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Chapter 1

Introduction
Mammalian cells have multiple regulatory mechanisms to deal with perturbations in
cellular homeostasis, including feedback loops and crosstalk between the major
signaling pathways. While these mechanisms are critically required to help cells
survive under dynamic physiological circumstances, they also pose an impediment to
the effective treatment of cancer. In this chapter, we described drug resistance
mechanisms of cancer to targeted therapies caused by adaptive cellular responses with
a focus on receptor tyrosine kinase (RTK) signaling pathways.
Intrinsic versus acquired resistance to cancer drugs
Activating mutations in the major pathways that impinge on cell proliferation and
survival are key events in cancer development. Recent advances in sequencing
technology have enabled the generation of large compendia of these so called
oncogenic “driver” events in cancer. A “driver” refers to a genetic or epigenetic
alteration of a molecule that is critically involved in initiation and/or maintenance of a
cancer.

Inhibition of these driver events by targeted cancer drugs often elicits

impressive clinical responses because cancer cells are addicted to the cancer-causing
signal, a situation referred to as “oncogene addiction”. This term was initially coined
by Dr. Bernard Weinstein to describe the phenomenon that proliferation and survival
of cancer cells can be dependent on a single oncogene. Inactivation of the oncogenic
protein or the pathway it triggers can be detrimental to the tumor, providing a
molecular basis for targeted therapy1. However, heterogeneity within the tumor (a
feature of many tumors) and adaptive mechanisms that help cells survive under
changing physiological circumstances, complicate the effective treatment of cancer
with targeted therapies.
When advanced cancers are treated with targeted agents that act on an oncogenic
driver, resistance emerges almost invariably, either after an initial period of drug
response (acquired resistance) or ab initio (intrinsic resistance). The acquired drug
resistance is often the result of the clonal selection of a (small) pre-existing population
of cancer cells that circumvents the targeted agent, often through an additional genetic
alteration or adaptive response (rewiring of cell signaling) 2-4. The intrinsic resistance,
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as the name implies, results from a rapid adaptive response of the vast majority of
cancer cells to inhibition of the oncogenic driver pathway.
Receptor tyrosine kinase signaling in human cancer
Receptor tyrosine kinases (RTKs) are a family of transmembrane receptors for
extracellular signaling molecules including growth factors and hormones. A typical
RTK consists of an extracellular ligand-binding domain, a single-span transmembrane
region and a cytoplasmic kinase domain that becomes phosphorylated on tyrosine
residues upon dimerization or oligomerization. Phosphorylated RTKs recruit adaptor
proteins to provoke a cascade of protein interactions among intracellular effectors that
eventually result in altered gene expression and protein functions. These downstream
effectors include small GTPases such as RAS proteins, members of the mitogen
activated protein kinase (MAPK) family, phosphoinositide 3-kinases (PI3K) and
janus kinase/signal transducers and activators of transcription (JAK/STAT) proteins
(Figure 1). Together, these proteins govern critical cellular processes such as cell
survival, proliferation and differentiation5-7. In addition, other important cellular
functions, such as metabolism and cell-cell communication, are also in the custody of
RTKs8.
Given that RTK signaling-mediated cellular processes are vitally involved in cell
proliferation and survival, it is not surprising that dysregulation of RTKs, or their
downstream effectors, is seen in a wide range of cancers. Mutations, gene
rearrangement or amplification of RTKs themselves or their downstream effectors
(e.g. the Kirsten rat sarcoma viral oncogene homolog (KRAS) and B-Raf protooncogene, serine/threonine kinase (BRAF) genes or the phosphatidylinositol-4,5bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA)) often results in
constitutively active oncoproteins. Moreover, epigenetic alterations that silence
suppressors of RTK signaling pathways (i.e. phosphatase and tensin homolog (PTEN))
or upregulate key components of RTKs can also contribute to oncogenic signaling.
Cancer cells often depend on these constitutively active RTKs or downstream
effectors. This dependency on oncogenic signals forms the basis for molecularly
targeted cancer therapies that abruptly deprive cancer cells of their addiction. The
high prevalence of alterations and the “druggable” nature of the components of RTK
signaling pathways have attracted considerable attention from the pharmaceutical
9
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industry. Indeed, most of the approved targeted therapy drugs are inhibitors of RTK
signaling pathways. Table 1 summarizes the major oncogenic driver events in RTK
signaling pathways that can be inhibited by targeted cancer drugs.
Oncogene Common genetic
alteration
ALK
Translocation
ABL
Translocation

Examples of targeted agent
Crizotinib, ceritinib
Imatinib, nilotinib, dasatinib,
bosutinib, ponatinib
Gefitinib, erlotinib, cetuximab,
panitumumab, lapatinib,
afatinib, dacomitinib,
neratinib, AZD8931
Trastuzumab, pertuzumab,
lapatinib, neratinib, afatinib,
dacometinib,AZD8931
MM-121, AV-203 and other
anti-ERBB drugs
Dacomitinib

EGFR

Mutation or
amplification

ERBB2

Amplification or
mutation

ERBB3

Mutation

ERBB4
MET

Mutation or
translocation
Amplification or
mutation

KIT

Mutation

FGFR1

Amplification

FGFR2

Amplification or
mutation

FGFR3

Translocation or
mutation

FGFR4
FLT3

Mutation or
amplification
Mutation

JAK2

Mutation

KRAS

Mutation

NRAS
BRAF

Mutation
Mutation

None
Vemurafenib, dabrafenib,
encorafenib, sorafenib

MEK1/2

Upstream genetic
alteration i.e.RAF or
RAS mutation

PIK3CA

Mutation,
amplification or

Trametinib, selumetinib, PD0325901, MEK162,
pimasertib, refametinib, TAK733, RO5126766
Dactolisib, GDC-0941,
XL147, BKM120, BEZ235,
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Common tumor
type
NSCLC
CML
NSCLC, CRC,
GBM
Breast cancer,
gastric cancer
CRC, gastric cancer
Melanoma

Crizotinib, tivantinib,
foretinib, Volitinib, MK-8033,
INC280
Imatinib, sunitinib, dasatinib,
nilotinib
Dovitinib, PD173074,
AZD4547, E-3810, BGJ398,
Lucitanib, BAY1163877,
Ponatinib
Dovitinib, AZD4547, E-3810,
BGJ398, BAY1163877,
Ponatinib
Dovitinib, AZD4547,
PD173074, BGJ398,
BAY1163877, Ponatinib
Ponatinib

Gastric cancer,
NSCLC

Lestaurtinib, midostaurin
crenolanib, quizartinib,
sunitinib, sorafenib
Ruxolitinib, Fedratinib,
AZD1480, SB1578
None

AML

GIST, melanoma,
AML
NSCLC, breast
cancer
Gastric cancer,
breast cancer,
endometrial cancer
Bladder cancer,
NSCLC,
RMS

Myelofibrosis
Pancreatic cancer,
CRC, NSCLC
Melanoma
Melanoma,
NSCLC, thyroid
cancer, Hairy-cell
leukemia
Melanoma,
NSCLC, CRC,
pancreatic cancer
Breast cancer,
endometrial cancer,

Receptor tyrosine kinase signaling in cancer therapies
PTEN loss

XL765, GDC-0890,
GSK1059615, CAL-101,
INK1117, BYL719

CRC, ovarian
cancer, GBM,
NSCLC

Table 1. Major oncogenic driver events in RTK signaling pathways that can be inhibited by targeted
cancer drugs

Drugging receptor tyrosine kinase signaling
The success of imatinib, which targets the fusion RTK, BCR-ABL, in chronic
myelogenous leukemia (CML), served as proof-of-concept that genotype-directed
cancer therapy can be highly effective while having modest toxicity9,10. More recent
clinical examples exploiting RTKs as therapeutic targets include the use of crizotinib
for anaplastic lymphoma receptor tyrosine kinase (ALK)-positive NSCLC11; gefitinib,
erlotinib or afatinib for epidermal growth factor receptor (EGFR)-mutated non-small
cell lung cancer (NSCLC)12-15 and trastuzumab or lapatinib v-erb-b2 avian
erythroblastic leukemia viral oncogene homolog 2 (ERBB2)-positive breast
cancer16,17. EGFR and ERBB2 are members of the same family comprising four
closely related RTKs: EGFR, ERBB2, ERBB3 and ERBB4. Dimerization between
the members initiates RTK signaling. Moreover, downstream components of RTKs
are also appealing therapeutic targets.

A successful example is the use of

18

vemurafenib for BRAF mutant melanoma . The rapid development of targeted agents
against a variety of signaling pathways, together with advances in genomic
technologies that enable robust tumor profiling, have reshaped the landscape of
cancer therapy towards more genotype-directed medicine. However, a considerable
fraction of patients do not respond to therapies tailored to their oncogenic lesion. This
can be exemplified by the data from clinical trials showing that 26% EGFR-mutant
NSCLC, 35% of ALK-positive NSCLC and 52% BRAF-mutant melanoma failed to
achieve a clinically meaningful response to inhibitors targeting the respective
oncogenic lesions11,12,18. Moreover, drugs currently in development also showed
disappointing outcomes in preclinical assays or in clinical trials. For instance, FGFR
inhibitor treatment appeared ineffective for FGFR-positive bladder cancer cell lines19.
Similarly, inhibitors targeting the MEK/ERK or PI3K/AKT pathways, which are key
effector pathways downstream of RAS, exert only modest effects on RAS-mutant
cancer20,21. Perhaps most surprisingly, vemurafenib, a BRAF inhibitor highly
effective for BRAF(V600)-mutant melanoma, is close to useless for colon cancer that
harbors the very same oncogenic mutation22. These unfavorable preclinical and
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clinical experiences threaten to erode confidence in genotype-guided therapies.
However, what these discrepant results point at is that RTK signaling pathways
should not be viewed in isolation.

Figure 1. Crosstalk between RTKs can cause intrinsic resistance to RTK-targeted therapies.
(a) Constitutively active RTKs (RTK1 in the figure) result from gene mutation, translocation or
amplification, and are usually the oncogenic drivers in cancer. Red boxes represent active kinase
domain of RTKs while gray represents inactivity; Phosphate groups are shown as circled ‘p’ symbol.
Black arrows represent active signal transduction while grey arrows represent quiescent signal. RTKs
share many downstream effectors that control many cellular activities including cell survival and
proliferation. These effectors are also part of homeostatic feedback regulation of RTK signaling
(indicated by the inhibitory bar connecting to RTK2).
(b) Cancer cells respond adaptively to RTK inhibitors. Inhibition of an oncogenic RTK decreases the
signal to effector pathways; this relieves feedback suppression of a second RTK (two RTK2 dimers
represent upregulation of RTK2). Activation of the second RTK compensates the loss of activation of
effector pathways by the oncogenic RTK, and thereby supports cell viability while the oncogenic RTK
is inhibited. (c) When combinatorial treatment (Drug 1 and Drug 2) targeting the primary oncogenic
RTK1 and feedback-activated RTK2 is applied, the common downstream pathways shared by RTKs
are shut down, therefore cell death is seen.
BRAF: B-Raf proto-oncogene, serine/threonine kinase; MEK: mitogen-activated protein kinase kinase;
ERK: mitogen-activated protein kinase; PI3K: phosphoinositide 3-kinases; AKT: v-akt murine
thymoma viral oncogene homolog; mTOR: mammalian target of rapamycin; JAK: janus kinase;
STAT: signal transducers and activators of transcription.

Cross talk between RTKs
RTK signaling involves elaborate mechanisms that diminish RTK signaling when it
becomes hyperactive and increase the signal when required. Regulatory machineries
12
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ubiquitously exist along the entire path of RTK signaling from cell membrane to the
nucleus. Key components of these machineries that maintain equilibrium in RTK
signaling include spatial and temporal control of ligand binding, tyrosine
phosphorylation and dephosphorylation, interactions between effectors, and gene
expression control. These connections provide compensatory mechanisms in RTK
signaling, allowing cells to respond dynamically and adaptively to perturbations.
Indeed, cross talk among these effector pathways through feedback mechanisms has
been reported widely23-26. Many intrinsic resistance mechanisms against drugs that act
on RTK signaling have been identified. Understanding these resistance mechanisms
provides an opportunity to design effective therapeutic interventions to overcome
resistance to single agent therapies.
Small molecule inhibitors and humanized monoclonal antibodies directed against
RTKs are among the most effective targeted therapies in the clinic. In spite of the fact
that the tumors bearing constitutively active RTKs are usually addicted to the RTK
signaling, the therapeutic responses to these drugs are rarely homogeneous and many
tumors demonstrate intrinsic drug resistance despite genotype-directed drug selection.
Because RTKs share many common downstream effectors8, a common strategy by
which tumors can ignore RTK inhibition is parallel activation of a second RTK that is
not targeted by the drug (Figure 1). For instance, in some breast cancers with ERBB2
amplification, unresponsiveness to ERBB2 inhibition can be attributed to
transcriptional upregulation of ERBB3. This process is mediated by FOXO3A, a
transcription factor suppressed by AKT. ERBB2 inhibitors transiently abrogate PI3KAKT signaling thereby releasing FOXO3A to activate ERBB3 transcription.
Upregulated ERBB3 provides compensatory input to PI3K-AKT signaling that
rescues cancer cells from ERBB2 targeted therapies27. Besides, computational
modeling of ERBB signaling network also identified ERBB3 as a driver of resistance
to agents targeting ERBB2 in ERBB2-amplified breast cancer.28,29 Likewise, in EGFR
mutant glioblastomas (GBM) that are resistant to EGFR inhibitors, the epidermal
growth factor receptor variant III (EGFRvIII) transcriptionally suppresses the gene
encoding platelet-derived growth factor receptor, beta polypeptide (PDGFRB) in a
mammalian target of rapamycin complex 1 (mTORC1)- and ERK-dependent manner.
Upon pharmacological inhibition of EGFR, derepressed PDGFRB provides
alternative RTK signaling that confers drug resistance 30.
13
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The adaptive signaling rewiring between different RTKs can be bidirectional. Bladder
cancer cell lines that exhibit activating mutation or translocation of the gene encoding
fibroblast growth factor receptor 3 (FGFR3) show partial or no response to FGFR3
inhibition. Two distinct mechanisms were identified as responsible for the modest
drug efficacy. In the cells partially responsive to FGFR inhibition, FGFR3 inhibition
leads to feedback upregulation and activation of EGFR. In contrast, in the cells that
are fully resistant to FGFR3 inhibition, EGFR suppresses FGFR3 expression and
dominates the signal input to the downstream pathways. Consequently, EGFR
inhibition leads to upregulation of FGFR3. In both cases, dual treatment with EGFR
and FGFR3 inhibitors overcomes these resistance mechanisms19.
Small numbers of drug-tolerant cells can pre-exist in tumors. During drug treatment,
these cells are positively selected and become the major component of the tumor.
Frequently, drug tolerance in these cells is driven by overexpression of or activating
mutations in redundant RTKs. For example, MET amplification emerged in tumors
that acquired resistance to anti-EGFR therapies in both NSCLC and CRC. The
presence of MET amplification at a low level in pre-treatment tumor tissues indicates
that drug resistance clones driven by MET signaling were preexistent and enriched by
the selective pressure of EGFR inhibitors31,32. Similarly, activation of EGFR was
shown to be responsible for compromised crizotinib efficacy in ALK-positive
NSCLC. The presence of mutant EGFR at a low level in ALK-positive NSCLC prior
to crizotinib therapy again supports the preexistence of drug resistant subclones33,34.
In several cases of intrinsic resistance, co-expression of RTKs was found in the major
population of tumor cells before the initiation of treatment, which correlates with a
poor response to initial treatment with inhibitors of one of the RTKs. For instance,
MET expression is associated with a poor response to EGFR inhibitors in EGFR
mutant NSCLC35. Similarly, in some ERBB2-amplified breast cancer cells activation
of MET can be responsible for trastuzumab resistance36, and alternatively a high level
EGFR expression compromises treatments exclusively focusing on ERBB237-39. In
triple-negative breast cancer cells, AXL is transactivated by EGFR, which limits the
response to EGFR-targeted inhibitors40. Furthermore, in pediatric glioblastomas that
express high levels of IGF1R and IGF2, an IGF1R inhibitor only achieved modest
therapeutic effect because of co-activation of PDGFRA and PDGFRB41. In all of
14
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these cases, combinatorial treatment using inhibitors targeting the redundant RTKs
can increase the anti-tumor effect.
Besides the pre-existence of amplification or mutational activation of a second RTK,
resistance can also be attributed to adaptive epigenetic regulation of RTK expression.
In a cell culture model derived from EGFR mutant NSCLC (PC9) that is sensitive to
EGFR inhibitors, a subset of cells stayed viable while the inhibitors killed the vast
majority of the cells. This subpopulation exhibited an altered chromatin state and
increased IGF1R activity, which was proven to be the driver of EGFR inhibitorresistance. However, after termination of the treatment with EGFR inhibitors, the
drug-tolerant cells became sensitive to EGFR inhibition again. This process
implicates a dynamic rewiring of RTK signaling at an epigenetic level4.
Feedback response to RAF-MEK-ERK pathway inhibition
The RAF-MEK-ERK pathway
The RAF-MEK-ERK pathway is among the most commonly dysregulated cell
signaling routes in human cancer. The druggable properties of the kinase components
of the pathway make them attractive therapeutic targets for cancer

42,43

. Attempts to

inhibit a single component of the RAF-MEK-ERK pathway revealed elaborate
feedback and compensatory mechanisms that redirect cell signaling back to RTKs and
other effector pathways. These regulatory mechanisms allow cancer cells to adapt to
pharmacological pathway perturbations. Under physiological conditions, RAF-MEKERK signaling starts with RTK-mediated RAS activation. Activated RAS GTPases
recruit RAF kinases from cytosol to plasma membrane and promote dimerization and
activation of RAF kinases. Active RAF signals through MEK-ERK by a series of
phosphorylation events, in which RAF phosphorylates and activates MEK, which in
turn phosphorylates and activates ERK. ERK can regulate cytosolic targets and also
enter the nucleus where it phosphorylates transcription factors involved in many
cellular processes (Figure 2) 44,45.
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Figure 2. Schematic depiction of signaling circuits among RAF-MEK-ERK and PI3K-AKTmTOR pathways and RTKs.
Many RTKs (marked with different colors) share common downstream effector pathways. RAF-MEKERK and PI3K-AKT-mTOR pathways are the most widely studied ones. Under physiological
conditions, RAF-MEK-ERK signaling starts with RTK-mediated RAS activation. Activated RAS
GTPases recruit RAF kinases from cytosol to plasma membrane and promote dimerization and
activation of RAF kinases. Active RAF signals through MEK-ERK by a series of phosphorylation
events, in which RAF phosphorylates and activates MEK, which in turn phosphorylates and activates
ERK. ERK can inhibit RAF and be responsible for dissociation of GRB2 and SOS complex thus
reduced RAS activation. ERK also regulates activity of RTKs by physical interaction (i.e. inhibitory
phosphorylation) and expression level of RTKs through transcriptional or post-transcriptional
processes. ERK is also a negative regulator of apoptosis signaling. For PI3K-AKT-mTOR pathway,
RTKs activate the signaling cascade through direct recruitment of PI3K to the plasma membrane or
indirect recruitment that involves adaptor proteins IRS or GTP-bound RAS. PI3K phosphorylates
Phosphatidylinositol (4,5)-bisphosphate to generate phosphatidylinositol (3,4,5) trisphosphate (not
shown), which subsequently recruits AKT to the plasma membrane where mTORC2 phosphorylates it.
Active AKT can phosphorylate mTORC1, which in turn activates transcriptional/post-transcriptional
responses downstream of PI3K-AKT. mTORC1 can inhibit IRS through inhibitory phosphorylation.
Both mTORC1 and AKT can inhibit apoptosis by blocking pro-apoptosis proteins and/or activating
anti-apoptosis proteins. Components in the RAF-MEK-ERK and PI3K-AKT-mTOR pathways are
inter-and intra-connected. Targeting one of the signaling nodes in the network can inhitiate feedback
signaling to the upstream or paralleled components, which often compensates the signal loss caused by
the drug treatment.

16
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mTORC1: mammalian target of rapamycin complex 1; mTORC2: mammalian target of rapamycin
complex 2; IRS: insulin receptor substrate; GRB2: growth factor receptor-bound protein 2; SOS: son
of sevenless homolog.

RAF-MEK-ERK signaling-dependent post-transcriptional responses
In human cancer, oncogenic RTKs, mutated RAS GTPases or the BRAF kinase are
common drivers of RAF-MEK-ERK signaling. Pharmacological inhibition of RAS
proteins in the clinic remains challenging despite encouraging progress that has been
made recently46,47. An alternative approach to target RAS mutant cancer is using small
molecule inhibitors to block the effector pathways downstream of RAS. Multiple
inhibitors against MEK, ERK or BRAF kinases have been developed. However, in
contrast to the remarkable clinical response in patients with BRAF-mutant
melanoma18, these inhibitors deliver only marginal therapeutic effect in other types of
cancer bearing a BRAF mutation, including colorectal cancer (CRC) and thyroid
cancer22,48,49. Intrinsic resistance of BRAF mutant colon cancer to BRAF inhibitors
arises as a result of feedback activation of EGFR. BRAF inhibition inactivates ERK,
which decreases activation of CDC25C, a phosphatase that negatively regulates
EGFR50. Enhanced EGFR activity not only counteracts BRAF inhibition by activating
RAS that promotes heterodimerization of RAF proteins, but also activates the PI3KAKT pathway in parallel49-51. As expected, concomitant inhibition of EGFR and
BRAF synergistically induces apoptosis and suppresses tumor growth in BRAF
mutant CRC49,50. The remarkable differential responses of BRAF mutant CRC and
melanoma to BRAF inhibitors can be attributed to the notion that EGFR is broadly
expressed in CRC, but rarely expressed in melanoma. BRAF mutant thyroid cancer
cells that express a high level of EGFR are also sensitive to the combinatorial
treatment consisting of EGFR and BRAF inhibitors, but not to either one of the
inhibitors alone49.
A different mechanistic insight in response to BRAF-MEK pathway inhibition was
revealed by a study using EGFR- or ERBB2-addicted cell line models. In these
systems, MEK inhibition induces posttranscriptional upregulation and activation of
ERBB3, which impedes the efficacy of MEK inhibitors. The feedback loop is
dominated by ERK-mediated phosphorylation of inhibitory phospho-sites on
EGFR(T669) and ERBB2(T677) respectively52,53. MEK inhibition reduces ERK
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activation, which in turn activates EGFR or ERBB2 through decreased inhibitory
phosphorylation. ERBB3 activation is secondary to EGFR or ERBB2 activation, in
line with the established notion that activation of kinase-impaired ERBB3 is
substantially dependent on heterodimerization with other ERBB family members8,53.
Moreover, the RTK insulin-like growth factor 1 receptor (IGF1R) was found to be
critically involved in MEK inhibitor resistance in some KRAS mutant NSCLC and
CRC cells. MEK inhibition leads to feedback activation of IGF1R and increased
interaction between PI3K and insulin receptor substrate (IRS) proteins. Concomitant
inhibition of IGF1R and MEK reduces AKT phosphorylation to a level much lower
than that in basal conditions, whereas IGF1R inhibition does not further inhibit ERK
phosphorylation in the presence of a MEK inhibitor, indicating IGF1R signaling
drives MEK inhibitor resistance dominantly through PI3K-AKT pathway 54-56.
Notably, feedback response to mutant-specific targeted agents can cause unwanted
effects in cells that do not have an oncogenic lesion. All RAF inhibitors to date inhibit
ERK signaling only in tumors with BRAF mutations. In cells that express wild-type
BRAF, treatment with these inhibitors paradoxically promotes and stabilizes RAF
dimerization that consequently activates ERK signaling. Two mechanistic
explanations have been described. First, physical binding of a RAF inhibitor changes
the conformation of wild type BRAF and RAF1, which drives dimer formation
between inhibitor-bound RAF protein and uninhibited RAF1. Second, wild type
BRAF remains in the cytosol in an autoinhibited state under physiological conditions;
however, the RAF inhibitor causes release of BRAF autoinhibition and RASdependent recruitment to the plasma membrane, where it heterodimerizes with RAF1.
Both mechanisms are dependent on RAS activity. As a consequence, either RTK
activation or oncogenic RAS mutations (both of which stimulate RAS signaling) cause
undesired effects of RAF inhibitors, including development of benign skin tumors and
enhanced progression and metastasis of tumors with NRAS mutations57-63.
RAF-MEK-ERK signaling-dependent transcriptional responses
A recent study found that transcriptional upregulation of ERBB3 is responsible for
intrinsic resistance to MEK inhibitors in KRAS mutant NSCLC and CRC. MYC, a
transcriptional suppressor of ERBB2 and ERBB3, is stabilized by ERK-mediated
18
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phosphorylation. MEK inhibition reduces ERK activity, leads to dephosphorylation
and degradation of MYC leading to de-repression of ERBB2 and ERBB3 expression.
Increased ERBB signaling activates the PI3K-AKT pathway, which compensates for
inhibited MEK-ERK signaling64. Simultaneous inhibition of ERBBs and MEK
effectively suppresses AKT and also reduces ERK phosphorylation compared with
mono-treatment with the MEK inhibitor64. These findings54,55,64,65 suggest PI3K-AKT
and MEK-ERK pathways can compensate for each other in promoting cell survival
and proliferation. Consistently, combining inhibitors of both MEK-ERK and PI3KAKT pathways can suppress tumor growth in a murine model of KRAS mutant lung
cancer, patient-derived xenografts (PDX) of RAS mutant CRC and xenograft models
derived from NRAS mutant melanoma cells20,66,67. Nevertheless, severe toxicity of
theses combination may limit their clinical use 68,69.
Transcriptional upregulation of RTKs upon MEK inhibition was also seen in triple
negative breast cancer (TNBC). MEK inhibition causes upregulation of multiple
RTKs including PDGFRB, kinase insert domain receptor (KDR), AXL receptor
tyrosine kinase (AXL) and discoidin domain receptor tyrosine kinases (DDR1/DDR2),
but not ERBB3, in a MYC-dependent manner. Activation of these RTKs is
accompanied by increases in AKT and ERK signaling. Although the role of AKT
signaling in drug resistance was not investigated further in the study, the authors
showed that MEK inhibitor plus an RTK inhibitor or RAF inhibitor both caused a
further reduction in ERK phosphorylation and greater anti-proliferation effect versus
MEK inhibitor alone70. This suggests that combinatorial strategies that enhance
suppression of ERK signaling are sufficient to overcome resistance to MEK
inhibitor70. This notion was further supported in KRAS mutant cancer models64,65.
Interestingly, the RTK rewiring in response to RAF-MEK-ERK pathway inhibition
does not necessarily cause drug resistance. In BRAF mutant melanoma, RAF
inhibitors potently inhibit ERK and thereby cause a relief of ERK-mediated
suppression of the upstream signaling71,72. Similar to the abovementioned cases,
feedback activation of RTKs and RAS also leads to a modest increase of ERK
signaling in melanoma. However, the signal intensity is insufficient to confer
resistance to RAF inhibitors, which is in line with the fact that melanoma generally
exhibits low basal RTK activity50. However, any further increase in RTK signaling by
19
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ligand stimulation (particularly HGF), or upregulated RTK expression, confers
resistance to BRAF inhibitors in BRAF mutant melanoma72-74.
A recent study found that melanomas can upregulate expression of multiple RTKs
through suppression of the transcription factor SRY (sex determining region Y)-box
10 (SOX10) in response to BRAF or MEK inhibitor treatment. However, this
increased RTK signaling is detrimental to the cells in the absence of drug because it
leads to hyper-activation of BRAF and MEK. The supra-physiological level of
BRAF-MEK signaling induces a state of oncogene-induced senescence, which
explains why these drug-tolerant cells exist as a minor population in the first place75.
This study supports a model in which a small population of cells carries a “burden”
that impairs cell proliferation, but confers an advantage in the presence of drug. These
cells are positively selected by drug treatment, but counter-selected upon treatment
termination. Pre-clinical and clinical reports demonstrate that certain tumors that have
developed drug resistance can regain sensitivity to the same drug after a "drug
holiday"76-79. The reversible and adaptive transcription response to targeted agents in
cancer cell models may provide a molecular explanation for these observations.
Moreover, increased RTK expression in drug-tolerant tumors is a potential biomarker
to identify patients that may benefit from retreatment after a drug holiday. It is also
worth testing whether targeting these emergent RTK(s) in addition to the primary
targets would provide a durable drug response.
Feedback response to PI3K-AKT-mTOR pathway inhibition
PI3K-AKT-mTOR pathway
The PI3K-AKT-mTOR pathway regulates several cellular functions critical for cancer,
including cell survival, proliferation, metabolism and motility43. Its inappropriate
activation has been found in a broad range of human cancers. Dysregulation of this
pathway can be attributed to mutational activation of the key components of the
pathway, PI3KCA or AKT; loss of the AKT inhibitor, PTEN; or constitutive
upstream oncogenic signals fueled by RTKs or RAS. Normally, RTKs activate the
signaling cascade through direct recruitment of PI3K to the plasma membrane or
indirect recruitment that involves adaptor proteins IRS, GRB2-associated binding
protein (GAB) or GTP-bound RAS. PI3K phosphorylates Phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P2; also known as PIP2) to generate phosphatidylinositol
20
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(3,4,5) trisphosphate (PtdIns(3,4,5)P3; also known as PIP3), which subsequently
recruits AKT to the plasma membrane where PDK1 and mTORC2 phosphorylate it.
Active AKT can phosphorylate mTORC1, which in turn activates S6-Kinase, a
mediator of many transcriptional responses downstream of PI3K-AKT (Figure 2).
Alternatively, AKT can directly regulate transcription factors including the forkhead
box O (FOXO) family. AKT suppresses the FOXOs by direct phosphorylation to
provide docking sites for 14-3-3 binding, which sequesters the transcription factors in
the cytosol43. Similar to the RAF-MEK-ERK pathway, feedback mechanisms
involved in regulation of PI3K-AKT-mTOR signaling impede clinical effectiveness
of single-agent therapies targeting this pathway. Recent findings have indicated an
important role for RTKs in promoting resistance to this class of drugs.
PI3K-AKT-mTOR signaling-dependent feedback mechanism
Analogs of rapamycin, which target mTORC1, were initially explored as inhibitors of
the PI3K pathway, but yielded limited clinical benefits as single agents80. Adaptor
proteins physically bridge RTKs and their downstream effectors participate in the
feedback activities that underlie unresponsiveness. For instance, growth factor
receptor-bound protein 10 (GRB10) is an adaptor protein that functions as a negative
regulator of Insulin Receptor (IR) and IGF1R; its binding to RTKs blocks signal
transduction to downstream effector pathways. mTORC1-dependent phosphorylation
of GRB10 increases its stability. Therefore, mTORC1 inhibition can initiate feedback
signaling by degradation of GRB10, which relieves the block of insulin receptor (IR)
and IGF1R81-83. Moreover, in breast cancer cell line models, mTORC1 inhibition
inactivates S6K, which is a suppressor of the adaptor protein IRS1 through inhibitory
phosphorylation. Relieving inhibition of IRS1 can augment IGF1R signaling, which
enhances mTORC2-mediated AKT activation and activates mTORC1-independent
targets such as the FOXO transcription factors. As expected, IGF1R inhibition can
prevent feedback activation of AKT and sensitize tumor cells to mTORC1 inhibitors84.
To prevent mTORC2-mediated AKT activation caused by mTORC1 inhibition, dual
mTORC1-mTORC2 inhibitors, AKT inhibitors and dual PI3K-mTOR inhibitors were
developed. However, despite the initial dephosphorylation of AKT, feedbackmediated induction of RTK signaling leads to reactivation of AKT and/or ERK
signaling which compromise therapeutic efficacy during prolonged treatment
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Further investigations showed that increased RTK signaling can be a consequence of
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FOXO-dependent

transcriptional

upregulation

of

RTKs,

mTORC1-mediated

activation of RTKs and cap-independent translation of RTKs upon direct or indirect
inactivation of AKT85-88. Combinatorial treatment targeting both RTKs and the PI3KAKT-mTOR pathway represent a promising approach to overcome resistance to
single-agent therapies 84,85,87,88.
PI3K was also described as an upstream regulator of both RAS and AKT. PI3K
inhibitors not only suppress PI3K, but also transiently block ERK activity through
inactivation of RAS90,91. Simultaneous loss of AKT and ERK activation through
intermittent administration of PI3K inhibitors induces apoptosis in RAS wild type
cells91.
Similar to dual inhibition of RAF and MEK, some cases of combinatorial treatment
targeting two components of PI3K/AKT/mTOR cascade that completely block the
pathway are also effective. Combinatorial strategies such as an mTOR inhibitor plus
an AKT inhibitor and a PI3K/mTOR dual inhibitor plus an mTOR inhibitor, both
abolish mTOR inhibition-induced AKT activation thereby synergistically inducing
tumor cell death 85,92,93. In this context, it is important to point out that ERK and AKT
are both negative regulators of pro-apoptotic proteins such as BAD and BIM94.
Apoptosis commences only when sufficient pro-apoptotic signaling is present.
Combination therapies that adequately inactivate ERK and/or AKT can therefore
synergize in induction of pro-apoptotic signaling, thereby suppressing tumor growth.
Summary
Overall, the findings from the bench and bedside tell us that the inhibition of
pathways fueling cancer cell survival and proliferation often does not lead to effective
cancer treatment. Blocking the compensatory pathways that rescue cancer cells from
the primary pathway inhibition is warranted. In this thesis, we used functional genetic
screens to search for the determinants of drug responses in cancer cells. These screens
can help elucidate the resistance mechanisms of cancer to targeted agents and can be
of use to identifying effective combination treatment strategies.
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Unresponsiveness of colon cancer to BRAF(V600E)
inhibition through feedback activation of EGFR
Anirudh Prahallad1*, Chong Sun1*, Sidong Huang1*, Federica Di Nicolantonio2,3*, Ramon Salazar4, Davide Zecchin2,
Roderick L. Beijersbergen1, Alberto Bardelli2,3 & René Bernards1

Inhibition of the BRAF(V600E) oncoprotein by the small-molecule
drug PLX4032 (vemurafenib) is highly effective in the treatment of
melanoma1. However, colon cancer patients harbouring the same
BRAF (V600E ) oncogenic lesion have poor prognosis and show
only a very limited response to this drug2–4. To investigate the cause
of the limited therapeutic effect of PLX4032 in BRAF (V600E )
mutant colon tumours, here we performed an RNA-interferencebased genetic screen in human cells to search for kinases whose
knockdown synergizes with BRAF(V600E) inhibition. We report
that blockade of the epidermal growth factor receptor (EGFR)
shows strong synergy with BRAF(V600E) inhibition. We find in
multiple BRAF (V600E ) mutant colon cancers that inhibition of
EGFR by the antibody drug cetuximab or the small-molecule drugs
gefitinib or erlotinib is strongly synergistic with BRAF(V600E)
inhibition, both in vitro and in vivo. Mechanistically, we find that
BRAF(V600E) inhibition causes a rapid feedback activation of
EGFR, which supports continued proliferation in the presence of
BRAF(V600E) inhibition. Melanoma cells express low levels of
EGFR and are therefore not subject to this feedback activation.
Consistent with this, we find that ectopic expression of EGFR in
melanoma cells is sufficient to cause resistance to PLX4032. Our
data suggest that BRAF (V600E ) mutant colon cancers (approximately 8–10% of all colon cancers2,3,5), for which there are currently
no targeted treatment options available, might benefit from combination therapy consisting of BRAF and EGFR inhibitors.
Activating mutations in the BRAF oncogene (BRAF(V600E )) are
seen in some 70% of primary melanomas6, some 10% of colorectal
cancers7 and some 30–70% of papillary thyroid carcinoma8–10.
However, clinical responses to the highly selective small-molecule
inhibitor of the BRAF(V600E) oncoprotein, PLX4032, differ widely,
ranging from a response rate of approximately 80% in melanoma to
only 5% in BRAF mutant colorectal cancer2–4. To investigate the
molecular mechanism responsible for the intrinsic resistance of
BRAF(V600E) colorectal cancers (CRCs) to PLX4032, we first tested
a panel of BRAF (V600E) mutant melanoma and CRC cell lines for
their response to PLX4032. We found that the sensitivity of melanoma
and CRC cells in both short-term (Fig. 1a) and long-term (Fig. 1b)
proliferation assays in vitro mirrors the clinical experience, with
melanoma cells being more sensitive to PLX4032 than CRC cells.
RNA interference (RNAi) genetic screens have been used successfully
to identify genes that enhance a phenotype11. We therefore set out to
screen a short hairpin RNA (shRNA) library representing the full
complement of 518 human kinases12 (the ‘kinome’) and 17 additional
kinase-related genes (Supplementary Table 1) for genes whose inhibition confers sensitivity to PLX4032 in BRAF(V600E) mutant CRC cells.
WiDr cells were infected with the lentiviral kinome shRNA collection
and cultured in the absence or presence of PLX4032 for 10 and 18 days,
respectively. After this, the relative abundance of shRNA vectors was

determined by next generation sequencing of the barcode identifiers
present in each shRNA vector (Fig. 1c; see Methods). We arbitrarily
considered only shRNA vectors that had been sequenced at least 300
times and which were depleted at least fivefold by the drug treatment.
Figure 1d shows that only very few of the 3,388 shRNA vectors in the
library met this stringent selection criterion, among which were three
independent shRNA vectors targeting the EGFR (see Supplementary
Table 2 for all selected shRNAs). This suggested that suppression of
EGFR synergizes with BRAF inhibition in these CRC cells. To validate
this finding, we infected WiDr cells with each of these three EGFR
shRNA vectors (all of which reduced EGFR levels; Fig. 1f) and cultured
these cells with or without PLX4032 for 2 weeks. Figure 1e shows that
inhibition of EGFR does not significantly affect proliferation of EGFR in
WiDr cells, consistent with the clinical observations that KRAS or BRAF
mutant CRC cells do not respond to EGFR-targeted monoclonal antibodies7,13,14. In contrast, suppression of EGFR in combination with
PLX4032 caused a marked inhibition of proliferation in WiDr cells
(Fig. 1e). This suggested that BRAF(V600E ) mutant CRC cells are
responsive to treatment with a combination of BRAF inhibitor plus
an EGFR inhibitor.
At present, two classes of anti-EGFR drugs are clinically available;
these include the monoclonal antibodies cetuximab and panitumumab,
and the small-molecule kinase inhibitors gefitinib and erlotinib. We
found that three BRAF mutant CRC cell lines (WiDr, VACO432 and
KM20) all lack a significant response to monotherapy with PLX4032,
cetuximab or gefitinib. However, strong synergy was seen when
PLX4032 was combined with either cetuximab or gefitinib (Fig. 2a
and Supplementary Fig. 1A, C) or erlotinib (data not shown), consistent
with the notion derived from the shRNA screen that EGFR inhibition is
required to elicit a response to BRAF inhibition in CRC cells.
To address the molecular mechanism underlying the synergy
between BRAF and EGFR inhibition in colon cancer, we tested lysates
of drug-treated cells with phosphoprotein-specific antibodies that
identify the activated state of components of the EGFR signalling
pathway. To our surprise, we observed that treatment of all three
BRAF mutant CRC cell lines with PLX4032 resulted in a strong
increase in Tyr 1068 phosphorylation of EGFR, which reflects activation of the receptor (Fig. 2b and Supplementary Fig. 1B, D). This
observation suggests that a powerful feedback activation of EGFR is
elicited by BRAF inhibition. This feedback activation is liganddependent, as it does not take place in the absence of serum growth
factors (Supplementary Fig. 2B). Co-treatment of these cells with a
combination of PLX4032 and either cetuximab or gefitinib prevented
this feedback activation of EGFR. PLX4032 treatment inhibited MEK
and ERK activation downstream of BRAF but activated AKT, which
acts downstream of EGFR in a pathway parallel to BRAF. We note
that in all three cell lines treatment with BRAF and EGFR inhibitors
caused a more complete inhibition of AKT, MEK and ERK signalling

1

Division of Molecular Carcinogenesis, Center for Biomedical Genetics and Cancer Genomics Centre, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands.
2
Laboratory of Molecular Genetics, Institute for Cancer Research and Treatment, University of Torino, Medical School, Str prov 142 Km 3.95, 10060 Candiolo, Torino, Italy. 3FIRC-IFOM Institute for Molecular
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Figure 1 | EGFR inhibition confers sensitivity to BRAF(V600E) inhibition
in colon cancer. a, b, CRC but not melanoma cells harbouring the
BRAF(V600E) mutation are resistant to PLX4032 treatment. a, Short-term
growth-inhibition assay of a cell line panel consisting of CRC (VACO432, SNUC5, HT29, KM20 and WiDr) and melanoma (A375) cells. Cells were treated
with increasing concentrations of PLX4032 for 72 h, and cell viability was
determined using CellTiter-Blue by measuring the absorbance at 540 nm in a
microplate reader. Error bars show data 6 standard error. Means were derived
from four replicates (n 5 4). b, Long-term colony formation assay of CRC
(VACO432, KM20 and WiDr) and melanoma (A375) cells. Cells were grown in
the absence or presence of PLX4032 at the indicated concentrations for 10–14
days. For each cell line, all dishes were fixed at the same time, stained and
photographed. c, Schematic outline of the ‘dropout’ RNAi screen for enhancers
of PLX4032 sensitivity. Human TRC kinome shRNA library polyclonal virus
was produced to infect WiDr cells, which were then left untreated (control) for
10 days or treated with 1 mM PLX4032 for 18 days. After selection, shRNA
inserts from both populations were recovered by polymerase chain reaction
(PCR) and identified by deep sequencing (deepseq). d, Representation of the
relative abundance of the shRNA barcode sequences from the shRNA screen
experiment depicted in c. The y axis shows enrichment (relative abundance of
PLX4032 treated/untreated) and the x axis shows intensity (average sequence
reads in untreated sample) of each shRNA. Among the 22 top shRNA
candidates (more than fivefold depleted by PLX4032 treatment and more than
300 reads in the untreated condition (as indicated by the red dashed lines), three
independent shEGFR vectors (in red) were identified. e, f, Three independent
shRNAs targeting EGFR enhance response to PLX4032. e, The functional
phenotypes of non-overlapping shEGFR vectors are indicated by colony
formation assay in 1 mM PLX4032. The pLKO vector was used in the control
experiment (Ctrl). The cells were fixed, stained and photographed after 14 days.
f, The level of knockdown of EGFR by each of the shRNAs was measured by
examining the EGFR protein levels by western blotting.

as compared to PLX4032 monotherapy, providing a rationale for
the observed synergy in growth assays (Fig. 2b and Supplementary
Fig. 1B, D).
To begin to address how inhibition of BRAF(V600E) causes activation of EGFR, we treated all three BRAF mutant CRC cells with the
selective MEK inhibitor AZD6244. Figure 2c shows that this drug
activated EGFR (as judged by phosphorylated EGFR, p-EGFR) to
the same extent as PLX4032, indicating that MEK acts downstream
of BRAF to mediate the feedback regulation of EGFR. Consistent with
this, we observed that expression of an active mutant of MEK (MEKDD) in WiDr or VACO432 cells prevented the activation of EGFR by
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Figure 2 | Functional and biochemical interaction between BRAF and
EGFR inhibition in colon cancer. a, Synergistic response of WiDr cells to the
combination of EGFR and BRAF(V600E) inhibitors. WiDr cells were cultured
in increasing concentrations of BRAF inhibitor PLX4032 alone, EGFR
inhibitors cetuximab (1.25 mg ml21) or gefitinib (0.125 mM) alone, or their
combinations. The cells were fixed, stained and photographed after 18 days.
b, Resistance to BRAF(V600E) inhibition in WiDr cells is mediated through
feedback activation of EGFR. Biochemical responses of WiDr cells treated with
PLX4032, cetuximab or gefitinib, or their combinations, were documented by
western blot analysis. Cells were harvested at 6 h after drug treatment.
BRAF(V600E) inhibition results in strong upregulation of Tyr 1068 p-EGFR
and Ser 473 phosphorylated-AKT (p-AKT), which is abrogated by EGFR
inhibitors. Furthermore, combination treatments result in complete inhibition
of phosphorylated MEK (p-MEK) and phosphorylated ERK (p-ERK). Heat
shock protein 90 (HSP90) served as a control. c, d, MEK acts downstream of
BRAF to mediate the feedback regulation of EGFR in BRAF mutant CRC cells.
c, MEK inhibitor activates p-EGFR to the same extent as PLX4032. Activation
of EGFR in WiDr, VACO432 and KM20 cells treated with PLX4032 or
AZD6244 for 6 h was analysed by western blot. d, MEK-DD prevents the
activation of EGFR by PLX4032. Western blot analysis of EGFR in WiDr cells
expressing pBabe-PURO (pBp) vector control or MEK-DD treated with
PLX4032 for 1 h. e, Western blot analysis showing that suppression of CDC25C
by two independent shRNA vectors results in elevated levels of p-EGFR in
WiDr cells. f, PLX4032 treatment leads to a reduced activation of CDC25C.
Feedback regulation of CDC25C and EGFR in VACO432 cells treated with
PLX4032 for 1 h were documented by western blot analysis.

PLX4032 (Fig. 2d and data not shown). In agreement with a central
role for MEK in mediating the feedback activation of EGFR, the combination of MEK and EGFR inhibitors also synergized to inhibit
growth of VACO432 or WiDr cells (Supplementary Fig. 3 and data
not shown). It is unclear how MEK inhibition leads to activation of
EGFR through increased phosphorylation of Tyr 1068. It has been
shown in Xenopus that ERK kinase can phosphorylate Cdc25c on
several residues, including Thr 48, leading to activation of its phosphatase
activity15. Moreover, Cdc25A can bind to and dephosphorylate
EGFR16. We therefore began by investigating a potential role of
CDC25C in the activation of EGFR. We suppressed CDC25C in
WiDr cells by shRNA and monitored levels of p-EGFR. We found that
two independent shCDC25C vectors caused an increase in p-EGFR
(Fig. 2e). Moreover, treatment of WiDr cells with PLX4032 inhibited
phosphorylation of CDC25C at Thr 48 (Fig. 2f), which has been shown
to be required for its phosphatase activity15. Together, these data are
consistent with a model in which BRAF inhibition leads to inhibition of
MEK and ERK kinases, which in turn leads to a reduced activation of
CDC25C. Inhibition of CDC25C in turn causes an increase in p-EGFR
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Figure 4 | EGFR and BRAF(V600E) inhibitors synergize to induce
apoptosis of CRC cells and to suppress CRC tumour growth in a xenograft
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apoptosis in CRC cells. Western blot analysis of full-length PARP or cleaved
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BRAF(V600E) inhibitor PLX4720 significantly suppresses tumour growth in
two different xenograft models. WiDr (c) and VACO423 (d) cells were grown
as tumour xenografts in NOD-SCID mice. After tumour establishment (200–
250 mm3), mice were treated with vehicle, cetuximab (40 mg kg21), PLX4720
(50 mg kg21) or cetuximab (40 mg kg21) plus PLX4720 (50 mg kg21), for 14
days. Mean tumour volumes 6 standard error of the mean are shown (n 5 6
mice per group).
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of EGFR, but in two (COLO-741 and OXCO-1) EGFR levels were as
low as those seen in melanoma. All three thyroid cancer cell lines
expressed EGFR at significant levels (Fig. 3a). When we tested the
two EGFRlow CRC cell lines for their response to PLX4032, we found
them to be almost as sensitive as the melanoma cell line A375 in both
short-term assays (Fig. 3b) and long-term assays (Fig. 3c), consistent
with the notion that EGFR levels determine the response to smallmolecule BRAF inhibition. Thyroid cancer cell lines, which express
high levels of EGFR, also responded well to the combination of
gefitinib and PLX4032, but not to PXL4032 monotherapy (Fig. 3b,
c, f and Supplementary Fig. 5). Finally, we tested whether ectopic
expression of EGFR was sufficient to confer resistance to PLX4032
in melanoma cells. We transduced EGFR-negative A375 and SKMEL-28 melanoma cells with a retroviral EGFR expression vector
and subjected these cells to treatment with PLX4032 monotherapy
or combination with the EGFR inhibitor gefitinib. Figure 3d, e and
Supplementary Fig. 4 show that expression of EGFR conferred resistance to PLX4032, but these cells still responded well to the combination
of PLX4032 with gefitinib. Together, these data indicate that EGFR
levels in BRAF mutant CRC, melanoma and thyroid cancer cells are a
key determinant of response to BRAF inhibitor monotherapy.
Synergistic anticancer effects of drugs can result from an effect on
cell proliferation, cell death, or both. Induction of cell death is
preferred to prevent the re-growth of the tumour after the therapy
has been terminated. We measured induction of programmed cell
death (apoptosis) by measuring the induction of cleaved poly(ADPribose) polymerase (PARP), a hallmark of apoptosis18. Neither
PLX4032 nor EGFR inhibitors alone induced PARP cleavage in WiDr
or VACO cells. However, the two drugs combined did induce marked
PARP cleavage, indicative of apoptosis induction (Fig. 4a, b). This
suggested that BRAF and EGFR inhibition should also be synergistic
when combined in vivo. To test this, we used immunodeficient mice
xenografted with human WiDr and VACO432 CRC tumours. Ten days
after injection of tumour cells, palpable tumours were present in all
animals, and cohorts of mice were treated with vehicle, the EGFRtargeted drugs cetuximab or erlotinib, the BRAF inhibitor PLX4720

Tumour volumes (mm3)

due to decreased dephosphorylation (Fig. 2e). Our data do not exclude
the related CDC25A, CDC25B, or other phosphatases being involved
in this feedback regulation of EGFR.
The EGFR is expressed primarily in epithelial cancers17. Because
melanomas are derived from the neural crest, we reasoned that the
favourable response of melanomas to PLX4032 might result from
the paucity of EGFRs on these tumours and hence the absence of
the feedback activation of EGFR by BRAF inhibition. We compared
EGFR expression in a panel of BRAF (V600E) mutant melanoma,
colon cancer and thyroid cancer cells. Melanoma cell lines indeed
express low levels of EGFR (Fig. 3a and data not shown). Of the ten
colorectal cancer cell lines examined, eight express much higher levels
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(highly related to PLX4032, but easier to formulate for in vivo use), or the
combination of EGFR inhibitor drug plus PLX4720 (see Methods).
Figure 4c, d shows that treatment of mice with either PLX4720 or
cetuximab monotherapy resulted in marginal growth inhibition. In
contrast, the combination of cetuximab and PLX4720 elicited a potent
growth inhibition of WiDr and VACO432 CRC tumours. Similarly,
WiDr xenografted mice treated with the combination of erlotinib and
PLX4720 derived significantly more benefit than those treated with
either drug alone, mirroring the observations made in vitro (Supplementary Fig. 6).
Our data provide a strong rationale for a clinical trial combining
BRAF and EGFR inhibitors in BRAF(V600E) mutant CRCs, which have
a very poor clinical outcome and for which no targeted therapeutic
strategies are effective after failure of standard chemotherapeutic
regimens2,3. At first glance, it would seem counterintuitive to consider
treating a BRAF mutant colon cancer with an EGFR inhibitor, as
multiple clinical studies in colon cancer have shown that EGFR inhibition is without clinical benefit when either KRAS or BRAF is mutated
downstream of EGFR7,13,14. The strong synergistic interaction between
inhibition of BRAF and EGFR described here is explained by an
unexpected and powerful feedback activation of EGFR caused by
BRAF inhibition, providing a rationale for the poor clinical response
of BRAF (V600E ) mutant colon cancers to PLX4032 monotherapy4.
The feedback activation of EGFR also implies that EGFR expression
levels may be a clinically useful biomarker to predict the response to
PLX4032 monotherapy in BRAF mutant tumours. As BRAF (V600E )
mutations are also common in thyroid papillary carcinomas and
hairy-cell leukaemias, EGFR expression levels may also help guide
the selection of EGFR combination therapy in these cancers8–10,19.
As some studies have shown EGFR expression in a subset of melanomas20, (acquired) EGFR expression may also explain some of the
clinical resistance against PLX4032 in melanoma.
There are a plethora of targeted drug agents in late-stage clinical
development for the treatment of cancer. Given that resistance to
monotherapy with these targeted therapies often develops rapidly,
there is a trend towards combining targeted agents in clinical trials.
However, the number of possible combinations of these agents seems
endless. Our results highlight the power of ‘synthetic lethality’ genetic
screens to identify which combinations of pathway inhibition are particularly effective. As such, these screens may help prioritize which
combination therapies have the highest likelihood of being successful
in the clinic.

METHODS SUMMARY
Pooled ‘dropout’ shRNA screen. A kinome shRNA library targeting the full
complement of 518 human kinases and 17 kinase-related genes was constructed
from the The RNAi Consortium (TRC) human genome-wide shRNA collection
(TRC-Hs1.0). The kinome library was used to generate pools of lentiviral shRNA
to infect WiDr cells. Cells stably expressing shRNA were cultured in the presence
or absence of PLX4032. Massive parallel sequencing was applied to determine the
abundance of shRNA in cells. shRNAs prioritized for further analysis were selected
by the fold depletion caused by PLX4032 treatment.
Mouse xenografts and in vivo drug studies. All animal procedures were
approved by the Ethical Commission of the Institute for Cancer Research and
Treatment and by the Italian Ministry of Health. WiDr cells were injected subcutaneously into the right posterior flanks of 7-week-old immunodeficient NODSCID female mice (6 mice per group; Charles River). Tumour formation was
monitored twice a week, and tumour volume based on caliper measurements
was calculated by the modified ellipsoidal formula: tumour volume 5 K length
3 width (ref. 2). When tumours reached a volume of approximately 200–
250 mm3, mice were randomly assigned to treatment with vehicle or drug(s).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Cell lines and reagents. A375, SW1417 and HEK293T cells were from the laboratory
collection of R.B. SK-MEL-28 cells were a gift from D. Peeper. BHT-101 and HTCC3 cells were purchased from Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DMSZ), Germany. These cells were cultured in DMEM
supplemented with 8% FCS and 1% penicillin/streptomycin. WiDr and HT-29
cells were purchased from American Type Culture Collection (ATCC). VACO432,
KM-20, SNUC5, OUMS23 and LIM2405 cells were from the laboratory collection
of A. Bardelli. HTC-C3, 8508C and BHT-101 cells were purchased from DMSZ.
These cells were cultured in RPMI supplemented with 8% FCS and 1% penicillin/
streptomycin.
PLX4032 (catalogue no. S1267), PLX4720 (catalogue no. S1152) and gefitinib
(catalogue no. S1025) were purchased from Selleck Chemicals. Erlotinib (catalogue
no. RP01332e) was purchased from Sequoia Chemicals. Cetuximab was obtained
from the Hospital Pharmacies at The Netherlands Cancer Institutes and from the
Institute for Cancer Research and Treatment.
The TRC human genome-wide shRNA collection (TRC-Hs1.0) was purchased
from Open Biosystems. Further information is available at http://www.broadinstitute.
org/rnai/public/.
shRNA ‘dropout’ screen with a custom TRC kinome library. Lentiviral plasmids
(pLKO.1) encoding shRNAs that target kinome candidates are listed in Supplementary Table 1. The kinome library consists of seven plasmids pools
(TK1–TK7). Lentiviral supernatants were generated as described at http://
www.broadinstitute.org/rnai/public/resources/protocols. WiDr cells were infected
separately by the seven virus pools (multiplicity of infection ,1) and selected with
puromycin (2 mg ml21) for cells expressing integrated shRNA. Cells were then
pooled and plated at 300,000 cells per 15 cm dish in the absence or presence of
1 mM PLX4032 (five dishes for each condition) and the medium was refreshed
twice per week for 18 days. Genomic DNA was isolated as described21. shRNA
inserts were retrieved from 8 mg genomic DNA by PCR amplification (PCR1 and
PCR2, see below for primer information) using the following conditions: (1) 98 uC,
30 s; (2) 98 uC, 10 s; (3) 60 uC, 20 s; (4) 72 uC, 1 min; (5) to step (2), 15 cycles; (6)
72 uC, 5 min; (7) 4 uC. Indexes and adaptors for deep sequencing (Illumina) were
incorporated into PCR primers. 2.5 ml of PCR1 products were used as templates for
PCR2 reaction. PCR products were purified using Qiagen PCR purification Kit
according to the manufacturer’s manual. Sample quantification was performed by
BioAnalyzer to ensure samples generated at different conditions were pooled at the
same molar ratio before analysis by the Illumina genome analyser.
The shRNA stem sequence was segregated from each sequencing read and
aligned to the TRC library. The matched reads were counted and the counts were
transformed to abundance that was assigned to the corresponding shRNA.
The primers used are as follows: PCR1_Untreated replicate#1, forward,
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGATCCTTGTGGAAA
GGACGAAACACCGG; PCR1_Untreated replicate#2, forward, ACACTCTTT
CCCTACACGACGCTCTTCCGATCTAAGCTACTTGTGGAAAGGACGAAA
CACCGG; PCR1_PLX treated replicate#1, forward, ACACTCTTTCCCTACA
CGACGCTCTTCCGATCTGTAGCCCTTGTGGAAAGGACGAAACACCGG;
PCR1_PLX treated replicate#1, forward, ACACTCTTTCCCTACACGACG
CTCTTCCGATCTTACAAGCTTGTGGAAAGGACGAAACACCGG; PCR1,
reverse (P7_pLKO1_r), CAAGCAGAAGACGGCATACGAGATTTCTTTCCC
CTGCACTGTACCC; PCR2, forward, AATGATACGGCGACCACCGAG
ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT; PCR2, reverse
(P5_IlluSeq), CAAGCAGAAGACGGCATACGAGAT.
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Individual shRNA vectors used were collected from the TRC library. EGFR:
TRCN0000039633_GCTGAGAATGTGGAATACCTA;
TRCN0000121068_
GCCACAAAGCAGTGAATTTAT; TRCN0000121206_GCCAAGCCAAATGGCATCTTT.
CDC25C:TRCN0000002433_GAAGAGAATAATCATCGTGTT;TRCN0000002434_
GCCTTGAGTTGCATAGAGATT.
Short-term growth inhibition assays. Cultured cells were seeded into 96-well
plates (2,000–3000 cells per well). Twenty-four hours after seeding, serial dilutions
of PLX4032 were added to cells to final drug concentrations ranging from
0.04–10 mM. Cells were then incubated for 72 h and cell viability was measured
using the CellTiter-Blue viability assay (Roche). Relative survival in the presence of
PLX4032 was normalized to the untreated controls after background subtraction.
Long-term cell proliferation assays. Cells were seeded into 6-well plates (2 3 104
cells per well) and cultured both in the absence and presence of drugs as indicated.
For the EGFR overexpression experiments, A375 and SK-MEL-28 cells were
seeded 5–10 3 104 cells per well. More details are as described22. All relevant assays
were performed independently at least three times.
Protein lysate preparation and immunoblots. The biochemical responses of cells
treated with drugs were analysed by western blot. Cells were plated in medium
containing 10% FCS. After 24 h, cells were washed with serum-free medium and
cultured for 24 h in medium containing 0.1% serum. After the low serum incubation,
cells were treated with drugs for 30 min and stimulated by 10% FCS. The lysates were
then collected after 6 h using sample buffer containing 5% b-mercaptoethanol,
150 mM NaCl, 50 mM Tris pH 7.5, 2 mM EDTA pH 8, 25 mM NaF and 1% NP40, protease inhibitors (Complete, Roche), Phosphatase Inhibitor Cocktails II and III
(Sigma). All lysates were freshly prepared and resolved by SDS gel electrophoresis
and followed by western blotting. Primary antibodies used are as follows: p-EGFR
(Y1068) (AbCam), p-ERK1/2 (T202/Y204), ERK1, ERK2, HSP-90 (Santacruz),
p-MEK1/2 (S217/221), MEK1/2, pAKT(S473), ATK1/2, PARP, CDC25C (5H9)
and p-CDC25C Thr 48 (Cell Signalling Technology).
Mouse xenografts and in vivo drug studies. All drugs for in vivo studies were
dissolved in DMSO, stored in aliquots at 280 uC and diluted daily in aqueous
vehicle before administration. All animals were manipulated according to protocols
approved by the Ethical Commission of the Institute for Cancer Research and
Treatment and by the Italian Ministry of Health. All experiments were performed
in accordance with relevant local and national guidelines and regulations. WiDr
cells (6 3 106 cells per mouse) were injected subcutaneously into the right posterior
flanks of 7-week-old immunodeficient NOD-SCID female mice (6 mice per group;
Charles River). Tumour formation was monitored twice a week, and tumour
volume based on caliper measurements was calculated by the modified ellipsoidal
formula: tumour volume 5 K length 3 width (ref. 2). When tumours reached a
volume of approximately 200–250 mm3, mice were randomly assigned to treatment
with vehicle (0.2% Tween 80 and 1% methylcellulose in sterile PBS by daily gavage),
cetuximab (40 mg kg21 of body weight intraperitoneally twice a week), erlotinib
(80 mg kg21 day21 in 0.2% Tween 80 and 1% methylcellulose in sterile PBS
by orogastric gavage), PLX4720 (50 mg kg21 day21 in 0.2% Tween 80 and 1%
methylcellulose in sterile PBS by orogastric gavage); or to a drug combination
(cetuximab plus PLX720, or erlotinib plus PLX4720), in which each compound
was administered at the same dose and scheduled as single agents.
21. Brummelkamp, T. R. et al. An shRNA barcode screen provides insight into cancer
cell vulnerability to MDM2 inhibitors. Nature Chem. Biol. 2, 202–206 (2006).
22. Huang, S. et al. ZNF423 is critically required for retinoic acid-induced
differentiation and is a marker of neuroblastoma outcome. Cancer Cell 15,
328–340 (2009).
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Figure S1. Functional and biochemical interaction between BRAF and EGFR inhibition
in additional colon cancer cell lines.
a, Synergistic response of VACO432 cells to the combination of EGFR and BRAFV600E
inhibitors. VACO423 cells were cultured in increasing concentrations of BRAF inhibitor
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PLX4032 alone, EGFR inhibitors cetuximab (1.25 mg/ml) or gefitinib (0.125 µM) alone, or
their combinations. The cells were fixed, stained and photographed after 18 days.
b, Resistance to BRAFV600E inhibition in VACO432 cells is mediated through feedback
activation of EGFR. Biochemical response of VACO432 cells treated with PLX4032,
cetuximab or gefitinib, or their combinations were documented by western blot analysis. Cells
were harvested at 6 h after drug treatment. BRAFV600E inhibition results in strong feedback up
regulation of TYR1068-phosphorylated EGFR (p-EGFR) and Ser473-phosphorylated AKT
(p-AKT), which is abrogated by EGFR inhibitors. Furthermore, combination treatments result
in complete inhibition of phosphorylated MEK (p-MEK) and phosphorylated ERK (p-ERK).
Heat shock protein 90 (HSP90) served as a control.
c, Synergistic response of KM20 cells to the combination of EGFR and BRAFV600E inhibitors.
KM20 cells were cultured in increasing concentrations of PLX4032 alone, cetuximab (1.25
mg/ml) or gefitinib (2.5 or 5 µM) alone, or their combinations. The cells were fixed, stained
and photographed after for 18 days.
d, Resistance to BRAFV600E inhibition in KM20 cells is mediated through feedback activation
of EGFR. Biochemical response of KM20 cells treated with PLX4032, cetuximab or gefitinib,
or their combinations were documented by western blot analysis. Cells were harvested at 6 h
after drug treatment. BRAFV600E inhibition results in strong feedback upregulation of
phosphorylated EGFR (p-EGFR) and phosphorylated AKT (p-AKT), which is abrogated by
EGFR inhibitors. Furthermore, combination treatments result in complete inhibition of
phosphorylated MEK (p-MEK) and phosphorylated ERK (p-ERK).
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Figure S2. Feedback activation of EGFR is ligand dependent.
a, Time course of the feedback activation of EGFR in respond to BRAFV600E inhibition.
Western blot analysis of p-EGFR and total EGFR levels in VACO432 cells treated with
PLX4032 for 1, 3, 4.5 and 6 hours. HSP90 served as a control. BRAFV600E inhibition results in
strong feedback up regulation of p-EGFR in all the time points.
b, Feedback activation of EGFR is ligand dependent. Western blot analysis of p-EGFR and
total EGFR levels in VACO432 cells treated with PLX4032 for 3hours in the absence or
presence of serum stimulation. HSP90 served as a control. BRAFV600E inhibition results in
strong feedback up regulation of p-EGFR only with serum stimulation.
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Figure S3. EGFR and MEK inhibitors also synergize to inhibit cell growth of BRAFV600E
mutant CRC cells
Synergistic response of VACO432 cells to the combination of EGFR and MEK inhibitors.
VACO432 cells were cultured in increasing concentrations of AZD6244 alone, cetuximab
(1.25 mg/ml) or gefitinib (0.125 µM) alone, or their combinations. The cells were fixed,
stained and photographed after for 18 days.
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Figure S4. Ectopic expression of EGFR in SK-MEL-28 melanoma cells is sufficient to
cause resistance to PLX4032.
a, EGFR overexpression confers resistance to PLX4032, but not to the combination of
PLX4032 and gefitinib in SK-MEL-28 melanoma cells. SK-MEL-28 cells expressing pBabe
vector control or EGFR were cultured in PLX4032 (5 µM), gefitinib (2.5 µM) or their
combination. The cells were fixed, stained and photographed after for 7 (untreated or
gefitinib) or 9 (PLX4032 alone or in combination with gefitinib) days.
b, Western blot analysis of p-EGFR and total EGFR levels in cells described above. HSP90
served as a control.
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Figure S5. EGFR inhibitor also synergize with PLX4032 to overcome the resistance to
BRAFV600E inhibition in thyroid cancer cells that express high levels of EGFR.
a, Synergistic response of 8505 cells to the combination of EGFR and BRAFV600E inhibitors.
8505 cells were cultured in increasing concentrations of PLX4032 alone, cetuximab (1.25
mg/ml) or gefitinib (2.5 µM) alone, or their combinations. The cells were fixed, stained and
photographed after for 18 days.
b, Synergistic response of BHT-101 cells to the combination of EGFR and BRAFV600E
inhibitors. BHT-101 cells were cultured in increasing concentrations of PLX4032 alone,
cetuximab (1.25 mg/ml) or gefitinib (5 µM) alone, or their combinations. The cells were
fixed, stained and photographed after for 18 days.
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Figure S6. EGFR and BRAFV600E small molecule inhibitor inhibitors synergize to
suppress colon cancer tumour growth in a xenograft model.
EGFR small molecule inhibitor erlotinib in combination with BRAFV600E inhibitor PLX4720
significantly suppresses tumour growth in a WiDr xenograft model. WiDr cells were grown
as tumour xenografts in NOD-SCID mice. After tumour establishment (200-250 mm3), mice
were treated with vehicle, erlotinib (80 mg/kg), PLX4720 (50 mg/kg) or erlotinib (80 mg/kg)
plus PLX4720 (50 mg/kg) for 11 days. The experiment had to be terminated at 21 days due to
infection-related death of all animals in one of the monotherapy control arms. Mean tumour
volumes ± s.e.m. are shown (n = 6 mice per group).
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Reversible and adaptive resistance to BRAF(V600E)
inhibition in melanoma
Chong Sun1*, Liqin Wang1*, Sidong Huang1,2*, Guus J. J. E. Heynen1, Anirudh Prahallad1, Caroline Robert3, John Haanen4,
Christian Blank4, Jelle Wesseling5, Stefan M. Willems1,6, Davide Zecchin7,8, Sebastijan Hobor8, Prashanth K. Bajpe1, Cor Lieftink1,
Christina Mateus3, Stephan Vagner3, Wipawadee Grernrum1, Ingrid Hofland5, Andreas Schlicker1, Lodewyk F. A. Wessels1,
Roderick L. Beijersbergen1, Alberto Bardelli7,8,9, Federica Di Nicolantonio7,8, Alexander M. M. Eggermont3 & Rene Bernards1

Treatment of BRAF(V600E) mutant melanoma by small molecule
drugs that target the BRAF or MEK kinases can be effective, but
resistance develops invariably1,2. In contrast, colon cancers that
harbour the same BRAF(V600E) mutation are intrinsically resistant to BRAF inhibitors, due to feedback activation of the epidermal
growth factor receptor (EGFR)3,4. Here we show that 6 out of 16
melanoma tumours analysed acquired EGFR expression after the
development of resistance to BRAF or MEK inhibitors. Using a
chromatin-regulator-focused short hairpin RNA (shRNA) library,
we find that suppression of sex determining region Y-box 10 (SOX10)
in melanoma causes activation of TGF-b signalling, thus leading to
upregulation of EGFR and platelet-derived growth factor receptor-b
(PDGFRB), which confer resistance to BRAF and MEK inhibitors.
Expression of EGFR in melanoma or treatment with TGF-b results in a slow-growth phenotype with cells displaying hallmarks of
oncogene-induced senescence. However, EGFR expression or exposure to TGF-b becomes beneficial for proliferation in the presence
of BRAF or MEK inhibitors. In a heterogeneous population of melanoma cells having varying levels of SOX10 suppression, cells with
low SOX10 and consequently high EGFR expression are rapidly
enriched in the presence of drug, but this is reversed when the drug
treatment is discontinued. We find evidence for SOX10 loss and/or
activation of TGF-b signalling in 4 of the 6 EGFR-positive drugresistant melanoma patient samples. Our findings provide a rationale
for why some BRAF or MEK inhibitor-resistant melanoma patients
may regain sensitivity to these drugs after a ‘drug holiday’ and identify
patients with EGFR-positive melanoma as a group that may benefit
from re-treatment after a drug holiday.
Activating mutations in the BRAF oncogene are found in over half
of the patients with advanced melanoma5,6. Inhibition of the oncogenic
BRAF protein with the small molecule inhibitor PLX4032 (vemurafenib) or its downstream effector MEK with GSK1120212 (trametinib)
have shown impressive initial responses in patients with BRAF mutant
melanoma1,2. However, single-agent therapies for advanced cancers
are rarely curative, due to the rapid development of resistance. To date,
several drug resistance mechanisms have been identified in melanomas treated with vemurafenib, including increased expression of the
gene encoding the COT kinase, mutation of downstream MEK1 (also
known as MAP2K1) kinase, NRAS mutations and amplification or
alternative splicing of the BRAF gene7–11. Moreover, increased expression of receptor tyrosine kinases (RTKs) has been observed as a mechanism of BRAF inhibitor resistance11–13.
It has been shown recently that intrinsic resistance of BRAF mutant
colon cancers to vemurafenib is the result of feedback activation of

EGFR when BRAF is inhibited3,4. To investigate whether BRAF(V600E)
mutant melanoma patients frequently develop resistance to BRAF or
MEK inhibitors through acquired expression of EGFR in their tumours,
we obtained biopsies from BRAF(V600E) mutant melanomas from 16
patients treated with either the MEK inhibitor trametinib (n 5 1) or the
BRAF inhibitors dabrafenib (n 5 3) or vemurafenib (n 5 12). Tumour
biopsies collected both before treatment initiation and after the development of drug resistance were stained for EGFR expression. We found
that 6 out of 16 post-treatment biopsies gained notable EGFR expression as judged by immunohistochemistry (Fig. 1a, b and Supplementary
Table 1).
Melanomas are derived from the neural crest and in general do not
express EGFR14. Hence, acquired EGFR expression during drug selection may represent a stress response that is not favoured in the absence
of drug treatment. Indeed, the proliferation rate of A375 BRAF(V600E)
melanoma cells3 engineered to express EGFR decreased as the concentration of EGFR ligand increased (Fig. 1c). Moreover, A375 cells that
express EGFR also proliferate slowly compared to parental control cells
in nude mouse xenografts, but are resistant to trametinib (Fig. 1d). To
investigate the cause of this slow-growth phenotype, we performed
western blotting for a number of cell-cycle-associated proteins on
parental A375 cells and EGFR-expressing derivatives. EGFR expression resulted in hypophosphorylated pRB protein, induction of the
CDK inhibitors CDKN1A (p21cip1) and CDKN1B (p27kip1) and acidic
b-galactosidase (Fig. 1e, f), markers that have been associated with
oncogene-induced senescence15,16. These markers were also induced
upon expression of oncogenic versions of BRAF or MEK, but much less
when activated mutants of AKT1 or PIK3CA were expressed in A375
cells (Extended Data Fig. 1). We conclude that EGFR expression is
disadvantageous for BRAF(V600E) melanoma cells in the absence of
BRAF or MEK inhibitor drugs, but it confers a selective advantage in
the presence of these drugs.
Acquired EGFR expression may be the result of an adaptive response
of the cancer cell population during drug selection. To ask in an unbiased way which factors might modulate EGFR expression in melanoma
cells, we compiled a ‘chromatin regulator’ library of shRNAs targeting
661 genes, including the lysine acetyltransferases (KATs), lysine methyltransferases (KMTs), lysine deacetylases (KDACs), lysine demethylases
(KDMs), chromatin remodelling complexes and proteins that harbour
chromatin binding/associated domains (Supplementary Table 2). A375
melanoma cells, which express very low levels of EGFR, were infected
with the chromatin regulator library and selected with vemurafenib for
3 weeks. Then the vemurafenib-resistant cells were collected and strongly
EGFR-positive cells (EGFRhi) were isolated from the drug-resistant
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Figure 1 | Acquired EGFR expression in BRAF(V600E) mutant melanoma
after vemurafenib resistance. a, b, Immunohistochemical (IHC) analysis
(a, ultraView DAB stain, brown; b, ultraView Red stain, red) showing increased
EGFR expression in formalin-fixed paraffin embedded (FFPE) (Patient
number 1–5) and frozen (Patient number 6) melanoma tissue sections from
BRAF(V600E) mutant melanoma patients who developed resistance to
vemurafenib, dabrafenib or trametinib as indicated. For each patient, the first
biopsy is from the pre-treatment tumour; the second biopsy was performed
after the tumour had progressed under treatment. For patient number 4, the
first biopsy was performed when the patient was in partial response, but rapidly
developed secondary resistance. Then 4.5 months later, the second biopsy was
taken. c, EGFR expression confers a growth disadvantage to BRAF(V600E)
mutant melanoma cells and EGFR ligand potentiates the growth deficiency in
vitro. A375 BRAF(V600E) melanoma cells transduced with control lentiviral
vectors (Ctrl, pLX304-GFP) or vectors expressing EGFR (EGFR, pLX304EGFR) were seeded at the same density and cultured in the presence of EGF at
indicated concentration for 2 weeks. The cells were fixed, stained and
photographed. d, EGFR expression confers a growth disadvantage to
BRAF(V600E) mutant melanoma, but induces trametinib resistance in vivo.
CD1 nude mice were inoculated with BRAF(V600E) mutant melanoma A375
cells transduced with control retroviral vectors or vectors expressing EGFR.
Once tumours were established, animals were treated with vehicle or
trametinib. Relative tumour volume is shown. Error bars represent s.e.m.
(n 5 5). *P , 0.05, single-sided Wilcoxon–Mann–Whitney test. e, Western
blot analysis of RB protein, CDK inhibitors CDKN1A (p21cip1) and CDKN1B
(p27kip1) in EGFR expressing A375 cells. HSP90 served as a loading control.
f, EGFR expression induces senescence. Senescence was detected by staining of
b-galactosidase activity. All experiments shown, except the ones that involve
clinical samples and animals, were performed independently at least 3 times.

population by fluorescence-activated cell sorting (FACS) using an antiEGFR antibody (Fig. 2a). Treatment of cells with either the chromatin
regulator library or vemurafenib alone did not increase the fraction of
EGFRhi cells. In contrast, a significant fraction of EGFRhi cells could be
retrieved when cells were infected with the chromatin regulator library
and were selected for vemurafenib resistance (Fig. 2b). We conclude that
EGFRhi melanoma cells do not merely appear as a consequence of silencing of certain chromatin regulators, but that these cells only emerge
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Figure 2 | FACS-assisted shRNA genetic screen identifies SOX10 as a
determinant of vemurafenib resistance and EGFR expression. a, Schematic
outline of the of the FACS-assisted shRNA screen. Human ‘chromatin
regulator’ shRNA library polyclonal virus was generated to infect A375 cells,
which were then left untreated (control) or treated with 0.5 mM vemurafenib.
After 12 days, the untreated cells were collected. The cells that survived from
21 days of vemurafenib treatment were FACS sorted for EGFR expression.
Subsequently, shRNA inserts from both samples were recovered by PCR and
identified by massive parallel sequencing. b, EGFRhi cells result from the
combination of infection with chromatin regulator library and vemurafenib
selection. A375 cells infected with ‘chromatin regulator’ library (Chr Lib) were
cultured in the presence of 0.5 mM vemurafenib for 21 days (right lower panel).
Cells were harvested with 2 mM EDTA, stained with anti-EGFR antibody and
analysed for EGFRhi cells by flow cytometry. A375 cells cultured with or
without vemurafenib, and A375 cells infected by the ‘chromatin regulator’
library without vemurafenib treatment served as controls. c, d, Suppression of
SOX10 induces EGFR expression. c, Western blot analysis of EGFR and SOX10
levels in cells targeted by two independent shSOX10 vectors, HSP90 served as
a loading control. d, The level of EGFR induction was determined by
quantitative PCR with reverse transcription (qRT–PCR) analysis of the relative
mRNA level of EGFR. pLKO.1 empty vector served as a control vector (Ctrl).
Error bars represent s.d. of measurement replicates (n 5 3). e, Two
independent shRNAs targeting SOX10 confer a proliferation disadvantage in
the absence of drug, but induce vemurafenib resistance. A375 cells expressing
shRNAs (as shown in Fig. 2c) targeting SOX10 were seeded at the same density
in 6-well plates and cultured in the absence (for 2 weeks) or presence of
vemurafenib (for 4 weeks) at the indicated concentrations. The cells were fixed,
stained and photographed. All experiments shown except shRNA screen were
performed independently at least 3 times.

when the population is placed under drug-selection pressure. This indicates that silencing of the gene(s) that induce EGFR expression is not
favoured in the absence of vemurafenib.
To identify which gene(s) in the chromatin regulator library when
suppressed can induce EGFR expression, we isolated genomic DNA
from the EGFRhi cells and non-drug-treated control cells and determined the abundance of the shRNA vectors in each cell population by
deep sequencing, as described previously3. shRNAs that confer resistance to vemurafenib through upregulation of EGFR should be enriched
in the EGFRhi fraction. shRNA screens are notorious for yielding false
positive results. Therefore, in principle only those genes that are represented by multiple shRNAs should be followed up in a genetic screen17.
However, in this screen we did not identify any genes for which more
than one shRNA was enriched (Supplementary Table 3). We therefore
focused on the top 10 most strongly enriched genes for follow-up
experiments. We tested several additional shRNA vectors for each of
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Figure 3 | Activation of TGF-b signalling leads to increased EGFR and
PDGFRB expression. a, Suppression of SOX10 activates TGFBR and JUN
signalling. Two independent shRNAs targeting SOX10 were individually
introduced into A375 cells by lentiviral transduction. The levels of TGFBR2,
p-JUN and JUN were determined by western blot analysis. HSP90 served as a
loading control. b, SOX10 loss leads to upregulation of TGF-b receptors and its
bona fide target genes. Relative mRNA level of ANGPTL4, TAGLN, CYR61,
CTGF, TGFBR3, TGFBR2 and JUN were determined by transcriptome
sequencing. pLKO.1 empty vector served as a control vector (Ctrl). c, TGF-b
activation confers a growth disadvantage but vemurafenib resistance. A375
cells were seeded at the same density in 6-well plates and cultured in the absence
or presence of recombinant TGF-b or vemurafenib at the indicated
concentrations. The cells were fixed, stained and photographed.
d, e, Recombinant TGF-b1 treatment activates JUN and upregulates EGFR and
PDGFRb expression. A375 cells were cultured in the absence or presence of
200 pg ml21 recombinant TGF-b1 for 7 days before harvested for western blot
or qRT–PCR analysis. Error bars represent s.d. of measurement replicates
(n 5 3). f, Recombinant TGF-b1 treatment induces senescence. A375 cells were
cultured in the presence of 200 pg ml21 recombinant TGF-b for 14 days.
Senescence was detected by staining of b-galactosidase activity. g, h, SOX10 loss
induced EGFR and PDGFRb upregulation is TGFBR2-dependent. A375 cells
were infected with lentiviral shRNA vectors as indicated. Relative mRNA levels
of EGFR and PDGFRB were determined by qRT–PCR analysis; EGFR,
PDGFRb, TGFBR2 and SOX10 levels were determined by western blot analysis.
Error bars represent s.d. of replicate measurements (n 5 3). i, TGFBR2
overexpression is sufficient to upregulate EGFR and PDGFRb. TGFBR2 was
introduced to A375 cells by lentiviral transduction (TGFBR2, pLX304TGFBR2). pLX304-GFP served as a control vector (Ctrl). The levels of EGFR,
PDGFRb, TGFBR2, p-JUN and JUN were determined by western blot analysis.
All experiments shown except RNA-seq were performed independently at
least 3 times.

could restore growth inhibition in SOX10KD cells (Extended Data Fig.
3a).
Our data are consistent with a model in which cells with low SOX10
and high EGFR and PDGFRB expression are positively selected in the
presence of drug, but that such cells are counter-selected in the absence
of drug. To test this model directly, we infected A375 cells with shSOX10
and subjected this heterogeneous population of SOX10KD cells to vemurafenib selection for one week. At this point, we collected part of this
population and determined EGFR expression by FACS analysis. Under
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these 10 genes for their ability to increase EGFR expression, as this was
a selection criterion in the genetic screen (Extended Data Fig. 2a, b). Only
suppression of the SRY (sex determining region Y)-box 10 (SOX10) gene
induced prominent EGFR expression when multiple SOX10 shRNAs
(shSOX10) were used in four melanoma cell line models (Fig. 2c, d
and Extended Data Figs 2c, 4c and 5c). SOX10 knockdown (SOX10KD)
induced a slow-growth phenotype and also displayed the hallmarks of
oncogene-induced senescence in three melanoma models (Fig. 2e and
Extended Data Figs 2e, f, g, 4b, e, f and 5b, e, f).
Next we confirmed that SOX10KD indeed induced vemurafenib resistance in melanoma. We infected A375 cells with shSOX10 and cultured
cells in the presence of vemurafenib. SOX10KD slowed down proliferation of A375 cells in the absence of drug, but in the presence of vemurafenib SOX10KD conferred drug resistance in both short-term and longterm assays (Fig. 2e and Extended Data Fig. 2d, e). Moreover, under
vemurafenib selective pressure, cells having a higher degree of SOX10KD
were selected, which consequently also expressed higher levels of EGFR,
consistent with the notion that increased EGFR levels drive drug resistance (Extended Data Fig. 2h). Vemurafenib resistance through SOX10
suppression was also seen in additional melanoma cell lines (Extended
Data Figs 4a and 5a). A low concentration of vemurafenib actually increased the proliferation rate of SOX10KD cells, consistent with the model
that hyperactive BRAF–MEK signalling induces senescence markers, a
process which is inhibited by vemurafenib (Extended Data Fig. 4a, g).
To study how SOX10 suppression induces EGFR expression, we performed transcriptome sequencing (RNA-seq) of both parental A375
and A375 SOX10KD cells (Supplementary Table 4). Gene set enrichment
analysis of the SOX10-upregulated genes revealed an enrichment of
genes with SMAD2/3 (downstream mediators of TGF-b signalling)
and JUN binding sites in their promoters (Supplementary Table 5).
Consistent with this, SOX10 suppression induced TGF-b receptor 2
(TGFBR2) expression as well as a number of bona fide TGF-b target
genes, including JUN, in three melanoma cell models (Fig. 3a, b and
Extended Data Figs 4d and 5d). Levels of active JUN (phosphorylated
JUN, p-JUN) were also increased by SOX10KD (Fig. 3a). That treatment
of melanoma cells with recombinant TGF-b causes resistance to vemurafenib further supports a role for TGF-b signalling in vemurafenib
resistance (Fig. 3c and ref. 18). TGF-b1 treatment caused not only induction of EGFR expression, but also induction of PDGFRB (Fig. 3d, e)
and also resulted in induction of senescence-associated b-galactosidase
(Fig. 3f). Consistently, SOX10 suppression also induced PDGFRB expression (Extended Data Figs 3c, 4c and 5c). Moreover, suppression
of TGFBR2 inhibited EGFR and PDGFRB induction in SOX10KD cells
(Figs 3g, h), whereas ectopic expression of TGFBR2 induced p-JUN,
EGFR and PDGFRB expression (Fig. 3i). JUN is a regulator of EGFR
expression and TGF-b regulates PDGFRB19–21. Moreover, SMADs and
JUN cooperate in activation of EGFR expression22,23. SOX10 is known
to regulate the melanocyte transcription factor MITF24. Indeed, A375
cells with shSOX10 also had reduced MITF expression, but MITF suppression alone did not change EGFR or PDGFRB expression and did
not cause vemurafenib resistance (Extended Data Fig. 7c–e). Our data
provide support for a model in which activation of TGF-b signalling
by SOX10 loss leads to increased EGFR and PDGFRB expression and
vemurafenib resistance.
Treatment of A375-SOX10KD cells with a combination of both
vemurafenib and the EGFR inhibitor gefitinib did not lead to proliferation arrest, indicating that EGFR was not the sole driver of drug
resistance in SOX10KD cells (Extended Data Fig. 3a). Indeed, an unbiased survey of RTKs revealed that SOX10KD activated not only EGFR,
but also PDGFRB and ERBB3 (Extended Data Fig. 3b, c). A similar
pattern of RTK activation was observed following TGF-b1 treatment,
highlighting the similarity between SOX10 suppression and acquired
TGF-b signalling (Extended Data Fig. 3b, d). Many RTKs share two
major downstream signalling pathways (RAS–MEK–ERK and PI3K–
AKT). Consistent with this, we found that combined inhibition of
these two downstream pathways using BRAF and PI3K inhibitors
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vemurafenib selection, an increased level of EGFR and a markedly
decreased level of SOX10 were observed. When these cells were subsequently cultured for one more week in the absence of vemurafenib, the
EGFRhiSOX10lo population was depleted (Fig. 4a and Extended Data
Fig. 6a). These data indicate that acquired EGFR expression is only
advantageous to melanoma cells in the presence of drug selection, but
is counter-selected in the absence of drug.
Consistent with a role for SOX10 in regulation of EGFR expression
in melanoma, we found an inverse correlation between SOX10 and
EGFR expression in a panel of 34 melanoma cell lines25 (Fig. 4b) and a
similar inverse relationship between SOX10 and PDGFRB (Extended
Data Fig. 6b). The most extreme cell line in this panel, LOXIMVI, completely lacked SOX10 expression and had the highest EGFR expression.
When we expressed SOX10 in this cell line, EGFR and PDGFRB were
reduced and TGFBR2 and TGFBR3 as well as JUN and p-JUN levels
were also downregulated, consistent with the notion that SOX10 regulates these RTKs through an effect on TGF-b signalling (Extended
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Data Fig. 6c, d). Consistently, expression of SOX10 in LOXIMVI cells
increased their sensitivity to vemurafenib (Extended Data Fig. 6e).
To ask directly whether SOX10 is involved in EGFR-associated drug
resistance in BRAF(V600E) melanoma patients, we isolated RNA from
the six patients studied above who had gained EGFR expression after
acquisition of trametinib, dabrafenib or vemurafenib resistance (Supplementary Table 1). We performed RNA-seq analysis to determine
changes in transcriptome upon drug resistance. In two patients, the
levels of SOX10 mRNA were reduced (Fig. 4c and Extended Data
Fig. 6f). EGFR and PDGFRB mRNA were greatly increased in patient
5, whereas no evidence was found in this patient of alternative BRAF
splicing7 or BRAF overexpression (Extended Data Fig. 7a, b). Patient 3
had strong induction of EGFR protein post-resistance (Fig. 1a), but at
first glance, EGFR mRNA levels appeared only minimally induced.
However, scrutiny of the RNA-seq data revealed that the apparent lack
of induction of EGFR in this tumour sample pair is caused by the
abnormally high EGFR transcript abundance in the pre-treatment
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and receptor tyrosine kinase expression in
melanoma. a. Intermittent drug dosing alters
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of SOX10KD cells. The infected cells were seeded in
6-well plates, samples collected and stained with
antibody against EGFR for flow cytometry analysis
at day 0, day 7 and day 14 (0.5 mM vemurafenib
treatment started on day 0 and stopped on day 7).
pLKO.1 (Ctrl) vector served as a control. b, Inverse
correlation between SOX10 and EGFR in a panel of
human BRAF mutant melanoma cell lines. Relative
gene expression levels of SOX10 and EGFR were
acquired from the Cancer Cell Line Encyclopedia
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correlation coefficient. c, Differential gene
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receptors and TGF-b target genes in pre- and posttreatment patient tumour biopsies. Total RNA was
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tumour biopsies of patient 5, 2 and 6 both before
and after development of drug resistance. After
reverse transcription, gene expression levels were
determined by transcriptome sequencing (patient 5
and patient 2) qRT–PCR analysis (patient 6). Error
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(n 5 3). d, Model for senescence induction after
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sample and not the lack of EGFR expression in the post-treatment
sample (Extended Data Fig. 6g). This is most probably owing to the
contamination of this sample with the strongly EGFR-positive skin
material (see Fig. 1a). These tumours also manifested increased TGF-b
signalling (Fig. 4c and Extended Data Fig. 6h). Two further pairs of
tumour samples showed induction of EGFR and PDGFRB without
notable loss of SOX10 after drug resistance emerged. These tumours
displayed induction of TGF-b receptor expression and induction of a
number of bona fide TGF-b targets, indicating that these tumours
somehow had acquired TGF-b signalling (and subsequent induction
of EGFR and PDGFRB expression) in a SOX10-independent fashion
(Fig. 4c).
Clinical evidence indicates that melanoma patients that have developed vemurafenib resistance can regain sensitivity to the drug after a
drug holiday, suggesting a reversible and adaptive transcriptional response to the drug26. That drug resistance is reversed in the absence
of drug indicates that this adaptive response is not favoured in the
absence of drug. Our data provide a molecular underpinning for the
concept that drug resistance may arise at a fitness cost in the absence of
drug (Fig. 4d). Melanoma patients whose tumours acquire EGFR
expression as a result of drug resistance development may be candidates to be re-treated with drug after a drug holiday.

METHODS SUMMARY
Pooled shRNA Screen. A ‘chromatin regulator’ shRNA library targeting 661
genes was constructed from the TRC human genome-wide shRNA collection
(TRC-Hs1.0). Lentiviral shRNA vectors generated from the pooled library were
used to infect A375 cells. Cells stably expressing shRNA were selected by vemurafenib and then FACS sorted for EGFR expression. Massive parallel sequencing
was used to determine the enriched shRNA in the selected cell population.
Melanoma patient tumour samples. Permission was granted by the NKI and
IGR ethical committee to take biopsies from BRAF(V600E) mutant patients before
and after vemurafenib, dabrafenib or trametinib treatment. All patients consented
to participate in the study. BRAF(V600E) mutation status was determined by
Departments of Pathology at NKI and IGR.
Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Cell lines. The A375 melanoma cell line was obtained from ATCC. SK-MEL-28
and COLO679 were gifts from D. Peeper (Amsterdam, The Netherlands). WM2664 cell line was provided by R. Marais (Manchester, UK) A375 and WM266-4 cells
were cultured in DMEM medium supplemented with 8% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine. COLO679 cell was cultured in RPMI medium
supplemented with 8% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine.
Compounds, antibodies and reagents. Trametinib (#S2673), vemurafenib (#
S1267), gefitinib (#S1025) and GDC0941 (#S1065) were purchased from Selleck
Chemicals. TGF-b1 was purchased from R&D (#240-B-010).
Antibodies against HSP90 (H-114), p21 (C-19), TGFBR2 (C-16), p-c-JUN (KM-1)
and c-JUN (N) were from Santa Cruz Biotechnology; anti-EGFR for FACS application (GR01L) was from Millipore; anti-EGFR for western blot analysis (610017), RB
(554136) and p27 (610242) antibodies and RTK arrays were from BD Biosciences;
Antibodies against TGFBR3(#2519), p-RB (#9307), p-MEK(#9154), MEK (#4694)
and PDGFRB(#4564, #3166) were from Cell Signaling; antibody against SOX10
(ab155279) was from Abcam. CellTiter-Blue Cell Viability Assay was from Promega.
Plasmids. Individual shRNA vectors used were collected from the TRC library (Supplementary Table 6). The following plasmids were purchased from Addgene to generate
pLX304-EGFP, pLX301-SOX10, pLX304-EGFR, pLX301-EGFR and pLX304-TGFBR2
constructs by Gateway cloning8,27,28. Plasmid 24749: pDONR221-hSOX10; Plasmid
25890: pLX304; Plasmid 25895: pLX301; Plasmid 25899: pDONR221_EGFP; Plasmid
23935: pDONR223-EGFR; Plasmid 23623: pDONR223-TGFBR2.
FACS-assisted shRNA screen with a customized library. Lentiviral vectors (pLKO.1)
encoding shRNAs that target chromatin regulator genes are listed in Supplementary
Table 2. The chromatin regulator library contains six plasmids pools. Lentiviral supernatants of the plasmids were produced as described at (http://www.broadinstitute.org/
rnai/public/resources/protocols). A375 cells were infected independently by the six
virus pools (multiplicity of infection , 1) and selected with puromycin (2 mg ml21)
for cells containing integrated shRNA. Cells were then pooled and seeded at 350,000
cells per 15 cm dish in the absence or presence of 0.5 mM vemurafenib (8 dishes for
each condition) for 21 days. The medium was refreshed every 3 days. The cells without
vemurafenib treatment were collected at day 12. At day 21, the cells treated with vemurafenib were collected using 2 mM EDTA (#E4884, Sigma-Aldrich). Then, the
cells were stained with mouse anti-human EGFR antibody primarily (#GR01L, Clone
528, Millipore), followed by secondary staining with Alexa Fluor 647 conjugated goat
anti-mouse IgG antibody (#A-21236, Invitrogen), after which the cells were washed
and suspended in DMEM medium containing 2% FBS. BD FACSAria III (BD Bioscience) was used to sort out EGFRhi cells. The FACS data was analysed by FlowJo
programme version 7.6.3 (Tree Star). The genomic DNA was isolated from non-drugtreated control cells and drug-treated EGFRhi cells using DNeasy Blood and Tissue Kit
(#69506 Qiagen). shRNA inserts were recovered from 500 ng genomic DNA following by the experimental steps of PCR amplification (PCR1 and PCR2) as described3.
PCR product purification was performed using High Pure PCR Product Purification
Kit according to the manufacturer’s instructions (#11732676001, Roche). Purified
PCR products were subjected to deep sequencing to identify the shRNA inserts.
Staining of b-galactosidase activity. For Fig. 1f, Extended Data Fig. 2f and Extended Data Fig. 4e, the staining method is as follows. Cells were washed with PBS
and fixed with 0.5% glutaraldehyde solution (in PBS pH 7.4) for 15 min at room
temperature. Then the cells were washed with PBS for 5 min and with 0.925 mM
MgCl2 solution (in PBS pH 6.0) twice for 5 min at room temperature. X-gal staining solution (freshly prepared) was added to the cells and the incubation was performed at 37 uC for 8 h to overnight. Cells were washed again 3 times with PBS for
5 min at room temperature before the pictures were taken.
For Fig. 3f and Extended Data Fig. 5e, Senescence Cells Histochemical Staining Kit
(CS0030-1KT) from Sigma was applied according to the manufacturer’s instructions.
Long-term cell proliferation assays. Cells were seeded into 6-well plates (3 3 104
cells per well) and cultured both in the absence and presence of drugs as indicated.
For full details, see ref. 29.
Protein lysate preparation and immunoblots. Cells were seeded in medium
containing 8% fetal bovine serum (FBS) for 24 h, and then washed with PBS
and lysed with RIPA buffer supplemented with protease inhibitor (cOmplete,
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Roche) and Phosphatase Inhibitor Cocktails II and III (Sigma). All lysates were
freshly prepared and processed with Novex NuPAGE Gel Electrophoresis Systems
(Invitrogen).
Mouse xenografts. Retroviral vector–transduced A375 cells (5 3 106 cells per mouse)
were injected subcutaneously into the right posterior flanks of 7-week-old immunodeficient CD1 nude female mice (6 mice per group; Charles River Laboratories, Calco,
Italy). Tumour formation was monitored twice a week, and tumour volume based on
calliper measurements was calculated by the modified ellipsoidal formula (tumour
volume 5 1/2(length 3 width2)). When tumours reached a volume of approximately
0.3 cm3, mice were randomized into treatment arms and treated for a 21-day period.
Trametinib was formulated in 0.5% hydroxypropylmethylcellulose (Sigma) and 0.2%
Tween-80 in distilled water pH 8.0, and it was dosed at 0.15 mg per kg daily by oral
gavage. All animal procedures were approved by the Ethical Commission of the
University of Turin and by the Italian Ministry of Health and they were performed
in accordance with institutional guidelines.
Melanoma patient tumour samples. Permission was granted by the NKI or IGR
ethical committee to take biopsies from BRAF(V600E) mutant patients before and
after vemurafenib, dabrafenib or trametinib treatment. All patients consented to
participate in the study. BRAF(V600E) mutations were determined by Department
of Pathology at NKI or IGR.
Immunohistochemistry. For EGFR staining, FFPE samples, immunohistochemistry was performed on a BenchMark Ultra autostainer (Ventana Medical Systems,
Inc.) Briefly, paraffin sections were cut at 4 mm, heated at 75 uC for 28 min and
deparaffinized in the instrument with EZ prep solution (Ventana Medical Systems).
Heat-induced antigen retrieval was carried out using Cell Conditioning 1 (CC1,
Ventana Medical Systems). EGFR was detected by incubating sections with antibody clone 5B7 (5278457001; Roche (Ventana)) for 16 min. Specific reactions were
detected using UltraView Universal Alkaline Phosphatase Red Detection or DAB
Kit (Ventana Medical Systems), and slides were counterstained with haematoxylin.
EGFR staining, fresh-frozen samples. Fresh-frozen sections (4-mm thick) were
mounted on 3-aminopropylethoxysilane (Sigma) and glutaraldehyde coated slides.
After 10 min fixation with ethanol, slides were incubated with anti-EGFR using
clone 31G7 (1:50; Life technologies, Zymed) using standard procedures, followed
by incubation with the PowerVision Poly-HRP anti-mouse IgG (ImmunoLogic).
Sections were counterstained with haematoxylin.
RNA isolation, qRT–PCR and RNA sequencing
FFPE samples. Method of total RNA isolation from FFPE samples is as described
previously18. cDNA was obtained by reverse transcription using High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, AB) according to the manufacturer’s
instructions. EGFR expression assay (Hs01076078_m1), SOX10 expression assay
(Hs00366918_m1), PDGFRB expression assay (Hs01019589_m1), TGFBR3 expression assay (Hs01114253_m1), TGFBR2 expression assay (Hs00234253_m1), CTGF
expression assay (Hs01026927_g1), TAGLN expression assay (Hs01038777_g1),
CYR61 expression assay (Hs00998500_g1), JUN expression assay (Hs01103582_s1)
and ACTB expression assay (Hs01060665_g1) were used to detect the gene expression
on the AB 7500 Fast Real-time PCR system following the manufacturer’s instructions.
Cell line samples. RNA isolation from cell lines harvested with TRIzol reagent
(Invitrogen) according to the manufacturer’s instruction. cDNA synthesis was
performed with Maxima Universal First Strand cDNA Synthesis Kit (#K1661,
Thermo scientific) according to manufacturer’s instruction. The primers were
used for qRT–PCR are described in Supplementary Table 7.
For RNA sequencing, the library was prepared using TruSeq RNA sample prep
kit according to the manufacturer’s protocol (Illumina). RNA sequencing data are
available at http://www.ncbi.nlm.nih.gov under accession number GSE50535.
27.
28.
29.

Yang, X. et al. A public genome-scale lentiviral expression library of human ORFs.
Nature Methods 8, 659–661 (2011).
Cronin, J. C. et al. Frequent mutations in the MITF pathway in melanoma. Pigment
Cell Melanoma Res 22, 435–444 (2009).
Huang, S. et al. ZNF423 is critically required for retinoic acid-induced
differentiation and is a marker of neuroblastoma outcome. Cancer Cell 15,
328–340 (2009).
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Extended Data Figure 1 | Ectopic expression of oncogenic version of EGFR
effectors induces senescence at different levels. Oncogenic BRAF(V600E),
MEK (MED-DD), PIK3CA(H1047R), or AKT (Myr-AKT) were introduced to
A375 cells by retroviral transduction. pBabe empty vector served as a control
vector (Ctrl). Senescence was detected by staining of b-galactosidase activity.
All experiments shown were performed independently at least three times.

47

©2014 Macmillan Publishers Limited. All rights reserved

53

Chapter 3
LETTER RESEARCH

Extended Data Figure 2 | Effects of SOX10 suppression in melanoma.
a, Suppression of SOX10 strongly induces EGFR expression. Multiple
independent shRNA vectors (5 vectors per gene) targeting the top 10 gene
candidates were individually introduced to A375 cells by lentiviral
transduction. The level of EGFR induction was determined by qRT–PCR
analysis of the relative mRNA level of EGFR. pLKO.1 empty vector served as a
control vector (Ctrl). b, Knockdown efficiency of the shRNA vectors targeting
the top 10 gene candidates from the genetic screen. Multiple independent
shRNA vectors targeting the top 10 candidate genes were individually
introduced to A375 cells by lentiviral transduction. The knockdown efficiency
of the shRNA vectors was determined by qRT–PCR analysis of the mRNA
levels of the corresponding genes. Means of duplicate measurements are shown.
c, SOX10 suppression leads to EGFR upregulation in a second BRAF(V600E)
mutant melanoma cell line SK-MEL-28. Error bars represent s.d. of
measurement replicates (n 5 3). d, Two independent shRNAs targeting SOX10
confer vemurafenib resistance. A375 cells expressing shRNAs against SOX10
were seeded at the same density in 96-well plates and treated with vemurafenib
at the indicated concentrations for 6 days. Cell viability was determined by
CellTiter-Blue assay according to the manufacturer’s instruction. Relative
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survival is presented as the ratio of cell viability in the presence of vemurafenib
to that in the absence of drug treatment. Error bars represent the s.d. of
triplicate independent experiments. e, SOX10 suppression is a disadvantage for
melanoma cell proliferation. shRNAs targeting SOX10 were introduced into
A375 cells by lentiviral transduction. pLKO.1 empty vector served as a control
vector (Ctrl). After puromycin selection, cells were seeded in 384-well and cell
confluence was measured by IncuCyte imaging system. Error bars represent s.d.
of triplicate independent experiments. f, SOX10 suppression induces
senescence. Senescence was detected by staining of b-galactosidase activity.
g, Western blot analysis of RB protein, CDK inhibitors CDKN1A (p21cip1) and
CDKN1B (p27kip1) in SOX10 knockdown A375 cells. HSP90 served as a
loading control. h, Vemurafenib treatment selects for cells that have higher level
of EGFR and lower level of SOX10. A375 cells expressing shRNAs targeting
SOX10 as described above were cultured in the absence or presence of 1 mM
vemurafenib for 10 days before the sample collection for qRT–PCR analysis.
Error bars represent s.d. of measurement replicates (n 5 3). All experiments
shown, except panels a and b, were performed independently at least three
times.
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Extended Data Figure 3 | SOX10 knockdown and TGF-b activation induce
multiple RTKs. a, EGFR inhibition (gefinitib) is not sufficient to restore
vemurafenib sensitivity of SOX10 knockdown cells. Targeting PI3K, a common
downstream effector of RTKs, with a selective inhibitor (GDC0941) sensitizes
SOX10 knockdown cells to vemurafenib. shRNAs targeting SOX10 were
introduced into A375 cells by lentiviral transduction. pLKO.1 empty vector
served as a control vector (Ctrl). Cells were seeded in 6-well plates at the same
density in the presence or absence of drug(s) at the indicated concentration.
Cells were cultured for 2 weeks in the absence of vemurafenib or 4 weeks in the
presence of vemurafenib before fixing and staining. Figure 2e is shown again as
a reference. b, Increased RTKs activation in SOX10 knockdown cells by longterm vemurafenib treatment. A375 cells infected by shSOX10-1 vector or the
PLKO.1 empty vector (Ctrl) were cultured in the absence or presence of 1 mM
49

vemurafenib for the indicated number of days and processed with Human
Phospho-Receptor Tyrosine Kinase Array Kit (R&D) according to the
manufacturer’s instructions. c, SOX10 knockdown upregulates both EGFR
and PDGFRb. Quantification of protein and mRNA were accomplished by
western blot and qRT–PCR analysis. Error bars represent s.d. of measurement
replicates (n 5 3). d, Increased RTKs activation in A375 cells by long-term
treatment with recombinant TGF-b (200 pg ml21) and vemurafenib (1 mM).
A375 cells were cultured in the presence of vemurafenib (1 mM), recombinant
TGF-b (200 pg ml21) or their combination for indicated number of days and
processed with Human Phospho-Receptor Tyrosine Kinase Array Kit (R&D)
according to the manufacturer’s instructions. All experiments shown except
RTK array analysis were performed independently at least twice.

©2014 Macmillan Publishers Limited. All rights reserved

55

Chapter 3
LETTER RESEARCH

Extended Data Figure 4 | SOX10 loss activates TGF-b signalling and
induces senescence in WM266-4 cells. a, SOX10 loss confers vemurafenib
resistance in BRAF(V600D) melanoma cell line WM266-4. Cells expressing
empty vector PLKO.1 (Ctrl) or shRNAs targeting SOX10 transduced by
lentivirus were treated with increasing concentrations of vemurafenib for
6 days. Cell viability was determined by CellTiter-Blue assay according to the
manufacturer’s instructions. Relative survival is represented as the ratio of cell
viability in the presence of vemurafenib to that in the absence of drug treatment.
Error bars represent s.d. of triplicate independent experiments. b, SOX10
downregulation leads to growth deficit in WM266-4 cells. Cells expressing the
control vector pLKO.1 (Ctrl) or shRNAs against SOX10 were seeded at the
same density in 96-well plates and cultured for 6 days. Cell viability was
determined by CellTiter-Blue assay. Error bars represent s.d. of triplicate
independent experiments. c, SOX10 suppression results in EGFR and PDGFRB
upregulation in WM266-4 cells. Error bars represent s.d. of measurement
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replicates (n 5 3). d, SOX10 loss upregulates TGF-b receptor and its bona fide
target genes. Relative mRNA level of EGFR, PDGFRB, SOX10, ANGPTL4,
TAGLN, CYR61, CTGF, TGFBR2 and JUN were determined by qRT–PCR
analysis. pLKO.1 empty vector served as a control vector (Ctrl). Error bars
represent s.d. of measurement replicates (n 5 3). e, SOX10 suppression induces
senescence in WM266-4 cells. Senescence was detected by staining of
b-galactosidase activity. f, Western blot analysis of RB protein, p-RB (S780),
and CDK inhibitor CDKN1B (p27kip1) in SOX10 knockdown cells. HSP90
served as a loading control. g, Vemurafenib treatment compromises oncogene
induced senescence in SOX10 knockdown cells. WM266-4 cells expressing
pLKO.1 (Ctrl) or shSOX10-1 were seeded at the same density in 6-well plates
and cultured in the absence or presence of vemurafenib at indicated
concentration for 72 h before the sample collection for western blot analysis. All
experiments shown were performed independently at least three times.
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Extended Data Figure 5 | SOX10 loss activates TGF-b signalling and
induces senescence in COLO679 cells. a, SOX10 loss confers vemurafenib
resistance in BRAF(V600E) melanoma cell line COLO679. Cells expressing
empty vector pLKO.1 (Ctrl.) or shRNAs targeting SOX10 transduced by
lentivirus were treated with increasing concentrations of vemurafenib for
6 days. Cell viability was determined using CellTiter-Blue according to the
instruction of manufacturer. Relative survival is represented as the ratio of cell
viability in the presence of vemurafenib to that in the absence of drug treatment.
Error bars represent s.d. of triplicate independent experiments. b, SOX10
downregulation leads to growth deficit in COLO679 cells. Cells expressing the
control vector pLKO.1 (Ctrl) or shRNAs targeting SOX10 were seeded at the
same density in 96-well plates and cultured for 6 days. Cell viability was
determined using CellTiter-Blue assay. Error bars represent s.d. of triplicate
51

independent experiments. c, SOX10 suppression results in EGFR and PDGFRB
upregulation in COLO679 cells. Error bars represent s.d. of measurement
replicates (n 5 3). d, SOX10 loss upregulates TGF-b receptor and its bona fide
target genes in COLO679 cells. Relative mRNA level of EGFR, PDGFRB,
SOX10, ANGPTL4, TAGLN, CYR61, CTGF, TGFBR2 and JUN were
determined by qRT–PCR analysis. pLKO.1 empty vector served as a control
vector (Ctrl). Error bars represent s.d. of measurement replicates (n 5 3).
e, SOX10 suppression induces senescence in COLO679 cells. Senescence was
detected by staining of b-galactosidase activity. f, Western blot analysis of RB
protein, p-RB (S780) and CDK inhibitor CDKN1B (p27kip1) in SOX10
knockdown cells. HSP90 served as a loading control. All experiments shown
were performed independently at least three times.
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Extended Data Figure 6 | EGFR and SOX10 expression are inversely
correlated in melanoma. a, A375 cells infected by two independent nonoverlapping shSOX10 vectors or the pLKO.1 empty vector (Ctrl) were cultured
in the absence or presence of 1 mM vemurafenib for the indicated number of
days. The last two samples (labelled in blue) were first treated with 1 mM
vemurafenib for 10 days and subsequently cultured in the absence of
vemurafenib for the indicated number of days. Means of duplicate
measurements are shown. b, Inverse correlation between SOX10 and PDGFRB
in panel of human BRAF mutant melanoma cell lines. Relative gene expression
levels of SOX10 and PDGFRB were acquired from Cancer Cell Line
Encyclopedia (CCLE). R stands for Pearson product-moment correlation
coefficient. c, d, Ectopic expression of SOX10 suppresses TGF-b signalling and
downregulates EGFR and PDGFRB in LOXIMVI cell line. SOX10 was
introduced to LOXIMVI cells by lentiviral transduction (SOX10, pLX301SOX10). pLX301-GFP served as a control vector (Ctrl). Protein levels were
determined by western blot analysis and mRNA levels were determined by
qRT–PCR analysis. Error bars represent s.d. of measurement replicates (n 5 3).
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e, Ectopic expression of SOX10 sensitizes LOXIMVI cell to vemurafenib. Cells
expressing GFP or SOX10 transduced by lentivirus were treated with increasing
concentrations of vemurafenib for 6 days. Cell viability was determined using
CellTiter-Blue assay. Relative survival is represented as the ratio of cell viability
in the presence of vemurafenib to that in the absence of drug treatment. Error
bars represent s.d. of triplicate independent experiments. f, SOX10, EGFR and
PDGFRB expression levels in tumour biopsies from patient 3. g, EGFR
expression levels in patient tumour samples (patient 2, 3 and 5), represented as
percentage of EGFR transcript reads of the total number of transcript reads
obtained through RNA-seq analysis. h, Gene expression level of TGF-b
receptors and target genes in tumour biopsies from patient 3. f–h, Total RNA
was isolated from FFPE specimens derived from tumour biopsies of patient as
indicated both before and after development of drug resistance (Fig. 1a, b).
After reverse transcription, gene expression levels were determined by
transcriptome sequencing. All experiments shown except the ones that involve
clinical samples were performed independently at least twice.
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Extended Data Figure 7 | Role of BRAF and MITF in SOX10-induced drug
resistance. a, PCR analysis of a BRAF splicing variant in cDNA from patient 5.
PCR primers flanking the junction of exon 3 and exon 9 was used to detect the
61 kDa BRAF variant identified by ref. 7. cDNA derived from C4 clone of
SKMEL-239 cells served as a positive control. b, Differential gene expression of
BRAF and neural cell markers in patient biopsies. Total RNA was isolated from
FFPE specimens derived from tumour biopsies of patient 5 before and after
development of drug resistance (Fig. 1b). After reverse transcription, gene
expression levels were determined by transcriptome sequencing. c, SOX10
suppression leads to MITF downregulation. The mRNA levels of MITF and
SOX10 were determined by qRT–PCR analysis. pLKO.1 empty vector served as
a control vector (Ctrl). Error bars represent s.d. of measurement replicates
53

(n 5 3). d, Suppression of MITF does not induce EGFR or PDGFRB. shRNAs
targeting MITF were introduced to A375 cells by lentiviral transduction.
Relative mRNA level of SOX10, MITF, EGFR, PDGFRB and DCT were
determined by qRT–PCR analysis. Error bars represent s.d. of measurement
replicates (n 5 3). e, MITF knockdown does not affect vemurafenib sensitivity.
shRNAs targeting MITF were introduced to A375 cells by lentiviral
transduction. Cells were seeded at the same density in 6-well plates and cultured
in the absence or presence of vemurafenib (for 3 weeks) at the indicated
concentrations. The cells were fixed, stained and photographed. All
experiments shown except the ones that involve clinical samples were
performed independently at least twice.
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SUMMARY

There are no effective therapies for the 30% of
human malignancies with mutant RAS oncogenes.
Using a kinome-centered synthetic lethality screen,
we find that suppression of the ERBB3 receptor tyrosine kinase sensitizes KRAS mutant lung and colon
cancer cells to MEK inhibitors. We show that MEK
inhibition results in MYC-dependent transcriptional
upregulation of ERBB3, which is responsible for
intrinsic drug resistance. Drugs targeting both
EGFR and ERBB2, each capable of forming heterodimers with ERBB3, can reverse unresponsiveness
to MEK inhibition by decreasing inhibitory phosphorylation of the proapoptotic proteins BAD and
BIM. Moreover, ERBB3 protein level is a biomarker
of response to combinatorial treatment. These data
suggest a combination strategy for treating KRAS
mutant colon and lung cancers and a way to identify
the tumors that are most likely to benefit from such
combinatorial treatment.

anoma patients with BRAF mutant tumors (Flaherty et al., 2010).
Some 20%–30% of all human malignancies have oncogenic
mutations in a RAS gene family member (Bos, 1989), but pharmacological inhibition of RAS proteins in the clinic remains
challenging. An alternative approach to targeting mutant RAS involves using small molecule inhibitors targeting downstream
RAS effectors: the RAF-MEK-ERK kinases. However, to date,
the results of MEK inhibition in cancer have been modest, both
in the clinic and in patient-derived xenograft models (Adjei
et al., 2008; Jänne et al., 2013; Migliardi et al., 2012). Such a
lack of response to inhibition of a pathway that is activated in
cancer may result from feedback activation of the inhibited
pathway or a secondary pathway that supports cancer cell
viability in the presence of the inhibitory drug (reviewed in Bernards, 2012).
Therefore, we set out to search for kinases whose inhibition is
synthetic lethal with MEK inhibition in both KRAS mutant
NSCLC, a form of cancer in which this gene is activated with a
frequency of around 30% (Bos, 1989), and in KRAS mutant colon
cancer, where KRAS mutational activation occurs in more than
40% of cases (Pylayeva-Gupta et al., 2011). Using a kinomecentered synthetic lethality screen in a KRAS mutant NSCLC
cell line, we now identify kinases whose inhibition is synthetic
lethal when combined with MEK inhibition.

INTRODUCTION
RESULTS
Cancer treatment is gradually changing from an organ-centered
to a pathway-centered approach. Cancer cells are often
addicted to signals generated by cancer-causing genes. Consequently, targeted cancer drugs that selectively inhibit the
products of activated oncogenes can have dramatic effects on
cancer cell viability (Weinstein, 2002). This approach has yielded
significant clinical results for non-small-cell lung cancer (NSCLC)
that have activating mutations in EGFR (Lynch et al., 2004) or
translocations of the ALK kinase (Kwak et al., 2010) and for mel-
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KRAS Mutant Cancer Cell Lines Are Unresponsive to
MEK Inhibitors
To study how KRAS mutant cancer cells respond in vitro to MEK
inhibition, we determined the efficacy of the MEK inhibitor selumetinib (AZD6244) in four NSCLC and four colon cancer cell lines
using a long-term proliferation assay. Figure 1A shows that all
but one colon cancer cell line were relatively insensitive to selumetinib. Consistent with this, the vast majority of the KRAS
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Figure 1. A Synthetic Lethal shRNA Screen
Identifies that ERBB3 Inhibition Confers
Sensitivity to MEK Inhibitor in KRAS Mutant
NSCLC
(A) Sensitivity of indicated KRAS mutant NSCLC
(H358, H2030, H2122, and H23) and CRC (H747,
SW480, SW620, and SW837) cell lines to selumetinib. Drug sensitivity was determined by clonogenic assay. Cells were treated with increasing
concentration of selumetinib as indicated for
18 days. Afterward, the cells were fixed with 4%
formaldehyde solution in PBS, stained with 0.1%
crystal violet, and photographed.
(B) Pooled shRNA screen identified ERBB3 as
synthetic lethal with MEK inhibition. Each dot in the
plot represents an shRNA from the screen experiment. The y axis shows the fold change in abundance (ratio of shRNA frequency in selumetinib
treated sample to that in the untreated sample). The
x axis represents the frequency (the average counts
of sequencing reads in the untreated sample).
(C–E) Suppression of ERBB3 by shRNA enhances
response to MEK inhibitor. H358 KRAS mutant
NSCLC cells were infected with two independent
shRNAs targeting ERBB3 as indicated. pLKO.1
vector served as a control vector. After puromycin
selection, (C) cells were cultured in the absence or
presence of 1 mM selumetinib for 21 days. The cells
were fixed, stained, and photographed. (D) Crystal
violet was extracted from the stained cells by
10% acetic acid and quantified by measuring the
absorbance at 600 nm. Error bars represents SD.
(E) The level of ERBB3 knockdown was determined
by western blot. HSP90 protein level served as a
loading control.
(F) MEK inhibition induces ERBB3 activation and
upregulation. H358 cells were cultured in the
absence or presence of 1 mM selumetinib, and the
cell lysate was collected at the indicated time points.
p-ERBB3, ERBB3, p-ERK, ERK, p-p90RSK, and
RSK1 were determined by western blot analysis.
(G) ERBB3 suppression enhances the potency of
MEK inhibitor. shRNA targeting ERBB3 were introduced into H358 cells by lentiviral transduction.
Cells were cultured in medium either with or without
1 mM selumetinib for 24 hr before the harvest for
western blot analysis.

mutant cancer cell lines present in the Sanger and CCLE cell line
encyclopedias (Barretina et al., 2012; Garnett et al., 2012) have
an IC50 for selumetinib of over 1 mM (Figures S1A and S1B).
Together, these cell line data recapitulate the animal studies
and the early-phase clinical trial data that show only a modest
activity of MEK inhibition in KRAS mutant tumors (Adjei et al.,
2008; Jänne et al., 2013; Migliardi et al., 2012).
A Synthetic Lethal Screen with MEK Inhibitor
We have recently described the use of a kinome-centered synthetic lethal screening approach, which enables the identification of kinases whose inhibition is strongly synergistic with a
cancer drug of interest (Prahallad et al., 2012). In brief, in such
a genetic screen a collection of 3,530 short hairpin RNA (shRNA)
vectors that collectively target all 518 human kinases for suppression through RNA interference is introduced into cancer
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cells through lentiviral infection. Each of these knockdown vectors has a unique DNA-based molecular bar code identifier,
which allows quantification of the relative abundance of each
of the shRNA vectors in the presence and absence of drug (Prahallad et al., 2012). To find kinases whose suppression synergizes with selumetinib in KRAS mutant NSCLC, we infected
selumetinib-resistant H358 cells with the kinome shRNA library
and cultured cells both in the presence and absence of selumetinib. After 21 days, genomic DNA was isolated from both cells of
the treated and untreated populations, and the bar codes contained in the shRNA cassettes were recovered by PCR, and their
abundance was determined by deep sequencing. For hit selection, only shRNAs were included for which total mean read frequencies were over 1,000. To minimize the chance in identifying
off-target effects, hits were selected based on the presence of at
least two individual shRNAs targeting the same gene in the top
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Figure 2. Simultaneous Suppression of
EGFR and ERBB2 Sensitizes KRAS Mutant
Cancer Cells to MEK Inhibitor
(A) MEK inhibitor treatment increases ERBB3-EGFR
and ERBB3-ERBB2 heterodimers. H358 cells were
cultured with or without 1 mM selumetinib for 36 hr.
Immunoprecipitation was performed using EGFR-,
ERBB2-, or ERBB3-specific antibody. Rabbit and
mouse immunoglobulin G (IgG) served as control
antibodies. The precipitates were immunoblotted
for EGFR, ERBB2, and ERBB3. Two exposures of
the ERBB2 western blot are shown.
(B) Dual EGFR/ERBB2 inhibitors potentiate MEK
inhibitor. H358 NSCLC cell and SW837 CRC cell
were cultured in increasing concentration of MEK
inhibitor selumetinib alone, EGFR inhibitor gefitinib
alone, ERBB2 inhibitor CP724714 alone, EGFR/
ERBB2 dual inhibitor afatinib alone, or their combinations as indicated. Cells were harvested, fixed,
and stained after 21 days.
(C) Effects of pharmacological inhibition of EGFR,
ERBB2, MEK, and their combinations. Cells were
treated with selumetinib, gefitinib, CP724714, afatinib, and their combinations as indicated for 36 hr.
Responses of cells were examined by western blot
analysis with the indicated antibodies.

Similar results were obtained in KRAS
mutant SW480 and SW837 colon cancer
cells and H2030 and H2122 NSCLC cells
(Figures S1C–S1F).

list. Two independent shRNA vectors targeting the EGFR-related
kinase ERBB3 were among the top depleted shRNA vectors on
this list (Figure 1B; Table S1). To validate this finding, we infected
H358 cells with two ERBB3 shRNA vectors (both of which
reduced ERBB3 levels [Figures 1C–1E]) and cultured these cells
with or without selumetinib for 21 days. Inhibition of ERBB3 only
had minor effects on proliferation of H358 cells, but suppression
of ERBB3 in combination with selumetinib caused a marked
inhibition of proliferation in H358 cells (Figures 1C and 1D).
Consistently, we observed that MEK inhibitor treatment lead to
ERBB3 activation and upregulation, which coincided with ERK
reactivation (Figure 1F); ERBB3 suppression enhanced MEK inhibitor efficacy by further reducing ERK activity (Figure 1G).
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Dual EGFR/ERBB2 Inhibitors
Synergize with MEK Inhibitors
ERBB3 is the only kinase-defective member of the ERBB RTK gene family that consists of four members: ERBB1–4. ERBB3
can form heterodimeric active kinase
complexes with other members of the
ERBB family (Sithanandam and Anderson,
2008). We found that selumetinib treatment of H358 cells caused a marked increase in both ERBB3 and ERBB2 protein
(Figures 2C and 3A). Similar results were
obtained in SW837 colon cancer cells
and H2030 NSCLC, suggesting this is a
common response to MEK inhibition in both KRAS mutant lung
and colon cancer (Figures 3A and S2B). This resulted in an increase in EGFR-ERBB3 and ERBB2-ERBB3 heterodimeric complexes, as judged by coimmunoprecipitation (Figure 2A). To ask
which of these two heterodimeric complexes could be responsible for the poor response to selumetinib, we treated both
H358 cells and SW837 cells with a combination of selumetinib
and gefitinib (an EGFR inhibitor) or the combination of selumetinib and CP724714 (an ERBB2 inhibitor). Neither of these two
combinations showed strong synergy in long-term proliferation
assays, but the dual EGFR-ERBB2 inhibitors afatinib and dacomitinib each showed strong synergy with MEK inhibition, both in
the H358 cells and in SW837 cells (Figure 2B). Similar results
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Figure 3. MEK Inhibition Relieves a MYCDependent Transcriptional Repression of
ERBB3
(A and B) MEK inhibition causes MYC degradation
and ERBB2 and ERBB3 upregulation. Cells were
treated with 1 mM selumetinib for 24–48 hr before
the cell lysate was collected for (A) western blot
analysis with the indicated antibodies or (B) qRTPCR analysis for expression of ERBB2 and ERBB3.
(C and D) MYC suppression leads to ERBB2 and
ERBB3 upregulation. Cells were infected with two
independent shRNAs targeting MYC. pLKO.1 vector served as control. After puromycin selection,
cells were subjected to (C) western blot or (D) qRTPCR analysis to measure expression of MYC,
ERBB2, and ERBB3.
(E and F) Ectopic expression of MYC(S62) blocks
MEK inhibitor induced ERBB2 and ERBB3 upregulation. MYC(S62D) was introduced to H2030
NSCLC cells by retroviral transduction. pBabe
empty vector served as control. Cells were treated
with 1 mM selumetinib for 36 hr before the harvest for
(E) qRT-PCR and (F) western blot analysis for
ERBB2 and ERBB3 expression.
(G) Induction of ERBB2 and ERBB3 in KRAS mutant
CRC patient-derived xenografts (PDX) following
in vivo treatment with selumetinib. The 19 cases
were derived from different patients, either untreated or treated with selumetinib (25 mg/kg QD)
for 3 or 6 weeks. Mice were systematically sacrificed no later than 4 hr after the last drug administration. Tumor samples were fresh frozen and
subjected to RNA isolation and human-specific
TaqMan probe-based gene expression analysis
afterward.
(H) Induction of ERBB2 and ERBB3 by MEK inhibitor
treatment in paired biopsies (before and during
trametinib treatment) from a KRAS mutant NSCLC
patient. Tumor biopsy specimens were formalin
fixed, paraffin embedded. After RNA isolation,
ERBB2 and ERBB3 expression levels were determined by TaqMan probe-based gene expression
analysis. Error bars represent mean ± SD.

were seen in three additional KRAS mutant cells lines: SW620
(colon), H2030 (lung), and H2122 (lung, Figure S2A). Moreover,
a second MEK inhibitor (GSK1120212, trametinib) also showed
strong synergy with afatinib in four different KRAS mutant colon
and lung cancer cell lines (Figure S4A). We conclude that MEK
inhibition leads to the formation of kinase-active EGFR-ERBB3
and ERBB2-ERBB3 heterodimeric complexes and that both
need to be inhibited to enable colon cancer and lung cancer cells
to respond to MEK inhibition. This conclusion is further supported by the notion that only the combination of shRNA vectors
against both EGFR and ERBB2 synergize with selumetinib, but
not either shRNA vector alone (Figures S2E and S2F).
MYC Inhibition Relieves Transcriptional Repression of
ERBB3
Selumetinib caused an increase in both total ERBB3 and active
phospho-ERBB3 (p-ERBB3) in both H358 and in SW837 cells,
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and similar effects were seen for ERBB2 (Figures 2C and 3A).
MEK-ERK signaling is known to enhance stability of MYC
through phosphorylation of the serine 62 residue (Sears et al.,
1999, 2000). Moreover, MYC has been shown to be a negative regulator of ERBB2 transcription (Suen and Hung, 1991).
Induction of ERBB3 was first seen around 12–24 hr postselumetinib exposure, indicating that a transcriptional response
may be involved in the activation of this receptor (Figures 1F
and S1G). Indeed, inhibition of MEK by selumetinib caused a
decrease in MYC protein in both NSCLC and colon cancer
cells, and this was accompanied by an increase in both
ERBB2 and ERBB3 mRNA expression in multiple KRAS
mutant cell lines of lung and colon (Figures 3A, 3B, S3A, and
S3B). In addition, knockdown of MYC by two independent
shRNAs caused a reduction in MYC protein and an increase
in both ERBB2 and ERBB3 mRNA and protein (Figures 3C,
3D, and S3C).
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Consistent with a role for MYC SER62 phosphorylation in
induction of ERBB2 and ERBB3, we found that expression of
the phosphomimetic mutant MYC (SER62D) (Wang et al.,
2010) effectively blocked induction of both ERBB2 and
ERBB3 by selumetinib (Figures 3E and 3F). The induction of
ERBB2 and ERBB3 is most likely primarily at the level of
transcription, as ectopic expression of V5-tagged versions
of these proteins were not affected in their abundance by
MEK inhibition (Figure S3D). Moreover, we could exclude a
role for CtBP1 and CtBP2 as well as FOXD3 in regulation of
the ERBB proteins in response to MEK inhibition (Figures S3F
and S3G), because these genes have been implicated in
ERBB3 regulation in other cancer types (Abel et al., 2013;
Montero-Conde et al., 2013). Induction of ERBB2 and ERBB3
was also seen in half of 19 independent patient-derived xenografts from KRAS mutant colorectal cancers in response to
MEK inhibition in vivo (Figures 3G and S3E) (Migliardi et al.,
2012). Finally, we were able to obtain a paired biopsy from a
patient having a KRAS mutated adenocarcinoma of the lung
before and after 1 week of treatment with the MEK inhibitor trametinib in the context of a randomized phase II clinical trial.
Here, we observed induction of both ERBB2 and ERBB3 by
MEK inhibitor treatment, suggesting that this transcriptional
RTK activation is potentially also limiting responses to MEK inhibition in the clinic (Figure 3H).
Synergistic Inhibition of ERK Causes Apoptosis through
Activation of BAD and BIM
To address the mechanism by which selumetinib and afatinib
synergize to reduce viability of KRAS mutant lung and colon
cancer cells, we assayed induction of apoptosis over a 4 day
period in real time in the presence of selumetinib, afatinib, or
the combination of both drugs. Both the H358 and SW837 cells
displayed only modest evidence of apoptosis following drug
monotherapy, but strongly synergistic induction of apoptosis
when selumetinib and afatinib were combined (Figures 4A and
4B). Consistently, both drugs were also highly synergistic in induction of cleaved PARP, a hallmark of apoptotic cells (Figures
4C and 4D).
The RAF-MEK-ERK signaling cascade inhibits apoptosis in
part through induction of proapoptotic factors BAD and BIM
(Zha et al., 1996) (Corcoran et al., 2013). MEK-ERK inhibition induces BIM and decreases inhibitory phosphorylation of the
BAD, which can heterodimerize with BCL-XL and BCL-2,
neutralizing their protective effect and promoting cell death.
Only the nonphosphorylated BAD forms heterodimers that
promote cell death (Zha et al., 1996). BAD can be phosphorylated both by the MEK-ERK and the PI3K-AKT signaling
routes on SER112 and SER136, respectively (Bonni et al.,
1999; Datta et al., 1997; Scheid et al., 1999). Consistent with
the finding that afatinib and selumetinib synergize to inhibit
ERK signaling (Figures 2C, 4C, and 4D), we also observed a
clear synergistic inhibition of p-BAD SER112 by these two
drugs. Moreover, adding afatinib suppressed AKT signaling
and also BAD SER136 phosphorylation (Figures 4C and 4D).
In addition, we see induction of BIM by MEK inhibition and
decreased p-BIM SER69 upon ERK inhibition (Figures 4C
and 4D).
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In Vivo Validation of the Combination Therapy
We tested the effects of the drug combinations discussed above
on KRAS mutant NSCLC and CRC cells in vivo. We used the
MEK inhibitor trametinib, which showed the same synergy with
afatinib in vitro as selumetinib (Figure S4A). As can be seen in
Figures 4E and 4F, we observed a modest inhibition of tumor
growth when the MEK inhibitor and the dual EGFR-ERBB2 inhibitor afatinib were used alone and a complete inhibition of tumor
growth over prolonged time when the two drugs were given
together. The drug combination was well tolerated over the
4 week treatment period (Figure S4D). Moreover, in two independent patient-derived xenograft models of KRAS mutant CRC, we
also observed that both drugs combined were more effective in
the inhibition of tumor growth than either drug alone (Figures S4F
and S4G). In these models, we also observed increases in
ERBB2 and ERBB3 mRNA and protein upon MEK inhibition (Figures S4B, S4C, and S4H–S4K).
Biomarker of Response to the Combination Therapy
To ask whether KRAS mutant CRCs and NSCLCs are heterogeneous in their responses to combined MEK and EGFR+ERBB2
inhibition, we determined the degree to which combination of
MEK inhibitor and afatinib were synergistic in inhibition of proliferation of 21 CRC and NSCLC cell lines. We calculated the synergy scores for the combination of MEK inhibition and afatinib for
all cell lines (Table S2). The synergy score was low in cells having
low basal levels of ERBB3 protein and high for cells having high
basal ERBB3 expression (Figures 4G, 4H, and S4E). Altogether,
our data suggest a combination therapy for the treatment of
KRAS mutant NSCLC and colon cancers. Moreover, tumors
having high basal ERBB3 expression are most likely to benefit
from this combination.
DISCUSSION
We have used a kinome-centered synthetic lethality screen to
identify potential kinases whose inhibition is synergistic with
MEK inhibition in the treatment of KRAS mutant NSCLC and
colon cancers. Our data identify the Receptor Tyrosine Kinase
family member ERBB3 as a prominent ‘‘hit’’ in this screen with
the MEK inhibitor selumetinib. ERBB3 is not an active kinase
itself but forms active heterodimeric complexes with one of the
three other gene family members: ERBB1 (EGFR), ERBB2
(HER2), and ERBB4 (which is primarily expressed in the brain).
Our data indicate that MEK inhibition in KRAS mutant cancer
cells of lung and colon leads to degradation of MYC, consistent
with the established role for MEK-ERK signaling in stabilizing
MYC through phosphorylation of MYC serine 62 (Sears et al.,
1999, 2000). MYC is also known to act as a transcriptional
repressor of ERBB2 (Suen and Hung, 1991). We find that suppression of MYC not only activates ERBB2, but also ERBB3,
indicating that MYC also acts as a repressor of ERBB3. Consequently MEK inhibition causes a transcriptional upregulation of
both ERBB2 and ERBB3 and the formation of kinase-active
ERBB1-ERBB3 and ERBB2-ERBB3 heterodimeric complexes
that activate downstream PI3K-AKT and MEK-ERK signaling.
We found that inhibition of EGFR or ERBB2 alone with small
molecules did not synergize with MEK inhibition, whereas dual
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Figure 4. EGFR/ERBB2 Inhibitor and MEK Inhibitor Induce Apoptosis through Activation
of BAD and BIM
(A and B) H358 or SW837 cells were cultured
with normal medium or medium containing 1 mM
selumetinib, 1 mM afatinib or their combination.
Apoptotic cells were determined by CellPlayer kinetic caspase-3/7 apoptosis assay according to
the user manual.
(C and D) Cells were treated with 1 mM afatinib, 1 mM
selumetinib, or the combination for 48 hr. Western
blot analysis was performed with indicated antibodies to determine the biochemical response.
(E) H2122 KRAS mutant NSCLC cells were injected
subcutaneously in nude mice. Once tumors were
established, animals (five per group) were treated
with vehicle, afatinib (12.5 mg/kg daily), trametinib
(1 mg/kg daily), or both drugs in combination
(TRA+AFA). The mean percentage change in tumor
volume relative to initial tumor volume is shown.
Error bars represent mean ±SEM.
(F) Waterfall plot showing the percentage change in
tumor volume (relative to initial volume) for individual
mice following 31 days of continuous treatment with
the indicated drugs.
(G and H) Correlation between ERBB3 levels and
response to the combination of MEK and dual
EGFR/ERBB2 inhibitors.
(G) Western blot analysis of ERBB3 and HSP90
levels in a panel of KRAS mutant CRC and NSCLC
cell lines. HSP90 served as a loading control.
ERBB3-high and ERBB3-low cell lines are color
coded as black and red, respectively.
(H) High ERBB3 expression correlates with high
sensitivity to the treatment containing dual EGFR/
ERBB2 inhibitor (afatinib) and MEK inhibitor (trametinib). Sensitivity of each cell line to the combination treatment was presented as synergy score
that is calculated based on Lehár et al. (2009).

inhibitors of EGFR and ERBB2, such as afatinib and dacomitinib,
did show strong synergy with MEK inhibition. This explains why
only the common dimerization partner of these two active complexes was identified in the synthetic lethality screen. Upregulation of RTKs in colon cancer in response to MEK inhibition was
also seen by others (Ebi et al., 2011). More specifically, ERBB3
upregulation as a consequence of MEK inhibitor was seen in
BRAF mutant thyroid carcinomas and melanomas, but the proposed mechanisms differs from what we observe here (Abel
et al., 2013; Montero-Conde et al., 2013).
Due to increased signaling from the active ERBB3 kinase complexes, MEK inhibitors only caused a partial suppression of
MEK-ERK signaling in KRAS mutant tumors, whereas AKT
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signaling was even increased in the presence of MEK inhibitors. In contrast, in the
presence of both selumetinib and afatinib,
MEK-ERK signaling was more completely
inhibited, and AKT signaling was also suppressed strongly. We observed a highly
synergistic induction of apoptosis when
afatinib and selumetinib were combined
in KRAS mutant colon and lung cancer cells. This may be explained by the finding that the combination of afatinib and
selumetinib leads to a more complete inhibition of the phosphorylation of two key inhibitory residues on the proapoptotic BH3only proteins BAD and BIM. It has been shown previously that
phosphorylation of BAD at serine residues 112 and 136 sequesters BAD in 14-3-3 protein complexes at the plasma membrane,
thereby inhibiting its proapoptotic action, and a similar model of
inhibition by phosphorylation has been proposed for BIM (Datta
et al., 1997; Harada et al., 2004; Scheid et al., 1999; Zha et al.,
1996). Our data are consistent with a model in which selumetinib
and afatinib synergize to unleash the proapoptotic activity of
BAD and BIM, resulting in cell death. A similar conclusion was
Cell Reports 7, 86–93, April 10, 2014 ª2014 The Authors 91
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reached by others (Corcoran et al., 2013). It is possible that
cooperative induction of apoptosis through ERK inhibition also
underlies the greater efficacy of the combination of BRAF and
MEK inhibitors for the treatment of BRAF mutant melanoma
(Flaherty et al., 2012). Whether the combination therapy we identify here will be successful in the clinic will depend to a large
extent on how well the patients tolerate this drug combination.
EXPERIMENTAL PROCEDURES
Synthetic Lethality shRNA Screen
A kinome-centered shRNA library targeting 535 human kinases and kinaserelated genes was assembled from The RNAi Consortium (TRC) human
genome-wide shRNA collection (TRCHs1.0). The kinome shRNA library was
introduced to H358 cells by lentiviral transduction. Cells stably expressing
shRNA were cultured in the presence or absence of selumetinib. The abundance of each shRNA in the pooled samples was determined by Illumina
deep sequencing. shRNAs prioritized for further analysis were selected by
the fold depletion of abundance in selumetinib-treated sample compared
with that in untreated sample. Further details are described in Prahallad
et al. (2012).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.02.045.
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Figure S1. A synthetic lethal shRNA screen identified ERBB3 suppression confers
sensitivity to MEK inhibitor in KRAS mutant cancers
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(A, B) Sensitivity of KRAS mutant cancer cell lines to selumetinib in large cell line panels.
IC50 data of selemetinib was collected from Sanger (the cancer cell line project) and CCLE
cell line encyclopedias. Sanger cell line panel in the chart covers 68 cell lines harboring KRAS
mutation, among which, 55 cell lines have an selumetinib IC50 value greater than or equal to
1 µM; CCLE encyclopedias includes 85 KRAS mutant cell lines and 65 cell lines of them
have an selumetinib IC50 value greater than or equal to 1 µM;

(C-E) Suppression of ERBB3 by shRNA enhances response to MEK inhibitor. H2030,
H2122 (KRAS mutant NSCLC), SW480 and SW837 cells (KRAS mutant, CRC) were
infected with two independent shRNAs targeting ERBB3 as indicated. pLKO.1 vector served
as control. After puromycin selection, (C) cells were cultured in the absence or presence of 1
µM selumetinib. The cells were fixed with 4% formaldehyde solution in PBS, stained with
0.1% crystal violet after 14-21 days and photographed. (D) Crystal violet was extracted from
stained cells by 10% acetic acid and quantified by measuring the absorbance at 600 nm. Error
bars represents standard deviation (SD). (E) The level of ERBB3 knockdown was determined
by Western blot analysis. HSP90 protein level served as a loading control.

(F) Cells infected with virus produced from shERBB3 or pLKO.1 vectors were cultured in
medium with or without 1µM selumetinib for 24 hours before the cell lysate were collected
for Western blot analysis of ERBB3, p-ERK and ERK levels.

(G) MEK inhibition induces ERBB3 activation and upregulation. SW837 cells were cultured
in the absence or presence of 1uM selumetinib and the cell lysate was collected at the
indicated time points. p-ERBB3, ERBB3, p-ERK, and p-p90RSK were determined by
Western blot analysis.
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Figure S2. Simultaneous suppression of EGFR and ERBB2 sensitizes KRAS mutant
cancer cells to MEK inhibitor
(A) Concurrent targeting of EGFR and ERBB2 overcomes MEK inhibitor resistance in KRAS
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mutant NSCLC and CRC cells. SW620 (KRAS mutant, CRC), H2030 and H2122 (KRAS
mutant, NSCLC) cells were cultured in increasing concentration of MEK inhibitor
selumetinib alone, EGFR inhibitor gefitinib alone, ERBB2 inhibitor CP724714 alone,
EGFR/ERBB2 dual inhibitor afatinib alone or their combination as indicated. Cells were
fixed, stained and photographed after 14-21 days.

(B) MEK inhibitor-induced feedback activation of ERBB3 is mediated by both EGFR and
ERBB2. Cells were treated with selumetinib, gefitinib, CP724714, afatinib and their
combinations as indicated for 36 h. Biochemical responses of cells were examined by western
blot analysis. MEK inhibition by selumetinib leads to a strong activation of ERBB3. Neither
inhibition of EGFR by gefitinib nor inhibition of ERBB2 by CP724714 are able to shut down
ERBB3 signaling, whereas, both of the dual EGFR/ERBB2 inhibitor afatinib and the
combination of gefitinib and CP724714 can block ERBB3 activity. Furthermore, the
combination treatment including afatinib and selumetinib resulted in more complete
inhibition of p-ERK (compared to selumetinib treatment) and prevented AKT activation.

(C, D) Overexpression of ERBB2 and ERBB3 compromises the anti-tumor effect of MEK
inhibitor. ERBB2 and ERBB3 were introduced into H747 cells by lentiviral transduction
(PLX302-ERBB2, PLX304-ERBB3). PLX302-GFP served as a control. (C) Infected cells
were grown in regular medium or treated with increasing concentration of selumetinib as
indicated or 0.25 µM afatinib or their combinations for 28 days before collected for fixing,
staining and photographing. (D) Western blot analysis of ERBB2, ERBB3 and HSP90 levels.
HSP90 served as a loading control.

(E, F) Simultaneous suppression of EGFR and ERBB2 by shRNAs sensitizes H358 and
SW837 cells to MEK inhibitor, but not either shRNA alone. Cells were infected with the
lentiviral shRNAs as indicated and then cultured in the absence or in the presence of
increasing concentration of selumetinib for 21 days. pLKO.1 served as a control vector.
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Levels of gene knockdown by each shRNA or their combination were determined by western
blot analysis.
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Figure S3. MEK inhibition relieves a MYC-dependent transcriptional repression of
ERBB3
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(A, B) MEK inhibition causes transcriptional upregulation of ERBB2 and ERBB3. Fold
induction of ERBB2 and ERBB3 in the cell lines as indicated was shown. Cells were treated
with 1 µM selumetinib for 48 h and analyzed by qRT-PCR. Error bars represent mean ± SD.

(C) cMYC depletion by shRNA upregulates ERBB2 and ERBB3 transcription. Cells were
infected with two independent shRNAs targeting cMYC. pLKO.1 vector served as control.
After puromycin selection, cells were subjected to qRT-PCR analysis of gene expression.

(D) MEK inhibitor only induces endogenous ERBB2 and ERBB3 upregulation. V5-tagged
ERBB2 and ERBB3 were introduced into H358 and H2030 cells by lentiviral transduction
(PLX302-ERBB2-V5, PLX302-ERBB3-V5). After puromycin selection, cells were cultured
in the absence or presence of 1 µM selumetinib for 36 hours before the harvest for Western
blot analysis of proteins as indicated.

(E) Induction of ERBB2 and ERBB3 in KRAS mutant patient-derived xenografts (PDX)
following in vivo treatment with selumetinib. The 7 cases (which showed ERBB2 and ERBB3
upregulation at mRNA level) were either untreated or treated with selumetinib (25 mg/kg
QD) for three or six weeks. Mice were sacrificed no later than 4 hours after the last drug
administration. Tumor samples were fresh frozen and subjected to western blot analysis of
proteins as indicated.

(F) MEK inhibitor-induced ERBB2 and ERBB3 upregulation is NOT dependent on CtBP1 or
CtBP2. shRNAs targets CtBP1 and CtBP2 were introduced into H2030 cells by lentiviral
transductions. After puromycin selection, cells were either treated with 1 µM selumetinib or
left untreated for 36 hours. Relative mRNA level of ERBB2, ERBB3, CTBP1 and CTBP2
were determined by qRT-PCT analysis. Error bars represent mean ± SD.

(G) Induction of ERBB2 and ERBB3 by MEK inhibitor is not through upregulation of
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FOXD3. H358, SW837 and H2030 cells were treated with selumetinib or left untreated. Cell
lysate was harvested at the indicated time points and subjected to Western blot analysis.
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Figure S4. Inhibition of EGFR/ERBB2 sensitizes KRAS mutant cancer cells/tumors to
MEK inhibitor.

77
70

Chapter 4
(A) Afatinib improves trametinib (a second MEK inhibitor) efficacy in KRAS mutant cancer
cells. H358, H2122, H2030 and SW837 were cultured in increasing concentration of MEK
inhibitor trametinib alone, afatinib alone or their combination as indicated. Cells were
harvested for fixing, staining and photographing after 14-21 days.

(B, C) Effects of MEK inhibitor, dual EGFR/ERBB2 inhibitor or their combination on H2122
xenografts. The tumours derived from H2122 KRAS mutant NSCLC cells were either
untreated or treated with selumetinib (25 mg/kg QD), afatinib (12.5 mg/kg QD) or their
combination for 31 days in nude mice. Tumor samples were fresh-frozen, optimal cutting
temperature (OCT) compound-embedded and subjected to western blot analysis of proteins or
qRT-PCR analysis of mRNA afterwards. Error bars represent SD.

(D) Bodyweight of mice bearing H2122 xenografts. The body weight of mice from afatinib
and afatinib+trametinib treatment arms were measured on day 0 and day 29 (the treatments
started on day 0).

(E) High ERBB3 expression correlates with favorable response to the treatment containing
dual EGFR/ERBB2 inhibitor (afatinib) and MEK inhibitor (selumetinib). Sensitivity of each
cell line to the combination treatment was demonstrated as a synergy score that is calculated
based on a method of Lehar (2009).

(F, G) Combined inhibition of MEK and EGFR/ERBB2 is more effective than inhibition of
MEK alone in patient-derived CRC xenografts bearing KRAS mutation. Two representative
PDX models of KRAS mutant CRC (M136 and M146) were treated with afatinib (12.5 mg/kg,
5 days on, 2 days off), selumetinib (20 mg/kg, same schedule) or both drugs in combination
(Sel+Afa) for three weeks. The mean percent change in tumor volume +/- SEM (error bars) is
presented. Tumor volume at start of treatment is plotted as 0. n=5 animals for each treatment
arm.
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(H-J) Effects of MEK inhibitor, dual EGFR/ERBB2 inhibitor or their combination on patientderived CRC xenografts bearing KRAS mutation. KRAS mutant CRC patient derived
xenografts were treated with selumetinib (25 mg/kg QD), afatinib (12.5 mg/kg QD) or their
combination for 20 days in nude mice. Tumor samples were fresh-frozen or stabilized with
RNAlater® and subjected to western blot analysis of proteins or qRT-PCR analysis of
mRNA. Error bars represent SD. Matched tumor materials from the same patients served as
the untreated control.

SUPPLEMENTAL TABLE
Rank

TRC ID

Gene symbol

Ratio of Abundance
(Selumetinib/Untreated)

1

TRCN0000121246

YES1

0.133787585

2

TRCN0000002004

PRKACB

0.223426287

3

TRCN0000040111

ERBB3

0.224084769

4

TRCN0000003260

RPS6KC1

0.230173495

5

TRCN0000010207

VRK2

0.251851898

6

TRCN0000045575

DHDDS

0.266845426

7

TRCN0000002378

CDKL3

0.267663479

8

TRCN0000006256

PRKDC

0.273742205

9

TRCN0000001066

RAF1

0.274019563

10

TRCN0000000936

MYLK

0.288296405

11

TRCN0000000621

ERBB3

0.292332762

4
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Table S1. Top shRNA candidates list. shRNA candidates from the screen experiment were
filtered by the frequency of the reads (more than 1000 sequence reads in the untreated
sample), and ranked by the fold depletion by drug treatment. ERBB3 was identified as the top
“hit” (Bold) by two independent shRNAs targeting ERBB3.
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SUMMARY

KRAS is the most frequently mutated oncogene in
human cancer, yet no therapies are available to treat
KRAS mutant cancers. We used two independent
reverse genetic approaches to identify components
of the RAS-signaling pathways required for growth
of KRAS mutant tumors. Small interfering RNA
(siRNA) screening of 37 KRAS mutant colorectal cancer cell lines showed that RAF1 suppression was
synthetic lethal with MEK inhibition. An unbiased
kinome short hairpin RNA (shRNA)-based screen
confirmed this synthetic lethal interaction in colorectal as well as in lung cancer cells bearing KRAS
mutations. Compounds targeting RAF kinases can
reverse resistance to the MEK inhibitor selumetinib.
MEK inhibition induces RAS activation and BRAFRAF1 dimerization and sustains MEK-ERK signaling,
which is responsible for intrinsic resistance to selumetinib. Prolonged dual blockade of RAF and MEK
leads to persistent ERK suppression and efficiently
induces apoptosis. Our data underlie the relevance
of developing combinatorial regimens of drugs
targeting the RAF-MEK pathway in KRAS mutant
tumors.
INTRODUCTION
Mutations in the gene encoding the guanosine triphosphatase
protein KRAS, the principal of the three isoforms of RAS, are
present in approximately 20% of all cancers and are associated with poor prognosis and resistance to therapy (Prior
et al., 2012; Pylayeva-Gupta et al., 2011). Oncogenic mutations
occur most frequently in codons 12, 13, 61, and 146, and the
resulting proteins are resistant to GAP-mediated guanosine
triphosphate (GTP) hydrolysis, rendering them constitutively

active (Cox and Der, 2010; Pylayeva-Gupta et al., 2011). Efforts
to pharmacologically target KRAS directly have been so far
unsuccessful. Innovative approaches recently challenged this
assumption; nevertheless, development of clinical KRAS inhibitors is not yet within reach (Ostrem et al., 2013; Zimmermann
et al., 2013).
KRAS mutations occur in approximately 20% of non-smallcell lung cancer (NSCLC) and 40% of colorectal cancer (CRC)
cases, where they are associated with resistance to epidermal
growth factor receptor (EGFR)-targeted therapies (Douillard
et al., 2013; Karapetis et al., 2008; Linardou et al., 2008).
Several strategies have been proposed to target mutant
KRAS tumors. Attempts to inhibit single effectors downstream
to KRAS (e.g., phosphatidylinositol 3-kinase [PI3K] and MEK)
revealed modest or no efficacy (Adjei et al., 2008; Ganesan
et al., 2013). Alternative strategies involve targeting MEK
together with receptor tyrosine kinases including HER3 or insulin-like growth factor 1 receptor (IGF1R) (Ebi et al., 2011; Turke
et al., 2012). Recently, combinatorial treatment with mTOR-targeted agents and BCL-2/BCL-XL inhibitors has also been proposed for KRAS mutant CRCs (Faber et al., 2014). All these
efforts proved to be less broadly applicable than initially
thought, likely due to intrinsic biochemical, biological, and clinical heterogeneity of KRAS mutant tumors, thus explaining why
a specific drug mix may be effective only in a subset of KRASmutated tumors.
Previous studies often employed a limited number of KRAS
mutant tumor cells. The majority of reports frequently relied
upon CRC lines displaying microsatellite instability (MSI). It is
well established that CRCs exhibiting MSI show a particularly
indolent clinical behavior (Roth et al., 2012) and are therefore
less prevalent in more-advanced stages of the disease. Patients
with metastatic CRC (mCRC) that receive targeted agents, such
as anti-EGFR antibodies, show MSI in less than 5% (Smith et al.,
2013). Consequently, MSI cell lines do not properly represent the
clinical setting where KRAS-targeted therapies are likely to be
applied. We sought to overcome these limitations by assembling
and characterizing a broad panel of CRC cell lines carrying KRAS
mutations and lacking MSI.
Cell Reports 8, 1–9, September 11, 2014 ª2014 The Authors 1
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RESULTS
CRC Cell Lines Harboring KRAS-Activating Mutations
Show Differential Sensitivity to Knockdown of Genes
Involved in KRAS Pathways
From an initial collection of 72 CRC KRAS mutant lines, we
selected 39 cell lines with microsatellite stable phenotype
(MSS). SNP genotyping was used to determine the genetic status of the entire panel. When multiple cell lines were identified as
being derived from the same individual, only one model was
included in the final panel, which comprised 37 lines (Tables
S1 and S2).
We used a reverse genetics approach to identify genes critical for the growth of KRAS mutant cancer cells among those
known to be involved in KRAS signaling. To this end, we assembled a library of small interfering RNAs (siRNAs) designed to
target all three isoforms of RAS, their downstream effectors,
and their upstream modulators, such as receptor tyrosine kinases (Figure 1). Each siRNA was individually validated for being capable of suppressing its target as measured by western
blotting (Figure S1A). A pool of different siRNAs was used for
each gene, and several controls were employed to assess
transfection efficiency and to confirm effective target suppression (Figures S1B and S2).
When each gene was individually silenced, suppression of
KRAS was by far the most effective, being able to restrain the

75

Figure 1. RNAi-Based Suppression of
Genes Involved in KRAS Signaling in a Panel
of CRC Cells Carrying KRAS Mutations
(A) Thirty-seven MSS KRAS-mutated CRC cell
lines were screened with a library of siRNAs designed to target all three isoforms of RAS (KRAS,
HRAS, and NRAS) and their upstream (EGFR,
HER2, HER3, MET, and IGF1R) or downstream
(BRAF, RAF1, PDK1, AKT1, PI3K, MEK1/MEK2,
and ERK1/ERK2) modulators. A pool of four
different siRNAs was used for each gene. After
5 days of treatment, the survival fraction was
determined by ATP assay. Results represent mean
of at least two independent experiments.
(B) Concomitant silencing of two or more effectors
involved in KRAS pathways was assessed. After
5 days of treatment, the survival fraction was
quantified by measuring ATP content. Results
represent mean of at least two independent experiments.
See also Figures S1 and S2.

growth of 25/37 (67%) lines by more than
50% (Figure 1A). Suppression of KRAS
most-immediate effectors such as BRAF,
RAF1, or MEK1+MEK2 was effective in
less than 15% cell lines (Figure 1A). These
results indicate that the occurrence of
mutations generally dictates dependency
on KRAS itself, but not on other single
signaling molecules.
The reverse genetic screen was then
expanded to target two or more genes in
combination. Using this strategy, the most effective hit was suppression of MEK1 and MEK2 together with silencing of members
of the RAF family (Figure 1B). Simultaneous downregulation of
MEK1/MEK2, BRAF, and RAF1 reduced cell viability by more
than 50% in a large subgroup of the cells tested (21/37 lines;
57%). This combination was the closest to achieve the same
antiproliferative effects observed with suppression of KRAS
alone (Figure 2A).
A Reverse Genetic Screen Unveils RAF1 Suppression to
Be Synthetic Lethal with MEK Inhibition
A significant fraction of KRAS mutant CRC cells (16/37 lines;
43%) are refractory to MEK-RAF combinatorial suppression.
We postulated that insensitive cell lines might have distinct
signaling features. To gather insights into genes capable of
complementing MEK inhibition in KRAS mutant cells insensitive to RAF suppression, we performed an unbiased screen
using a short hairpin (shRNA) lentiviral library designed to
silence 518 kinase and 17 kinase-related genes. Among the refractory lines, we chose SW480, as this cell line proved
conductive to large-scale lentiviral-based infection. SW480
was infected with the shRNA library and cultured in the presence or absence of the MEK allosteric inhibitor selumetinib
for 14 days. After this, the relative abundance of shRNA vectors was determined by next generation sequencing of the
bar code identifiers present in each shRNA vector (Figure S3A).
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Figure 2. KRAS Mutant CRC Cell Lines Are
Sensitive to Cosuppression of MEK1/MEK2
and BRAF/RAF1
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(A) siRNA-mediated reverse genetic screen
identified cell lines sensitive to combinatorial
suppression of MEK1/MEK2-BRAF-RAF1. Cell
viability was assessed after 5 days of treatment by
measuring ATP content. Data points for each cell
line are expressed as percentage of viability
compared with cells treated with negative control
(AllStar). The horizontal line and error bars indicate
geometric mean ± 95% confidence interval (CI).
(B) Loss-of-function genetic screen nominates
RAF1 suppression as synthetic lethal with MEK
inhibition in SW480 cells. Each shRNA from the
initial screen experiment is represented as a dot in
the plot. The x axis shows the average counts of
sequencing reads in the untreated sample. The y
axis represents the fold change in abundance of
each shRNA in the presence of absence of selumetinib.
(C) Suppression of RAF1 or BRAF by shRNA enhances response to MEK inhibition. SW480 KRAS
mutant cells were infected with lentiviral shRNAs
targeting RAF1 or BRAF. pLKO.1 empty vector
served as a control vector. After puromycin selection, cells were seeded into 6-well plate (20,000
cells/well) and cultured in the absence or presence
of the MEK inhibitor selumetinib at the indicated
concentration for 2 weeks. At the end of the
experiment, cells were fixed and stained with
crystal violet solution.
(D) Thirty-seven (MSS) KRAS mutant cell lines were
treated with the MEK inhibitor selumetinib, the
pan-RAF inhibitor RAF265, or combination of selumetinib/RAF265 for 5 days. Cell viability was
assessed by measuring ATP content. Data points
are expressed as percent viability compared with
DMSO-only treated cells. The horizontal line and
error bars indicate geometric mean ± 95% CI.
***p < 0.001; **p < 0.01. Cell lines sensitive (LS513
in red) and cell lines insensitive (SW837 in light blue
and SW480 in dark blue) to the combinatorial
treatment are highlighted.
(E) Cells were treated for 5 or 14 days with
increasing concentrations of selumetinib and
RAF265. At the end of the experiment, cells were
fixed and stained with crystal violet solution.
See also Figures S3 and S4.
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0.3
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We only considered shRNA vectors that had been sequenced
at least 300 times in the untreated pool. To limit the off-target
effects, hits were selected when two independent shRNAs targeting the same gene were depleted. We rank ordered the
shRNAs by their negative selection in the screen. Using this
criterion, we identified RAF1 as the top gene to have two independent shRNAs depleted in the presence of MEK inhibitor
(Figure 2B). Of note, BRAF was also retrieved in this screening.
To validate this—unexpected—finding, we infected SW480

with two independent RAF1 and BRAF
shRNAs and cultured them with or
without selumetinib for 2 weeks (Figures
2C and S3B). The data confirmed results of the large-scale
screening.
RAF-Targeted Agents Synergize with MEK Inhibition in
KRAS Mutant CRC Cells
To extend the findings obtained by transcriptional suppression
of BRAF and RAF1, we performed pharmacological analyses.
RAF1-selective inhibitors are not available. However, several
pan-RAF inhibitors, with different ranges of action on wild-type
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RAF1 and wild-type BRAF have been synthesized, although
none has been fully developed for clinical use. For our purposes,
we selected RAF265, a small molecule with inhibitory activity
against wild-type RAF1/BRAF (Su et al., 2012). We treated the
panel of 37 KRAS mutant cell lines with RAF265 in the presence
or absence of the MEK inhibitor selumetinib. We found that
concomitant pharmacological inhibition of MEK and RAF led to
a greater than 50% reduction of cell viability in 20/37 (54%)
CRC lines (Figure 2D). To rule out that some of the known offtarget effects of RAF265 (Su et al., 2012) could contribute to
explain its synergy with MEK inhibition, we repeated the cell proliferation assays with AZ628. This compound has been previously reported to be more selective for wild-type RAF kinases
and has been widely used for in vitro studies (Montagut et al.,
2008; Whittaker et al., 2013). The results obtained with AZ628
in combination with selumetinib are consistent with the observations made with RAF265 (Figure S4A). Notably, the cells that
were previously identified as sensitive to combined suppression
of RAF1-BRAF and MEK were also affected by the corresponding pharmacological inhibition.
Why are some cells sensitive to inhibition of MEK and RAF in
one experimental condition, but not in the other? We noted
that, whereas siRNA experiments were based on short-term
(5 days) growth assays, the shRNA screening involved a 2week-long protocol. We therefore repeated the pharmacological
screening in a long-term assay with two cell models, SW480 and
SW837, which are refractory to the MEK-RAF blockade in the
short-term assays (Figures 2A, 2D, and S4A). Both lines were
treated with RAF265 and selumetinib as single agents, as well
as their combination, for 5 or 14 days (Figure 2E). We found
that the time frame (5 versus 14 days) of the experiments plays
a critical role. Consistent with the reverse genetics screens,
SW480 and SW837 were insensitive in the short-term pharmacological assay, whereas after 14 days, both were effectively
inhibited by selumetinib in combination with either RAF265 (Figure 2E) or AZ628 (Figures S4B and S4C).
MEK Allosteric Inhibition Induces RAF
Heterodimerization and Sustains ERK Activation
The above results point to a critical role for the kinase activity of
BRAF and RAF1 in restraining the effectiveness of MEK inhibitors
in KRAS-mutated CRC cells. To investigate the biochemical
interplay between RAF suppression and MEK blockade, we performed vertical analysis of the pathway on two cell lines, LS513
and SW480, sensitive to the combinatorial inhibition in shortterm and long-term assay, respectively. As expected, MEK inhibition alone led to increased pMEK and this was accompanied
by incomplete suppression of pERK (Figure 3A). Intriguingly,
MEK blockade also triggered phosphorylation of BRAF at its
serine 445. A modest increase of RAF1 phosphorylation was
also observed. Because KRAS itself is the most well-known activator of RAF proteins, we measured the activity of KRAS upon
drug treatment. Selumetinib sustained activation of KRAS-GTP
in both LS513 and SW480 cells (Figure 3B) although with a
different magnitude of the effect. We reasoned that MEK inhibition could initiate a feedback loop involving RAS hyperactivation,
which in turn modulates BRAF and RAF1. To scrutinize further
the impact of RAF activation upon MEK inhibition, we performed
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coimmunoprecipitation experiments. MEK blockade triggered
the formation of BRAF-RAF1 complexes, which are known to
activate downstream signaling (Figure 3C; Garnett et al., 2005).
Induction of heterodimerization is slightly stronger in SW480
than in LS513, paralleling the magnitude of the effect on RASGTP induction. We propose that, in a KRAS mutant background,
MEK inhibition triggers KRAS hyperactivation, leading to
engagement of BRAF/RAF1 heterodimers.
Increased (active) KRAS-GTP levels could result from phosphorylation of upstream tyrosine kinase receptors (RTKs), a scenario that has been previously described (Molina-Arcas et al.,
2013; Turke et al., 2012). To confirm this in our cell models, we
performed western blotting to measure levels of phosphorylated
EGFR, HER2, and HER3 proteins upon selumetinib treatment.
MEK blockade induced activation of both EGFR and HER3 in
LS513 (Figure 3D). None of the tested RTKs were significantly
hyperphosphorylated following selumetinib treatment in
SW480 cells. However, in this cell line, we noted a persistent increase of activated AKT1 (Figure 3D), which, in turn, may be
caused by phosphorylation other RTKs, such as IGF1R or
HER3 (Ebi et al., 2011; Sun et al., 2014), or by inhibition of
ERK-dependent feedback loops on AKT (Turke et al., 2012).
Synergistic Inhibition of RAF and MEK Abrogates
ERK Signaling and Triggers Apoptosis in KRAS
Mutant CRC Cells
We next investigated signaling changes induced by concomitant
pharmacological blockade of MEK and RAF in KRAS mutant
CRC cells. Whereas selumetinib as a single agent triggered
MEK and ERK phosphorylation, the addition of RAF265 resulted
in significant reduction of pERK and pAKT levels after 48 hr of
treatment in LS513 cells (Figure 4A). The same effect is not
observed in SW480 cells, which are refractory to concomitant
MEK/RAF blockade in short-term assays (Figure 4B). In line
with this, concomitant inhibition of MEK and BRAF/RAF1 biochemically initiates apoptosis, as confirmed by induction of
PARP cleavage in LS513, but not in SW480 cells. Of note,
MEK—per se—does not lead to PARP activation (Figures 4A
and 4B), thus explaining the striking effects on cell viability
achieved only by RAF/MEK combinatorial blockade.
Combined RAF-MEK Inhibition Shows Synergy in Lung
Cancer Cells Harboring KRAS Mutations
We tested whether combined RAF and MEK inhibition could be
effective also in other cancer types bearing KRAS mutations.
To this end, we repeated the unbiased drop-out shRNA
screening in two KRAS mutant NSCLC cell lines. Notably, as
shown in Figures 5A and 5B, we again retrieved suppression
of RAF1 as being critical to confer sensitivity to MEK inhibition.
The results of the large-scale screening were confirmed by
culturing H358 and H1792 lung cells infected with three independent RAF1 or BRAF shRNAs with or without selumetinib
(Figures 5C and 5D). We further find that, as in the CRC setting,
combinatorial pharmacological inhibition of RAF and MEK is
effective in multiple KRAS mutant NSCLC cells (Figures 5E,
5F, S5A, and S5B). In line with this, MEK inhibition induces
BRAF-RAF1 dimerization and concomitant inhibition of MEK
and BRAF/RAF1 initiates apoptosis, as confirmed by induction
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Figure 3. MEK Inhibition Induces KRAS
Activation and RAF Heterodimerization in
KRAS Mutant CRC Cells
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(A) Cell lines were treated with selumetinib 0.5 mM
at the indicated time points, after which whole-cell
extracts were subjected to western blot analysis
and probed with indicated antibodies. Vinculin was
included as a loading control.
(B) Cell lines were treated with selumetinib 0.5 mM
at the indicated time points, after which whole-cell
extracts were subjected to pull-down of active
KRAS-GTP using the GST-RAF1 Ras-binding
domain.
(C) Cell lines were treated with selumetinib 0.5 mM
at the indicated time points, after which whole-cell
extracts were immunoprecipitated with BRAF
antibody and subjected to western blot analysis
with the indicated antibodies. Vinculin was
included as a loading control. Input controls are
shown in (A). IP, immunoprecipitation.
(D) Cell lines were treated with selumetinib 0.5 mM
at the indicated time points, after which whole-cell
extracts were subjected to western blot analysis
and membranes were probed with indicated antibodies. Vinculin was included as a loading control.
See also Figure S5.
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(Roth et al., 2012). Accordingly, epidemiEGFR
ological analyses indicate that mCRC
patients with KRAS mutant MSS disease
pHER2 (Y1221/1222)
represent the clinical population who
HER2
would benefit the most from KRAS
pHER3 (Y1289)
targeting. Based on these premises, we
performed a suppression screen for
HER3
genes involved in KRAS signaling in a
pAKT (S473)
collection of 37 MSS KRAS mutant cell
lines. This approach revealed that a
AKT
large fraction of CRC cells (67%) were
Vinculin
highly dependent on KRAS expression.
The screening also highlighted that
of PARP cleavage (Figures S5C and S5D). In summary, these silencing of individual genes involved in RAS signaling is inefresults show that the findings obtained in KRAS-mutated fective on suppressing the growth of KRAS mutant CRC cells.
CRC cells can be extended to lung cancer models bearing This suggests that RAS controls a largely redundant signaling
network, which guarantees that interference with an individual
KRAS mutations.
effector does not interrupt pathway output (Cox and Der, 2010;
Gysin et al., 2011). The architecture of the EGFR-RAS-MEKDISCUSSION
signaling pathway is evolutionarily ancient and increased in
Thirty years after their discovery, KRAS-mutated cancers still complexity during evolution (Malumbres and Barbacid, 2003;
pose a formidable challenge to researchers and clinicians alike, Yarden and Pines, 2012). In vertebrate cells, this signaling
as efforts for direct pharmacological blockade of RAS have network allegedly encompasses several interconnected routes.
BRAF
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Figure 4. Concomitant Inhibition of MEK and RAF Induce Apoptosis
in KRAS Mutant CRC Cells
LS513 (A) and SW480 (B) cells were treated with increasing concentrations of
selumetinib or selumetinib combined with different concentration of RAF265
for 48 hr. Lysates were subjected to western blot analyses, and membranes
were probed with the indicated antibodies. Vinculin was included as a loading
control. See also Figure S5.

To identify signaling nodes in the EGFR-KRAS-MEK network
whose concomitant blockade might suppress the growth of
KRAS mutant cells, we performed a combinatorial siRNA
screen. The results showed that suppressing MEK is almost
invariably necessary but nearly always insufficient to halt
growth of KRAS-mutated cells. Genes retrieved as being
capable of synergizing with MEK silencing could be cataloged
in two classes: members of the receptor tyrosine kinase family
(RTKs) and elements of the RAF family of serine/threonine kinases. Blockade of RTKs (such as EGFR, HER3, IGF1R, and
MET) in conjunction with MEK inhibition for KRAS mutant
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CRCs has been explored in several previous studies (Ebi
et al., 2011; Molina-Arcas et al., 2013; Sun et al., 2014; Turke
et al., 2012; Van Schaeybroeck et al., 2014). In this work, we
focused instead on co-targeting RAFs and MEK. We found
that this combination is effective in 21/37 (57%) of KRAS
mutant MSS CRC cell lines. To understand why the combination was ineffective in a significant proportion of the cell
models, one of the refractory lines was subjected to an unbiased drop-out screen to unveil kinase genes synergizing with
MEK inhibition. Rather unexpectedly, these experiments
retrieved again RAF1. Importantly, the same synergistic interaction was confirmed, by shRNA screening, in two NSCLC
cell lines bearing KRAS mutations. This incongruity was
resolved when combined RAF-MEK suppression was tested
in short- and long-term assays and showed to be active in a
large proportion of mutant KRAS CRC and NSCLC cell lines
when both conditions were examined. Why should suppression
of RAF, which acts immediately upstream of MEK, be necessary to halt growth of KRAS mutant CRCs? We found that
MEK inhibition increases the GTP-bound fraction of KRAS,
promotes the formation of RAF1-BRAF heterodimers (the
most active complex among all RAF dimers), and drives constitutive phosphorylation of ERK. These results are in accordance
with a recent report showing that RAF1 knockdown enhanced
MEK inhibition in a KRAS mutant model (Lito et al., 2014). Lito
et al. (2014) found that allosteric inhibitors of MEK, such as selumetinib, can induce the formation of RAF-MEK complexes in
KRAS mutant cells. This effect may be less relevant or not present with new-generation catalytic MEK inhibitors, but additional studies are needed to assess the activity of these
MEK-targeted agents in the context of mutant KRAS.
Among the additional hits retrieved by our screen, cosilencing of ERK1 and ERK2 reduced the viability by less than
50% in 15/37 KRAS mutant CRC cell lines. ERK inhibitors are
still in preclinical development, and their efficacy in KRAS
mutant cancers has not been extensively investigated. However, previous works suggest that blockade of the EGFRRAS-MEK axis with agents targeting a single node has often
limited impact due to feedback reactivation of the signaling
pathway (Ebi et al., 2011; Molina-Arcas et al., 2013; Sun et al.,
2014; Turke et al., 2012; Van Schaeybroeck et al., 2014). Of
relevance, it has recently been reported that BRAF mutant melanoma cells are often resistant to ERK inhibition, because the
relief of ERK-dependent negative feedback can activate RAS
and PI3K signaling (Carlino et al., 2014). Nevertheless, our
data suggest that future studies are needed to investigate the
biological effects of ERK inhibition and its biochemical consequences within the context of mutant KRAS.
We propose a model whereby KRAS mutant cancers can be
besieged with two, non-mutually exclusive approaches. The first
involves blockade of the upstream RTKs, which presumably are
activated through one of the feedback loops that we and others
had previously identified (Ebi et al., 2011; Misale et al., 2014;
Molina-Arcas et al., 2013; Prahallad et al., 2012; Sun et al.,
2014; Turke et al., 2012). For this strategy to be successful, a priori knowledge of the RTK involved in a given tumor/patient is
essential or the use of inhibitors capable of intercepting simultaneously multiple RTKs must be applied. This approach is
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Figure 5. RAF1 Is Synthetic Lethal with MEK
Inhibition in KRAS Mutant NSCLC Tumors
(A and B) Loss-of-function genetic screen retrieves
RAF1 suppression as synthetic lethal with MEK inhibition in H358 (A) and H1792 (B) NSCLC cells.
Each shRNA from the initial screen experiment is
represented as a dot in the plot. The x axis shows
the average counts of sequencing reads in the untreated sample. The y axis represents the fold
change in abundance of each shRNA in the presence or absence of selumetinib.
(C and D) Suppression of RAF1 or BRAF by shRNA
enhances response to MEK inhibition. H358 (A) and
H1792 (B) KRAS mutant cells were infected with
lentiviral shRNAs targeting RAF1 or BRAF. pLKO.1
empty vector served as a control vector. After puromycin selection, cells were seeded into 6-well
plate (20,000 cells/well) and cultured in the absence
or presence of the MEK inhibitor selumetinib at the
indicated concentration for 2 weeks. At the end of
the experiment, cells were fixed and stained with
crystal violet solution. The level of RAF1 and BRAF
knockdown was determined by western blot. ERK1/
ERK2 served as a loading control.
(E and F) NSCLC cells were treated 14 days with
increasing concentrations of selumetinib and
AZ628. At the end of the experiment, cells were
fixed and stained with crystal violet solution.
See also Figure S5.

imental animals. Thus, further testing
in vivo of the combination therapy proposed here will require the development
of a new generation of pan-RAF inhibitors
with better pharmacological properties.
EXPERIMENTAL PROCEDURES

hindered by the need for biomarkers to reliably assess the feedback loop engaged in each individual tumor; the second strategy is likely associated with toxicity and limited therapeutic index, which often accompany multikinase inhibitors.
An alternative approach, which we have outlined in this work,
involves interfering with mutant KRAS by concomitant blockade
of MEK and RAFs. The exploitation of this tactic depends on the
development of a new class of—clinically suited—inhibitors
capable of simultaneously blocking wild-type BRAF and RAF1.
Tool compounds having this activity are available mainly for
in vitro use, but these compounds are highly toxic, even to exper-

Cell Lines
The cell lines used in this study were collected
from commercial sources or academic laboratories
as indicated in Table S1. Cells were kept in the
indicated culture growth media supplemented
with 10% FBS, 50 units/ml penicillin, 50 mg/ml
streptomycin, and 0.25 mg/ml Fungizone. The genetic identity of each cell line was confirmed by
short tandem repeat profiling (Cell ID System;
Promega), and the cells were last checked no
less than 3 months before performing reverse genetics screen experiments. Results of the analyzed
loci for each cell line are provided in Table S2. All
CRC cell lines were maintained in a humidified atmosphere of 95% air and

5% CO2 at 37 C.
siRNA Screening
The siRNA-targeting reagents were purchased from Dharmacon, as a
SMARTpool of four distinct siRNA species targeting different sequences of
the target transcript. Cell lines were grown and transfected with SMARTpool
siRNAs using Dharmafect 4 (Dharmacon), Lipofectamine2000, or RNAiMAX
(Invitrogen) transfection reagents following manufacturer’s instructions.
Briefly RNAi screening conditions were as follows: on day 1, siRNA were
distributed in each well of a 384-wells plate at final concentration of
20 nmol/l. Transfection reagents were incubated in OptiMEM serum-free
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media for 20 min and aliquoted at 10 ml/well; after that, 35 ml of cells in media
without antibiotics were added to each well. After 5 days, cell viability was
estimated with a luminescent assay measuring cellular ATP levels (CellTiterGlo Luminescent Assay; Promega). Each plate included the following controls: mock control (transfection lipid only), siControl1 (Dharmacon), AllStars
(QIAGEN) as negative control, and polo-like kinase 1 (Dharmacon), which
served as positive control (Brough et al., 2011). The RNAi screens were carried out in quadruplicate, and survival fraction was calculated as a ratio
between the average of experiment well readout and the negative control,
nontargeting siRNA (AllStars; QIAGEN).
Loss-of-Function shRNA Screen
The shRNA library used in this study was designed to target 535 human kinases and kinase-related genes. The lentiviral-based vectors were collected
from The RNAi Consortium (TRC) human genome-wide shRNA collection
(TRC-Hs1.0). SW480 cells were infected by pooled lentivirus generated from
the above-mentioned shRNA library. After puromycin selection, cells were
cultured in the presence or absence of selumetinib. shRNA sequences were
recovered by PCR, and the abundance of each hairpin in pooled samples
was determined by deep sequencing.
Drug Proliferation Assay
CRC cell lines were seeded at different densities (1.5–2.5 3 103cells/well) in
100 ml complete growth medium in 96-well plastic culture plates at day 0.
The following day, serial dilutions of selumetinib and RAF265 were added to
the cells in serum-free medium, whereas DMSO-only treated cells were
included as controls. Plates were incubated at 37 C in 5% CO2 for 5 days, after
which, cell viability was assessed by measuring ATP content through Cell
Titer-Glo Luminescent Cell Viability assay (Promega). For long-term proliferation assays, cells were seeded in 24-well plates (3–5 3 103 cells per well) and
cultured in the absence and presence of drugs as indicated. Wells were fixed
with 3% paraformaldehyde and stained with 1% crystal violet-methanol solution (Sigma-Aldrich) after 2 weeks. All assays were performed independently at
least three times. AZ628, selumetinib, and RAF265 were purchased from Selleck Chemicals.
Western Blotting Analysis and Immunoprecipitation
Prior to biochemical analysis, all cells were grown in their specific media supplemented with 10% FBS and treated with selumetinib or RAF265 at indicated
time points and concentrations. Total cellular proteins were extracted by solubilizing the cells in boiling SDS buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl,
and 1% SDS) or in cold extraction buffer (50 mM HEPES [pH 7.4], 150 mM
NaCl, 1% Triton X-100, 10% glycerol, 5 mM EDTA, and 2 mM EGTA; all reagents were from Sigma-Aldrich, except for Triton X-100 from Fluka) in the
presence of 1 mM sodium orthovanadate, 100 mM sodium fluoride, and a
mixture of protease inhibitors (pepstatin, leupeptin, aprotinin, soybean trypsin
inhibitor, and phenylmethylsulfonyl fluoride). Extracts were clarified by centrifugation, and protein concentration was determined using BCA Protein Assay
Reagent kit (Thermo Scientific). Western blot detection was performed with
enhanced chemiluminescence system (GE Healthcare) and peroxidase conjugated secondary antibodies (Amersham). The following primary antibodies
were used for western blotting (all from Cell Signaling Technology, except
where indicated): anti-phospho- BRAF (Ser445); anti-BRAF (Santa Cruz);
anti-phospho-RAF1 (Ser338); anti RAF1; anti-phospho-p44/42 ERK (Thr202/
Tyr204); anti-p44/42 ERK; anti-phospho-MEK1/MEK2 (Ser217/Ser221), antiMEK1/MEK2; anti-KRAS (Sigma Aldrich); anti-EGFR (clone13G8; Enzo Life
Sciences); anti-phospho AKT (Ser473); anti-AKT; anti-phospho EGFR
(Tyr1068; Abcam); anti-phospho-HER2 (Tyr1221/Tyr1222); anti-HER2 (Santa
Cruz); anti-phosphor-HER3 (Tyr 1289); anti-HER3 (Millipore); antivinculin (Millipore); and antiactin (Santa Cruz). Immunoprecipitation was carried out
following cell lysis in extraction buffer in the presence of 1 mM sodium orthovanadate, 100 mM sodium fluoride, and protease and phosphatase inhibitors.
Extracts were clarified by centrifugation, normalized with the BCA Protein
Assay Reagent kit (Thermo Scientific), and incubated with indicated antibodies
for 2 hr at 4 C. Immune complexes were collected with protein A-Sepharose,
washed in extraction buffer, and eluted. Extracts were electrophoresed on
SDS-polyacrylamide gels and processed as described before.
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RAS Activation Assay
GST-RAF1-RAS-binding domain fusion proteins were expressed in Escherichia coli by induction with 0.2 mM isopropyl-1-thiob-D-galactopyranoside
for 4 hr at 30 C. The expressed fusion proteins were isolated from bacterial lysates by affinity chromatography with glutathione agarose beads. Six hundred
micrograms of whole-cell cleared lysate was incubated with 10 mg of GSTRAF1-Ras-binding domain for 90 min at 4 C. The complexes were collected
by centrifugation and washed three times with lysis buffer. Proteins were separated by SDS-PAGE followed by western blot. The KRAS protein was detected
with anti-KRAS monoclonal antibody (Sigma-Aldrich). Total lysates (20 mg)
from the above cells were immunoblotted with anti-KRAS antibody (SigmaAldrich) as a loading control.
Statistical Analysis
Statistical significance for the data of the short-term drug assays was determined by nonparametric Kruskal-Wallis statistics with a Dunn’s multiple comparison posttest. This test was chosen because the data did not follow a
normal distribution. p < 0.01 and p < 0.001 were considered statistically
significant.
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Supplemental Figures and legends

Figure S1. Biochemical validation of siRNA mediated gene downregulation (Related to
Figures 1 and 2).
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MEK and RAF concomitant inhibition in KRAS mutant CRC
(A) DLD-1 cells were transfected with siRNA targeting the indicated genes for 48 hours, after which
whole cell extracts were subjected to western blot analysis with the indicated antibodies. To
functionally evaluate the inactivation of PI3K, the levels of phospho-AKT1 (S473) were measured.
Actin and Vinculin were included as a loading control. (B) KRAS mutant cell lines were transfected
with siRNA targeting KRAS or PLK1 for 5 days, after which, survival fraction was determined by
measuring ATP content. Effect of PLK1 knockdown on survival fraction was used as a measure of
transfection efficiency. The effect of KRAS suppression on survival is also indicated.
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Figure S2. Biochemical validation of KRAS down-regulation in KRAS mutant CRC cell lines
(Related to Figures 1 and 2). The indicated cell lines were transfected with SMARTpool siRNA
KRAS for 48 hours, after which whole-cell extracts were subjected to western blot analysis.
Vinculin was included as a loading control.
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Figure S3. Schematic representation and biochemical validation of loss of function shRNA
screen (Related to Figure 2). (A) Schematic outline of the ‘dropout’ RNAi screen. SW480 cells
were infected by pooled lentivirus generated from the RNAi Consortium (TRC) human genomewide shRNA library. After puromycin selection, cells were cultured in the absence (control) or
presence of selumetinib 0.5µM for 14 days. shRNA sequences were recovered by PCR and the
abundance of each hairpin in pooled samples was determined by deep sequencing. (B) SW480
KRAS mutant cells were infected by lentiviral shRNAs targeting RAF1 or BRAF. The level of RAF1
and BRAF knockdown was determined by Western blot. ERK1/2 served as a loading control.
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Figure S4. The pan-RAF inhibitor AZ628 enhances MEK inhibition in CRC cell lines (Related
to Figure 2). (A) A total of 26 microsatellite-stable KRAS mutant cell lines were treated with the
MEK inhibitor selumetinib, or the pan-RAF inhibitor AZ628 or their combination for 5 days. Cell
viability was assessed by measuring ATP content. Data-points are expressed as percent viability
compared with DMSO-only treated cells. The horizontal line and error bars indicate geometric
mean ± 95% CI. (***)P <0.001. Cell lines sensitive (LS513, in red) and cell lines not sensitive
(SW837 in light blue and SW480 in dark blue) to the combinatorial treatment are highlighted. (B-C)
Cells were treated 14 days with increasing concentrations of selumetinib and AZ628. At the end of
the experiment, cells were fixed, and stained with crystal violet solution.
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Figure S5. MEK inhibition by selumetinib synergizes with RAF inhibitors RAF265 or AZ628
in NSCLC cell lines (Related to Figures 3, 4 and 5).
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MEK and RAF concomitant inhibition in KRAS mutant CRC
(A-B) NSCLC cells were treated 14 days with increasing concentrations of selumetinib and
RAF265 (A) or AZ628 (B). At the end of the experiment, cells were fixed, and stained with crystal
violet solution. (C) H358 cell line was treated with selumetinib 1µM for 36h, after which whole-cell
extracts were immunoprecipitated with BRAF antibody and subjected to western blot analysis with
the indicated antibodies. Inputs are shown as controls. (D). H358 cell line was treated with
selumetinib 1 µM, AZ628 1µM or the combination of both for 72h. Lysates were subjected to
western blot analyses and membranes were probed with the indicated antibodies.
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Abstract
Recurrent inactivating mutations in components of SWI/SNF chromatinremodelling complexes have been identified across cancer types, supporting their
roles as tumour suppressors in modulating oncogenic signalling pathways. We
report here that SMARCE1 loss induces EGFR expression and confers resistance
to MET and ALK inhibitors in non-small cell lung cancers (NSCLCs). We found
that SMARCE1 binds to regulatory regions of the EGFR locus and suppresses
EGFR transcription in part through regulating expression of Polycomb
Repressive Complex component CBX2. Addition of the EGFR inhibitor gefitinib
restores the sensitivity of SMARCE1 knockdown cells to MET and ALK
inhibitors in NSCLCs. Our findings link SMARCE1 to EGFR oncogenic signalling
and suggest targeted treatment options for SMARCE1 deficient tumours.
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Introduction
Mutations in several components of SWI/SNF complexes have been linked to
malignant transformation and progression. For example, ARID1A is found inactivated
by mutations at variable frequency (5-50%) across a broad range of cancer types
including subtypes of ovarian cancer, neoplasms of the liver, colon, stomach,
pancreas, lung and breast1-9. In addition to ARID1A, inactivating mutations in SNF5,
PBRM1 and SMARCA4 encoding other SWI/SNF subunits also occur at a high
frequencies in several types of cancer10,11. SNF5 is mutated in 98% of rhabdoid
tumours12-15 and PBRM1 is mutated in 41% of renal cell carcinomas16. Expression of
SMARCA4 is absent in 15–50% of primary NSCLC samples17,18 and inactivating
biallelic SMARCA4 mutations are found in almost all cases of small cell carcinoma of
the ovary, hypercalcaemic type (SCCOHT)19-21. In addition, loss of function
mutations in SMARCE1 are associated with inherited multiple spinal meningiomas22
and are also found in breast cancer23,24. These examples highlight the tumour
suppressor role of the SWI/SNF complexes in human cancer.
The molecular mechanisms by which different SWI/SNF components drive malignant
transformation are currently largely unknown. SMARCA4 has been recently shown to
regulate expression of MYC-associated factor X gene, MAX, which is inactivated in
small cell lung cancer25. However, direct links between other SWI/SNF components
and oncogenic signalling remains obscure. This is in part because these multicomponent complexes are known to vary in their compositions and associations with
other cellular components and transcription factors, which in turn control distinct sets
of genes and pathways in different cellular and developmental contexts10,11,26. Thus,
the specific mechanisms of different SWI/SNF components are likely contextdependent.
Functional genetic screens provide a powerful tool to uncover novel components of
signaling pathways and can help to identify mechanisms of drug resistance in
preclinical models of cancer. Using this approach, we previously identified MED12, a
component of the transcriptional MEDIATOR complex, as a determinant of responses
to inhibitors targeting ALK and EGFR receptor tyrosine kinases in NSCLCs by
regulating TGFb receptor signalling27. As observed for ALK and EGFR inhibitors, the
rapid development of drug resistance will also present a major clinical challenge for
101
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MET inhibitor-based therapies, which are being tested in clinical trials28. Herein we
employ a functional genetic approach to identify genes that modulate drug response to
MET inhibition in NSCLCs. We identify the SWI/SNF component SMARCE1 as a
candidate drug resistance gene for MET and ALK inhibitors in NSCLCs and establish
its role in regulating EGFR signalling.
Results
Large-scale RNAi screens identify SMARCE1 as a critical determinant of drug
responses to MET and ALK kinase inhibitors in NSCLCs
To identify novel genes whose suppression confers resistance to MET inhibition in
NSCLC, we performed a large-scale RNAi screen in the H1993 NSCLC cell line,
which is driven by MET-amplification and is sensitive to the RTK inhibitor crizotinib
(Figure 1A, left). Since crizotinib also effectively targets ALK29, we compared the top
candidates from the H1993 screen to those previously identified in our crizotinib
resistance screen in the EML4-ALK translocated H3122 NSCLC cell line27 (Figure
1A, right). This analysis identified two shRNAs targeting SWI/SNF chromatin
remodelling genes ARID1A and SMARCE1 as the only two common top hits enriched
in these different screens (Figure 1A). This suggests that these two genes are potential
modulators of the response to MET and ALK inhibitors.
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Figure 1. Large-scale RNAi screens identify SMARCE1 as a critical determinant of drug
responses to MET and ALK kinase inhibitors in NSCLCs
(A) Crizotinib resistance pooled screens performed in MET-amplified H1993 (left panel) and EML4ALK positive H3122 (as previously described27; right panel) NSCLC cells identify ARID1A and
SMARCE1 as the common candidates whose suppression conferred cirzotinib resistance. For the
H1993 screen, the NKI human shRNA library was introduced into H1993 cells by retroviral infection,
which were then left untreated (control) or treated with 400 nM crizotinib for 14 or 32 days,
respectively. After selection, shRNA inserts from both populations were recovered, labelled and
hybridized to DNA oligonucleotide arrays for quantification. Data from three independent experiments
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were normalized, averaged and log2 transformed as previously described30. Relative enrichment values
of each shRNA (crizotinib treated vs untreated) are plotted for both screens. The arrow indicates the
shARID1A and shSMARCE1 vectors (in Red), which are the only two common hits among the top
candidates that were enriched.
(B-E) Validation of SMARCE1 in modulating drug responses to MET and ALK inhibitors.
(B) Ectopic expression of a RNAi-resistance SMARCE1 cDNA re-sensitizes SMARCE1 knockdown
cells to MET inhibition in MET-amplified NSCLC cells. H1993 cells expressing pRS control or
independent shSMARCE1 vectors were retrovirally infected with viruses containing pMX or pMXSMARCE1 (RNAi resistant), and were grown in the absence or presence of 300 nM Crizotinib. Cells
were then fixed, stained and photographed after 14 days (untreated) or 28 days (treated).
(C) The total SMARCE1 protein levels in H1993 cells described in Figure 1B were documented by
western blotting. HSP90 was used a loading control.
(D) Ectopic expression of RNAi-resistant SMARCE1 cDNA re-sensitizes SMARCE1 knockdown cells
to ALK inhibitors NSCLC cells harboring EML4-ALK translocation. H3122 cells expressing pRS
control or independent shSMARCE1 vectors were retrovirally infected with viruses containing pMX or
pMX-SMARCE1 (RNAi-resistant), and were grown in the absence or presence of 300 nM Crizotinib or
2.5 nM NVP-TAE684. Cells were then fixed, stained and photographed after 14 days (untreated) or 28
days (treated).
(E) The total SMARCE1 protein levels in H3122 cells described in Figure 1D were documented by
western blotting. HSP90 was used a loading control.

In order to rule out the possibility of “off target” effects of these vectors in causing
drug resistance, two independent shRNA vectors for both ARID1A and SMARCE1
were tested in validation assays in multiple cell systems. We found that the expression
of these non-overlapping shRNAs efficiently suppressed expression of ARID1A or
SMARCE1 thereby conferring resistance to crizotinib in MET-amplified H1993 cells
in long-term colony formation assays (Figure S1A and S1B). Similarly these
knockdown vectors also conferred resistance to ALK inhibition by crizotinib or NVPTAE684 in EML4-ALK positive H3122 cells (Figure S1C and S1D). However,
suppression of SMARCE1, but not of ARID1A, conferred crizotinib resistance in an
additional NSCLC cell line, EBC1 (MET-amplified) (Figure S1E and S1F). These
results validate our initial screens, but also indicate that the effect of ARID1A is
potentially context-dependent and suggest a major role for SMARCE1 in modulating
drug responses to MET and ALK inhibitors in NSCLCs.
To further validate the role of SMARCE1 in modulating drug responses, we
performed rescue experiments using an RNAi-resistant SMARCE1 cDNA. We found
that reconstitution of SMARCE1 expression in SMARCE1 knockdown cells restored

104

SMARCE1 suppresses EGFR and controls drug response
the sensitivity of these cells to MET and ALK inhibitors in both H1993 and H3122
systems (Figure 1B to 1E). Taken together, our data demonstrate that SMARCE1 is a
genuine on-target hit and establish its critical role in regulating responses to MET and
ALK inhibition.
SMARCE1 suppression results in activation of AKT and ERK
To dissect the underlying mechanisms by which SMARCE1 controls drug resistance,
we first analysed the MAPK/ERK and PI3K/AKT signalling cascades, which
represent critical pathways downstream of MET and ALK signalling. We observed
that H1993 cells in which SMARCE1 was suppressed maintained significantly higher
levels of phosphorylated ERK (p-ERK) in the presence of crizotinib compared to
control cells (Figure 2A). Similarly, SMARCE1 suppression also caused H3122 cells
to maintain increased levels of both p-ERK and phosphorylated AKT (p-AKT) in the
presence of ALK inhibitor (Figure 2B). These results indicate that knockdown of
SMARCE1 affects the MAPK/ERK and to a lesser extent the PI3K/AKT signalling
routes. Conceivably, activation of these two signalling pathways may contribute to the
drug resistance phenotype induced by SMARCE1 knockdown. Consistent with this
notion, expression of active alleles of these signalling components demonstrated that
MAPK/ERK activation was sufficient to confer resistance to MET and ALK
inhibitors in both H3122 and H1993 cells. Activation of PI3K/AKT signalling was
also sufficient to bypass the arrest induced by crizotinib although only in H1993 cells
(Figure S2). These data suggest that SMARCE1 loss confers resistance to MET and
ALK inhibitors by enhancing the activation of both MAPK/ERK and PI3K/AKT
pathways.

6

Figure 2. SMARCE1 suppression leads to activation of AKT and ERK.
(A) Knockdown of SMARCE1 results in ERK activation in H1993 cells. H1993 cells expressing pRS
control or shSMARCE1 vectors, were untreated or treated with 500 nM crizotinib for 3 hours. Cell
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lysates were harvested for western blotting analysis and immunoblotted for SMARCE1, p-AKT
(S473), AKT, p-ERK, and ERK. HSP90 was used a loading control.
(B) Knockdown of SMARCE1 leads to activation of AKT and ERK in H3122 cells. H3122 cells
expressing pRS control or shSMARCE1 vectors, were untreated or treated with 50 nM NVP-TAE684
for 3 hours. Cell lysates were harvested for western blotting analysis and immunoblotted for
SMARCE1, p-AKT, AKT, p-ERK, and ERK. HSP90 was used a loading control.

SMARCE1 suppression leads to induction of EGFR
We next sought to determine the mechanism by which SMARCE1 regulates
MAPK/ERK and PI3K/AKT pathways. As a component of the SWI/SNF chromatin
remodelling complexes, loss of SMARCE1 may directly impact the transcription
machinery. Therefore, a subset of the genes/pathways that are dysregulated upon
knockdown of SMARCE1 may contribute to activation of MAPK/ERK and
PI3K/AKT pathways in causing drug resistance. To identify target genes of
SMARCE1, we performed transcriptome sequencing analysis (RNA-Seq) in H3122
and H1993 control cells and multiple SMARCE1 knockdown derivatives thereof (to
avoid potential off-target effects). Figure 3A shows a heat map representation of the
top target genes with altered expression upon SMARCE1 knockdown in both H3122
and H1993 cell lines. Interestingly, we found that EGFR is among the genes
upregulated upon suppression of SMARCE1. EGFR is a well-established oncogenic
driver RTK in NSCLCs acting upstream of both ERK and AKT pathways. The
upregulation of EGFR in SMARCE1 knockdown cells is consistent with our
observation that suppression of SMARCE1 enhances the activation of both
MAPK/ERK and PI3K/AKT pathways (Figure 2). Moreover, EGFR activation has
been causally linked to resistance to MET and ALK inhibitors31-33. Collectively, these
observations led us to hypothesize that the induction of EGFR is critical for the drug
resistance phenotype driven by SMARCE1 loss.
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Figure 3. Suppression of SMARCE1 leads to induction of EGFR
(A) Heat Map of the top genes that are regulated by SMARCE1 (shSMARCE1 vs pRS control;
shSMARCE#2 vs pRS control). Transcriptome expression analysis was performed in H1993 and H3122
cells and multiple SMARCE1 knockdown derivatives using next generation sequencing (RNA-Seq).
EGFR is indicated by red arrow and CBX2 is indicated by blue arrow. (Unit: log2)
(B and C) Suppression of SMARCE1 leads to induction of EGFR expression. SMARCE1 and EGFR
mRNA expression was measured by qRT-PCR in H1993 (B) and H3122 (C) stably expressing pRS
control or shRNA vectors targeting SMARCE1. Error bars represent SD of three independent biological
replicates; * and ** denote p values <0.05 and< 0.01 respectively.
(D and E) Reconstitution of SMARCE1 suppressed EGFR induction driven by SMARCE1 knockdown.
Cells lysates from H1993 (D) and H3122 (E) expressing pRS control or shRNA vectors targeting
SMARCE1 were immunoblotted for EGFR, SMARCE1, and HSP90.
(F and G) Inverse correlation between SMARCE1 and EGFR in a panel of 186 lung cancer cell lines (F)
and 473 human lung adenocarcinomas (G). Relative gene expression levels of SMARCE1 and EGFR
were acquired from the Cancer Cell Line Encyclopedia (CCLE) and The Cancer Genome Atlas
(TCGA). R stands for Pearson product-moment correlation coefficient.
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To test this hypothesis, we first examined the EGFR mRNA expression in H1993 and
H3122 control cells and multiple SMARCE1 knockdown derivatives by qRT-PCR. In
line with our RNAseq results, suppression of SMARCE1 induced EGFR expression in
both cell systems (Figure 3B and 3C). Consistently, we also observed that EGFR
protein levels were elevated in SMARCE1 knockdown cells and that restoration of
SMARCE1 expression in SMARCE1 knockdown cells efficiently supressed the EGFR
induction resulting from SMARCE1 knockdown in both cell systems (Figure 3D and
3E). These results strongly support a role for SMARCE1 in suppressing EGFR.
Next, we assessed whether the regulation of EGFR by SMARCE1 is a general
mechanism that also exist in heterogeneous lung cell lines and patient tumours. Using
mRNA gene expression data (Microarray) from the Cancer Cell Line Encyclopedia
(CCLE)34, we found an inverse correlation between SMARCE1 and EGFR expression
in a panel of 186 lung cell lines (r=-0.42, p=2.9*10-9; Figure 3F). Furthermore, we
also observed a mild but significant inverse correlation between SMARCE1 and
EGFR mRNA expression in a tumour data set comprising 473 human lung
adenocarcinomas, using RNA-seq data from The Cancer Genome Atlas (TCGA) (r=0.14, p=1.9*10-3;Figure 3G). Collectively, our data establish the important role of
SMARCE1 in supressing EGFR expression in NSCLCs.
SMARCE1 suppresses EGFR expression in part through regulating CBX2
Since SWI/SNF complexes are mostly known for their role in activating gene
expression, it is possible that SMARCE1 suppresses EGFR transcription indirectly
through regulating expression of transcriptional repressors. To address this, we
searched for potential known transcriptional repressors of EGFR among the top
targets genes that were downregulated upon SMARCE1 knockdown (Figure 3A). We
found that Chromobox Homolog 2 (CBX2), which encodes a component of the
Polycomb Repressive Complex 1 (PRC1), appeared to be dependent on SMARCE1
for expression. Previous studies have identified EGFR as a Polycomb target gene in
both mouse and human cells35,36, and CBX2 was shown to have the strongest binding
to Egfr promoter in mouse ES cells among the different Cbx family proteins37. These
observations suggest that SMARCE1 may suppress EGFR transcription through
regulating CBX2 expression.
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Figure 4. SMARCE1 suppresses EGFR expression in part through regulating CBX2 and is
recruited to regulatory elements of EGFR locus
(A and B) Suppression of SMARCE1 leads to downregualtion of CBX2 and upregulation of EGFR
expression. SMARCE1, CBX2 and EGFR mRNA expression was analysed by qRT-PCR in H1993 (A)
and H3122 (B) stably expressing pRS control or shRNA vectors targeting shSMARCE1. Error bars
denoate SD.
(C and D) CBX2 knockdown causes induction of EGFR expression. CBX2 and EGFR mRNA
expression was analysed by qRT-PCR in H1993 (C) and H3122 (D) stably expressing pLKO control or
independent shRNAs targeting CBX2. Error bars represent SD of three independent biological
replicates; * and *** denote p values <0.05 and< 0.001 respectively.
(E and F) SMARCE1 is positively correlated with CBX2 (F) and CBX2 is negatively correlated with
EGFR expression (G) in the panel of 186 CCLE lung cell lines. Relative gene expression levels of
SMARCE1, CBX2 and EGFR were acquired from CCLE. R stands for Pearson product-moment
correlation coefficient.
(G and H) SMARCE1 is positively correlated with CBX2 (F) and CBX2 is negatively correlated with
EGFR expression (G) in 473 TCGA human lung adenocarcinomas. Relative gene expression levels of
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SMARCE1, CBX2 and EGFR were acquired from TCGA. R stands for Pearson product-moment
correlation coefficient.
(I) SMARCE1 is recruited to the regulatory elements of EGFR locus. Chromatin immunoprecipitation
(ChIP) experiments were performed in H3122 cells using two different antibodies against SMARCE1
and normal IgG controls. ChIP materials along with WCE (whole-cell extract) were sequenced using
next generation sequencing. Enriched regions in the genome were identiﬁed by comparing the ChIP
samples to mixed input (WCE) using the MACS peak caller. Snapshot of the binding events of
SMARCE1 adjacent to or within EGFR gene are shown.

To address this, we first confirmed that CBX2 mRNA was supressed upon SMARCE1
knockdown and was associated with induction of EGFR mRNA expression in H1993
and H3122 cells using qRT-PCR (Figure 4A and 4B). Next, we showed that
knockdown of CBX2 with two independent shRNAs resulted in increased levels of
EGFR mRNA in both H1993 and H3122 cells (Figure 4C and 4D), indicating that
suppression of CBX2 is sufficient to induce EGFR expression. In addition, we found
that SMARCE1 is positively correlated with CBX2 (r=0.34; p=1.5*10-6) and that
CBX2 is inversely correlated with EGFR (r=-0.43; p=1.4*10-9), in the CCLE lung cell
line panel where we observed the inverse correlation between SMARCE1 and EGFR
(Figure 4E, 4F and 2F). Consistently, a positive correlation between SMARCE1 and
CBX2 (r=0.18; p=1.0*10-4) as well as an inverse correlation between CBX2 and
EGFR (r=-0.22; p=2.3*10-6) were also found in the same set of 473 TCGA lung
adenocarcinomas (Figure 4G and 4H), in which we observed the inverse correlation
between SMARCE1 and EGFR mRNA expression (Figure 2F). These results support
a model where SMARCE1 supresses EGFR expression in part through regulating
CBX2 expression in NSCLCs.
SMARCE1 is recruited to regulatory elements of EGFR locus
Given that some SWI/SNF complexes are also capable of repressing gene
expression38,39, it is also possible that SMARCE1 suppresses EGFR expression
through direct regulation. To test this possibility, we performed chromatin
immunoprecipitation (ChIP) experiments in H3122 cells using two different
antibodies against SMARCE1 and IgG controls and subjected the ChIP materials
along with whole-cell extracts (WCE) for next generation sequencing. We found
strong SMARCE1 binding peaks spanning the 20kb region upstream of EGFR gene
as well as 110kb region downstream of EGFR transcription start site within the first
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intron (Figure 4I). The region encompassing the first intron of EGFR gene has been
shown to be critical to regulate EGFR transcription and includes possible binding
sites for repressor proteins40,41. These observations suggest that SMARCE1 can also
potentially regulate EGFR transcription through these direct interactions with the
regulatory regions of EGFR locus.
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Figure 5. EGFR inhibition resensitizes SMARCE1 deficient cells to MET and ALK kinase
inhibitors in NSCLCs
(A) EGFR inhibitor suppressed the ERK activation driven by SMARCE1 knockdown in MET-amplified
NSCLC cells. H1993 cells expressing pRS or shSMARCE1 vectors were cultured in the absence or
presence of 500nM crizotinib, 500 nM gefitinib or their combination for 3 hours. Cell lysates were
harvested for immunoblot analysis and probed for indicated proteins.
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(B) Combination of EGFR and MET inhibitors synergistically inhibits growth of SMARCE1
knockdown NSCLC cells driven by MET amplification. H1993 cells expressing pRS control or
shSMARCE1 vectors were cultured in the absence and the presence of 300nM crizotinib, 500 nM
gefitinib, or their combination. The cells were fixed, stained and photographed after 14 (untreated and
gefitinib alone) or 28 days (crizotinib alone and gefitinib plus crizotinib).
(C) EGFR inhibitor suppressed the ERK and AKT activation driven by SMARCE1 knockdown in
NSCLC cells harboring EML4-ALK translocation. H3122 cells expressing pRS or shSMARCE1 vectors
were cultured in the absence or presence of 50 nM NVP-TAE684, 500 nM gefitinib or their
combination for 3 hours. Cell lysates were harvested for immunoblot analysis and probed for indicated
proteins.
(D) Combination of EGFR and MET inhibitors synergistically inhibits growth of SMARCE1
knockdown NSCLC cells harboring EML4-ALK translocation. H3122 cells expressing pRS or
shSMARCE1 vectors were cultured in the absence or presence of 300nM crizotinib, 250 nM gefitinib or
their combination. The cells were fixed, stained with crystal violet and photographed after 10
(untreated) or 28 days (treated).

EGFR inhibition resensitizes SMARCE1 deficient cells to MET and ALK kinase
inhibitors in NSCLCs
Since EGFR activation has been causally linked to resistance to MET and ALK
inhibitors31-33, we then asked whether EGFR upregulation is required for the observed
drug resistance to MET and ALK inhibitors driven by SMARCE1 knockdown by
using a selective EGFR inhibitor gefitinib. Consistent with the elevated total protein
levels of EGFR induced by SMARCE1 knockdown, H1993 and H3122 cells
expressing shSMARCE1 vectors maintained elevated p-EGFR levels in the presence of
MET or ALK inhibitors, coinciding with the elevated downstream p-ERK and pAKT
levels in the same cells (Figure 5A and 5C). We found that addition of the EGFR
inhibitor gefitinib to crizotinib treatment abolished the elevated levels of p-EGFR, pAKT and p-ERK in SMARCE1 knockdown cells (Figure 5A and 5C). These results
suggest that the elevated MAPK/ERK and PI3K/AKT signalling in SMARCE1
knockdown cells results from EGFR activation. Consequently, the addition of
gefitinib restored the sensitivity of SMARCE1 knockdown cells to both MET and
ALK inhibitors in H1993 and H3122 cells in long-term growth assays (Figure 5B and
5D). Similar results were also obtained in EBC1 cells (Figure S3), confirming the
critical role of EGFR activation for the drug resistance driven by SMARCE1
knockdown.
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Independently supporting the notion that EGFR activation is the major driver of drug
resistance driven by SMARCE1 loss, we found that EGFR was the only common
kinase whose suppression restores sensitivity to crizotinib in SMARCE1 knockdown
cells, from two shRNA re-sensitization screens using a lentiviral shRNA library
representing the full complement of 518 human kinases42 (Figure S4). Together, our
findings establish that SMARCE1 suppresses EGFR, whose activation is required for
the drug resistance phenotype induced by SMARCE1 knockdown and suggest a
therapeutic strategy to treat lung cancers with SMARCE1 loss.
Discussion
Our study identifies SMARCE1 as a critical modulator of the drug response to MET
and ALK inhibitors in NSCLC cells and provides a direct link between this SWI/SNF
component and EGFR oncogenic signalling. Mechanistically, SMARCE1 suppresses
EGFR expression, in part through regulating the levels of Polycomb Repressive
Complex component CBX2. This transcriptional network between SMARCE1, CBX2
and EGFR is supported by gene expression data of the CCLE lung cell line panel and
a large number of TCGA lung patient tumours. In addition, our ChIP-seq data
suggests that SMARCE1 may regulate EGFR expression through direct binding to
regulatory elements of EGFR locus.
Suppression of ARID1A, another SWI/SNF component identified in our screens, also
confers resistance to MET and ALK inhibitors in H1993 and H3122, but not in EBC1
cells. This may reflect a context-dependent role of SWI/SNF complexes, which are
known to vary in their compositions and associations with other cellular
components10,11,26. Consistent with this, we did not observe an inverse correlation
between ARID1A and EGFR in the same lung tumour data sets (Data not shown),
where SMARCE1 is negatively correlated with EGFR. Given the context-dependency
of SWI/SNF complexes, our data do not rule out the possibility that loss of SMARCE1
activates other oncogenic pathways independent of EGFR in other cell types.
Crosstalk between different receptor tyrosine kinases signalling is important in
mediating resistance to single agent-based therapies targeting EGFR, ALK and MET.
For example, MET amplification accounts for some 20% of EGFR mutant NSCLC
tumours that acquired resistance to EGFR inhibitors43, and EGFR activation results in
113
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resistance to MET inhibition in results in MET-driven gastric cancer cells31,32. In
addition, EGFR activation is associated with acquired resistance to crizotinib in
EML4-ALK positive NSCLC patients33. These clinical data support our finding that
EGFR activation is critically required for drug resistance to MET and ALK inhibitors
driven by SMARCE1 loss in NSCLCs. Since SMARCE1 has not been documented to
be mutated in lung cancers, our study suggests that its expression may be a potential
predictive marker for drug responses to MET and ALK inhibitors and that EGFR
inhibitors may be effective to treat SMARCE1 deficient tumours.
Our study establishes a novel role for SMARCE1 in modulating drug responses
through regulating EGFR expression in lung cancers. Given the frequent involvement
of SWI/SNF complexes and EGFR signalling in various human cancers, our findings
may have extended implications to other tumour types in which these signalling
pathways play a key role.
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Figure S1. Validation of individual shRNAs targeting ARID1A and SMARCE1 in modulating
drug responses to MET and ALK kinase inhibitors in multiple NSCLC cell systems.
(A and B) Independent shRNAs targeting ARID1A or SMARCE1 confer resistance to MET inhibition
in H1993 cells.
(A) Expression of non-overlapping retroviral shARID1A (#1 and #2) and shSMARCE1 vectors (#1 and
#2) in H1993 cells confer resistance to MET inhibition, as indicated by long-term colony formation
assays. Cells were either untreated or cultured in the presence of 300 nM crizotinib. The pRS and
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shGFP vectors were used as negative controls. The cells were fixed, and stained with crystal violet
after 14 (untreated) or 28 (treated) days.
(B) The level of knockdown of ARID1A and SMARCE1 protein in the cells described S1A was
measured by western blotting. HSP90 was used a loading control.
(C and D) Independent shRNAs targeting ARID1A or SMARCE1 confer resistance to ALK inhibition
in H3122 cells.
(C) Expression of non-overlapping retroviral shARID1A (#1 and #2) and shSMARCE1 vectors (#1 and
#2) in H3122 cells confer resistance to ALK inhibition, as indicated by long-term colony formation
assays. Cells were either untreated or cultured in the presence of 2.5 nM NVP-TAE684 or 300 nM
crizotinib. The pRS and shGFP vectors were used as negative controls. The cells were fixed, and
stained with crystal violet after 14 (untreated) or 28 (treated) days.
(D) The level of knockdown of ARID1A and SMARCE1 protein in the cells described S1C was
measured by western blotting.
(E and F) Suppression of SMARCE1 but not of ARID1A confer resistance to crizotinib in EBC1 cells.
(E) Non-overlapping retroviral shARID1A (#1 and #2) and shSMARCE1 vectors (#1 and #2) were
expressed in EBC1 cells. The pRS and shGFP vectors were used as negative controls. Cells were either
untreated or cultured in the presence of 50 nM crizotinib. The cells were fixed, and stained with crystal
violet after 10 (untreated) or 32 (treated) days. Long-term colony formation assays indicate that
SMARCE1 but not ARID1A confers resistance to MET inhibition.
(F) The level of knockdown of ARID1A and SMARCE1 protein in the cells described S1E was
measured by western blotting.
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Figure S2. MAPK/ERK activation is sufficient to confer resistance to MET and ALK inhibitors in
NSCLCs, whereas AKT activation results in resistance to only MET inhibition.
(A) MAPK/ERK activation is sufficient to confer resistance to ALK inhibitors in NSCLC cells harboring
EML4-ALK translocation. H3122 cells expressing pBp control or active alleles of these signalling
components

of

pBpPIK3CA

H1074R

MAPK/ERK

and

PI3K/AKT

cascades

(pBpBRAFV600,

pBp

MEK-DD,

or pBp-myr-AKT) were cultured in the absence or presence of 300 nM crizotinib.

The cells were fixed, stained and photographed after 14 (untreated) and 21 (treated) days.
(B) Western blotting analysis of H3122 cells expressing active alleles of these signalling components
of MAPK/ERK and PI3K/AKT cascades. H3122 cells expressing pBp control, pBpBRAFV600, pBp
MEK-DD, pBpPIK3CAH1074R , pBp-myr-AKT, pBp were harvested and protein lysates were subjected
to immunoblot analysis for the indicated proteins.
(C) ERK and AKT activation both is sufficient to confer resistance to MET inhibition in MET-amplified
NSCLC cells. H1993 cells expressing pBp control, pBpBRAFV600E or pBp-myr-AKT, were cultured in
the absence or presence of 300 nM crizotinib. The cells were fixed, stained with crystal violet and
photographed after 14 (untreated) and 21 (treated) days.

121

6
s

Chapter 6

Figure S3. EGFR inhibition resensitizes SMARCE1 deficient cells to MET inhibition in EBC1
NSCLC cells.
EBC1 cells expressing pRS control or shSMARCE1 vectors were cultured in the absence and the
presence of 50nM crizotinib, 500 nM gefitinib, or the combination of 1 µM 50nM crizotinib and 500
nM gefitinib. The cells were fixed, stained and photographed after 10 (untreated and gefitinib alone) or
32 days (crizotinib alone and gefitinib plus crizotinib).
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Figure S4. Crizotinib re-sensitization Kinome screen in SMARCE1 knockdown cells identifies
EGFR as the top candidate
(A) Schematic outline of the “drop out” RNAi screen for kinases whose inhibition restores sensitivity
to crizotinib in SMARCE1 knockdown cells. Human TRC kinome shRNA library polyclonal virus was
produced to infect H1993 cells stably expressing shSMARCE1#1 or shSMARCE1#2, which were then
left untreated (control) or treated with 300 nM crizotinib for 11 days. After selection, shRNA inserts
from both populations were recovered by PCR and identified by next generation sequencing.
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(B, C) Representation of the relative abundance of the shRNA bar code sequences from the shRNA
screens experiment performed in H1993 cells stably expressing shSMARCE1#1 (B) or shSMARCE1#2
(C) as depicted in panel A. The y-axis is enrichment (relative abundance of crizotinib treated/untreated)
and x-axis is the intensity (average sequence reads in untreated sample) of each shRNA. Among the
top shRNA candidates (see selection criteria described below in Figure S4D and 4E), two independent
shEGFR2 vectors (in red) were identified from both screens.
(D, E) Lists of the top shRNA candidates from the screens performed in H1993 cells stably expressing
shSMARCE1#1 (D) or shSMARCE1#2 (E). Candidates were selected based on the following criteria:
more than 2-fold depleted by crizotinib treatment; more than 200 reads in untreated; do not have
significant impact on proliferation in the absence of crizotinib (UT/T0 > 0.75 or < 1.25). Only genes
that are presented with 2 or more shRNAs are considered as hits. UT, untreated; T0, time point taken
right after introduction of kinome shRNA library.
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Discussion and perspectives
One important lesson learned from studying RTK signaling is that genotype-directed
therapies have to take into account the complexity of the signaling network and the
heterogeneity of tumors.
Integration of functional and quantitative –omics approaches for precision
medicine
Information on pathway activation can be extracted from genomics, quantitative
transcriptomics and proteomics analysis of pre- and post-treatment cancer cells or
tumor samples. However, perturbation of the same pathway can have different
consequences depending on the cell type, tissue type and specific genetic alterations1,2.
The most notable example is that colon cancers and melanomas harboring exactly the
same mutation in BRAF respond remarkably different to BRAF inhibition3,4. In terms
of rewiring cell signaling pathways, the evidence shows that drug treatment-induced
pathway activation does not necessarily contribute to drug resistance. Scrutinizing the
MEK inhibitor-induced RTKs in TNBC using siRNA revealed that not all of the
upregulated kinases contributed to cell survival5. A similar conclusion was also
reached for BRAF mutant CRC treated with BRAF inhibitors. IGF1R is notably
activated by vemurafenib treatment in these cells, but EGFR is the only genuine
driver of vemurafenib resistance6.
Functional screens excel in their ability to distinguish “driver” from “passenger”
events in feedback regulation. RNAi- or CRISPR-based loss-of-function genetic
screens can identify synthetic lethal interactions between signaling pathways while
gain-of-function genetic screen by ectopic expression of cDNAs can identify genes
sufficient to confer drug resistance. However, these functional approaches are far
from perfect because of the heavy reliance on the model system and limitations of the
tools. This makes it impossible to interpret a negative result (false negatives are
rampant), and should make one cautious in interpreting a positive result (false
positives are frequent). Joint endeavors that assess genetic and epigenetic alterations
in tumors and functional interrogation of the regulatory mechanisms involved in
signal transduction will help to elucidate clinically-relevant resistance mechanisms
and effective drug combinations.
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Toxicity matters
Understanding cross talk between signaling pathways is essential for the development
of powerful drug combinations. Sometimes, several potential combination strategies
can be identified for a given cancer. For instance, MEK inhibitors in combination
with AKT, IGF1R, pan-ERBB, RAF, or BCL-XL inhibitors, were each shown to be
more effective than each drug alone and were found to be well-tolerated in KRAS
mutant mouse cancer models7-12. This gives physicians the option to select those
combinations that have the least toxicity. However, mouse cancer models are poor
predictors of toxicity in patients. Indeed, in a clinical trial, severe toxicity of the
combination of MEK and AKT inhibitors precluded adequate dual pathway
inhibition13, whereas this was possible in the animal model11. Whether other
combinatorial regimens will be successful in the clinic will depend to a large extent
on how well the patients tolerate the combined toxicities.
In some cases, combinatorial regimens can reduce some side effects caused by each
drug alone. For instance, BRAF inhibitors induce benign tumors in healthy skin
tissues because of the “paradoxical” MEK activation14, while MEK inhibitor causes
acneiform rash, which is associated with MEK inhibition. When patient received
MEK and BRAF inhibitors in combination, they developed less hyperproliferative
skin lesions than that expected with BRAF inhibitor monotherapy and seemed to
decrease the frequency and severity of acneiform rash15. It is at this point not clear
whether for a given drug combination, a full dose of each drug is required. Synergy
may already be obtained at less than the maximum tolerated dose. In such cases,
toxicity may be reduced through a lower dose of each of the two drugs in the
combination. However, there is little experience with this in the clinic to date.
Guiding biomarkers
Precision medicine requires sophisticated biomarkers that not only specify pathways
fueling cancer progression, but also the compensatory pathways that rescue cancer
cells from the primary pathway inhibition. A possible step in this direction was the
finding that MEK inhibition-induced activation of ERBB3 does not enhance PI3KAKT signaling in KRAS mutant cells with low basal ERBB3 activity16; in agreement
with this, the combination of MEK and pan-ERBB inhibitors only synergistically
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induced apoptosis in cells expressing high levels of ERBB38.
Outlook on precision medicine for cancer
It is unlikely that the combinatorial treatments I discussed will completely eradicate
advanced cancers, even though they are likely to be more effective than the singleagent therapies. A small number of therapy-resistant cells will most likely evolve,
especially when the tumor load is significant. The development of technologies for
genome, epigenome and proteome profiling would provide tools to monitor tumor
evolution before and during treatment. In conjunction with the expanding repertoire
of targeted agents that act on distinct pathways, it may become feasible to administer
sequential lines of combinatorial therapies to achieve more durable responses.
We are just beginning to understand how signaling networks are interconnected
within cancer cells. In spite of this, there are already encouraging results from clinical
trials testing combination therapies that were based on novel insights in cross talk
between signaling pathways17. However, one of the big open questions is how
heterogeneous cancers are in their cross talk between signaling pathways. Moreover,
how do additional mutations in cancers affect the response to combination therapies?
These questions seem daunting. It will be a long time before we can deduce from the
omics profiling of cancer which combination therapy will work best for the individual
patient. However, as the Chinese philosopher Laozi has said: “a journey of a thousand
miles begins with a single step”.
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Summary
Cancer therapeutic regimens are gradually changing from using relatively unspecific
cytotoxic agents to selective, pathway-centered approaches. The mechanistic rationale
of targeted approaches is to destruct the tumor by blocking aberrant cell signaling,
crucial for tumor maintenance and growth, but dispensable for healthy tissues.
However, despite impressive initial responses in some patients, resistance to singleagent targeted therapies emerges almost invariably. Abrupt inhibition of an oncogenic
signal sustaining tumor survival can cause initial drug responsiveness, but elaborate
regulatory mechanisms safeguarding cellular homeostasis are often activated,
resulting in drug resistance. Using RNA interference-based functional genetic screen,
we investigated resistance mechanisms of cancer to targeted agents against RTK
signaling pathways.
In Chapter 1 the major feedback mechanisms and redundancy in RTK signaling
pathways are discussed in the context of cancer therapies.
In Chapter 2 a clinical enigma is solved: why do BRAF mutant colorectal cancer
(CRC) not respond to BRAF inhibitors while melanomas carrying the same mutation
are highly responsive? Inhibition of BRAF in colon cancer causes a rapid feedback
activation of EGFR. Concomitant targeting EGFR and BRAF synergistically induces
apoptosis and suppresses tumor growth in BRAF mutant CRC. The differential
responses of CRC and melanoma to BRAF inhibitors can be attributed to the fact that
EGFR is highly expressed in many CRC, but rarely in melanoma. Two questions
arose from this study: does EGFR expression confer drug resistance in melanoma? If
so, would melanoma acquire EGFR expression during the development of drug
resistance? This is addressed in chapter 3.
In Chapter 3 we address the above-mentioned questions and provide mechanistic
insight into EGFR upregulation in melanoma. We show that SOX10 loss triggers TGF
β signaling, which in turn induces EGFR and PDGFRB expression. Surprisingly,
upregulation of RTKs in BRAF mutant melanoma induces a state of oncogeneinduced senescence in the absence of BRAF or MEK inhibitor treatment, while it
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confers a growth advantage in the presence of the drug. This notion potentially
explains why some BRAF or MEK inhibitor-resistant melanoma patients may regain
sensitivity to these drugs after a ‘drug holiday’. Moreover, increased RTK expression
in drug-resistant tumors can be a biomarker to identify patients that may benefit from
retreatment after a drug holiday.
In Chapter 4 we shift our focus to the group of tumors carrying mutant KRAS, the
most frequently mutated oncogene in human cancer, which signals through the RAFMEK-ERK pathway. A different feedback loop is identified in KRAS mutant cancer
when the same pathway is targeted as that in BRAF mutant colon cancer. We find
intrinsic resistance of KRAS mutant lung and colon cancer to MEK inhibitors results
from a MYC-dependent transcriptional upregulation of ERBB3. Drugs targeting both
EGFR and ERBB2, each capable of forming heterodimers with ERBB3, can reverse
unresponsiveness to MEK inhibition by decreasing inhibitory phosphorylation of the
pro-apoptotic proteins BAD and BIM. Moreover, ERBB3 protein level is a biomarker
of response to the combinatorial treatment.
In Chapter 5 we show that RAF1 suppression is also synthetic lethal with MEK
inhibitors in KRAS mutant cancer. MEK inhibition induces RAS-dependent BRAFRAF1 dimerization, which sustains MEK-ERK signaling. Prolonged dual blockade of
RAF and MEK leads to persistent ERK suppression and efficiently induces apoptosis.
In Chapter 6 drug resistance mechanisms are studied in cancer cells driven by
constitutively active RTKs. We describe a mechanism by which SWI/SNF complex
modulates drug responses in NSCLCs with MET amplification or ALK translocation.
We show that SMARCE1 loss induces EGFR expression and confers resistance to
MET and ALK inhibitors. SMARCE1 binds to regulatory regions of the EGFR locus
and suppresses EGFR transcription in part through repressing polycomb protein
CBX2. Inhibition of EGFR restores the sensitivity of SMARCE1 knockdown cells to
MET and ALK inhibitors in NSCLCs, providing a potential treatment strategy for
SMARCE1-deficient tumors.
In Chapter 7 we discuss general features and the root cause of drug resistance and
discuss both the promise and challenges of precision medicine.
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Samenvatting
Behandelingsstrategieën voor kanker veranderen langzaam maar zeker van het
gebruik van vrij aspecifieke, cytotoxische middelen naar meer selectieve, aanpakken
die selectief aangrijpen op de signaleringsroutes die in kanker zijn ontregeld. De
gedachte achter zulke ‘doelgerichte’ behandelmethoden is om de tumor te bestrijden
door het blokkeren van geactiveerde signaleringsroutes, die essentieel zijn voor de
kankercel, maar niet voor gezond weefsel. Ondanks indrukwekkende initiële effecten
die gezien worden in sommige patiënten, ontwikkelt zich echter bijna altijd resistentie
tegen therapieën met maar één enkel medicijn. Abrupte remming van oncogene
signalering waar de kankercel aan verslaafd is kan in eerste instantie een slinking van
de tumor opleveren, maar in tweede instantie worden vaak mechanismen geactiveerd
die de kankercel in staat stellen zich aan te passen aan de veranderde situatie, hetgeen
resulteert in resistentie. Dor gebruik te maken van functionele genetische screens,
gebaseerd op RNA interferentie, heb ik de resistentie mechanismen onderzocht van
kanker tegen drugs die de signaleringsroutes van Receptor Tyrosine Kinases (RTK)
blokkeren.
In

hoofdstuk

1

worden

the

belangrijkste

terugkoppelmechanismen

tussen

signaleringsroutes besproken in relatie tot bestaande kankertherapieën.
In hoofdstuk 2 wordt een klinisch raadsel opgelost: Waarom reageren
dikkedarmkankers met een BRAF mutaties niet op een selectieve BRAF remmer,
terwijl melanomen met dezelfde mutatie wel heel goed reageren? Er werd gevonden
dat remming van BRAF in dikkedarmkanker een snelle activatie geeft van EGFR via
een terugkoppelmechanisme. Gelijktijdige remming van EGFR en BRAF induceert
synergistisch celdood (apoptose) en remt tumorgroei in BRAF gemuteerde
dikkedarmkanker. De verschillende reactie op BRAF remmers van dikkedarmkanker
en melanomen kan worden verklaard door het feit dat EGFR hoog tot expressie komt
in veel dikkedarmkankers, maar zelden in melanomen. Deze studie leverde twee
vragen op: Leidt EGFR expressie tot resistentie in melanomen? En als dat zo is,
zouden melanomen dan EGFR tot expressie gaan brengen tijdens het ontwikkelen van
resistentie? Deze vragen worden behandeld in hoofdstuk 3.
Hoofdstuk 3 behandelt de bovengenoemde vragen en geeft inzicht in de vraag hoe
melanomen de expressie van EGFR kunnen induceren. Er werd gevonden dat verlies
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van SOX10 de signalering van TGFβ induceert, hetgeen op zijn beurt leidt tot
verhoogde EGFR en PDFGRB expressie. Verrassend is dat de verhoogde expressie
van RTKs in BRAF gemuteerde melanomen een staat van oncogen geïnduceerde
senescence veroorzaakt in de afwezigheid van BRAF of MEK remmers, terwijl het
een groeivoordeel oplevert in de aanwezigheid van deze middelen. Deze observatie
verklaart mogelijk waarom bij sommige melanoompatiënten met resistentie tegen
BRAF of MEK remmers de gevoeligheid voor deze medicijnen terugkeert na een
zogenaamde ‘medicijn vakantie’. Verhoogde RTK expressie in resistente tumoren kan
zelfs een indicatie zijn om patiënten te herkennen die baat zouden kunnen hebben bij
herbehandeling na een medicijn vakantie.
In hoofdstuk 4 verleggen we onze aandacht naar de groep tumoren met een mutatie in
het KRAS gen, het vaakst gemuteerde oncogen in humane kanker, dat signalen
doorgeeft

via

de

zogenaamde

RAF-MEK-ERK

route.

Een

ander

terugkoppelmechanisme werd geïdentificeerd in KRAS gemuteerde kanker wanneer
dezelfde signaleringsroute als in BRAF gemuteerde dikkedarmkanker werd geremd.
Er werd gevonden dat intrinsieke resistentie van KRAS gemuteerde long- en
dikkedarmkanker tegen MEK remmers het gevolg is van een MYC afhankelijke
verhoging van ERBB3 transcriptie. Geneesmiddelen die zowel EGFR als ERBB2
remmen, welke beide in staat zijn heterodimeren te vormen met ERBB3, kunnen
resistentie tegen MEK remmers terugdraaien door het verminderen van remmende
fosforylering van de pro-apoptotische eiwitten BAD en BIM. Sterker nog, er werd
gevonden dat ERBB3 eiwit niveau een biomarker is voor de mate van reactie van de
tumor op de combinatiebehandeling.
In hoofdstuk 5 werd gevonden dat de resistentie van KRAS gemuteerde tumoren tegen
MEK remmers ook kan worden teruggedraaid door het CRAF kinase te remmen. Dit
biedt opnieuw kansen om combinatiebehandelingen te ontwikkelen voor KRAS
gemuteerde tumoren.
In hoofdstuk 6 worden resistentiemechanismes bestudeerd in kankercellen die
gedreven worden door altijd actieve RTKs. We beschrijven een mechanisme waarin
het SWI/SNF complex de reactie op geneesmiddelen moduleert in NSCLCs met een
MET amplificatie of ALK translocatie. Er werd gevonden dat SMARCE1 verlies
EGFR expressie induceert en resistentie veroorzaakt tegen MET en ALK remmers.
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We vonden dat SMARCE1 bindt aan de regulatoire gebieden van het EGFR locus en
EGFR transcriptie onderdrukt, deels door onderdrukking van het polycomb eiwit
CBX2. Remming van EGFR herstelt de gevoeligheid van SMARCE1 knockdown
cellen voor MET en ALK inhibitors in NSCLCs, hetgeen een mogelijke
behandelstrategie oplevert voor SMARCE1-deficiënte tumoren.
In hoofdstuk 7 bediscussiëren we algemene eigenschappen en de belangrijkste
oorzaak van resistentie en behandelen we de beloftes en uitdagingen van precisie
geneeskunde.
De in dit proefschrift beschreven studies hebben tot op heden aanleiding gegeven tot
een

vijftal

klinische

studies

met

verschillende

combinaties

van

kankergeneesmiddelen. Sommige van deze studies hebben al veelbelovende resultaten
laten zien. Het is nu mogelijk om binnen de tijdspanne van een promotieonderzoek
mechanismen van resistentie tegen kankergeneesmiddelen te ontrafelen en
oplossingen te bieden die in de kliniek lijken te werken. Dit toont aan dat de weg van
het laboratorium naar de kliniek de afgelopen tijd veel korter is geworden en dat
fundamenteel onderzoek snel kan leiden tot nieuwe behandelmethoden.
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