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Abstract

The last decade has witnessed a transformation in the treatment of
advanced-stage lung cancer from a largely palliative approach to one where
long-term durable remissions and even cures might be within reach. In this
review,we discuss the current state of oncogene-directed precision medicine
therapies in lung cancer and focus on the major cause of mortality for lung
cancer patients: acquired resistance.We consider the multifaceted resistance
mechanisms tumors utilize, often simultaneously. We then present areas
for future scientific and clinical investigation with an emphasis on popula-
tion dynamics, early detection, combinatorial therapies targeting resistance
mechanisms, and understanding the drug-tolerant persister state.
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Lung cancer remains a major public health scourge and the number one cause of cancer-related
mortality worldwide (Bray et al. 2018). Treatment as recently as the early 2000s consisted mainly
of palliative chemotherapy with median survival times of six to eight months (Rapp et al. 1988).
The explosion of molecular diagnostic techniques has led to a reorganization in how we classify
lung cancer (and cancer, in general) from a purely histologic-based approach to one that now
incorporates identification of the genetic drivers of the disease.

The term “oncogene addiction,” first coined by I. Bernard Weinstein in 2002, was at the time
a hypothesis that cancer cells depend on continued activity of their driver oncogene to maintain
malignant potential (Weinstein & Joe 2006). The identification and subsequent targeted therapies
directed at major oncogenes in lung cancer [e.g.,EGFR (epidermal growth factor receptor; Lynch
et al. 2004), ALK (anaplastic lymphoma kinase; Solomon et al. 2018), ROS1 (C-ROS oncogene 1;
Shaw et al. 2014), BRAF (Planchard et al. 2017), MET (Drilon et al. 2016)] led to a significant
prolongation of overall survival (OS) and dramatic disease remissions in some patients, cementing
the concept of oncogene addiction as central to precision medicine therapies.

However, virtually all patients with advanced-stage lung cancer ultimately develop acquired
resistance and succumb to the disease. This review seeks to summarize the current understanding
of acquired resistance in lung cancer and then explores approaches that move beyond oncogene
addiction to address obstacles such as initial tumor volume, population dynamics, tumor hetero-
geneity, and drug-tolerant persister cell states that cooperate to limit long-term survival for these
patients.

DRIVER ONCOGENES AND ACQUIRED RESISTANCE

Molecular testing in non-small-cell lung cancer (NSCLC) is now considered standard of care, and
genome sequencing approaches have uncovered an ever-expanding list of oncogenic mutations
(Lindeman et al. 2018). The most common oncogenic driver in lung cancer that is targetable by
existing therapies [tyrosine kinase inhibitors (TKIs)] is activating mutations in EGFR, resulting in
proliferative and oncogenic signals through the RAS-MAPK,PI3K-AKT-mTOR, and JAK/STAT
pathways.The incidence ofEGFRmutations varies significantly by country and ethnicity, from10–
20% in the United States to greater than 40% in parts of Asia (Midha et al. 2015).Other activating
kinase mutations have been described for BRAF (Marchetti et al. 2011),MET (exon 14 skipping)
(Awad et al. 2016), andHER2 (Arcila et al. 2012). In addition tomutational drivers, several receptor
tyrosine kinases (RTKs) undergo gene rearrangement to generate constitutively active kinases.
This class of oncogenic drivers includes ALK (Soda et al. 2007), ROS1 (Rikova et al. 2007), and
RET (Kohno et al. 2012).The common theme from the current list of targetable oncogenic drivers
in NSCLC is that almost all of them represent somatic events that result in hyperactivation of
a kinase and oncogene addiction in the tumor cells. Therefore, the specific targeted therapies
(e.g., kinase inhibitors) have a significantly larger therapeutic window than traditional cytotoxic
chemotherapy.

Response rates to targeted therapies vary by driver oncogene but range between 40 and 80%.
For example, first-generation EGFR inhibitors including erlotinib and gefitinib demonstrated
head-to-head superiority over traditional chemotherapy in terms of progression-free survival
(PFS) in EGFR-mutant NSCLC, but interestingly did not improve OS likely due to rapid emer-
gence of drug resistance (Mok et al. 2009, Rosell et al. 2012). Later-generation EGFR inhibitors
demonstrate increased PFS and OS when compared with first-generation EGFR inhibitors (Soria
et al. 2018), as well clear superiority over historical OS data for traditional chemotherapy. While
most patients have either a partial response or stable disease as measured by RECIST (Response
Evaluation Criteria in Solid Tumors) criteria, de novo or primary resistance remains a clinical
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The signaling cascade of the classic oncogenic driver in non-small-cell lung cancer (NSCLC), mutant EGFR (epidermal growth factor
receptor), and mechanisms of resistance to targeted therapy by tyrosine kinase inhibitors (TKIs). Oncogenic signaling downstream of
mutant EGFR involves the RAS-MAPK, PI3K-AKT-mTOR, and JAK/STAT pathways. On-target resistance restores kinase function
in the presence of TKIs, bypass signaling restores downstream input through activating mutations in, for example, RAS or RAF, and
parallel pathway activation utilizes alternative receptor tyrosine kinases (RTKs) (red) to restore signaling input to the oncogene-
addicted cell. Phenotypic transformation demonstrates a cell state transition and often downregulation of the oncogene.

challenge for a subset of patients. Examples of primary resistance to EGFR inhibitors include cer-
tain types of oncogenic mutations, such as EGFR exon 20 insertions that have reduced sensitivity
to TKIs (Yasuda et al. 2013); the presence of concurrent genetic alterations, such as MET am-
plifications (Lai et al. 2019) or modifiers of response to TKIs such as low levels of proapoptotic
proteins such as BIM (Costa et al. 2014); elevated basal levels of CRIPTO1 (Park et al. 2014); or
high levels of NF-κB pathway activation (Blakely et al. 2015). The scope of primary resistance
remains to be fully elucidated for other targeted therapies against ALK, ROS1, RET, and BRAF,
although for BRAF in particular, the experience in metastatic melanoma suggests that the same
types of alterations in the MAPK pathway (MAP2K1,MAP2K2, BRAF, and NRAS) that promote
acquired resistance can also promote de novo resistance if present initially (Van Allen et al. 2014).

We focus in this review on acquired resistance, as it remains the major scientific and clinical
challenge in lung cancer. Acquired resistance is traditionally divided into on-target and off-target
mechanisms. “On-target” refers to mutations or other alterations in the target gene such as am-
plifications that allow the kinase to remain active even in the presence of an inhibitor. Off-target
alterations are a much broader category and include activation of downstream or bypass survival
programs, phenotypic transformation, and presence of codominant driver oncogenes (Figure 1).

ON-TARGET RESISTANCE PREDICTED BY STRUCTURE-
FUNCTION STUDIES

The canonical on-target resistancemutation inNSCLC is the so-called gatekeeper EGFRT790M
second-sitemutation.This represents the dominant resistancemechanism (50–60%of patients) to
first-generation EGFR-directed TKIs such as erlotinib or gefitinib (Pao et al. 2005, Sequist et al.
2011).Themutation results in a larger methionine side chain in the ATP binding pocket and steric
clash on drug binding (Kobayashi et al. 2005). While a common theme in TKI resistance dating
back to the very first kinase inhibitors used for chronic myeloid leukemia [BCR-ABL T315M
mutations (Gorre et al. 2001)], the gatekeeper hypothesis may not represent the entire mechanism
of resistance for EGFR; work in recent years has shown that EGFR T790M has increased ATP
binding affinity and that the mutation may affect overall enzyme conformation (Yun et al. 2008).
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In response to this dominant mode of resistance, third-generation EGFR-directed TKIs such as
osimertinib were specifically designed to target the T790M resistance mutation through covalent
binding to the ATP pocket (Finlay et al. 2014). Unsurprisingly, their use has been associated with
new second-site resistance mutations, the best characterized of which is C797S, which occurs at
the covalent binding site of osimertinib to prevent drug binding (Thress et al. 2015).

Interestingly, the spectra of resistance mutations for ALK, ROS1,MET, and HER2 are signif-
icantly more varied than for EGFR-mutant cancers, especially when considering first-generation
EGFR inhibitors. Similar to EGFR, gatekeeper resistance mutations involving the ATP binding
pocket in ALK (L1196M) (Choi et al. 2010) and ROS1 (L2026M) (McCoach et al. 2018) have
been described in patients treated with the dual ALK/ROS1 inhibitor crizotinib, but overall they
represent a significant minority of resistance events. Additional on-target mutations are multi-
faceted and include disruption of hydrophobic kinase-drug interactions (solvent front mutations)
such as ALK G1202R (Chen et al. 2018) and ROS1 G2032R (Awad et al. 2013) and activation
loop mutants with allosteric effects (MET Y1230C) (Ou et al. 2017). Notably absent from this
list of second-site resistance mutations is the serine/threonine kinase BRAF. While mechanisms
of acquired resistance to BRAF inhibitors in NSCLC are not yet well defined, significant experi-
ence using RAF inhibitors in melanoma has not revealed secondary BRAF mutations as a major
driver of resistance (Nazarian et al. 2010). BRAF oncogene amplification (Shi et al. 2012) and ex-
pression of alternative splice variants (Poulikakos et al. 2011) are observed in melanoma patients
at progression and technically represent a mode of on-target resistance (since the oncogene can
signal in the presence of the drug), although the predominant modes of resistance involve bypass
signaling, as discussed below. Indeed, recent preclinical work has revealed roles for bypass track
signaling, alternatively spliced BRAF, and the Hippo pathway effector YAP1 (Yes-associated pro-
tein 1) in RAF inhibitor treatment resistance in BRAF-mutant NSCLC models (Lin et al. 2014,
2015; Okimoto et al. 2016).

While the general theme of on-target resistance is that drug selection imposes a selective pres-
sure for the emergence of additional mutations that enable reengagement of the driver oncogene,
there are specific details worth discussing. First, each kinase-drug pair has a unique structural re-
lationship, and both structural predictions (Hauser et al. 2018) and in vitro mutagenesis screens
have been utilized to predict resistance mutations, even prior to their clinical occurrence (Azam
et al. 2003), allowing for the iteration of new compounds that had activity against those muta-
tions. Second, it remains an open question why first-generation EGFR inhibitors have a dominant
resistance mutation (T790M), whereas third-generation EGFR inhibitors and ALK, MET, and
ROS1 inhibitors show a more diverse array of second-site mutations within the kinase and BRAF
inhibitor resistance includes almost no second-site resistance mutations. This observation may
relate to the tighter binding affinity or wild-type EGFR sparing properties of third-generation
EGFR inhibitors or it could reflect different structural characteristics of the respective kinases
(Patel et al. 2017). Moving forward, it will be important to understand the spectrum of resistance
mutations for each kinase-drug pair, especially as more potent TKIs and more allosteric drugs are
developed. It will also be critical to test whether minimizing on-target resistance simply shifts the
balance toward off-target mechanisms of resistance.

OFF-TARGET RESISTANCE: MANY WAYS TO REPLACE
AN ONCOGENE

Off-target resistance represents a daunting challenge because of the diverse and often multifacto-
rial mechanisms responsible for tumor cell survival in the face of oncoprotein blockade. In the
absence of target reengagement (e.g., on-target resistance), the dominant classes of resistance
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include downstream pathway reactivation, activation of parallel survival pathways, and phenotypic
transformation (Figure 1).

The classic example of downstream pathway reactivation comes from BRAF-mutant
melanoma, where treatment with BRAF inhibitors did not result in BRAF second-site resistance
mutations, but rather in amplification or activating mutations in RAS isoforms or loss of NF1,
which restores downstream MAPK signaling (Van Allen et al. 2014, Whittaker et al. 2013). In
melanoma, the addition of a second agent targeting the MAPK pathway (MEK inhibitor) sig-
nificantly prolonged PFS and OS, demonstrating the vital importance of the MAPK pathway to
survival of BRAFV600E-driven melanoma (Robert et al. 2015). The experience in melanoma led
to early phase clinical trials in NSCLC and FDA (US Food and Drug Administration) approval
of combined BRAF and MEK inhibitor treatment for BRAF-mutant melanoma with impressive
response rates (Planchard et al. 2017). The mechanisms of resistance to dual MAPK pathway
blockade in NSCLC are poorly characterized at present, although MAPK reactivation has been
described in individual patients (Rudin et al. 2013). It will be important to validate preclinical work
on acquired BRAF inhibitor resistance in NSCLC models (Lin et al. 2014, 2015) as clinical spec-
imens from this subset of patients become available through tumor and liquid biopsy protocols.

ALK-rearranged tumors also display a selective dependence on downstream RAS-MAPK sig-
naling. KRAS amplification or downregulation of a negative MAPK input, the dual-specificity
protein phosphatase 6 (DUSP6), was observed in several acquired resistance samples, and com-
binatorial blockade of ALK and the MAPK pathway (MEK inhibition), but not the PI3K-AKT
and JAK-STAT pathways, delayed acquired resistance in cell line and animal models (Hrustanovic
et al. 2015). The strategy of dual ALK/MEK inhibition is currently being tested in up-front clini-
cal trials (https://www.clinicaltrials.gov/,identifier NCT03087448). Similarly, acquisition of ac-
tivating BRAF mutations has been described in a minority of EGFR-mutant patients at acquired
resistance (Ohashi et al. 2012), although whether combination EGFR and MAPK pathway block-
ade will delay acquired resistance is currently being tested in clinical trials (NCT01859026).

PARALLEL PATHWAYS PRESERVE ONCOGENIC INPUTS

Oncogenic kinases are often competent to drive signaling throughmultiple pathways; for example,
mutant EGFR, ALK, and ROS1 all activate the RAS-MAPK, PI3K-AKT, and JAK/STAT path-
ways to varying extents (Rotow & Bivona 2017). However, the key scientific and clinical questions
in oncogene addiction are: What downstream signals are required for continued survival of the
tumor and are there alternative ways of activating the same survival signals? One of the earli-
est discovered and well-characterized examples of parallel pathway activation is amplification of
the MET kinase, which was detected at relapse in 5–10% of EGFR-mutant NSCLC patients
treated with first-generation inhibitors (Engelman et al. 2007). MET amplification leads to in-
creased sensitivity to hepatocyte growth factor signaling and increased flux through the PI3K-
AKT-mTOR axis, which is thought to rescue cells from EGFRTKI blockade. Subsequent studies
identified other mediators of parallel survival pathway activation in EGFR-mutant lung cancer,
including HER2 amplification, FGFR3 amplification, PIKC3A mutations, and AXL overexpres-
sion (Le et al. 2018, Sequist et al. 2011, Yu et al. 2013, Zhang et al. 2012), all of which serve to
reactivate downstream MAPK and PI3K signaling.

“Kinome rewiring” describes this general resistance mechanism by which an oncogenic input
is compensated for via upregulation of signaling through alternative RTKs (Duncan et al. 2012).
Interestingly, there appears to be a conserved set of growth and proliferative signals that cancers
utilize, and so there is substantial overlap between mechanisms of resistance. For example, in
both ALK and ROS1 patients with acquired crizotinib resistance, reactivation of wild-type EGFR
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signaling by either EGFR mutations or overexpression of the receptor or ligand (Davies et al.
2013, McCoach et al. 2018) leads to rescue of MAPK signaling, which is the crucial downstream
pathway for ALK and most ROS1-rearranged tumors (Neel et al. 2018). Similarly, oncogenic
RET rearrangements are found in osimertinib-resistant EGFR-mutant samples (Piotrowska et al.
2018). The key question in each of these examples is whether these alterations are necessary and
sufficient for resistance toTKI therapy andwhether combinatorial therapies, such as dual blockade
of EGFR and MET (Wu et al. 2018), can reverse and delay acquired resistance.

There are two important points relating to acquired resistance and bypass/parallel pathway ac-
tivation that are worth discussing here. The first is that our understanding of acquired resistance
largely comes fromDNA sequencing analysis, which identifies mutations or copy number changes
that emerge after progression on TKI therapy. However, these analyses cannot capture transcrip-
tional, translational, or epigenetic events that may regulate or promote acquired resistance. The
second related point is that acquired resistance is no longer viewed as a binary event—e.g., cells
either die in the face of the drug or acquire mutations that render cells resistant (Foo & Michor
2014). Increasingly, it has become evident that treatment with targeted agents imposes a gradi-
ent of selection and results in a drug-tolerant or so-called persister population of residual cells
that are not truly resistant [e.g., increased IC50 (half-maximal inhibitory concentration) to the
drug], and this population serves as a reservoir for the emergence of cells with acquired resis-
tance (Hata et al. 2016). These populations have a recognizable clinical correlate in that most
patients treated with targeted therapy will have periods of stable residual disease and only later
will develop progressive disease on therapy, which corresponds to tumor regrowth due to acquired
resistance.

It is often assumed that transcriptional or other epigenetic changes can create a drug-tolerant
population, but true acquired resistance requires a heritable DNA-based genetic change.Whether
early adaptive events contribute to the diversity ofmechanisms driving acquired resistance remains
to be clarified. For example, activation of YAP1 and the NF-κB pathway are adaptive responses
to EGFR TKI therapy, and high levels of pathway activation correlate with poor outcomes in
patients (Bivona et al. 2011, Blakely et al. 2015, Lin et al. 2015, Noguchi et al. 2014). It is well
established in other contexts like development that epigenetic and chromatin configurations can
represent stable heritable cell states (Moazed 2011); below we introduce the concept of cell fate
transitions (often without a clear genetic driver) that mediate acquired resistance. Therefore, the
question of whether, for example, acquired resistance can develop from the clonal outgrowth of
high-YAP1-expressing cells without an additional genetic event is worthy of investigation, as it
would significantly increase the complexity and diversity of resistance mechanisms and pave the
way for more nuanced resistance biomarkers and therapeutic targets.

CELL FATE TRANSITIONS

Thus far we have covered resistance mechanisms that fundamentally conform to the concept of
oncogene addiction—e.g., there is a set of proliferative inputs that a cancer cell requires for con-
tinued survival and resistance mechanisms involve reactivating or substituting those inputs. In
this framework, cell fate transitions represent a distinct class of acquired resistance where the
original driver oncogene and its downstream signaling pathways appear to be fully dispensable at
the emergence of resistance. The best-documented example is in EGFR-mutant NSCLC treated
with TKIs, wherein 4–14% of patients with acquired resistance undergo histologic transforma-
tion from adenocarcinoma to small-cell lung cancer (SCLC) (Sequist et al. 2011, Yu et al. 2013).
Small cell transformation involves obligate RB and p53 loss, along with loss of EGFR expres-
sion in some cases, which explains the acquired resistance to TKI therapy (Niederst et al. 2015).
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DNA sequencing of small cell transformation reveals that the EGFR mutation remains present
(though not expressed), suggesting a clonal evolution from adenocarcinoma to SCLC. Multiple
cases of small cell transformation have now been reported for ALK-rearranged NSCLC treated
with the ALK inhibitor alectinib (Fujita et al. 2016, Hobeika et al. 2018), suggesting that these
cell fate transitions are not unique to EGFR mutant cases. The underlying biology of what drives
cell fate switching and how that enables cancer cells to escape oncogene addiction remain poorly
understood.

Another example of cell fate switching involves the epithelial-to-mesenchymal transition
(EMT), which is less genetically defined. EMT refers to phenotypic transformation from a polar-
ized epithelial cell restrained by its basement membrane attachments to the extracellular matrix to
a mesenchymal phenotype with increased invasion and migration capacity (Dongre & Weinberg
2019). EMT is thought to be a key feature of both regional and hematogenous metastatic spread,
which is the major cause of treatment failure and cancer mortality across all cancers. While some
features of EMT are routinely described (such as increased vimentin expression and loss of cad-
herin expression), a more comprehensive understanding of the molecular programs that gov-
ern EMT is still lacking. In NSCLC, the transition is governed by a set of transcription factors
[TWIST (Hui et al. 2013) and ZEB (Zhang et al. 2016)] and the kinase AXL (Zhang et al. 2012),
but whether this molecular program results in a stable cell state of acquired resistance and how
this phenotypic change alleviates oncogene dependence in the tumor cell remain areas of active
investigation.

We have outlined a broad set of on- and off-target mechanisms of acquired resistance to tar-
geted therapy in NSCLC. Our summary has focused on cell-autonomous mechanisms of resis-
tance, but the emerging role of the tumor microenvironment and immune cells in modifying
responses to therapy should be noted (for more details, see the excellent review by Altorki et al.
2019). None of these resistance mechanisms occurs in isolation; in fact, tumors are highly het-
erogenous such that multiple resistance mechanisms can and do emerge in parallel during ac-
quired resistance ( Jamal-Hanjani et al. 2017). For example, co-occurrence of EGFR T790M and
MET amplification (Bean et al. 2007) or small cell transformation (Suda et al. 2015) has been ob-
served in individual patients with acquired resistance to EFGR inhibitors. Additionally, alterations
in other survival or homeostatic pathways (e.g., cell cycle, β-catenin signaling, DNA repair) are
commonly observed at acquired resistance (Blakely et al. 2017, Michels et al. 2019), but whether
these in fact contribute to resistance remains less clear. The importance of tumor heterogeneity
is highlighted from clinical trials with EGFR-mutant NSCLC and first-generation TKIs, where
EGFRT790M is the dominant mechanism of resistance.Use of the EGFRT790M–targeting drug
osimertinib after progression on first-generation EGFR TKIs yielded a PFS of 9.9 months (Ahn
et al. 2019), compared to 17.2 months when osimertinib was tested in the up-front setting (Soria
et al. 2018).This observation demonstrates the heterogeneous polyclonal nature of acquired resis-
tance even in circumstances with a predominant clone (e.g., EGFR T790M). Additionally, recent
studies have suggested that resistance mutations such as EGFR T790M may often exist as sub-
populations and not as the predominant clone in the entire resistant tumor (Le et al. 2018). This
genetic heterogeneity poses a significant obstacle to long-term durable remissions because of the
need to eradicate minimal residual disease.

HOW DO WE COMBAT ACQUIRED RESISTANCE AND ACHIEVE
LONG-TERM CURES?

It is worth considering the subset of patients withNSCLCwho do not develop acquired resistance.
Patients with early stage disease (small lung tumors without any regional spread) have five-year
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survival rates above 50% with surgical resection alone or adjuvant cytotoxic chemotherapy; many
patients are long-term survivors with minimal therapy (Cronin et al. 2018). These survival rates
are predicted to improve further with the use of targeted therapies in the adjuvant (or neoadjuvant)
setting given the dramatic responses in advanced-stage disease, but multiple ongoing clinical trials
are testing this question directly (Nagasaka & Gadgeel 2018). Unfortunately, only 10–15% of
NSCLC patients are detected at early stages since routine screening is not currently done and
symptoms prompting medical attention typically occur with more advanced and larger disease
burdens.

What accounts for the large differences in survival between early and late stage patients in
lung cancer (and almost all solid tumors)? From a biologic standpoint, there are differences be-
tween early and late stage disease, including increasing genomic complexity with the acquisition
of new mutations, greater tumor heterogeneity, and a more metastatic phenotype (Blakely et al.
2017, Cancer Genome Atlas Res. Netw. 2014). Complex mathematical modeling of population
dynamics has been employed to predict the development of acquired resistance and can inform
our understanding of differential outcomes in early versus late stage disease (Lavi et al. 2012, Sun
et al. 2016). Fundamentally, these models depend on two key inputs: total tumor burden (i.e.,
number of cells) and a combined cell killing rate that incorporates rates of cell death, prolifera-
tion, and frequency of acquired resistance mutations.Our focus so far has been on decreasing rates
of acquired resistance, but by way of a highly simplified example, below we illustrate the dramatic
effect of initial tumor burden on durable disease remissions.

Assuming a binary model in the face of the drug (acquired resistance or cell death) and a com-
posite rate of 1 in 10,000 initial tumor cells acquiring resistance mutations, how does initial tumor
burden impact the percentage of patients who eradicate all disease? At a starting tumor burden
of 1,000 cells, the probability of having zero cells with acquired resistance is 90%, whereas for a
tumor burden of 10,000 cells the probability drops to 36%, and increasing the tumor burden to
100,000 cells (just a 100-fold increase) drops the probability of eradicating all disease to essentially
zero (0.004%).This simple example does not incorporate themany complexities of population dy-
namics such as intermediate response to drug (drug-tolerant persisters), tumor heterogeneity, de
novo resistant clones, tumor-initiating potential of individual tumor cells (cancer stem cells), and
timing of response to targeted therapies (Eigenmann et al. 2017). Yet fundamentally we propose
that strategies to reduce the initial tumor burden need to be a part of the solution to achieve
long-term cures in NSCLC.

EARLY DETECTION OF NON-SMALL-CELL LUNG CANCER

For the majority of NSCLC patients, early detection by either imaging or molecular tech-
niques lacks feasibility using current technologies. Yet by first principles, it seems self-evident that
identifying patients prior to the development of large tumor burdens and incurable metastatic,
advanced-stage NSCLC will save lives. However, this remained an open question prior to 2010,
as multiple clinical trials using chest X-ray and sputum cytology failed to demonstrate any survival
benefit (Fontana et al. 1991), and the risks associated with overdiagnosis are now well character-
ized, including the medical risks of pursuing false positives, the significant costs to the health care
system, and patient harm relating to overdiagnosis (Patz et al. 2014). The definitive trial to date
is from the US National Lung Screening Trial, which randomized a high-risk population (55–
74 years with 30 pack-years) to low-dose chest CT (computed tomography) versus chest X-ray
annually for two years. The results were notable for increased percentage of early stage diagnoses
in the CT arm and a 20% reduction in mortality at six-year follow-up (Aberle et al. 2011).Though
there was no control arm in the trial per se, early unpublished data from theNELSON trial, which
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included a true control arm, suggest similar benefits in terms of earlier stage of diagnosis and mor-
tality reduction from chest CT screening (De Koning et al. 2018).

The current recommendation in the United States is that low-dose chest CT be utilized for
screening high-risk individuals (a grade B recommendation) (Moyer 2014). Importantly, these
screening modifications to high-risk individuals would impact only about 10% of the annual
lung cancer deaths. It remains unknown whether extrapolation from this high-risk population to
surveillance imaging for all asymptomatic patients can meaningfully affect OS given the expected
shift toward lower incidence and higher false positive rates and whether the potential benefit is
large enough to justify the significant costs.We propose that proactive imaging-based surveillance
should continue to be an important area of clinical investigation that is revisited as new and effi-
cacious therapies and imaging techniques are developed, especially given the clear evidence that
screening can help detect earlier-stage disease.

A possible adjunctive approach to imaging-based surveillance is the use of liquid biopsies,
which are increasingly utilized to monitor residual disease in lung and many other cancers
(Chaudhuri et al. 2017). These tests enable the detection of circulating tumor DNA (ctDNA)
shed by tumor cells and specifically assess for the presence of classic genetic drivers of NSCLC
and other cancers (e.g., EGFR, BRAF, ALK,ROS1). A few cautionary notes are worth mentioning
here regarding the potential utility of ctDNA for early detection. First, the amount of ctDNA is
proportional to tumor volume, and through careful serial ctDNA analysis of early stage NSCLC
patients, Abbosh et al. (2017) determined that a tumor volume of 10 cm3 is needed to obtain a
plasma variant allele frequency of 0.1%. Therefore, technological advances will be required to
detect lower allele frequencies corresponding to early stage nodules that can be detected by CT (a
nodule with a diameter of 5 mm has a volume of 0.065 cm3). Second, multiple studies have cata-
loged the presence of classic oncogenic (KRAS) and tumor-suppressor alterations (p53) (Gormally
et al. 2006), as well as clonal hematopoiesis, in the peripheral blood of healthy volunteers who did
not go on to develop cancer (Genovese et al. 2014). The questions of how to interpret and follow
up ctDNA tests in asymptomatic patients and whether the number of false positives will prove
too large for effective and efficient early stage disease screening will need to be tested rigorously
prior to widespread adoption.

COMBINATION THERAPIES TO REDUCE RATES
OF ACQUIRED RESISTANCE

Improved strategies for early detection may ultimately yield less disseminated disease and lower
initial tumor burdens, but to meaningfully address acquired resistance, combination therapies de-
signed to forestall predictable mechanisms of acquired resistance will be essential. The question
of how best to combine or sequence targeted therapies will benefit from mathematical models
and empirical data on the resistance mechanisms actually arising in a given patient (McCoach &
Bivona 2019).On-target resistance is now largely anticipated based on structural modeling of mu-
tations within the kinase that abrogate or alter drug binding. Monotherapy with later-generation
TKIs have improved outcomes in terms of PFS and OS in EGFR- (Soria et al. 2018) and ALK-
driven NSCLC (Peters et al. 2017), presumably because of increased potency, increased activity
against a known resistance mechanism in the case of osimertinib (EGFR T790M), and increased
central nervous system penetration. However, an inevitable set of on-target resistance mutations
to these TKIs are now emerging at acquired resistance, as outlined above. The development of
allosteric inhibitors of EGFR and other targets offers a complementary approach to combat on-
target resistance (Lu et al. 2018), as these inhibitors engage with sites other than the ATP bind-
ing pocket of the kinase and therefore are likely to have nonoverlapping resistance profiles with
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current first- and third-generation EGFR inhibitors. It remains to be determined whether com-
bination approaches or sequential utilization of allosteric inhibitors or inhibitors with nonover-
lapping resistance profiles (e.g., erlotinib and osimertinib) will prove more effective in combating
the emergence of on-target resistance.

Similarly, combinatorial therapies targeting the oncogene and downstream pathway activation
or bypass track activation are being tested in clinical trials. Above we discussed the most dramatic
success of this approach in BRAF-mutant tumors, where the dominant resistant mechanism is
downstream MAPK reactivation and robust clinical trial data in melanoma (Robert et al. 2015)
and emerging results in NSCLC (Planchard et al. 2017) demonstrate the benefit of dual block-
ade with a BRAF and downstreamMEK inhibitor compared to monotherapy. Similar approaches
are being tested in numerous clinical trials comparing monotherapy to dual blockade of bypass
resistance mechanisms (EGFR inhibitors combined with either MET, AXL, or PI3K inhibitors;
ALK + MEK inhibitors; and HER2 + mTOR inhibitors) (Rotow & Bivona 2017). Whether up-
front combination therapy (or sequential therapy) can delay acquired resistance and improve OS
remains uncertain, especially given that multiple mechanisms of resistance are present in a single
tumor. For example, does dual EGFR and MET blockade delay acquired resistance in patients,
as was observed in the preclinical models (Engelman et al. 2007) and early phase trials (Wu et al.
2018), or does it simply lead to acquired resistance via other mechanisms and not meaningfully im-
pact patient survival? It will be of crucial importance to identify the molecular drivers of acquired
resistance to combination therapies to inform future trials.

UNDERSTANDING RESIDUAL DISEASE: TUMOR HETEROGENEITY
AND DRUG-TOLERANT PERSISTERS

Strategies designed to reduce rates of acquired resistance need to contend with an intermediate
population of cells between TKI-sensitive and TKI-resistant cells known as drug-tolerant per-
sisters. Clinically, most patients display an incomplete response to therapy resulting in a residual
tumor volume that remains radiographically stable on continued TKI therapy for months prior
to the emergence of true resistant clones and enlarging (progressive) disease (Figure 2). Both the
population dynamics and the underlying biology of this drug-tolerant population remain poorly
understood (Salgia & Kulkarni 2018). First defined by Sharma et al. (2010), drug-tolerant cells
are thought to represent a slow-growing subpopulation with reversible drug tolerance, altered
chromatin dynamics, and a dependency on IGF-1R and GPX4 (Hangauer et al. 2017). In the-
ory, therapies designed to reduce the frequency of drug-tolerant persisters or directly target them
could ultimately decrease rates of acquired resistance by shrinking the viable residual disease tu-
mor pool. This strategy has parallels to the use of local control measures (surgical resection or
radiotherapy) in oligometastatic disease, which has been shown to prolong PFS in smaller studies
(Gomez et al. 2016).

Our current understanding of the mechanistic basis of drug tolerance relies predominantly on
in vitro studies using patient-derived cell lines or xenograft models where TKI titration can allow
for selection of drug-tolerant persistence. The original description of the drug-tolerant state sug-
gested a necessary interaction between IGF-1R signaling and the histone-demethylating activity
of KDM5A, linking signaling pathways and kinome rewiring with semistable epigenetic changes
(Sharma et al. 2010). Recent studies have implicated stress response pathways induced in response
to TKI therapy as an early adaptive response that may underlie the development of drug tolerance.
For example, the NF-κB (Blakely et al. 2015) and TNF (Gong et al. 2018) pathways are upreg-
ulated within hours of exposure to TKI in EGFR-mutant cell line models, and dual inhibition
of EGFR and these pathways delays acquired resistance. EMT and AXL activation has also been
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Population dynamics in acquired resistance. The top curve displays a typical clinical response to TKI
(tyrosine kinase inhibitor) treatment with incomplete tumor shrinkage, residual disease, and emergence of
acquired resistance mutations. (●1 ) Strategies for early detection decrease initial tumor volume. (●2 ) Next-
generation TKI or combination TKI can eliminate a dominant on-target mutation at acquired resistance
(e.g., EGFR T790M). (●3 ) Combination therapies to target bypass mechanisms of resistance reduce dominant
off-target resistance clones. (●4 ) Orthogonal therapies (chemotherapy, immunotherapy, radiotherapy, and
surgery) to treat residual disease enable tumor eradication and long-term cures.

implicated (Taniguchi et al. 2019, Viswanathan et al. 2017, Zhang et al. 2012). The connection
between these adaptive responses and the heterogenous development of drug tolerance in small
subsets of the initial tumor population is the subject of ongoing study.

An important goal of future work should be obtaining clinical samples of residual disease from
patients to understand the biology of drug persistence and determine how faithfully the cell line–
based models, on which the current understanding of mechanisms of drug tolerance and tumor
cell persistence is entirely based, reproduce the clinical reality.Moreover, tissue biopsies combined
with newly emerging single-cell sequencing approaches will allow for a more accurate serial char-
acterization of the heterogeneity of the tumor at multiple stages (diagnosis, residual disease, and at
acquired resistance), as will studies of the tumor microenvironment and immune cells, which are
challenging to study with clinically accurate precision in murine models. There are risks associ-
ated with residual disease tumor rebiopsies. Thus, we propose integrating liquid biopsy–based
circulating biomarker analyses such as ctDNA or epigenetic profiling (Shen et al. 2018) with
neoadjuvant trials followed by surgical resection of residual disease. It will be important to un-
derstand the chronology of when classic acquired resistance mutations such as EGFR T790M or
C797S emerge (or if they are present at small frequencies initially) during treatment. Whether a
true drug-tolerant population can be defined and prospectively isolated from human patients also
needs to be established in order to effectively target this population therapeutically.

ORTHOGONAL THERAPIES TO COMBAT ACQUIRED RESISTANCE:
IMMUNOTHERAPY AND CHEMOTHERAPY

A large percentage of NSCLC patients have either no defined driver mutation (25%) or a lesion
that is not currently druggable (e.g., RAS mutations present in approximately 30% of NSCLCs)
(CancerGenomeAtlas Res.Netw.2014).Focused research to identify drug targets and appropriate
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therapies in those subtypes will certainly be an important piece of improving survival in lung
cancer. In this last section, we discuss two orthogonal approaches, immunotherapy and traditional
cytotoxic chemotherapy, that may play an important role in achieving long-term cures forNSCLC
patients.

Immune checkpoint inhibitors are increasingly being tested in NSCLC, in both the up-front
and relapsed settings. Nivolumab and pembrolizumab, both programmed death ligand 1 (PD-1)
inhibitors, have shown modest but significant OS benefits in the relapsed setting compared to
traditional chemotherapy (Herbst et al. 2016, Horn et al. 2017). The data for monotherapy in the
up-front setting for advanced disease remain unclear given the contradictory results of two large
clinical trials (Carbone et al. 2017, Reck et al. 2019b), though an OS benefit has been demon-
strated in combination with cytotoxic chemotherapy (Gandhi et al. 2018, Socinski et al. 2018).
The response profile of immune checkpoint inhibitors, at least in monotherapy, differs signifi-
cantly from that of TKI therapy—only 20–40% of patients display even a partial response, with
the remaining displaying either short-lived stable disease or frank progression. However, among
the patients that do respond, durable remissions up to five years have been observed (Gettinger
et al. 2018), suggesting that for a subset of patients immunotherapy can have dramatic benefits.

Future research must focus on the key unanswered question in immunotherapy: How can we
identify patients who are predicted to benefit from these therapies? High expression of the PD-1
ligand, PD-L1, initially showed some promise in stratifying responders versus nonresponders,
but ultimately appears to be a poor biomarker for response, at best (Havel et al. 2019). Tumor
mutational burden is also weakly correlated with response, except for the clear data emerging
from mismatch repair–deficient tumors, which have a log-fold increase in mutational burden
and significantly higher response rates (Rizvi et al. 2015). Mechanisms of acquired resistance to
immunotherapy-based treatment regimens remain to be defined in lung cancer.

Interestingly, oncogenic kinase-driven cancers (e.g., EGFR, ALK) appear to have inferior re-
sponse rates to immune checkpoint inhibitors, although this has not been proven in prospective
trials (Gainor et al. 2016).Going forward, it will be vitally important to obtain clinical biopsies and
build better lab-based models of immune checkpoint inhibitor response and resistance in order to
understand the determinants of sensitivity and ultimately acquired resistance to these important
therapies. This is particularly true in the light of recent initial clinical data showing that some
NSCLC patients with kinase-driven cancers may benefit from combined immunotherapy and
anti-VEGF therapy (Reck et al. 2019a).

Finally, cytotoxic chemotherapy, which prior to 2004 was the only systemic therapy available
to lung cancer patients, should remain part of a combination therapy approach, especially for
younger patients who can tolerate the side effects. Adjuvant chemotherapy remains the standard
of care for early stage resected patients and for advanced-stage patients without a known molec-
ular driver. Pemetrexed and carboplatin, or other platinum-based doublets such as cisplatin plus
gemcitabine or paclitaxel, have demonstrated small PFS and OS benefits compared to placebo,
with response rates of 20–30% (Rapp et al. 1988, Sandler et al. 2000, Schiller et al. 2002). Unlike
immunotherapy approaches, these responses are typically not durable and rapid chemotherapy re-
sistance develops, with a two-year OS rate of approximately 10%. Cytotoxic chemotherapy used
in combination with immune checkpoint inhibitors (Gandhi et al. 2018), angiogenesis inhibitors
(Reck et al. 2009), and sequential but not continuous TKI (Herbst et al. 2005, Wu et al. 2013)
has demonstrated improvements in PFS and OS, although the details of how best to combine
these agents and in what sequence remain to be determined and may need to be highly individ-
ualized. Similar to immunotherapy, the determinants of response to cytotoxic chemotherapy and
the mechanisms of acquired resistance to cytotoxic chemotherapy are overall poorly understood
and should be the subject of additional studies. For example, patients with deficiencies in DNA
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cross-link repair display increased sensitivity to platinum-based chemotherapy in other tumor
types (Ceccaldi et al. 2015), and sequencing studies have identified multiple alterations in DNA
repair enzymes, including BRCA1/2 in NSCLC, that might predict response to chemotherapy
( Jordan et al. 2017).

Cytotoxic chemotherapy and immunotherapy in combination with either TKI or sequential
therapy provide, in theory, orthogonal treatment approaches to address the large challenge of
residual disease and acquired resistance. Both therapies have at least the potential to decrease to-
tal cell number and have nonoverlapping mechanisms of acquired resistance compared to TKIs.
Therefore, identifying patients who a priori are likely to benefit from these therapies will be cru-
cial, as will be the careful sequencing of therapies based on response and real-time analysis of
residual or resistant clones.

SUMMARY

The remarkable success of targeted kinase inhibitors in lung cancer has also revealed the mul-
titude of ways cancer cells can show plasticity and develop resistance to targeted drugs, often
simultaneously in a single tumor and across different tumor sites in an individual patient. The
goal of complete disease eradication in NSCLC is a lofty one and will require significant scien-
tific and clinical advances on multiple fronts. Early detection is seldom included in discussions of
acquired resistance but may prove central to identifying tumors with lower cell number and less
aggressive and heterogenous features. Real-time understanding of drug-tolerant populations of
cells in residual disease will be essential both to detect resistance mechanisms early and to enable
adaptive treatment changes. Finally, rational combination therapies aimed at preventing known
mechanisms of resistance, along with use of orthogonal agents such as immunotherapy and cyto-
toxic chemotherapy, will be needed to attempt to eradicate all residual disease to enable long-term
cures.

DISCLOSURE STATEMENT

T.G.B. is an advisor to Array Biopharma, Revolution Medicines, Novartis, AstraZeneca, Takeda,
Springworks, and Jazz Pharmaceuticals and receives research funding from Novartis and Revolu-
tion Medicines.

ACKNOWLEDGMENTS

The authors wish to thank the UCSF Physician-Scientist Scholar Program, Alex’s Lemonade
Stand, the St. Baldrick’s Foundation, the A.P. Giannini Foundation, the Campini Family Founda-
tion, and the Posey Family for funding support for A.T. and the NIH/NCI, Pew Charitable Trust,
and Stewart Foundation for funding support for T.G.B.

LITERATURE CITED

Abbosh C,BirkbakNJ,WilsonGA, Jamal-HanjaniM,Constantin T, et al. 2017. Phylogenetic ctDNA analysis
depicts early-stage lung cancer evolution.Nature 545:446–51

Aberle DR, Adams AM, Berg CD, Black WC, Clapp JD, et al. 2011. Reduced lung-cancer mortality with
low-dose computed tomographic screening.New Engl. J. Med. 365:395–409

Ahn M-J, Tsai C-M, Shepherd FA, Bazhenova L, Sequist LV, et al. 2019. Osimertinib in patients with T790M
mutation-positive, advanced non–small cell lung cancer: long-term follow-up from a pooled analysis of
2 phase 2 studies. Cancer 125:892–901

www.annualreviews.org • Acquired Resistance in Lung Cancer 291



CA04CH15_Bivona ARjats.cls February 5, 2020 14:30

Altorki NK,Markowitz GJ, Gao D, Port JL, Saxena A, et al. 2019. The lung microenvironment: an important
regulator of tumour growth and metastasis.Nat. Rev. Cancer 19:9–31

ArcilaME,Chaft JE,Nafa K,Roy-Chowdhuri S, Lau C, et al. 2012. Prevalence, clinicopathologic associations,
and molecular spectrum of ERBB2 (HER2) tyrosine kinase mutations in lung adenocarcinomas. Clin.
Cancer Res. 18:4910–18

Awad MM, Katayama R, McTigue M, Liu W, Deng YL, et al. 2013. Acquired resistance to crizotinib from a
mutation in CD74-ROS1.New Engl. J. Med. 368:2395–401

Awad MM, Oxnard GR, Jackman DM, Savukoski DO, Hall D, et al. 2016. MET exon 14 mutations in non-
small-cell lung cancer are associated with advanced age and stage-dependent MET genomic amplifica-
tion and c-Met overexpression. J. Clin. Oncol. 34:721–30

AzamM,Latek RR,Daley GQ. 2003.Mechanisms of autoinhibition and STI-571/imatinib resistance revealed
by mutagenesis of BCR-ABL. Cell 112:831–43

Bean J, Brennan C, Shih J-Y, Riely G, Viale A, et al. 2007. MET amplification occurs with or without
T790Mmutations in EGFRmutant lung tumors with acquired resistance to gefitinib or erlotinib. PNAS
104:20932–37

Bivona TG, Hieronymus H, Parker J, Chang K, Taron M, et al. 2011. FAS and NF-κB signalling modulate
dependence of lung cancers on mutant EGFR.Nature 471(7339):523–26

Blakely CM, Pazarentzos E, Olivas V, Asthana S, Yan JJ, et al. 2015. NF-κB-activating complex engaged in
response to EGFR oncogene inhibition drives tumor cell survival and residual disease in lung cancer.
Cell Rep. 11:98–110

Blakely CM, Watkins TBK, Wu W, Gini B, Chabon JJ, et al. 2017. Evolution and clinical impact of
co-occurring genetic alterations in advanced-stage EGFR-mutant lung cancers. Nat. Genet. 49:1693–
704

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. 2018. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
68:394–424

Cancer Genome Atlas Res. Netw. 2014. Comprehensive molecular profiling of lung adenocarcinoma.Nature
511:543–50

CarboneDP,ReckM,Paz-Ares L,Creelan B,Horn L, et al. 2017.First-line nivolumab in stage IV or recurrent
non-small-cell lung cancer.New Engl. J. Med. 376:2415–26

Ceccaldi R,O’Connor KW,MouwKW,Li AY,Matulonis UA, et al. 2015.A unique subset of epithelial ovarian
cancers with platinum sensitivity and PARP inhibitor resistance. Cancer Res. 75:628–34

Chaudhuri AA, Chabon JJ, Lovejoy AF, Newman AM, Stehr H, et al. 2017. Early detection of molecular
residual disease in localized lung cancer by circulating tumor DNA profiling. Cancer Discov. 7(12):1393–
403

Chen C, He Z, Xie D, Zheng L, Zhao T, et al. 2018. Molecular mechanism behind the resistance of the
G1202R-mutated anaplastic lymphoma kinase to the approved drug ceritinib. J. Phys. Chem. B 122:4680–
92

Choi YL, Soda M, Yamashita Y, Ueno T, Takashima J, et al. 2010. EML4-ALK mutations in lung cancer that
confer resistance to ALK inhibitors.New Engl. J. Med. 363:1734–39

Costa C, Molina MA, Drozdowskyj A, Gimenez-Capitan A, Bertran-Alamillo J, et al. 2014. The impact
of EGFR T790M mutations and BIM mRNA expression on outcome in patients with EGFR-mutant
NSCLC treated with erlotinib or chemotherapy in the randomized phase III EURTAC trial. Clin.
Cancer Res. 20:2001–10

Cronin KA, Lake AJ, Scott S, Sherman RL,Noone AM, et al. 2018. Annual Report to the Nation on the Status
of Cancer, part I: national cancer statistics. Cancer 124:2785–800

Davies KD,Mahale S, Astling DP, Aisner DL, Le AT, et al. 2013. Resistance to ROS1 inhibition mediated by
EGFR pathway activation in non-small cell lung cancer. PLOS ONE 8:e82236

De Koning H, Van Der Aalst C, Ten Haaf K, Oudkerk M. 2018. Effects of volume CT lung cancer screen-
ing: mortality results of the NELSON randomised-controlled population based trial. J. Thorac. Oncol.
13(Suppl.):S185

292 Tulpule • Bivona



CA04CH15_Bivona ARjats.cls February 5, 2020 14:30

Dongre A, Weinberg RA. 2019. New insights into the mechanisms of epithelial-mesenchymal transition and
implications for cancer.Nat. Rev. Mol. Cell Biol. 20:69–84

Drilon AE, Camidge DR, Ou S-HI, Clark JW, Socinski MA, et al. 2016. Efficacy and safety of crizotinib in
patients (pts) with advanced MET exon 14-altered non-small cell lung cancer (NSCLC). J. Clin. Oncol.
34:108 (Abstr.)

Duncan JS, Whittle MC, Nakamura K, Abell AN, Midland AA, et al. 2012. Dynamic reprogramming of the
kinome in response to targeted MEK inhibition in triple-negative breast cancer. Cell 149:307–21

Eigenmann MJ, Frances N, Lavé T, Walz A-C. 2017. PKPD modeling of acquired resistance to anti-cancer
drug treatment. J. Pharmacokinet. Pharmacodyn. 44:617–30

Engelman JA,Zejnullahu K,Mitsudomi T, Song Y,Hyland C, et al. 2007.MET amplification leads to gefitinib
resistance in lung cancer by activating ERBB3 signaling. Science 316:1039–43

FinlayMR,AndertonM,Ashton S, Ballard P, Bethel PA, et al. 2014.Discovery of a potent and selective EGFR
inhibitor (AZD9291) of both sensitizing and T790M resistance mutations that spares the wild type form
of the receptor. J. Med. Chem. 57:8249–67

Fontana RS, Sanderson DR, Woolner LB, Taylor WF, Miller WE, et al. 1991. Screening for lung cancer: a
critique of the Mayo Lung Project. Cancer 67:1155–64

Foo J, Michor F. 2014. Evolution of acquired resistance to anti-cancer therapy. J. Theor. Biol. 355:10–20
Fujita S, Masago K, Katakami N, Yatabe Y. 2016. Transformation to SCLC after treatment with the ALK

inhibitor alectinib. J. Thorac. Oncol. 11:e67–72
Gainor JF, Shaw AT, Sequist LV, Fu X, Azzoli CG, et al. 2016. EGFR mutations and ALK rearrangements

are associated with low response rates to PD-1 pathway blockade in non-small cell lung cancer: a retro-
spective analysis. Clin. Cancer Res. 22:4585–93

Gandhi L,Rodriguez-AbreuD,Gadgeel S, Esteban E, Felip E, et al. 2018. Pembrolizumab plus chemotherapy
in metastatic non-small-cell lung cancer.New Engl. J. Med. 378:2078–92

Genovese G, Kahler AK, Handsaker RE, Lindberg J, Rose SA, et al. 2014. Clonal hematopoiesis and blood-
cancer risk inferred from blood DNA sequence.New Engl. J. Med. 371:2477–87

Gettinger S, Horn L, Jackman D, Spigel D, Antonia S, et al. 2018. Five-year follow-up of nivolumab in pre-
viously treated advanced non–small-cell lung cancer: results from the CA209-003 study. J. Clin. Oncol.
36:1675–84

Gomez DR, Blumenschein GR Jr., Lee JJ, Hernandez M, Ye R, et al. 2016. Local consolidative therapy versus
maintenance therapy or observation for patients with oligometastatic non-small-cell lung cancer without
progression after first-line systemic therapy: a multicentre, randomised, controlled, phase 2 study.Lancet
Oncol. 17:1672–82

GongK,GuoG,Gerber DE,Gao B,PeytonM, et al. 2018.TNF-driven adaptive responsemediates resistance
to EGFR inhibition in lung cancer. J. Clin. Investig. 128:2500–18

Gormally E,Vineis P,Matullo G,Veglia F, Caboux E, et al. 2006.TP53 and KRAS2mutations in plasma DNA
of healthy subjects and subsequent cancer occurrence: a prospective study. Cancer Res. 66:6871–76

Gorre ME,Mohammed M, Ellwood K, Hsu N, Paquette R, et al. 2001. Clinical resistance to STI-571 cancer
therapy caused by BCR-ABL gene mutation or amplification. Science 293:876–80

Hangauer MJ, Viswanathan VS, Ryan MJ, Bole D, Eaton JK, et al. 2017. Drug-tolerant persister cancer cells
are vulnerable to GPX4 inhibition.Nature 551:247–50

Hata AN,Niederst MJ, Archibald HL, Gomez-Caraballo M, Siddiqui FM, et al. 2016. Tumor cells can follow
distinct evolutionary paths to become resistant to epidermal growth factor receptor inhibition.Nat.Med.
22:262–69

Hauser K, Negron C, Albanese SK, Ray S, Steinbrecher T, et al. 2018. Predicting resistance of clinical Abl
mutations to targeted kinase inhibitors using alchemical free-energy calculations. Commun. Biol. 1:70

Havel JJ, Chowell D, Chan TA. 2019. The evolving landscape of biomarkers for checkpoint inhibitor im-
munotherapy.Nat. Rev. Cancer 19:133–50

Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL, et al. 2016. Pembrolizumab versus docetaxel for pre-
viously treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010): a randomised
controlled trial. Lancet 387:1540–50

www.annualreviews.org • Acquired Resistance in Lung Cancer 293



CA04CH15_Bivona ARjats.cls February 5, 2020 14:30

Herbst RS, Prager D, Hermann R, Fehrenbacher L, Johnson BE, et al. 2005. TRIBUTE: a phase III trial of
erlotinib hydrochloride (OSI-774) combined with carboplatin and paclitaxel chemotherapy in advanced
non-small-cell lung cancer. J. Clin. Oncol. 23:5892–99

Hobeika C, Rached G, Eid R,Haddad F, Chucri S, et al. 2018. ALK-rearranged adenocarcinoma transformed
to small-cell lung cancer: A new entity with specific prognosis and treatment? Pers. Med. 15:111–15

Horn L, Spigel DR, Vokes EE, Holgado E, Ready N, et al. 2017. Nivolumab versus docetaxel in previously
treated patients with advanced non-small-cell lung cancer: two-year outcomes from two randomized,
open-label, phase III trials (CheckMate 017 and CheckMate 057). J. Clin. Oncol. 35:3924–33

Hrustanovic G,Olivas V, Pazarentzos E, Tulpule A, Asthana S, et al. 2015. RAS-MAPK dependence underlies
a rational polytherapy strategy in EML4-ALK-positive lung cancer.Nat. Med. 21:1038–47

Hui L, Zhang S, Dong X, Tian D, Cui Z, Qiu X. 2013. Prognostic significance of Twist and N-cadherin
expression in NSCLC. PLOS ONE 8:e62171

Jamal-Hanjani M,Wilson GA,McGranahanN, Birkbak NJ,Watkins TBK, et al. 2017.Tracking the evolution
of non-small-cell lung cancer.New Engl. J. Med. 376:2109–21

Jordan EJ, Kim HR, Arcila ME, Barron D, Chakravarty D, et al. 2017. Prospective comprehensive molecu-
lar characterization of lung adenocarcinomas for efficient patient matching to approved and emerging
therapies. Cancer Discov. 7:596–609

Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, et al. 2005. EGFR mutation and resistance of
non-small-cell lung cancer to gefitinib.New Engl. J. Med. 352:786–92

Kohno T, Ichikawa H, Totoki Y, Yasuda K, Hiramoto M, et al. 2012. KIF5B-RET fusions in lung adenocarci-
noma.Nat. Med. 18:375–77

Lai GGY, Lim TH, Lim J, Liew PJR, Kwang XL, et al. 2019. Clonal MET amplification as a determinant
of tyrosine kinase inhibitor resistance in epidermal growth factor receptor–mutant non–small-cell lung
cancer. J. Clin. Oncol. 37:876–84

Lavi O, Gottesman MM, Levy D. 2012. The dynamics of drug resistance: a mathematical perspective. Drug
Resist. Updates 15:90–97

Le X, Puri S, Negrao MV, Nilsson MB, Robichaux J, et al. 2018. Landscape of EGFR-dependent and
-independent resistance mechanisms to osimertinib and continuation therapy beyond progression in
EGFR-mutant NSCLC. Clin. Cancer Res. 24:6195–203

Lin L, Asthana S, Chan E, Bandyopadhyay S, Martins MM, et al. 2014. Mapping the molecular determinants
of BRAF oncogene dependence in human lung cancer. PNAS 111:E748–57

Lin L, Sabnis AJ, Chan E,Olivas V, Cade L, et al. 2015. The Hippo effector YAP promotes resistance to RAF-
and MEK-targeted cancer therapies.Nat. Genet. 47:250–56

LindemanNI,Cagle PT, Aisner DL, Arcila ME, BeasleyMB, et al. 2018.Updated molecular testing guideline
for the selection of lung cancer patients for treatment with targeted tyrosine kinase inhibitors: guideline
from the College of American Pathologists, the International Association for the Study of Lung Cancer,
and the Association for Molecular Pathology. J. Mol. Diagn. 20:129–59

Lu X, Yu L, Zhang Z, Ren X, Smaill JB, Ding K. 2018. Targeting EGFRL858R/T790M and
EGFRL858R/T790M/C797S resistance mutations in NSCLC: current developments in medicinal chemistry.
Med. Res. Rev. 38:1550–81

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, et al. 2004. Activating mutations in the
epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib.
New Engl. J. Med. 350:2129–39

Marchetti A, Felicioni L,Malatesta S,Grazia SciarrottaM,Guetti L, et al. 2011.Clinical features and outcome
of patients with non-small-cell lung cancer harboring BRAF mutations. J. Clin. Oncol. 29:3574–79

McCoach CE, Bivona TG. 2019. Engineering multidimensional evolutionary forces to combat cancer.Cancer
Discov. 9:587–604

McCoach CE,Le AT,Gowan K, Jones K, Schubert L, et al. 2018.Resistance mechanisms to targeted therapies
in ROS1+ and ALK+ non-small cell lung cancer. Clin. Cancer Res. 24:3334–47

Michels S, Heydt C, van Veggel BV, Deschler-Baier B, Pardo N, et al. 2019. Genomic profiling identifies
outcome-relevant mechanisms of innate and acquired resistance to third-generation epidermal growth
factor receptor tyrosine kinase inhibitor therapy in lung cancer. JCO Precis. Oncol. 3. In press

294 Tulpule • Bivona



CA04CH15_Bivona ARjats.cls February 5, 2020 14:30

Midha A, Dearden S, McCormack R. 2015. EGFR mutation incidence in non-small-cell lung cancer of ade-
nocarcinoma histology: a systematic review and global map by ethnicity (mutMapII). Am. J. Cancer Res.
5:2892–911

Moazed D. 2011. Mechanisms for the inheritance of chromatin states. Cell 146:510–18
Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, et al. 2009. Gefitinib or carboplatin-paclitaxel in

pulmonary adenocarcinoma.New Engl. J. Med. 361:947–57
Moyer VA. 2014. Screening for lung cancer: U.S. Preventive Services Task Force recommendation statement.

Ann. Intern. Med. 160:330–38
Nagasaka M, Gadgeel SM. 2018. Role of chemotherapy and targeted therapy in early-stage non-small cell

lung cancer. Expert Rev. Anticancer Therapy 18:63–70
Nazarian R, Shi H,Wang Q, Kong X, Koya RC, et al. 2010.Melanomas acquire resistance to B-RAF(V600E)

inhibition by RTK or N-RAS upregulation.Nature 468:973–77
Neel DS,AllegakoenDV,Olivas V,MayekarMK,Hemmati G, et al. 2018.Differential subcellular localization

regulates oncogenic signaling by ROS1 kinase fusion proteins. Cancer Res. 79:546–56
Niederst MJ, Sequist LV, Poirier JT, Mermel CH, Lockerman EL, et al. 2015. RB loss in resistant EGFR

mutant lung adenocarcinomas that transform to small-cell lung cancer.Nat. Commun. 6:6377
Noguchi S, Saito A, Horie M, Mikami Y, Suzuki HI, et al. 2014. An integrative analysis of the tumorigenic

role of TAZ in human non–small cell lung cancer. Clin. Cancer Res. 20:4660–72
Ohashi K, Sequist LV, Arcila ME, Moran T, Chmielecki J, et al. 2012. Lung cancers with acquired resistance

to EGFR inhibitors occasionally harbor BRAF gene mutations but lack mutations in KRAS, NRAS, or
MEK1. PNAS 109:E2127–33

Okimoto RA, Lin L, Olivas V, Chan E, Markegard E, et al. 2016. Preclinical efficacy of a RAF inhibitor
that evades paradoxical MAPK pathway activation in protein kinase BRAF-mutant lung cancer. PNAS
113:13456–61

Ou SI, Young L, Schrock AB, Johnson A, Klempner SJ, et al. 2017. Emergence of preexisting MET Y1230C
mutation as a resistance mechanism to crizotinib inNSCLCwithMET exon 14 skipping. J. Thorac.Oncol.
12:137–40

Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, et al. 2005. Acquired resistance of lung adenocarcinomas
to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase domain. PLOS Med.
2:e73

Park KS, Raffeld M,Moon YW, Xi L, Bianco C, et al. 2014. CRIPTO1 expression in EGFR-mutant NSCLC
elicits intrinsic EGFR-inhibitor resistance. J. Clin. Investig. 124:3003–15

Patel H, Pawara R, Ansari A, Surana S. 2017. Recent updates on third generation EGFR inhibitors and emer-
gence of fourth generation EGFR inhibitors to combat C797S resistance. Eur. J. Med. Chem. 142:32–
47

Patz EF Jr., Pinsky P, Gatsonis C, Sicks JD, Kramer BS, et al. 2014. Overdiagnosis in low-dose computed
tomography screening for lung cancer. JAMA Intern. Med. 174:269–74

Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, et al. 2017. Alectinib versus crizotinib in untreated
ALK-positive non–small-cell lung cancer.New Engl. J. Med. 377:829–38

Piotrowska Z, Isozaki H, Lennerz JK, Gainor JF, Lennes IT, et al. 2018. Landscape of acquired resistance to
osimertinib in EGFR-mutant NSCLC and clinical validation of combined EGFR and RET inhibition
with osimertinib and BLU-667 for acquired RET fusion. Cancer Discov. 8:1529–39

Planchard D, Smit EF, Groen HJM, Mazieres J, Besse B, et al. 2017. Dabrafenib plus trametinib in pa-
tients with previously untreated BRAFV600E-mutant metastatic non-small-cell lung cancer: an open-
label, phase 2 trial. Lancet Oncol. 18:1307–16

Poulikakos PI, Persaud Y, Janakiraman M, Kong X, Ng C, et al. 2011. RAF inhibitor resistance is mediated
by dimerization of aberrantly spliced BRAF(V600E).Nature 480:387–90

Rapp E, Pater JL,Willan A, Cormier Y,Murray N, et al. 1988. Chemotherapy can prolong survival in patients
with advanced non-small-cell lung cancer—report of a Canadian multicenter randomized trial. J. Clin.
Oncol. 6:633–41

Reck M, Jotte R, Mok TSK, Lim DW, Cappuzzo F, et al. 2019a. IMpower150: an exploratory analysis of
efficacy outcomes in patients with EGFR mutations. Ann. Oncol. 30(Suppl. 2):ii38–68

www.annualreviews.org • Acquired Resistance in Lung Cancer 295



CA04CH15_Bivona ARjats.cls February 5, 2020 14:30

Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, et al. 2019b. Updated analysis of KEYNOTE-
024: pembrolizumab versus platinum-based chemotherapy for advanced non-small-cell lung cancer with
PD-L1 tumor proportion score of 50% or greater. J. Clin. Oncol. 37:537–46

Reck M, von Pawel J, Zatloukal P, Ramlau R, Gorbounova V, et al. 2009. Phase III trial of cisplatin plus
gemcitabine with either placebo or bevacizumab as first-line therapy for nonsquamous non-small-cell
lung cancer: AVAiL. J. Clin. Oncol. 27:1227–34

Rikova K,Guo A,ZengQ,Possemato A,Yu J, et al. 2007.Global survey of phosphotyrosine signaling identifies
oncogenic kinases in lung cancer. Cell 131:1190–203

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, et al. 2015. Mutational landscape determines
sensitivity to PD-1 blockade in non-small cell lung cancer. Science 348:124–28

Robert C, Karaszewska B, Schachter J, Rutkowski P, Mackiewicz A, et al. 2015. Improved overall survival in
melanoma with combined dabrafenib and trametinib.New Engl. J. Med. 372:30–39

Rosell R,Carcereny E,Gervais R,Vergnenegre A,Massuti B, et al. 2012. Erlotinib versus standard chemother-
apy as first-line treatment for European patients with advanced EGFR mutation-positive non-small-
cell lung cancer (EURTAC): a multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 13:239–
46

Rotow J, Bivona TG. 2017. Understanding and targeting resistance mechanisms in NSCLC.Nat. Rev. Cancer
17:637–58

Rudin CM,Hong K, Streit M. 2013.Molecular characterization of acquired resistance to the BRAF inhibitor
dabrafenib in a patient with BRAF-mutant non-small-cell lung cancer. J. Thorac. Oncol. 8:e41–42

Salgia R,Kulkarni P. 2018.The genetic/non-genetic duality of drug ‘resistance’ in cancer.Trends Cancer 4:110–
18

Sandler AB, Nemunaitis J, Denham C, von Pawel J, Cormier Y, et al. 2000. Phase III trial of gemcitabine plus
cisplatin versus cisplatin alone in patients with locally advanced or metastatic non-small-cell lung cancer.
J. Clin. Oncol. 18:122–30

Schiller JH, Harrington D, Belani CP, Langer C, Sandler A, et al. 2002. Comparison of four chemotherapy
regimens for advanced non-small-cell lung cancer.New Engl. J. Med. 346:92–98

Sequist LV,Waltman BA,Dias-Santagata D,Digumarthy S, Turke AB, et al. 2011. Genotypic and histological
evolution of lung cancers acquiring resistance to EGFR inhibitors. Sci. Transl. Med. 3:75ra26

Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, et al. 2010. A chromatin-mediated reversible drug-
tolerant state in cancer cell subpopulations. Cell 141:69–80

Shaw AT,Ou SH, Bang YJ, Camidge DR, Solomon BJ, et al. 2014. Crizotinib in ROS1-rearranged non-small-
cell lung cancer.New Engl. J. Med. 371:1963–71

Shen SY, Singhania R, Fehringer G, Chakravarthy A, Roehrl MHA, et al. 2018. Sensitive tumour detection
and classification using plasma cell-free DNA methylomes.Nature 563:579–83

Shi H, Moriceau G, Kong X, Lee MK, Lee H, et al. 2012. Melanoma whole-exome sequencing identifies
V600EB-RAF amplification-mediated acquired B-RAF inhibitor resistance.Nat. Commun. 3:724

Socinski MA, Jotte RM, Cappuzzo F, Orlandi F, Stroyakovskiy D, et al. 2018. Atezolizumab for first-line
treatment of metastatic nonsquamous NSCLC.New Engl. J. Med. 378:2288–301

Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, et al. 2007. Identification of the transforming EML4-
ALK fusion gene in non-small-cell lung cancer.Nature 448:561–66

Solomon BJ, Kim DW, Wu YL, Nakagawa K, Mekhail T, et al. 2018. Final overall survival analysis from
a study comparing first-line crizotinib versus chemotherapy in ALK-mutation-positive non-small-cell
lung cancer. J. Clin. Oncol. 36:2251–58

Soria JC,Ohe Y,Vansteenkiste J, Reungwetwattana T,Chewaskulyong B, et al. 2018.Osimertinib in untreated
EGFR-mutated advanced non-small-cell lung cancer.New Engl. J. Med. 378:113–25

Suda K, Murakami I, Sakai K, Mizuuchi H, Shimizu S, et al. 2015. Small cell lung cancer transformation and
T790M mutation: complimentary roles in acquired resistance to kinase inhibitors in lung cancer. Sci.
Rep. 5:14447

Sun X, Bao J, Shao Y. 2016. Mathematical modeling of therapy-induced cancer drug resistance: connecting
cancer mechanisms to population survival rates. Sci. Rep. 6:22498

296 Tulpule • Bivona



CA04CH15_Bivona ARjats.cls February 5, 2020 14:30

Taniguchi H, Yamada T, Wang R, Tanimura K, Adachi Y, et al. 2019. AXL confers intrinsic resistance to
osimertinib and advances the emergence of tolerant cells.Nat. Commun. 10:259

Thress KS, Paweletz CP, Felip E, Cho BC, Stetson D, et al. 2015. Acquired EGFR C797S mutation mediates
resistance to AZD9291 in non–small cell lung cancer harboring EGFR T790M.Nat. Med. 21:560–62

Van Allen EM,Wagle N, Sucker A, Treacy DJ, Johannessen CM, et al. 2014. The genetic landscape of clinical
resistance to RAF inhibition in metastatic melanoma. Cancer Discov. 4:94–109

Viswanathan VS, Ryan MJ, Dhruv HD, Gill S, Eichhoff OM, et al. 2017. Dependency of a therapy-resistant
state of cancer cells on a lipid peroxidase pathway.Nature 547:453–57

Weinstein IB, Joe AK. 2006.Mechanisms of disease: oncogene addiction—a rationale for molecular targeting
in cancer therapy.Nat. Clin. Pract. Oncol. 3:448–57

Whittaker SR, Theurillat JP, Van Allen E, Wagle N, Hsiao J, et al. 2013. A genome-scale RNA interference
screen implicates NF1 loss in resistance to RAF inhibition. Cancer Discov. 3:350–62

Wu Y-L, Lee JS, Thongprasert S, Yu CJ, Zhang L, et al. 2013. Intercalated combination of chemotherapy
and erlotinib for patients with advanced stage non-small-cell lung cancer (FASTACT-2): a randomised,
double-blind trial. Lancet Oncol. 14:777–86

Wu Y-L, Zhang L, Kim D-W, Liu X, Lee DH, et al. 2018. Phase Ib/II study of capmatinib (INC280) plus
gefitinib after failure of epidermal growth factor receptor (EGFR) inhibitor therapy in patients with
EGFR-mutated, MET factor–dysregulated non–small-cell lung cancer. J. Clin. Oncol. 36:3101–9

Yasuda H, Park E, Yun C-H, Sng NJ, Lucena-Araujo AR, et al. 2013. Structural, biochemical, and clinical
characterization of epidermal growth factor receptor (EGFR) exon 20 insertionmutations in lung cancer.
Sci. Transl. Med. 5:216ra177

Yu HA, Arcila ME, Rekhtman N, Sima CS, Zakowski MF, et al. 2013. Analysis of tumor specimens at the time
of acquired resistance to EGFR-TKI therapy in 155 patients with EGFR-mutant lung cancers. Clin.
Cancer Res. 19:2240–47

YunCH,Mengwasser KE,Toms AV,WooMS,GreulichH, et al. 2008.TheT790Mmutation in EGFR kinase
causes drug resistance by increasing the affinity for ATP. PNAS 105:2070–75

Zhang T, Guo L, Creighton CJ, Lu Q, Gibbons DL, et al. 2016. A genetic cell context-dependent role for
ZEB1 in lung cancer.Nat. Commun. 7:12231

Zhang Z, Lee JC, Lin L, Olivas V, Au V, et al. 2012. Activation of the AXL kinase causes resistance to EGFR-
targeted therapy in lung cancer.Nat. Genet. 44:852–60

www.annualreviews.org • Acquired Resistance in Lung Cancer 297




