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Abstract Drug resistance is a major factor that limits the efficacy of targeted cancer therapies. In this review, we
discuss the main known mechanisms of resistance to receptor tyrosine kinase inhibitors, which are the most
prevalent class of targeted therapeutic agent in current clinical use. Here we focus on bypass track resistance,
which involves the activation of alternate signaling molecules by tumor cells to bypass inhibition and maintain
signaling output, and consider the problems of signaling pathway redundancy and how the activation of different
receptor tyrosine Kinases translates into intracellular signal transduction in different cancer types. This
information is presented in the context of research strategies for the discovery of new targets for pharmacological
intervention, with the goal of overcoming resistance in order to improve patient outcomes.

Keywords

targeted therapy; drug resistance; receptor tyrosine kinases; cancer

Introduction

Targeted therapy is defined as the treatment of cancer using
a pharmacological agent designed to inhibit a specific
molecule, resulting in reduced tumor progression. The
rationale for this approach is based on the concept of
oncogene addiction, put forward by Bernard Weinstein,
which posits that cancer cells become dependent on a small
number of key proteins whose activity is required to
maintain cancer cell growth and proliferation [1]. Onco-
genic proteins for which targeted therapies have been
developed and entered widespread clinical use include the
estrogen receptor in breast cancer, BRAF in melanoma, as
well as a number of tyrosine kinases active across multiple
cancers including ABL, ALK, EGFR, HER2, and VEGFR
[2]. Notably, a large proportion of current drug targets
belong to the receptor tyrosine kinase (RTK) family of cell
surface receptors, which contains 58 members with
different subsets being expressed in different human cell
types. Binding of secreted growth factors to the extra-
cellular domain of a RTK triggers a conformational change
that promotes receptor homo- or hetero-dimerization,
tyrosine phosphorylation, and activation of numerous
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intracellular signaling cascades [3]. In cancer, RTKs can
be selectively targeted using either small molecule ATP
analogs (e.g., erlotinib for EGFR-positive non-small cell
lung cancer (NSCLC)) or inhibitory monoclonal anti-
bodies (e.g., trastuzumab for HER2-positive breast can-
cer).

Different targeted therapies have achieved various
degrees of success in cancer treatment, as measured by
increased progression-free survival and patient response
rate [4]. However, in many cases patient response is
limited by either primary or secondary drug resistance.
Primary (intrinsic) resistance refers to a tumor that fails to
respond to targeted therapy despite harboring the mole-
cular alteration that would be predicted to render the
tumor susceptible to treatment. Alternatively, secondary
(acquired) resistance occurs when a patient that initially
responds to therapy relapses after a period of time,
resulting in cancer progression via the resumption of
primary tumor growth or metastasis. Primary resistance
mechanisms are largely unknown, but could result from a
small subset of cells harboring primary drug target
mutations, amplifications, or bypass mechanisms similar
to those known to occur during the development of
secondary resistance (discussed below).

Several comprehensive reviews on the topic of targeted
cancer therapy have recently appeared elsewhere [4-8].
Here, we survey the major known mechanisms underlying
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resistance to RTK inhibition while focusing on a few
specific unresolved issues in the field, including the
identification of RTKs mediating drug resistance in a
given cancer type, how RTK activity translates into
downstream signaling output, and therapeutic strategies
designed to circumvent or overcome the problem of drug
resistance.

Resistance mediated by the primary drug
target

Probably the best understood mechanism of resistance to
targeted therapy involves genetic mutation of the primary
drug target such that the mutant RTK is impervious to
inhibition. This likely occurs via a process of positive
selection for tumor cells expressing the mutated variant.
Such so-called “gatekeeper” mutations have been found to
occur in imatinib-resistant chronic myeloid leukemia
(CML, ABL T315I), crizotinib-resistant lung cancer
(ALK L1196M and others), as well as lung cancers
resistant to EGFR inhibition (most prominently EGFR
T790M, which occurs in approximately half of these
tumors). Current therapies are largely ineffective at
inhibiting RTKs containing these mutations. In addition,
gene amplification of both EGFR and ALK has been
identified in patients with drug resistant NSCLC, and
amplification is known to occur concurrently with gate-
keeper point mutations [9-12]. Biochemical studies
suggest that the EGFR T790M mutation confers resistance
by increasing the kinase’s affinity for ATP [13]. Improved
knowledge of the structural basis underlying the insensi-
tivity of mutant RTKs to clinically available inhibitors
could potentially aid in the development of new drugs that
preferentially target mutant RTKs over the wild-type
proteins.

Bypass via activation of other RTKs

Bypass track (compensatory) resistance refers to the ability
of tumor cells to activate parallel pathways in order to
maintain signaling output in the presence RTK inhibition
[14]. As is true for resistance involving gatekeeper
mutations, most of the research on bypass mechanisms
has been carried out in EGFR and ALK positive lung
cancers, while the molecular details in other resistant
cancer types are generally less understood.

Most commonly, bypass mechanisms of resistance
involve amplification of an alternative RTK that is not
inhibited by the primary drug. For example, MET
amplification occurs in approximately 5%—22% of lung
cancers resistant to EGFR inhibition [15,16]. However,
activation of other RTKs including HER2, IGFIR, AXL,
and FGFR1 can also mediate this type of resistance [14]. In

contrast, crizotinib-resistant lung cancers harboring ALK
translocations instead upregulate EGFR or KIT [14],
whereas IGF1R plays a role in some cases of trastuzu-
mab-resistant breast cancer [17]. Extracellular RTK
ligands produced by either tumor or stromal cells also
have the potential to promote resistance to anticancer
therapy. For example, a recent study demonstrated that
elevated levels of the MET ligand HGF can rescue lung
cancer cells from sensitivity to EGFR inhibition [18].
Clearly, a variety of RTKs have the ability to compensate
for loss of signaling resulting from targeted therapy, and
the specific RTK utilized for this purpose seems to depend
to some extent on tumor type and drug treatment (Fig. 1).

A major unanswered question in the field of targeted
therapy is why a given tumor upregulates a specific RTK to
achieve resistance rather than one of the dozens of other
family members that could theoretically also bring about
compensatory signaling. Although the overall intracellular
signaling network is thought to be shared among the RTK
family, some RTKs might preferentially signal through a
certain pathway over others. For example, some evidence
indicates that in lung cancer cells EGFR and MET might
activate both the MAPK and PI3K/AKT pathways,
whereas IGFIR appears to preferentially favor PI3K/
AKT [19]. In agreement with this, MacBeath et al. have
used network analysis to identify distinct classes of RTKs,
with IGF1R belonging to a different class than EGFR,
FGFR1, and MET [20]. However, this explanation seems
inconsistent with the observations that IGFIR can
compensate for loss of EGFR signaling in lung cancer
[4]. Alternatively, the relative expression levels of various
downstream signaling proteins or transcription factors
might underlie the bias resistant tumors show for one RTK

RTK driving tumor formation RTK conferring resistance

Cancer type (primary drug target) (secondary drug target)
NSCLC —_—
T
NSCLC —_— AXL
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Fig. 1 Summary of RTKs known to mediate bypass resistance
to RTK targeted cancer therapy. Ovals indicate oncogenes
responsible for initial tumor formation and rectangles indicate
RTKs involved in drug resistance. Arrows denote known bypass
resistance mechanisms. Note that EGFR and HER?2 activation can
induce initial tumor formation and also mediate resistance.
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over another. As a possible mechanism for this, Settleman
et al. have shown that drug-tolerant lung cancer cells
contain altered chromatin modifications compared to
sensitive cell lines, and these epigenetic marks are
important for maintaining the resistant state [21]. Clearly,
more research is needed to better understand the factors
responsible for determining the specific bypass mechanism
favored by a given tumor.

To further our knowledge of resistance mechanisms
involving RTK bypass, we believe that two considerations
are important for future studies. First, when possible,
identification of RTKs mediating resistance should be
performed in an unbiased manner. In a large scale RNA
interference study undertaken to identify kinases critical
for cell proliferation and survival across multiple cell
types, Harlow et al. found that relatively unknown and
poorly studied kinases were as likely to play important
roles in these process as well studied kinases with a large
record of publications [22]. This “bias of familiarity”
appears relevant to drug resistance because many current
studies seem to focus on only a few well-studied kinases at
the exclusion of others [4]. We believe that unbiased
profiling of RTK expression in resistant cells and tumors as
well as drug screening methodology will reveal under-
appreciated roles in drug resistance for less studied
members of the RTK family. In addition, for the majority
of resistance mechanisms identified we still do not know
the prevalence of occurrence in cancer patients. Therefore,
quantitative assessment is needed to determine the
frequency of RTK activation in different tumor types. If
it is determined that a high percentage of tumors achieve
resistance by activating a specific RTK, then it might be
possible to design combination therapies that can be used
prior to the development of resistance.

Downstream signaling pathways

RTK activity is known to stimulate signal transduction
through a number of major intracellular cascades. Notably,
RTK activation results in increased flux through both the
RAS/RAF/MAPK and PI3K/AKT pathways, which are
important for the proliferation and/or survival of many
mammalian cell types, including cancer cells. Indeed,
RAS, RAF, and PI3K activating mutations are known to
occur in certain human cancers, and numerous pharmaco-
logical agents targeting these pathways are currently in
clinical use or being developed.

The widespread belief that these two signaling axes
account for the majority of the oncogenicity attributed to
RTKs represents a conundrum for the field. This is
because, if this is indeed the case, then one would predict
that effectively blocking both of these pathways would be
efficacious for the treatment of all tumors dependent on
RTK signaling, regardless of the specific identity of the

RTK(s) mediating tumor progression. In support of this,
Engelman et al. have demonstrated that combined PI3K/
MEK inhibition leads to apoptosis in gefitinib-resistant
NSCLC cells [23]. Unfortunately, other cancers appear to
have ways to circumvent such approaches. For example,
one mechanism by which colon cancers expressing
oncogenic BRAF resist BRAF inhibition is through
feedback activation of EGFR [24]. Therefore, inhibition
of intracellular pathways might not always be preferable to
direct targeting of the RTK. In addition to these types of
feedback mechanisms, a further consideration to take into
account when targeting intracellular pathways is that,
because of the redundancy and crosstalk built into these
signaling networks, it is conceivable that similar resistance
mechanisms could develop for intracellular kinases as
those known to occur during the development of resistance
to RTK inhibitors. It is also possible that increased toxicity
could result from targeting downstream signaling due to
pathway inhibition in normal (non-cancerous) cells.

Since all RTKs are thought to activate similar down-
stream signaling pathways, why is the activity of some
RTKSs required for the growth of a given tumor whereas
others are relatively less important in determining disease
progression? We propose that those receptors important for
mediating tumor development might produce a similar
signaling output, whereas the activity of RTKs that are less
important for the growth of a given tumor, even if
expressed at high levels, might have a lesser impact on
downstream signaling. In support of this, unpublished data
from our laboratory indicates that in breast cancer cells
HER?2 inhibition combined with inhibition of either IGFIR
or MST1R/RON, which have been implicated in trastuzu-
mab or lapatinib resistance [17,25], results in strongly
reduced signaling through both the MAPK and AKT
pathways. In contrast, inhibition of RTKs not predicted to
be involved in resistance had no measurable effect on
either of these pathways. Moreover, this decreased
signaling output resulted in a reduced proliferative
capacity of trastuzumab-resistant breast cancer cells treated
with either IGFIR or MSTIR inhibitors combined with
trastuzumab. Thus, in trastuzumab-resistant breast cancer,
those RTKs important for driving tumor cell growth appear
to be major determinants of intracellular signal transduc-
tion. If this phenomenon holds true for other cancer types,
then it might be possible to utilize downstream signaling
flux as a readout in order to predict cancer cell vulnerability
to specific RTK inhibitors.

Future prospects for treatment

Several strategies are currently being pursued to overcome
the problem of targeted therapy resistance. To combat
resistance caused by mutation or amplification of the
primary target, next-generation RTK inhibitors targeting
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BCR-ABL, ALK, and EGFR are being developed and
tested in clinical trials [4-6]. In contrast to first-generation
(reversible) inhibitors, these drugs irreversibly block
kinase activity by forming covalent bonds at or near the
kinase active site. Significantly, some next-generation
compounds have shown efficacy in inhibiting RTK
isoforms associated with resistance, including EGFR
T790M [26]. However, since EGFR activity is important
for normal tissue homeostasis [27], the use of many next-
generation RTK inhibitors appears to be limited by toxicity
stemming from the irreversible inhibition of wild-type
EGFR in normal cells. Because of this, efforts are currently
underway to develop inhibitors preferentially targeting
T790M over wild-type EGFR [28].

For bypass resistance, the most common strategy is to
develop combination therapies that inhibit one or more
RTKs or downstream signaling proteins in addition to the
primary target [29]. The success of combination therapy
first requires the correct identification of signaling
molecules responsible for mediating resistance in an
individual tumor. One approach for this is to sequence
DNA from resistant biopsies or circulating tumor cells,
with the aim of identifying mutated genes that could then
be targeted to overcome resistance. While genetic analysis
can detect some types of resistance such as those
associated with gatekeeper mutations, sequencing can
miss important drivers of resistance that are highly active
in tumor cells but not mutated, and can also misidentify
mutations that are not actually contributing to resistance.
As an alternative to genetic approaches, lung cancer cell
lines from patient biopsies have recently been established
and screened against a panel of drugs to identify
combinations effective against resistance [30]. This
strategy uncovered combinations, such as combined
ALK and SRC inhibition, that could not have been
predicted from genetic analysis. Due to our limited
knowledge of the molecular mechanisms underlying
resistance, unbiased approaches like this might be most
effective in discovering new resistance mechanisms and
treatment options. As basic knowledge increases, it might
eventually be possible to assess a more limited number of
biomarkers in order to rapidly choose those combination
therapies with the highest likelihood of success in treating
a resistant tumor.
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