system (Thermo Fisher). The AACt method was used for relative expression quantification using
the average cycle thresholds.

Genome-wide CRISPR screens

Genome-wide screens were performed with the Toronto Knockout version 3 (TKOv3) library
(Hart et al., 2017). Lentivirus was generated from the TKOv3 library in low passage (<10) 293FT cells
(Thermo Fisher) using Lipofectamine 3000 (Thermo Fisher). Approximately 120 million target cells
were then infected with the TKOv3 library virus at an MOI of 0.3, in order to achieve an average
500-fold representation of the sgRNAs after selection. Cells were selected on puromycin for 7 days
and then 35 million cells were seeded in culture. For the depletion screens, cells were passaged
every 3 days, and after 14 population doublings, 35 million cells were harvested for genomic DNA
extraction. For the enrichment screens, media (containing BCI or doxycycline) was changed every 3
days until cell death was no longer observed, at which point the remaining cells were harvested for
genomic DNA extraction. sgRNA inserts were amplified with NEBNext High-Fidelity 2X PCR Master
Mix (New England BiolLabs). Samples were then purified and sequenced on a NextSeq 500 kit
(Illumina).

For validation of the screen, two separate guides targeting KRAS were cloned into lentiCRISPR
v27°, lentivirus generated and H460 cells were transduced. Seven days after puromycin selection
cells were harvested for protein analysis and seeded in the presence of BCl. A guide against LacZ
was used as a control.

sgRNA_Lacz: GAGCGAACGCGTAACGCGAA sgRNA_KRAS-1: GGACCAGTACATGAGGACTG
sgRNA_KRAS-2: GTAGTTGGAGCTGGTGGCGT

For targeting of DUSPé, two separate guides were cloned into lentiCRISPR v2, lentivirus gener-
ated, and H358 cells were transduced. A clonal population of cells were expanded and screened by
western blotting and by DNA sequencing of the DUSP6 locus.
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sgRNA_DUSP6-1:  GTGCGCGCGCTCTTCACGCG  sgRNA_DUSPé6-2:  ACTCGTATAGCTCC
TGCGGC

Analysis of CRISPR screen

Sequencing reads were aligned to the reference library to determine the abundance of each sgRNA.
sgRNAs with less than 30 raw read counts were excluded from further analysis. The read counts
were then normalized to the total number of reads obtained from the respective sample. The log2
fold-change of each sgRNA was calculated by adding a pseudocount of 1 and comparing the abun-
dance of the sgRNAs in the final cell population to their respective abundance in the TKOv3 plasmid
library. Finally, genes were ranked according to the second-most enriched or second-most depleted
sgRNA.
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Data availability

All data generated or analysed during this study are included in the manuscript and supporting files.
Source data files have been provided for Figures 2 and Figure 2-supplemental figure 1 in the Meth-
ods section and/or in the text.

The following previously published datasets were used:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Cancer Genome 2014 TCGA LUAD _http://www.cbioportal. _cBioPortal, luad_

Atlas Research Net- org/study?id=luad_tcga_ tcga_pub

work pub#tsummary

Gazdar A, Girard L, 2017 Expression profiling of 83 matched https://www.ncbi.nlm. NCBI Gene

Stephen L, Wan L, pairs of lung adenocarcinomas and nih.gov/geo/query/acc.  Expression Omnibus,

Zhang W non-malignant adjacent tissue cgi?acc=GSE75037 GSE75037

Nevins JR 2005 Oncogene Signature Dataset https://www.ncbi.nlm. NCBI Gene
nih.gov/geo/query/acc.  Expression Omnibus,
cgi?acc=GSE3151 GSE3151

References

Akbani R, Ng PK, Werner HM, Shahmoradgoli M, Zhang F, Ju Z, Liu W, Yang JY, Yoshihara K, Li J, Ling S,
Seviour EG, Ram PT, Minna JD, Diao L, Tong P, Heymach JV, Hill SM, Dondelinger F, Stadler N, et al. 2014. A
pan-cancer proteomic perspective on The Cancer Genome Atlas. Nature Communications 5:3887. DOI: https://
doi.org/10.1038/ncomms4887, PMID: 24871328

Ambrogio C, Barbacid M, Santamaria D. 2017. In vivo oncogenic conflict triggered by co-existing KRAS and
EGFR activating mutations in lung adenocarcinoma. Oncogene 36:2309-2318. DOI: https://doi.org/10.1038/
onc.2016.385, PMID: 27775074

Anastasi S, Lamberti D, Alema S, Segatto O. 2016. Regulation of the ErbB network by the MIG6 feedback loop
in physiology, tumor suppression and responses to oncogene-targeted therapeutics. Seminars in Cell &
Developmental Biology 50:115-124. DOI: https://doi.org/10.1016/j.semcdb.2015.10.001, PMID: 26456277

Avraham R, Yarden Y. 2011. Feedback regulation of EGFR signalling: decision making by early and delayed
loops. Nature Reviews Molecular Cell Biology 12:104-117. DOI: https://doi.org/10.1038/nrm3048,

PMID: 21252999

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, Wilson CJ, Lehéar J, Kryukov GV,
Sonkin D, Reddy A, Liu M, Murray L, Berger MF, Monahan JE, Morais P, Meltzer J, Korejwa A, Jané-Valbuena J,
Mapa FA, et al. 2012. The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature 483:603-607. DOI: https://doi.org/10.1038/nature11003, PMID: 22460905

Bild AH, Yao G, Chang JT, Wang Q, Potti A, Chasse D, Joshi MB, Harpole D, Lancaster JM, Berchuck A, Olson
JA, Marks JR, Dressman HK, West M, Nevins JR. 2006. Oncogenic pathway signatures in human cancers as a
guide to targeted therapies. Nature 439:353-357. DOI: https://doi.org/10.1038/nature04296, PMID: 16273092

Blakely CM, Watkins TBK, Wu W, Gini B, Chabon JJ, McCoach CE, McGranahan N, Wilson GA, Birkbak NJ,
Olivas VR, Rotow J, Maynard A, Wang V, Gubens MA, Banks KC, Lanman RB, Caulin AF, St John J, Cordero
AR, Giannikopoulos P, et al. 2017. Evolution and clinical impact of co-occurring genetic alterations in advanced-
stage EGFR-mutant lung cancers. Nature Genetics 49:1693-1704. DOI: https://doi.org/10.1038/ng.3990,
PMID: 29106415

Cancer Genome Atlas Research Network. 2014. Comprehensive molecular profiling of lung adenocarcinoma.
Nature 511:543-550. DOI: https://doi.org/10.1038/nature 13385, PMID: 25079552

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, Byrne CJ, Heuer ML, Larsson E,
Antipin Y, Reva B, Goldberg AP, Sander C, Schultz N. 2012. The cBio cancer genomics portal: an open
platform for exploring multidimensional cancer genomics data. Cancer Discovery 2:401-404. DOI: https://doi.
org/10.1158/2159-8290.CD-12-0095, PMID: 22588877

Chaikuad A, Tacconi EM, Zimmer J, Liang Y, Gray NS, Tarsounas M, Knapp S. 2014. A unique inhibitor binding
site in ERK1/2 is associated with slow binding kinetics. Nature Chemical Biology 10:853-860. DOI: https://doi.
org/10.1038/nchembio.1629, PMID: 25195011

Unni et al. eLife 2018;7:e33718. DOI: https://doi.org/10.7554/eLife.33718 20 of 24


https://doi.org/10.7554/eLife.33718.012
https://doi.org/10.7554/eLife.33718.013
http://www.cbioportal.org/study?id=luad_tcga_pub#summary
http://www.cbioportal.org/study?id=luad_tcga_pub#summary
http://www.cbioportal.org/study?id=luad_tcga_pub#summary
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75037
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75037
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75037
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3151
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3151
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3151
https://doi.org/10.1038/ncomms4887
https://doi.org/10.1038/ncomms4887
http://www.ncbi.nlm.nih.gov/pubmed/24871328
https://doi.org/10.1038/onc.2016.385
https://doi.org/10.1038/onc.2016.385
http://www.ncbi.nlm.nih.gov/pubmed/27775074
https://doi.org/10.1016/j.semcdb.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26456277
https://doi.org/10.1038/nrm3048
http://www.ncbi.nlm.nih.gov/pubmed/21252999
https://doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
https://doi.org/10.1038/nature04296
http://www.ncbi.nlm.nih.gov/pubmed/16273092
https://doi.org/10.1038/ng.3990
http://www.ncbi.nlm.nih.gov/pubmed/29106415
https://doi.org/10.1038/nature13385
http://www.ncbi.nlm.nih.gov/pubmed/25079552
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1038/nchembio.1629
https://doi.org/10.1038/nchembio.1629
http://www.ncbi.nlm.nih.gov/pubmed/25195011
https://doi.org/10.7554/eLife.33718

LI FE Research article Cancer Biology

Chi S, Kitanaka C, Noguchi K, Mochizuki T, Nagashima Y, Shirouzu M, Fujita H, Yoshida M, Chen W, Asai A,
Himeno M, Yokoyama S, Kuchino Y. 1999. Oncogenic Ras triggers cell suicide through the activation of a
caspase-independent cell death program in human cancer cells. Oncogene 18:2281-2290. DOI: https://doi.
org/10.1038/sj.onc.1202538, PMID: 10327074

Cisowski J, Sayin VI, Liu M, Karlsson C, Bergo MO. 2016. Oncogene-induced senescence underlies the mutual
exclusive nature of oncogenic KRAS and BRAF. Oncogene 35:1328-1333. DOI: https://doi.org/10.1038/onc.
2015.186, PMID: 26028035

Courtois-Cox S, Genther Williams SM, Reczek EE, Johnson BW, McGillicuddy LT, Johannessen CM, Hollstein PE,
MacCollin M, Cichowski K. 2006. A negative feedback signaling network underlies oncogene-induced
senescence. Cancer Cell 10:459-472. DOI: https://doi.org/10.1016/j.ccr.2006.10.003, PMID: 17157787

Das Thakur M, Salangsang F, Landman AS, Sellers WR, Pryer NK, Levesque MP, Dummer R, McMahon M, Stuart
DD. 2013. Modelling vemurafenib resistance in melanoma reveals a strategy to forestall drug resistance. Nature
494:251-255. DOI: https://doi.org/10.1038/nature 11814, PMID: 23302800

Dow LE, O'Rourke KP, Simon J, Tschaharganeh DF, van Es JH, Clevers H, Lowe SW. 2015. Apc Restoration
Promotes Cellular Differentiation and Reestablishes Crypt Homeostasis in Colorectal Cancer. Cell 161:1539-
1552. DOI: https://doi.org/10.1016/j.cell.2015.05.033, PMID: 26091037

Downward J. 2015. RAS Synthetic Lethal Screens Revisited: Still Seeking the Elusive Prize? Clinical Cancer
Research 21:1802-1809. DOI: https://doi.org/10.1158/1078-0432.CCR-14-2180, PMID: 25878361

Felsher DW, Bishop JM. 1999. Reversible tumorigenesis by MYC in hematopoietic lineages. Molecular Cell 4:
199-207. DOI: https://doi.org/10.1016/51097-2765(00)80367-6, PMID: 10488335

Fisher GH, Wellen SL, Klimstra D, Lenczowski JM, Tichelaar JW, Lizak MJ, Whitsett JA, Koretsky A, Varmus HE.
2001. Induction and apoptotic regression of lung adenocarcinomas by regulation of a K-Ras transgene in the
presence and absence of tumor suppressor genes. Genes & Development 15:3249-3262. DOI: https://doi.org/
10.1101/gad.947701, PMID: 11751631

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E, Cerami E,
Sander C, Schultz N. 2013. Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Science Signaling 6:pl1. DOI: https://doi.org/10.1126/scisignal.2004088, PMID: 23550210

Garraway LA, Lander ES. 2013. Lessons from the cancer genome. Cell 153:17-37. DOI: https://doi.org/10.1016/
j.cell.2013.03.002, PMID: 23540688

Gilmartin AG, Bleam MR, Groy A, Moss KG, Minthorn EA, Kulkarni SG, Rominger CM, Erskine S, Fisher KE, Yang
J, Zappacosta F, Annan R, Sutton D, Laquerre SG. 2011. GSK1120212 (JTP-74057) is an inhibitor of MEK
activity and activation with favorable pharmacokinetic properties for sustained in vivo pathway inhibition.
Clinical Cancer Research 17:989-1000. DOI: https://doi.org/10.1158/1078-0432.CCR-10-2200, PMID: 21245089

Groom LA, Sneddon AA, Alessi DR, Dowd S, Keyse SM. 1996. Differential regulation of the MAP, SAP and RK/
p38 kinases by Pyst1, a novel cytosolic dual-specificity phosphatase. The EMBO Journal 15:3621-3632.

DOI: https://doi.org/10.1002/j.1460-2075.1996.tb00731.x, PMID: 8670865

Hart T, Tong AHY, Chan K, Van Leeuwen J, Seetharaman A, Aregger M, Chandrashekhar M, Hustedt N, Seth S,
Noonan A, Habsid A, Sizova O, Nedyalkova L, Climie R, Tworzyanski L, Lawson K, Sartori MA, Alibeh S, Tieu D,
Masud S, et al. 2017. Evaluation and Design of Genome-Wide CRISPR/SpCas9 Knockout Screens. G3&amp;
#58; Genes|Genomes|Genetics 7:2719-2727. DOI: https://doi.org/10.1534/93.117.041277.

Hata AN, Niederst MJ, Archibald HL, Gomez-Caraballo M, Siddiqui FM, Mulvey HE, Maruvka YE, Ji F, Bhang HE,
Krishnamurthy Radhakrishna V, Siravegna G, Hu H, Raoof S, Lockerman E, Kalsy A, Lee D, Keating CL, Ruddy
DA, Damon LJ, Crystal AS, et al. 2016. Tumor cells can follow distinct evolutionary paths to become resistant to
epidermal growth factor receptor inhibition. Nature Medicine 22:262-269. DOI: https://doi.org/10.1038/nm.
4040, PMID: 26828195

Hong A, Moriceau G, Sun L, Lomeli S, Piva M, Damoiseaux R, Holmen SL, Sharpless NE, Hugo W, Lo RS. 2018.
Exploiting Drug Addiction Mechanisms to Select against MAPKi-Resistant Melanoma. Cancer Discovery 8:74—
93. DOI: https://doi.org/10.1158/2159-8290.CD-17-0682, PMID: 28923912

Hunter JC, Manandhar A, Carrasco MA, Gurbani D, Gondi S, Westover KD. 2015. Biochemical and Structural
Analysis of Common Cancer-Associated KRAS Mutations. Molecular Cancer Research 13:1325-1335.

DOI: https://doi.org/10.1158/1541-7786.MCR-15-0203, PMID: 26037647

Joneson T, Bar-Sagi D. 1999. Suppression of Ras-induced apoptosis by the Rac GTPase. Molecular and Cellular
Biology 19:5892-5901. DOI: https://doi.org/10.1128/MCB.19.9.5892, PMID: 10454536

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M, Zhang Q, McMichael JF, Wyczalkowski MA,
Leiserson MDM, Miller CA, Welch JS, Walter MJ, Wendl MC, Ley TJ, Wilson RK, Raphael BJ, Ding L. 2013.
Mutational landscape and significance across 12 major cancer types. Nature 502:333-339. DOI: https://doi.org/
10.1038/nature 12634, PMID: 24132290

Keyse SM. 2008. Dual-specificity MAP kinase phosphatases (MKPs) and cancer. Cancer and Metastasis Reviews
27:253-261. DOI: https://doi.org/10.1007/s10555-008-9123-1, PMID: 18330678

Kidger AM, Keyse SM. 2016. The regulation of oncogenic Ras/ERK signalling by dual-specificity mitogen
activated protein kinase phosphatases (MKPs). Seminars in Cell & Developmental Biology 50:125-132.

DOI: https://doi.org/10.1016/j.semcdb.2016.01.009, PMID: 26791049

Kidger AM, Rushworth LK, Stellzig J, Davidson J, Bryant CJ, Bayley C, Caddye E, Rogers T, Keyse SM, Caunt CJ.
2017. Dual-specificity phosphatase 5 controls the localized inhibition, propagation, and transforming potential
of ERK signaling. PNAS 114:E317-E326. DOI: https://doi.org/10.1073/pnas. 1614684114, PMID: 28053233

Unni et al. eLife 2018;7:e33718. DOI: https://doi.org/10.7554/eLife.33718 21 of 24


https://doi.org/10.1038/sj.onc.1202538
https://doi.org/10.1038/sj.onc.1202538
http://www.ncbi.nlm.nih.gov/pubmed/10327074
https://doi.org/10.1038/onc.2015.186
https://doi.org/10.1038/onc.2015.186
http://www.ncbi.nlm.nih.gov/pubmed/26028035
https://doi.org/10.1016/j.ccr.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17157787
https://doi.org/10.1038/nature11814
http://www.ncbi.nlm.nih.gov/pubmed/23302800
https://doi.org/10.1016/j.cell.2015.05.033
http://www.ncbi.nlm.nih.gov/pubmed/26091037
https://doi.org/10.1158/1078-0432.CCR-14-2180
http://www.ncbi.nlm.nih.gov/pubmed/25878361
https://doi.org/10.1016/S1097-2765(00)80367-6
http://www.ncbi.nlm.nih.gov/pubmed/10488335
https://doi.org/10.1101/gad.947701
https://doi.org/10.1101/gad.947701
http://www.ncbi.nlm.nih.gov/pubmed/11751631
https://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
https://doi.org/10.1016/j.cell.2013.03.002
https://doi.org/10.1016/j.cell.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23540688
https://doi.org/10.1158/1078-0432.CCR-10-2200
http://www.ncbi.nlm.nih.gov/pubmed/21245089
https://doi.org/10.1002/j.1460-2075.1996.tb00731.x
http://www.ncbi.nlm.nih.gov/pubmed/8670865
https://doi.org/10.1534/g3.117.041277.
https://doi.org/10.1038/nm.4040
https://doi.org/10.1038/nm.4040
http://www.ncbi.nlm.nih.gov/pubmed/26828195
https://doi.org/10.1158/2159-8290.CD-17-0682
http://www.ncbi.nlm.nih.gov/pubmed/28923912
https://doi.org/10.1158/1541-7786.MCR-15-0203
http://www.ncbi.nlm.nih.gov/pubmed/26037647
https://doi.org/10.1128/MCB.19.9.5892
http://www.ncbi.nlm.nih.gov/pubmed/10454536
https://doi.org/10.1038/nature12634
https://doi.org/10.1038/nature12634
http://www.ncbi.nlm.nih.gov/pubmed/24132290
https://doi.org/10.1007/s10555-008-9123-1
http://www.ncbi.nlm.nih.gov/pubmed/18330678
https://doi.org/10.1016/j.semcdb.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26791049
https://doi.org/10.1073/pnas.1614684114
http://www.ncbi.nlm.nih.gov/pubmed/28053233
https://doi.org/10.7554/eLife.33718

LI FE Research article

Cancer Biology

Kong X, Kuilman T, Shahrabi A, Boshuizen J, Kemper K, Song JY, Niessen HWM, Rozeman EA, Geukes Foppen
MH, Blank CU, Peeper DS. 2017. Cancer drug addiction is relayed by an ERK2-dependent phenotype switch.
Nature 550:270-274. DOI: https://doi.org/10.1038/nature24037, PMID: 28976960

Korotchenko VN, Saydmohammed M, Vollmer LL, Bakan A, Sheetz K, Debiec KT, Greene KA, Agliori CS, Bahar
I, Day BW, Vogt A, Tsang M. 2014. In vivo structure-activity relationship studies support allosteric targeting of a
dual specificity phosphatase. ChemBioChem 15:1436-1445. DOI: https://doi.org/10.1002/cbic.201402000,
PMID: 24909879

Lake D, Corréa SA, Miiller J. 2016. Negative feedback regulation of the ERK1/2 MAPK pathway. Cellular and
Molecular Life Sciences 73:4397-4413. DOI: https://doi.org/10.1007/s00018-016-2297-8, PMID: 27342992

Leung GP, Feng T, Sigoillot FD, Geyer FC, Shirley MD, Ruddy DA, Rakiec DP, Freeman AK, Engelman JA,
Jaskelioff M, Stuart DD. 2018. Hyperactivation of MAPK Signaling Is Deleterious to RAS/RAF-mutant
Melanoma. Molecular Cancer Research. DOI: https://doi.org/10.1158/1541-7786.MCR-18-0327, PMID: 30201
825

Lockwood WW, Zejnullahu K, Bradner JE, Varmus H. 2012. Sensitivity of human lung adenocarcinoma cell lines
to targeted inhibition of BET epigenetic signaling proteins. PNAS 109:19408-19413. DOI: https://doi.org/10.
1073/pnas.1216363109, PMID: 23129625

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, Harris PL, Haserlat SM, Supko
JG, Haluska FG, Louis DN, Christiani DC, Settleman J, Haber DA. 2004. Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. New England
Journal of Medicine 350:2129-2139. DOI: https://doi.org/10.1056/NEJM0a040938, PMID: 15118073

Maity TK, Venugopalan A, Linnoila |, Cultraro CM, Giannakou A, Nemati R, Zhang X, Webster JD, Ritt D, Ghosal
S, Hoschuetzky H, Simpson RM, Biswas R, Politi K, Morrison DK, Varmus HE, Guha U. 2015. Loss of MIGé
Accelerates Initiation and Progression of Mutant Epidermal Growth Factor Receptor-Driven Lung
Adenocarcinoma. Cancer Discovery 5:534-549. DOI: https://doi.org/10.1158/2159-8290.CD-14-0750,

PMID: 25735773

McGranahan N, Swanton C. 2017. Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future. Cell
168:613-628. DOI: https://doi.org/10.1016/j.cell.2017.01.018, PMID: 28187284

Meerbrey KL, Hu G, Kessler JD, Roarty K, Li MZ, Fang JE, Herschkowitz JI, Burrows AE, Ciccia A, Sun T, Schmitt
EM, Bernardi RJ, Fu X, Bland CS, Cooper TA, Schiff R, Rosen JM, Westbrook TF, Elledge SJ. 2011. The
pINDUCER lentiviral toolkit for inducible RNA interference in vitro and in vivo. PNAS 108:3665-3670.

DOI: https://doi.org/10.1073/pnas.1019736108, PMID: 21307310

Molina G, Vogt A, Bakan A, Dai W, Queiroz de Oliveira P, Znosko W, Smithgall TE, Bahar |, Lazo JS, Day BW,
Tsang M. 2009. Zebrafish chemical screening reveals an inhibitor of Duspé that expands cardiac cell lineages.
Nature Chemical Biology 5:680-687. DOI: https://doi.org/10.1038/nchembio.190, PMID: 19578332

Moriceau G, Hugo W, Hong A, Shi H, Kong X, Yu CC, Koya RC, Samatar AA, Khanlou N, Braun J, Ruchalski K,
Seifert H, Larkin J, Dahlman KB, Johnson DB, Algazi A, Sosman JA, Ribas A, Lo RS. 2015. Tunable-
combinatorial mechanisms of acquired resistance limit the efficacy of BRAF/MEK cotargeting but result in
melanoma drug addiction. Cancer Cell 27:240-256. DOI: https://doi.org/10.1016/j.ccell.2014.11.018,

PMID: 25600339

Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, Cooper A, Carr D, Deng Y, Jin W, Black S, Long B, Liu J,
Dinunzio E, Windsor W, Zhang R, Zhao S, Angagaw MH, Pinheiro EM, Desai J, Xiao L, et al. 2013. Discovery of
a novel ERK inhibitor with activity in models of acquired resistance to BRAF and MEK inhibitors. Cancer
Discovery 3:742-750. DOI: https://doi.org/10.1158/2159-8290.CD-13-0070, PMID: 23614898

Muda M, Theodosiou A, Rodrigues N, Boschert U, Camps M, Gillieron C, Davies K, Ashworth A, Arkinstall S.
1996a. The dual specificity phosphatases M3/6 and MKP-3 are highly selective for inactivation of distinct
mitogen-activated protein kinases. Journal of Biological Chemistry 271:27205-27208. DOI: https://doi.org/10.
1074/jbc.271.44.27205, PMID: 8910287

Muda M, Boschert U, Dickinson R, Martinou JC, Martinou |, Camps M, Schlegel W, Arkinstall S. 1996b. MKP-3, a
novel cytosolic protein-tyrosine phosphatase that exemplifies a new class of mitogen-activated protein kinase
phosphatase. Journal of Biological Chemistry 271:4319-4326. DOI: https://doi.org/10.1074/jbc.271.8.4319,
PMID: 8626780

Nieto P, Ambrogio C, Esteban-Burgos L, Gémez-Lépez G, Blasco MT, Yao Z, Marais R, Rosen N, Chiarle R,
Pisano DG, Barbacid M, Santamaria D. 2017. A Braf kinase-inactive mutant induces lung adenocarcinoma.
Nature 548:239-243. DOI: https://doi.org/10.1038/nature23297, PMID: 28783725

Nissan MH, Rosen N, Solit DB. 2013. ERK pathway inhibitors: how low should we go? Cancer Discovery 3:719-
721. DOI: https://doi.org/10.1158/2159-8290.CD-13-0245, PMID: 23847348

Overmeyer JH, Kaul A, Johnson EE, Maltese WA. 2008. Active ras triggers death in glioblastoma cells through
hyperstimulation of macropinocytosis. Molecular Cancer Research 6:965-977. DOI: https://doi.org/10.1158/
1541-7786.MCR-07-2036, PMID: 18567800

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, Herman P, Kaye FJ, Lindeman N, Boggon TJ, Naoki
K, Sasaki H, Fujii Y, Eck MJ, Sellers WR, Johnson BE, Meyerson M. 2004. EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy. Science 304:1497-1500. DOI: https://doi.org/10.1126/
science.1099314, PMID: 15118125

Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria I, Singh B, Heelan R, Rusch V, Fulton L, Mardis E,
Kupfer D, Wilson R, Kris M, Varmus H. 2004. EGF receptor gene mutations are common in lung cancers from
"never smokers" and are associated with sensitivity of tumors to gefitinib and erlotinib. PNAS 101:13306—
13311. DOI: https://doi.org/10.1073/pnas.0405220101, PMID: 15329413

Unni et al. eLife 2018;7:e33718. DOI: https://doi.org/10.7554/eLife.33718 22 of 24


https://doi.org/10.1038/nature24037
http://www.ncbi.nlm.nih.gov/pubmed/28976960
https://doi.org/10.1002/cbic.201402000
http://www.ncbi.nlm.nih.gov/pubmed/24909879
https://doi.org/10.1007/s00018-016-2297-8
http://www.ncbi.nlm.nih.gov/pubmed/27342992
https://doi.org/10.1158/1541-7786.MCR-18-0327
http://www.ncbi.nlm.nih.gov/pubmed/30201825
http://www.ncbi.nlm.nih.gov/pubmed/30201825
https://doi.org/10.1073/pnas.1216363109
https://doi.org/10.1073/pnas.1216363109
http://www.ncbi.nlm.nih.gov/pubmed/23129625
https://doi.org/10.1056/NEJMoa040938
http://www.ncbi.nlm.nih.gov/pubmed/15118073
https://doi.org/10.1158/2159-8290.CD-14-0750
http://www.ncbi.nlm.nih.gov/pubmed/25735773
https://doi.org/10.1016/j.cell.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28187284
https://doi.org/10.1073/pnas.1019736108
http://www.ncbi.nlm.nih.gov/pubmed/21307310
https://doi.org/10.1038/nchembio.190
http://www.ncbi.nlm.nih.gov/pubmed/19578332
https://doi.org/10.1016/j.ccell.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25600339
https://doi.org/10.1158/2159-8290.CD-13-0070
http://www.ncbi.nlm.nih.gov/pubmed/23614898
https://doi.org/10.1074/jbc.271.44.27205
https://doi.org/10.1074/jbc.271.44.27205
http://www.ncbi.nlm.nih.gov/pubmed/8910287
https://doi.org/10.1074/jbc.271.8.4319
http://www.ncbi.nlm.nih.gov/pubmed/8626780
https://doi.org/10.1038/nature23297
http://www.ncbi.nlm.nih.gov/pubmed/28783725
https://doi.org/10.1158/2159-8290.CD-13-0245
http://www.ncbi.nlm.nih.gov/pubmed/23847348
https://doi.org/10.1158/1541-7786.MCR-07-2036
https://doi.org/10.1158/1541-7786.MCR-07-2036
http://www.ncbi.nlm.nih.gov/pubmed/18567800
https://doi.org/10.1126/science.1099314
https://doi.org/10.1126/science.1099314
http://www.ncbi.nlm.nih.gov/pubmed/15118125
https://doi.org/10.1073/pnas.0405220101
http://www.ncbi.nlm.nih.gov/pubmed/15329413
https://doi.org/10.7554/eLife.33718

LI FE Research article Cancer Biology

Papke B, Der CJ. 2017. Drugging RAS: Know the enemy. Science 355:1158-1163. DOI: https://doi.org/10.1126/
science.aam7622, PMID: 28302824

Petti C, Molla A, Vegetti C, Ferrone S, Anichini A, Sensi M. 2006. Coexpression of NRASQ61R and BRAFV600E
in human melanoma cells activates senescence and increases susceptibility to cell-mediated cytotoxicity.
Cancer Research 66:6503-6511. DOI: https://doi.org/10.1158/0008-5472.CAN-05-4671, PMID: 16818621

Podsypanina K, Politi K, Beverly LJ, Varmus HE. 2008. Oncogene cooperation in tumor maintenance and tumor
recurrence in mouse mammary tumors induced by Myc and mutant Kras. PNAS 105:5242-5247. DOI: https://
doi.org/10.1073/pnas.0801197105, PMID: 18356293

Politi K, Zakowski MF, Fan PD, Schonfeld EA, Pao W, Varmus HE. 2006. Lung adenocarcinomas induced in mice
by mutant EGF receptors found in human lung cancers respond to a tyrosine kinase inhibitor or to down-
regulation of the receptors. Genes & Development 20:1496-1510. DOI: https://doi.org/10.1101/gad. 1417406,
PMID: 16705038

Ramalingam SS, Yang JC, Lee CK, Kurata T, Kim DW, John T, Nogami N, Ohe Y, Mann H, Rukazenkov Y,
Ghiorghiu S, Stetson D, Markovets A, Barrett JC, Thress KS, Jdnne PA. 2018. Osimertinib As First-Line
Treatment of EGFR Mutation-Positive Advanced Non-Small-Cell Lung Cancer. Journal of Clinical Oncology 36:
841-849. DOI: https://doi.org/10.1200/JC0O.2017.74.7576, PMID: 28841389

Sanjana NE, Shalem O, Zhang F. 2014. Improved vectors and genome-wide libraries for CRISPR screening.
Nature Methods 11:783-784. DOI: https://doi.org/10.1038/nmeth.3047, PMID: 25075903

Sensi M, Nicolini G, Petti C, Bersani |, Lozupone F, Molla A, Vegetti C, Nonaka D, Mortarini R, Parmiani G, Fais S,
Anichini A. 2006. Mutually exclusive NRASQ61R and BRAFV600E mutations at the single-cell level in the same
human melanoma. Oncogene 25:3357-3364. DOI: https://doi.org/10.1038/sj.onc.1209379, PMID: 16462768

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. 1997. Oncogenic ras provokes premature cell
senescence associated with accumulation of p53 and p16INK4a. Cell 88:593-602. DOI: https://doi.org/10.
1016/50092-8674(00)81902-9, PMID: 9054499

Sharma SV, Gajowniczek P, Way IP, Lee DY, Jiang J, Yuza Y, Classon M, Haber DA, Settleman J. 2006. A
common signaling cascade may underlie "addiction" to the Src, BCR-ABL, and EGF receptor oncogenes.
Cancer Cell 10:425-435. DOI: https://doi.org/10.1016/].ccr.2006.09.014, PMID: 17097564

Shin J, Yang J, Lee JC, Baek KH. 2013. Depletion of ERK2 but not ERK1 abrogates oncogenic Ras-induced
senescence. Cellular Signalling 25:2540-2547. DOI: https://doi.org/10.1016/].cellsig.2013.08.014, PMID: 23993
963

Shojaee S, Caeser R, Buchner M, Park E, Swaminathan S, Hurtz C, Geng H, Chan LN, Klemm L, Hofmann WK,
Qiu YH, Zhang N, Coombes KR, Paietta E, Molkentin J, Koeffler HP, Willman CL, Hunger SP, Melnick A,
Kornblau SM, et al. 2015. Erk Negative Feedback Control Enables Pre-B Cell Transformation and Represents a
Therapeutic Target in Acute Lymphoblastic Leukemia. Cancer Cell 28:114-128. DOI: https://doi.org/10.1016/].
ccell.2015.05.008, PMID: 26073130

Simanshu DK, Nissley DV, McCormick F. 2017. RAS Proteins and Their Regulators in Human Disease. Cell 170:
17-33. DOI: https://doi.org/10.1016/j.cell.2017.06.009, PMID: 28666118

Sun C, Wang L, Huang S, Heynen GJ, Prahallad A, Robert C, Haanen J, Blank C, Wesseling J, Willems SM,
Zecchin D, Hobor S, Bajpe PK, Lieftink C, Mateus C, Vagner S, Grernrum W, Hofland |, Schlicker A, Wessels LF,
et al. 2014. Reversible and adaptive resistance to BRAF(V600E) inhibition in melanoma. Nature 508:118-122.
DOI: https://doi.org/10.1038/nature13121, PMID: 24670642

Theodosiou A, Ashworth A. 2002. MAP kinase phosphatases. Genome Biology 3:reviews3009.1-reviews3009.10.

Unni AM, Lockwood WW, Zejnullahu K, Lee-Lin SQ, Varmus H. 2015. Evidence that synthetic lethality underlies
the mutual exclusivity of oncogenic KRAS and EGFR mutations in lung adenocarcinoma. elLife 4:e06907.
DOI: https://doi.org/10.7554/eLife.06907, PMID: 26047463

Varmus H, Pao W, Politi K, Podsypanina K, Du YC. 2005. Oncogenes come of age. Cold Spring Harbor Symposia
on Quantitative Biology 70:1-9. DOI: https://doi.org/10.1101/s9b.2005.70.039, PMID: 16869733

Varmus H, Unni AM, Lockwood WW. 2016. How Cancer Genomics Drives Cancer Biology: Does Synthetic
Lethality Explain Mutually Exclusive Oncogenic Mutations? Cold Spring Harbor Symposia on Quantitative
Biology 81:247-255. DOI: https://doi.org/10.1101/s9b.2016.81.030866, PMID: 28123049

Vigil D, Cherfils J, Rossman KL, Der CJ. 2010. Ras superfamily GEFs and GAPs: validated and tractable targets
for cancer therapy? Nature Reviews Cancer 10:842-857. DOI: https://doi.org/10.1038/nrc2960,
PMID: 21102635

Weinstein IB, Begemann M, Zhou P, Han EK, Sgambato A, Doki Y, Arber N, Ciaparrone M, Yamamoto H. 1997.
Disorders in cell circuitry associated with multistage carcinogenesis: exploitable targets for cancer prevention
and therapy. Clinical Cancer Research : An Official Journal of the American Association for Cancer Research 3:
2696-2702. PMID: 10068276

Wittig-Blaich S, Wittig R, Schmidt S, Lyer S, Bewerunge-Hudler M, Gronert-Sum S, Strobel-Freidekind O, Miiller
C, List M, Jaskot A, Christiansen H, Hafner M, Schadendorf D, Block I, Mollenhauer J. 2017. Systematic
screening of isogenic cancer cells identifies DUSPé6 as context-specific synthetic lethal target in melanoma.
Oncotarget 8:23760-23774. DOI: https://doi.org/10.18632/oncotarget. 15863, PMID: 28423600

Yao Z, Yaeger R, Rodrik-Outmezguine VS, Tao A, Torres NM, Chang MT, Drosten M, Zhao H, Cecchi F,
Hembrough T, Michels J, Baumert H, Miles L, Campbell NM, de Stanchina E, Solit DB, Barbacid M, Taylor BS,
Rosen N. 2017. Tumours with class 3 BRAF mutants are sensitive to the inhibition of activated RAS. Nature 548:
234-238. DOI: https://doi.org/10.1038/nature23291, PMID: 28783719

Yoshida K, Sanada M, Shiraishi Y, Nowak D, Nagata Y, Yamamoto R, Sato Y, Sato-Otsubo A, Kon A, Nagasaki M,
Chalkidis G, Suzuki Y, Shiosaka M, Kawahata R, Yamaguchi T, Otsu M, Obara N, Sakata-Yanagimoto M,

Unni et al. eLife 2018;7:e33718. DOI: https://doi.org/10.7554/eLife.33718 23 of 24


https://doi.org/10.1126/science.aam7622
https://doi.org/10.1126/science.aam7622
http://www.ncbi.nlm.nih.gov/pubmed/28302824
https://doi.org/10.1158/0008-5472.CAN-05-4671
http://www.ncbi.nlm.nih.gov/pubmed/16818621
https://doi.org/10.1073/pnas.0801197105
https://doi.org/10.1073/pnas.0801197105
http://www.ncbi.nlm.nih.gov/pubmed/18356293
https://doi.org/10.1101/gad.1417406
http://www.ncbi.nlm.nih.gov/pubmed/16705038
https://doi.org/10.1200/JCO.2017.74.7576
http://www.ncbi.nlm.nih.gov/pubmed/28841389
https://doi.org/10.1038/nmeth.3047
http://www.ncbi.nlm.nih.gov/pubmed/25075903
https://doi.org/10.1038/sj.onc.1209379
http://www.ncbi.nlm.nih.gov/pubmed/16462768
https://doi.org/10.1016/S0092-8674(00)81902-9
https://doi.org/10.1016/S0092-8674(00)81902-9
http://www.ncbi.nlm.nih.gov/pubmed/9054499
https://doi.org/10.1016/j.ccr.2006.09.014
http://www.ncbi.nlm.nih.gov/pubmed/17097564
https://doi.org/10.1016/j.cellsig.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23993963
http://www.ncbi.nlm.nih.gov/pubmed/23993963
https://doi.org/10.1016/j.ccell.2015.05.008
https://doi.org/10.1016/j.ccell.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26073130
https://doi.org/10.1016/j.cell.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28666118
https://doi.org/10.1038/nature13121
http://www.ncbi.nlm.nih.gov/pubmed/24670642
https://doi.org/10.7554/eLife.06907
http://www.ncbi.nlm.nih.gov/pubmed/26047463
https://doi.org/10.1101/sqb.2005.70.039
http://www.ncbi.nlm.nih.gov/pubmed/16869733
https://doi.org/10.1101/sqb.2016.81.030866
http://www.ncbi.nlm.nih.gov/pubmed/28123049
https://doi.org/10.1038/nrc2960
http://www.ncbi.nlm.nih.gov/pubmed/21102635
http://www.ncbi.nlm.nih.gov/pubmed/10068276
https://doi.org/10.18632/oncotarget.15863
http://www.ncbi.nlm.nih.gov/pubmed/28423600
https://doi.org/10.1038/nature23291
http://www.ncbi.nlm.nih.gov/pubmed/28783719
https://doi.org/10.7554/eLife.33718

e LI F E Research article Cancer Biology

Ishiyama K, Mori H, et al. 2011. Frequent pathway mutations of splicing machinery in myelodysplasia. Nature
478:64-69. DOI: https://doi.org/10.1038/nature 10496, PMID: 21909114

Zhang Z, Kobayashi S, Borczuk AC, Leidner RS, Laframboise T, Levine AD, Halmos B. 2010. Dual specificity
phosphatase 6 (DUSPé) is an ETS-regulated negative feedback mediator of oncogenic ERK signaling in lung
cancer cells. Carcinogenesis 31:577-586. DOI: https://doi.org/10.1093/carcin/bgq020, PMID: 20097731

Zhao Z, Chen CC, Rillahan CD, Shen R, Kitzing T, McNerney ME, Diaz-Flores E, Zuber J, Shannon K, Le Beau
MM, Spector MS, Kogan SC, Lowe SW. 2015. Cooperative loss of RAS feedback regulation drives myeloid
leukemogenesis. Nature Genetics 47:539-543. DOI: https://doi.org/10.1038/ng.3251, PMID: 25822087

Zhu J, Woods D, McMahon M, Bishop JM. 1998. Senescence of human fibroblasts induced by oncogenic Raf.
Genes & Development 12:2997-3007. DOI: https://doi.org/10.1101/gad.12.19.2997, PMID: 9765202

Unni et al. eLife 2018;7:€33718. DOI: https://doi.org/10.7554/eLife.33718 24 of 24


https://doi.org/10.1038/nature10496
http://www.ncbi.nlm.nih.gov/pubmed/21909114
https://doi.org/10.1093/carcin/bgq020
http://www.ncbi.nlm.nih.gov/pubmed/20097731
https://doi.org/10.1038/ng.3251
http://www.ncbi.nlm.nih.gov/pubmed/25822087
https://doi.org/10.1101/gad.12.19.2997
http://www.ncbi.nlm.nih.gov/pubmed/9765202
https://doi.org/10.7554/eLife.33718

