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ABSTRACT

A major limitation of targeted anticancer therapies is intrinsic or acquired resistance. This
review emphasizes similarities in the mechanisms of resistance to endocrine therapies in
breast cancer and those seen with the new generation of targeted cancer therapeutics.
Resistance to single-agent cancer therapeutics is frequently the result of reactivation of
the signaling pathway, indicating that a major limitation of targeted agents lies in their
inability to fully block the cancer-relevant signaling pathway. The development of
mechanism-based combinations of targeted therapies together with non-invasive molecu-
lar disease monitoring is a logical way forward to delay and ultimately overcome drug
resistance development.

Drug resistance © 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
Targeted therapy reserved.
Pathway reactivation

Endocrine therapy

Drug combinations

1. Introduction (also known as innate or de novo resistance) or fast adaptive

tumor responses, and (2) late acquired resistance, resulting
Resistance to therapy remains a major challenge in oncology. from clonal evolution of resistant variants. Anticancer drug
Resistance comes in two flavors: (1) early intrinsic resistance resistance has been studied since the 1960s (Brockman,
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1963), but has gained momentum after the introduction of tar-
geted cancer therapeutics and several technological advances
such as RNA interference (Brummelkamp et al., 2002) and next
generation DNA/RNA sequencing. Selective targeting of acti-
vated pathways has proven to be effective, but the observed
responses are usually partial and not durable when using sin-
gle agent therapies. This translates clinically in prolonged
progression-free survival, but similar overall survival
compared to standard of care. Examples where prolonged
progression-free survival has been achieved without giving
rise to improved overall survival are crizotinib (ALK-TKI) in
advanced ALK-positive Non-Small Cell Lung Cancer (NSCLC)
and gefitinib (EGFR-TKI) in EGFR-mutated NSCLC (Maemondo
et al,, 2010; Shaw et al., 2013). An exception is the case of the
BRAFV®®E._gpecific inhibitor vemurafenib in BRAFV60°E.
mutated metastatic melanoma. Patients with metastatic mel-
anoma have a median survival of 6—10 months and activating
BRAF mutation was associated with shortened survival in pa-
tients with metastatic disease (Long et al.,, 2011). A phase 3
trial with vemurafenib in BRAFV*°* -mutated metastatic mel-
anoma showed significant improvement in both
progression-free survival and overall survival with vemurafe-
nib compared to chemotherapy in an early interim analysis of
overall survival (Chapman et al., 2011). Although the median
duration of follow-up in this study was too short to draw
strong conclusions, long follow-up data of a phase 2 trial
with vemurafenib in the same clinical setting confirmed these
early results and showed increase in median overall survival
to approximately 16 months (Sosman et al., 2012).

Here we review the recent insights into mechanisms of
resistance to targeted therapies. We focus on the reactivation
of signaling pathways as a recurrent pattern of resistance
development to single-agent targeted therapies. We first
discuss the resistance mechanisms to endocrine therapy in
breast cancer, the first targeted therapy introduced in the
clinic. We will use this as an example to highlight that the
mechanisms of resistance to endocrine therapy that have
been identified in breast cancer are seen all over again with
the new pathways-targeted therapies in other cancers.
Finally, we argue that synthetic lethal combinations of tar-
geted therapies together with non-invasive molecular disease
monitoring are a promising way forward to fight drug
resistance.

2. Endocrine resistance in breast cancer

The synthesis of competitive inhibitors of the binding of the
hormone estrogen to its receptor (ERa) in the 1970s led to the
development of the first targeted cancer drug: tamoxifen.
Tamoxifen is a triphenylethylene derivative classified as a se-
lective estrogen receptor modulator (SERM). It impairs the
mitogenic function of ERa in breast cancer by competing
with estrogen for binding to the receptor. The binding of
tamoxifen to the ERa changes the receptor conformation,
which is distinct from the conformational change that is
induced by estrogen binding. This conformation change pre-
vents the formation of the ERa complex with its essential
transcriptional co-activators and thereby inhibits ERz-medi-
ated transcription (Shiau et al, 1998). A second class of

endocrine drugs that target estrogen synthesis has been
developed subsequently: the aromatase inhibitors. Aroma-
tase is the enzyme responsible for the estrogen synthesis
from androgenic substrates (extra-ovarian synthesis) (Smith
and Dowsett, 2003). Aromatase inhibitors cannot inhibit the
estradiol production in the ovaries themselves and are there-
fore not active in premenopausal patients without ovarian
suppression. Consequently, tamoxifen is typically given to
premenopausal patients, whereas aromatase inhibitors are
given to postmenopausal patients, although postmenopausal
sequential treatment of tamoxifen and aromatase inhibitors
is often prescribed as well.

Almost 70% of breast cancers are classified as ERa-positive
by IHC, and endocrine therapies targeting estrogen action
(anti-estrogens and aromatase inhibitors) are only effective
in ERa-positive breast cancers. Expression of ERa protein is
strongly predictive of response to endocrine therapies
(Davies et al., 2011). However, approximately one third of
ERa-positive early breast cancers do not respond to endocrine
therapy (intrinsic resistance) or relapse after an initial
response (acquired resistance) (EBCTCG, 2005). The proportion
of breast cancer patients with advanced or metastatic disease
that relapses during or after endocrine therapy is even higher.
It is important to note that patients who develop resistance to
one kind of endocrine treatment can still respond to another
type (Wang et al., 2009; Yoo et al., 2011). The various mecha-
nisms underlying resistance to endocrine therapy that have
been proposed and studied are outlined below. They can be
classified in three main categories: (1) alterations of the drug
target (i.e. ESR1/ERa), (2) alterations in downstream and up-
stream effectors of ERa signaling, and (3) bypass mechanisms
(Table 1).

2.1.  Alterations of ESR1 and its encoded protein ERa

Patients with the highest ERa protein expression benefit
slightly more from tamoxifen compared to patients with low
receptor expression, but the latter group still have substantial
benefit (Davies et al., 2011). However, response to tamoxifen is
rare in ERa-negative breast cancer. A portion of ERa-positive
tumors becomes independent of estrogen signaling after
which they loose ERa expression and, hence, are tamoxifen
resistant. Gutierrez et al. studied the ERa expression in paired
clinical breast cancer samples from before the start of tamox-
ifen treatment and after tumor progression (Gutierrez et al,,
2005). They found loss of ERa expression in 17% of ERa-posi-
tive tumors at the time of tumor progression. This was in
line with earlier reports showing that ERa loss occurs in
15-30% of the tumors at the time of recurrence
(Encarnacion et al., 1993; Johnston et al., 1995; Kuukasjarvi
et al., 1996). Loss of ERa was associated with tamoxifen resis-
tance (Johnston et al., 1995) and can be used as a predictor of
poor response to subsequent endocrine therapy (Kuukasjarvi
et al., 1996).

Mutations in ESR1, the gene coding for ERa, were proposed
as yet another possible mechanism of endocrine therapy
resistance. However, ESR1 mutations were only found in a
very low percentage of primary breast cancers, if at all present
(Cancer Genome Atlas Network, 2012). In a recent report by Li
et al,, ESR1 ligand-binding domain mutations were identified
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Table 1 — Similarity in the mechanisms of resistance to endocrine therapies in breast cancer and to targeted therapies in other cancers.

Drug resistance
mechanism

Endocrine therapies
breast cancer

Targeted therapies in other cancers

Example

Example

Drug (cancer type)

Alterations of the drug target

Mutation

Amplification

Receptor downregulation
Splice variant

Pathway activation
By upstream components

By downstream
components

Bypass mechanism

ESR1 mutation/translocation®

ESR1 amplification”

Loss of ERa expression®

ERa splice variants®

HER family activation®
PI3K-AKT-mTOR activation
RAS pathway activation®
BCAR1 overexpression®
PKA!

AIB1 (SRC3) overexpression’

MYC activation®

Notch activation'

Metabolic activity of CYP2D6™

Loss of CDK10 expression”

ABL T315I mutation®
EGFR T790M mutation?
ALK F1147L mutation?
ROS1 mutation”

EGFR ectodomain mutation®
BCR-ABL amplification®
BRAF amplification"
EGFR amplification”
Loss of mutant EGFR
expression™

BRAF splice variant®

RTK activation”

RAS mutations®

KRAS mutation and
amplification®®

PTEN loss and PIK3CA
mutation®®

MEK1/2 mutations™®

PKA activation®“

COT expression®®

MET amplification®

PI3K pathway activation®®
HGF secretion®"

EMT

Imatinib (CML)

EGFR-TKIs (NSCLC)
Crizotinib (NSCLC)
Crizotinib (NSCLC)
Cetuximab (CRC)

Imatinib (CML)
BRAF-inhibitor (melanoma)
EGFR-TKI (NSCLC)
EGFR-TKI (GBM)

BRAF-inhibitor (melanoma)

BRAF-inhibitor (melanoma, CRC,
thyroid); MEK inhibitor (TNBC); AKT inhibitor
BRAF-inhibitor (melanoma)

Cetuximab (CRC)
Trastuzumab (breast cancer)

BRAF-/MEK-inhibitor (melanoma)

BRAF-MEK-inhibitor (melanoma)
BRAF-inhibitor (melanoma)
EGFR-TKI (NSCLC); cetuximab (CRC)
BRAF-inhibitor (melanoma)
BRAF-inhibitor (melanoma)
Multiple TKIs

(Cancer Genome Atlas Network, 2012; Jeselsohn et al., 2014; Li et al., 2013; Robinson et al., 2013; Toy et al., 2013).
(Albertson, 2012; Ooi et al., 2012).

(Encarnacion et al., 1993; Gutierrez et al., 2005; Johnston et al., 1995; Kuukasjarvi et al., 1996).

(Groenendijk et al., 2013; Herynk and Fuqua, 2004; Shi et al., 2009).

(Miller et al., 2011a; Yamnik and Holz, 2010).
(McGlynn et al., 2009; Yamnik and Holz, 2010).
(van der Flier et al., 2000).
(Holm et al., 2009; Michalides et al., 2004).
(Osborne et al., 2003).
k (Miller et al., 2011b).
1 (Magnani et al., 2013; Rizzo et al., 2008).
m (Goetz et al., 2005; Hoskins et al., 2009; Singh et al., 2011).
n (lorns et al., 2008).
Gorre et al., 2001; Michor et al., 2005).
Kobayashi et al., 2005; Sequist et al., 2011).
Choi et al., 2010; Katayama et al., 2012; Sasaki et al., 2010).
(Awad et al., 2013).
(Montagut et al., 2012).
(Gorre et al., 2001).
u (Shi et al., 2012).
v (Sequist et al., 2011).
w (Nathanson et al., 2014).
x (Poulikakos et al., 2011; Shi et al., 2014).
y (Chandarlapaty et al., 2011; Corcoran et al., 2012; Duncan et al., 2012; Girotti et al., 2013; Montero-Conde et al., 2013; Nazarian et al., 2010; Pra-
hallad et al., 2012; Sun et al., 2014a,b; Villanueva et al., 2010).
z (Nazarian et al., 2010; Shi et al., 2014; Trunzer et al., 2013).
aa (Diaz et al., 2012; Misale et al., 2012; Valtorta et al., 2013).

a
b
@
d
e (Arpino et al., 2004; De Laurentiis et al., 2005; Gutierrez et al., 2005; Osborne et al., 2003).
f
g
h
i
j

—_—— —~ —~

o
P
q
r
s
t
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ab (Berns et al., 2007; Majewski et al., 2014; Nagata et al., 2004).

ac (Emery et al.,, 2009; Trunzer et al., 2013; Van Allen et al., 2014; Wagle et al., 2011).

ad (Johannessen et al., 2013).
ae (Johannessen et al., 2010).

af (Bardelli et al., 2013; Engelman et al., 2007; Turke et al., 2010; Sequist et al., 2011).

ag (Shi et al., 2014).
ah (Straussman et al., 2012).

ai (Brunen et al., 2013; Byers et al., 2013; Fuchs et al., 2008; Huang et al., 2012; Salt et al., 2014, Thomson et al., 2005; Yauch et al., 2005).

in patient-derived xenografts (PDXs) derived from primary or
metastatic breast cancer patients who were resistant to hor-
monal treatment (Li et al., 2013). This report was followed by
three independent studies showing that activating ESR1 muta-
tions are relatively frequent in advanced ERa-positive
hormone-resistant breast cancers (Jeselsohn et al.,, 2014;
Robinson et al., 2013; Toy et al., 2013). The mutation frequency
was somewhat variable in the different cohorts they analyzed
(range: 11-55%), with an average frequency of 17.3% in 167
cases. The authors also show that these ESR1 mutations
were not present at detectable levels in the primary tumors,
indicating that the specific mutations are either clonally
selected or arise de novo under the pressure of endocrine ther-
apy with tamoxifen or aromatase inhibitors. In addition, the
study by Jeselsohn et al. showed absence of these mutations
in any stage of ERa-negative disease (Jeselsohn et al., 2014).
The mutations are clustered in the ligand-binding domain of
ERa, similar to what was reported by Li et al. for ESR1 muta-
tions in the PDXs. Mutations in this domain result in ligand-
independent constitutive activity. On the other hand, Toy
et al. reported no significant difference in sensitivity to aroma-
tase inhibitors for ESR1 wild-type or mutant patients, but the
number of patients was small. The three studies together
demonstrate that mutant ERe can still bind anti-estrogens
like tamoxifen, although higher doses are required. Further
studies are needed to fully address the association with ESR1
mutations and clinical outcome.

The study by Li et al. on breast cancer patients-derived xe-
nografts reported an ESR1/YAP1 gene rearrangement that re-
places the ligand-binding and AF2 domains of ESR1 (Li et al,,
2013). This translocation induces estradiol-independent
growth and makes cells insensitive to the selective ER down-
regulator fulvestrant. Similar ESR1 translocations that pre-
serve the DNA-binding and AF1 domains of ESR1 were
detected by the authors in the TCGA breast cancer RNA-seq
data (Li et al., 2013). The frequency of these in-frame ESR1
translocations might be very low, but can still be of clinical
significance considering the high number of breast cancer
patients.

Several different ERa variant mRNAs have been described
in human breast cancer. Almost all of these naturally occur-
ring variants are mRNA splicing variants, in which one or
more exons are absent from the ERa mRNA. In most ERa
splicing variants, except for variants lacking exon 3 or 4, trans-
lation runs out of frame after the site of splicing, leading to a
truncated protein (Herynk and Fuqua, 2004). One identified
variant, the ERa36, is transcribed from an alternative pro-
moter in the first intron of the ESR1 gene (Shi et al., 2009).
ERa36 mediates in vitro membrane-initiated effects of estro-
gen signaling, and tamoxifen treatment fails to block the

ERa36 mediated activation of the MAPK pathway. Shi et al.
also found that breast cancer patients with high ERx36 expres-
sion are less likely to benefit from tamoxifen treatment. Two
ERa splice variants, the ERA3 and the ERA7 variant, were
described as dominant negative receptor forms in the pres-
ence of wild-type ERa (Herynk and Fuqua, 2004). The expres-
sion of the ERA7 is associated with a Basal subtype of breast
cancers expressing ERoe mRNA (Groenendijk et al., 2013).

Gene amplification is defined as a focal high-level copy
number increase of a region of genomic DNA. Gene amplifica-
tion usually goes hand in hand with gene overexpression.
Overexpression of ERa in cell lines caused broad anti-
estrogen resistance in vitro (Tolhurst et al., 2011). Holst et al.
reported in 2007, using FISH on tissue microarrays, that ESR1
was amplified in 21% of breast cancers and that these amplifi-
cations were present in breast cancers with high ERa expres-
sion. Multiple groups have since tried to reproduce these
findings, reporting a considerable difference in amplification
frequencies when using in situ hybridization compared to
biochemical methods (aCGH, MLPA, qPCR) (as summarized
in Albertson, 2012). It was later found that the large clustered
FISH signals, interpreted as ESR1 amplification, are sensitive
to RNase treatment (Ooi et al.,, 2012). This indicated that the
FISH probe was detecting accumulation of ESR1 mRNA tran-
scripts in the nucleus of cells expressing high levels of ERa,
providing an explanation for the controversy in ESR1 amplifi-
cation frequencies between different studies. Although this
finding of RNase sensitivity of ESR1 FISH signals has yet to
be reproduced, it seems likely that the amplification fre-
quency will be around 5% of breast cancers. Despite this small
percentage, there might still be a (modest) role of ESR1 ampli-
fication in endocrine therapy resistance.

2.2. Alterations in upstream and downstream effectors
of ERa signaling

Both preclinical and clinical studies suggest that crosstalk be-
tween ERa and growth factor and stress kinase signaling path-
ways is involved in endocrine therapy resistance (as reviewed
in Musgrove and Sutherland, 2009; Osborne and Schiff, 2011).
Among those, the crosstalk between ERa and the HER family is
best studied. The ERBB/HER family consists of 4 structurally
related membrane receptors: HER1 (EGFR), HER2 (ERBB2/
NEU), HER3, and HER4. The tyrosine kinase HER? is amplified
in 10—20% of ERa-positive breast cancers. It has unique recep-
tor features compared to the other receptors of the family: it
has no specific ligand, but forms homodimers with itself and
heterodimers with other ERBB receptors. Tamoxifen activates
HER?2 via the membrane functions of ERe, and this activated
HER2 phosphorylates both ERa and AIB1 (SRC3). There is
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clinical evidence that tamoxifen is less effective in ERa-posi-
tive breast cancer overexpressing HER2 (De Laurentiis et al,,
2005; Osborne et al., 2003). Furthermore, a small percentage
of tumors originally negative for HER2 showed HER2 amplifi-
cation or overexpression after tumor progression with tamox-
ifen (Gutierrez et al., 2005). Although HER1 (EGFR) signaling
downstream is not identical to HER2 signaling, there is signif-
icant overlap. In a study by Arpino et al. it was shown that pa-
tients with EGFR overexpression were less likely to respond to
tamoxifen and had shorter time to treatment failure (Arpino
et al., 2004). Aromatase inhibitors may be different, because
ligand deprivation shuts off all nuclear and membrane ERa ac-
tivity, disallowing crosstalk of ERa with other pathways.

Increasing evidence supports an interaction between the
mTOR pathway and ERa signaling, and hyperactivation of
the PI3K-AKT-mTOR pathway promotes anti-estrogen resis-
tance (Miller et al., 2011a). The mTOR-substrate S6 kinase 1
can phosphorylate the AF1 domain of ERe, which is respon-
sible for ligand-independent receptor activation (Yamnik
and Holz, 2010). The clinical benefit of inhibiting mTOR in
combination with endocrine therapy has already been
demonstrated. The mTOR inhibitor everolimus combined
with an aromatase inhibitor improved progression-free sur-
vival compared with aromatase inhibitor alone in postmeno-
pausal ERa-positive advanced breast cancer (BOLERO-2 trial)
(Baselga et al., 2012b). Furthermore, the TAMRAD trial re-
ported that tamoxifen plus everolimus increased clinical
benefit, time-to-progression and overall survival compared
with tamoxifen alone in postmenopausal women with
aromatase-inhibitor-resistant metastatic breast cancer
(Bachelot et al., 2012).

Expression and activation of the RAS/RAF1/MAPK pathway
is associated with poor outcome on tamoxifen (McGlynn et al.,
2009). MAPK activation can phosphorylate serine-118 and
serine-167 of ERa, resulting in ligand-independent activation
of the receptor and transcription of estrogen-regulated genes
and proliferation (Yamnik and Holz, 2010).

Phosphorylation of ERa at serine-305 by protein kinase A
(PKA) has been associated with tamoxifen resistance
(Michalides et al., 2004). This phosphorylation induces a
conformational change in the receptor, which prevents the in-
duction to the inactive state by tamoxifen. Patients whose tu-
mors express serine-305 phosphorylated ERa (Holm et al.,
2009) or patients with downregulation of a negative regulator
of PKA (Michalides et al., 2004) do not benefit from tamoxifen.
Phosphorylation of ERa at other sites (serine-118 and serine-
167) is associated with anti-estrogen sensitivity as well,
although different effects are reported for pre- versus post-
menopausal women (Beelen et al., 2012).

The function of ERa is regulated by interactions with other
transcription factors and through post-translational modifica-
tion of the receptor itself or its interactors. Overexpression
and increased phosphorylation (hence activity) of ERa co-acti-
vators leads to constitutive ERa transcriptional output. The ac-
tivity of nuclear receptor coactivator 3 (NCOAS3, also known as
AIB1 or SRC3) is associated with reduced responsiveness to
tamoxifen in patients (Osborne et al., 2003). The ERa coactiva-
tor PELP1 localizes to the cytoplasm in many breast cancers,
where it functions as scaffold for the interaction of ERa with
SRC that subsequently recruits other cofactors (Gururaj

et al., 2006). Modeling cytoplasmic PELP1 localization in vitro
makes tumor cells hypersensitive to estrogen but resistant
to tamoxifen. The SRC substrate BCAR1 (also known as CAS)
can induce tamoxifen resistance in vitro upon overexpression
and breast cancers overexpressing BCAR1 are less responsive
to tamoxifen (van der Flier et al., 2000).

There is extensive evidence from in vitro studies that cell
cycle regulators play a role in endocrine therapy resistance.
However, clinical evidence supporting this notion is scarce,
especially for the prognosis-independent predictive value of
cell cycle regulators. Cyclin D1 and MYC are the best studied,
although studies for the role of cyclin D1 have yielded contra-
dictory results (Beelen et al., 2012). MYC is amplified in around
15% of breast cancers; MYC protein overexpression and MYC
activation signature were predictive for the response to endo-
crine therapy in a large cohort of ERa-positive breast cancers
(Miller et al., 2011b).

2.3. Bypass mechanisms

Reprogramming of the chromatin landscape through epige-
netic modifications or changes in genome accessibility may
play a central role in endocrine therapy resistance. Magnani
et al. showed significant differences in the transcriptional
programs of endocrine therapy-resistant and -responsive
breast cancer cell lines (Magnani et al., 2013). The histone
H3 lysine 36 trimethylation (H3K36me3) mark is found in
actively transcribed gene bodies. Only around 12% of
H3K36me3 sites were shared between endocrine therapy-
resistant and -responsive cells (Magnani et al., 2013). Further-
more, the authors showed that most of the open chromatin
sites are cell type-specific and only a minority is shared be-
tween resistant and responsive cells. The genome-wide
reprogramming of the chromatin landscape disengage the
resistant cells from classical ERa signaling and promotes
Notch signaling (Magnani et al., 2013; Poulikakos et al.,
2011). Crosstalk between the Notch pathway and ERa
signaling in breast cancer has been reported previously
(Rizzo et al., 2008). Pharmacological targeting of Notch
signaling can be of interest for endocrine therapy resistant
breast cancers (Haughian et al., 2012).

Tamoxifen is converted in the liver into its active metabo-
lites endoxifen and 4-hydroxytamoxifen and this conversion
is catalyzed by the polymorphic enzyme P450 2D6 (CYP2D6)
(Hoskins et al., 2009). CYP2D6 is located on chromosome
22q13.1, and polymorphisms in this gene can significantly
affect enzymatic activity. Approximately 6—10% of Caucasian
women carry less active or inactive alleles of this gene and are
consequently less responsive to tamoxifen (Goetz et al., 2005;
Hoskins et al., 2009; Singh et al., 2011). In addition, the meta-
bolic activity of CYP2D6 can be lowered by certain commonly
prescribed medications, like for example certain selective se-
rotonin or noradrenaline reuptake inhibitors (Hemeryck and
Belpaire, 2002).

Finally, lorns et al. showed both in vitro and in patient se-
ries that loss of CDK10 expression resulted in resistance to
tamoxifen (lorns et al., 2008). Loss of CDK10 activates RAF1
(CRAF) and the downstream MEK-ERK signaling cascade,
resulting in cyclin D1 expression and subsequent indepen-
dence of estrogen signaling.
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3. Drug resistance to more recent targeted therapies

The recent DNA and RNA sequencing projects in several can-
cer types by The Cancer Genomic Atlas (cancergenome.nih.-
gov) and other consortia have revealed recurrent somatic
alterations in several genes that are considered to be drivers
of oncogenesis. They activate crucial oncoproteins such as
RAS, BRAF, EGFR, PIK3CA, ALK, BCR-ABL and many others.
These driver alterations can give rise to a tumor dependency
on a particular signaling pathway or module. These depen-
dencies, called ‘oncogene addiction’, can result from activa-
tion of genes that stimulate a pathway or inactivation of
genes that inhibit a signaling pathway. Tumor dependencies
can also be the result of other factors, like hormone depen-
dency or lineage dependency. The addiction of certain cancer
types to specific signaling pathways or modules in those
pathways creates an Achilles heel for tumor maintenance
that can be exploited therapeutically (Weinstein, 2002). How-
ever, examples of pure ‘oncogene addiction’ from a single
oncogenic event are rare. Most cancers contain many muta-
tions, making such tumors potentially less dependent on a
single oncogenic event. Another complication is that
signaling pathways are interconnected and these interac-
tions are often dynamic (Lemmon and Schlessinger, 2010).
A third factor limiting the success of targeted single-agent
therapy is the heterogeneity of tumors, especially in the
advanced or metastatic setting. Similar to resistance mecha-
nisms for endocrine therapy, the mechanisms underlying
resistance to other targeted therapies can be classified in
three main categories (Table 1): (1) alterations of the drug
target (Figure 1(a)), (2) alterations in upstream and down-
stream effectors resulting in pathway reactivation
(Figure 1(b) and (c)) and (3) bypass mechanisms (Figure 1(d)).
In that sense, the recently-identified mechanisms of resis-
tance to targeted cancer drugs represent a clear case of
“déja vu all over again” (a quote from the legendary American
baseball player Yogi Berra (Berra, 1998)).

3.1.  Alterations of the drug target

One of the mechanisms of resistance is mutation of the target
kinase domain, which reduces the ability of the drug to inhibit
the kinase, a so-called ‘gatekeeper’ mutation. Mutations in the
ABL kinase domain (T315 residue) confer resistance to the
ABL-inhibitor imatinib in chronic myeloid leukemia (CML) pa-
tients with the Philadelphia-chromosome translocation
(Gorre et al., 2001). These mutations were shown to be pre-
existing in subpopulations of tumor cells positively selected
by the treatment (Michor et al., 2005). Another well-known
example is the EGFR T790M mutation, which abrogates the
inhibitory activity of EGFR-TKIs and is present in half of the
patients that develop resistance to EGFR-TKIs (Kobayashi
et al., 2005; Sequist et al., 2011). A subset of these patients
also developed EGFR amplification, where the T790M allele is
selectively amplified (Sequist et al., 2011). Analogous to the
T790M mutation in EGFR are mutations in the kinase domain
of ALK that are found at the time of resistance to crizotinib in
tumors with ALK-fusions (Choi et al., 2010; Katayama et al,,
2012; Sasaki et al., 2010).

Resistance by mutating the drug target was also reported
for ROS1. Chromosomal translocations that create fusion pro-
teins involving the tyrosine kinase domains of ALK or ROS1
were identified in lung adenocarcinoma, and are of particular
interest because of the availability of an active inhibitor of
these kinases: the multi-targeted TKI crizotinib. Crizotinib
has shown efficacy in the treatment of lung cancers harboring
ROS1 translocations (Davies et al., 2012; Ou Si et al., 2013).
Resistance to crizotinib developed in a patient with a CD74-
ROS1 translocated metastatic lung adenocarcinoma. This
resistance was caused by a mutation in the ROS1 kinase
domain that made the kinase insensitive to crizotinib (Awad
et al., 2013).

Some colorectal cancers with KRAS or BRAF mutations are
addicted to the MAPK pathway. Because MEK1/2 are the only
substrates of RAF kinases, their inhibition is explored as a
treatment strategy to block the MAPK signaling in KRAS and
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(c) Bypass mechanisms
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Figure 1 — Schematic representation of three recurrent mechanisms of resistance to targeted therapies. RTK: receptor tyrosine kinase. STK:
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BRAF mutated tumors. However, tumors can bypass this
blockade by amplifying the signal that goes through this
pathway, for example by amplification of the driving onco-
gene. In vitro, it was shown that KRAS or BRAF mutated colo-
rectal cancer cell lines made resistant to the MEK-inhibitor
had a marked upregulation of their respective driving onco-
gene due to amplification (Corcoran et al., 2010; Little et al,,
2011). Amplification of mutant BRAF was also demonstrated
in melanoma patients treated with BRAF-inhibitor (Shi et al.,,
2012). Similarly, resistance to imatinib was associated with
progressive BCR-ABL gene amplification (Gorre et al., 2001).

Alternative splicing of BRAF has been implicated in drug
resistance to vemurafenib in BRAF-mutated melanoma.
In vitro, in a subset of cells resistant to vemurafenib, a
BRAFV®%®E_gplicing variant was identified. The splice variant
encodes a version of BRAF lacking the RAS-binding domain
and is resistant to the BRAF-inhibitor. This splicing variant
for BRAFV®°°E was also found by PCR analysis in 6 of the 19 tu-
mors derived from melanoma patients having developed
vemurafenib resistance (Poulikakos et al., 2011). Mutations
in NRAS were identified in 4 out of 19 progression samples
and were mutually exclusive with BRAF-splicing variants.
BRAF-splicing variants were not detected in two samples
derived from patients with de novo resistance or in melanoma
samples that were never treated with vemurafenib. However,
it remains questionable whether these splice variants are in
fact acquired during the treatment or were already present
in a small subpopulation that was too small for the detection.
In a different study analyzing tumor samples from patients
whose melanomas developed acquired resistance to either
vemurafenib or dabrafenib monotherapy, alternative BRAF
splicing was detected in 6 out of 48 (13%) tumors after progres-
sion (Shi et al., 2014).

Another type of drug target modification is the finding of an
acquired EGFR ectodomain mutation (S492R) that prevents
cetuximab binding and confers resistance to cetuximab. This
mutation was identified in two out of ten patients with disease
progression after cetuximab treatment (Montagut et al., 2012).

The selective sensitivity of tumor cells to targeted drugs re-
lies on the expression of and dependency on the oncogenic
target. An example is the sensitivity of tumor cells that ex-
press mutant EGFR to EGFR-TKIs. As we discussed for endo-
crine therapy, the downregulation of the oncogenic target is
one way for tumor cells to acquire resistance. Single-cell ana-
lyses of glioblastoma multiforme (GBM) PDX models and clin-
ical samples from GBM patients treated with EGFR-TKIs have
demonstrated that tumor cells reversibly up- or downregulate
mutant EGFR expression to reach an optimal state for tumor
growth (Nathanson et al, 2014). Resistance to EGFR-TKIs
occurred by elimination of mutant EGFR from extrachromo-
somal DNA. The withdrawal of the drug was followed by the
re-emergence of EGFR mutations on extrachromosomal
DNA. The re-emergence of EGFR mutations suggests that
these cells regain sensitivity to EGFR-TKIs, as was indeed
shown in the paper. The benefit from intermittent dosing of
TKIs instead of continuous dosing is supported by the clinical
observation that patients can regain sensitivity to a drug after
a so-called ‘drug holiday’ (Yano et al., 2005). Recently, it was
reported that discontinuous dosing of vemurafenib in a PDX
model of BRAFV*E-mutant melanoma delayed the

development of drug resistance (Das Thakur et al., 2013).
The reversible drug resistance suggests that epigenetic regula-
tory mechanisms play a role in acquiring this reversible-
resistance state. Data supporting the existence of such an
epigenetic mechanism came from an shRNA screen per-
formed in our laboratory to address the question whether
changes in expression of chromatin regulators could confer
resistance to BRAF-inhibitors (Sun et al., 2014b). We found
that suppression of sex determining region Y-box 10 (SOX10)
in melanoma caused activation of TGFp signaling, which led
to transcriptional upregulation of EGFR and PDGFRB, causing
drug resistance. In a heterogenous population of melanoma
cells having varying levels of SOX10 suppression, cells with
low SOX10 and consequently high EGFR expression were
rapidly enriched in the presence of the BRAF-inhibitor, but
this was reversed when the drug treatment was discontinued.
These data highlight that conditions that confer selective
advantage during drug exposure can be a liability in the
absence of drug (Sun et al., 2014b).

3.2. Signaling pathway reactivation mediated by
alterations in upstream or downstream signaling

Activation of receptor tyrosine kinases (RTKs) represents a
major mechanism for upstream signaling activation. RTKs
are high-affinity cell surface receptors for many growth fac-
tors, cytokines and hormones. In humans, a total of 58 recep-
tor tyrosine kinase proteins have been identified that can be
divided in 20 subclasses or subfamilies (Lemmon and
Schlessinger, 2010). All RTKs have a similar molecular archi-
tecture, with ligand-binding domains in the extracellular re-
gion, a single transmembrane helix, and a cytoplasmic
region that contains the protein tyrosine kinase domain plus
additional regulatory regions. The mechanisms of RTK activa-
tion and regulation have been excellently reviewed by
Lemmon and Schlessinger (2010). The RTKs are important
drug targets, although resistance will eventually develop
against every inhibitor of a single RTK. It became clear that
all pathways previously thought to be linear are in fact highly
interconnected into a complex and dynamic signaling
network, with RTKs functioning as key regulatory nodes.
However, knowing the components of a signaling pathway
or network is not sufficient, due to the presence of positive
and negative feedback mechanisms. In recent years, the upre-
gulation of RTKs by feedback mechanisms, following the inhi-
bition of selective kinases has received much attention. We
discuss several examples where RTKs play a role in acquired
resistance to targeted therapies in the following paragraph.
As discussed, the clinical activity of the BRAFV®°*E-specific
inhibitor in BRAF-mutated melanoma is well-established. In
sharp contrast to this is the observation that inhibition of
BRAF in BRAFV®®E.mutant colorectal cancer (CRC) did not
resultin clinical benefit. It was found that this lack of response
to BRAF inhibition in colon cancer is caused by the feedback
activation of EGFR upon BRAF inhibition, suggesting a drug
combination strategy to make colon cancer cells BRAF-
inhibitor responsive (Corcoran et al., 2012; Prahallad et al.,
2012). RTK upregulation also plays a role in the acquired resis-
tance of melanomas to BRAFV®°*-inhibition (Girotti et al.,
2013; Nazarian et al., 2010; Sun et al., 2014b; Villanueva
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et al., 2010). Induction of PDGFRB emerged as a dominant
feature of acquired resistance in a subset of melanoma cell
lines, patient-derived biopsies and short-term cultures
(Nazarian et al., 2010). Furthermore, EGFR or SRC family kinase
signaling activation was observed after resistance to vemura-
fenib in melanoma patients (Girotti et al., 2013; Sun et al.,
2014b). The third malignancy with a high frequency of BRAF-
mutations is thyroid cancer. Thyroid cancers, like colorectal
cancers, are also relatively resistant to BRAF-inhibitors. It
was reported that the majority of BRAF-mutant thyroid cancer
cell lines are insensitive due to a feedback mechanism thatin-
duces HER3 transcription (Montero-Conde et al., 2013). HER3
activation was part of a generalized hyperactivation of RTKs,
but HER3 together with HER2 rapidly reactivates the MAPK
signaling.

Another node in the MAPK pathway, MEK, has been
explored as a target in triple-negative breast cancer (TNBC).
The inhibition of MEK with a specific inhibitor in TNBC cell
lines and in genetically engineered mouse models (GEMMs)
resulted in rapid reprogramming of the kinome through
induced expression and activation of multiple RTKs that
bypassed the initial ERK inhibition (Duncan et al., 2012). The
inhibition of MEK caused a rapid loss of ERK activity, resulting
in rapid MYC degradation, which in turn induced expression
and activation of several RTKs. Apart from inhibition of the
MAPK pathway, inhibition of the PI3K-AKT pathway is also
associated with activated RTK signaling. Inhibition of AKT in-
duces a conserved set of RTKs, including HER3, IGF1R and in-
sulin receptor (Chandarlapaty et al., 2011). This activation is
partially due to mTORC1 inhibition (O’Reilly et al., 2006) and
partially due to a FOXO-dependent activation of receptor
expression.

Using a kinome-centered synthetic lethality screen, we
found in our laboratory that suppression of HER3 sensitizes
KRAS mutant lung and colon cancer cells to MEK inhibitors
(Sun et al., 2014a). It was found that MEK inhibition results
in MYC-dependent transcriptional upregulation of HER3,
which is responsible for intrinsic drug resistance. Drugs tar-
geting both EGFR and HER2, each capable of forming hetero-
dimers with HER3, can reverse unresponsiveness to MEK
inhibition by decreasing inhibitory phosphorylation of the
pro-apoptotic BCL2-associated proteins BAD and BIM (Sun
et al., 2014a).

The now almost classic example of a reactivated pathway
by second mutation resulting from downstream pathway acti-
vation is the emergence of KRAS alterations in KRAS wild-type
colorectal cancers treated with the EGFR monoclonal antibody
cetuximab or panitumumab. Several studies have identified
somatic mutations in KRAS, a downstream effector of EGFR,
as a biomarker of intrinsic resistance to anti-EGFR therapy in
CRC (Amado et al., 2008; Karapetis et al., 2008). It was recently
shown that a proportion of CRC patients with an initial
response to anti-EGFR therapy, developed alterations (e.g. mu-
tation or focal amplification) in the KRAS gene at the time of
progression (Diaz et al.,, 2012; Misale et al., 2012; Valtorta
et al.,, 2013). Importantly, these mutations can be detected
non-invasively in the blood of patients, several months before
radiographic detection of disease progression. Mathematical
modeling indicated that the mutations were present in
expanded subclones before the start of anti-EGFR therapy

(Diaz et al., 2012) although new mutations can also arise
(Misale et al., 2012). Downstream secondary mutations were
also found as a resistance mechanism to MEK and BRAF inhi-
bition. Mutations in MEK1 or MEK2 were found in tumor sam-
ples after disease progression (Emery et al., 2009; Trunzer
et al., 2013; Van Allen et al., 2014; Wagle et al., 2011).

The anti-HER2 monoclonal antibody trastuzumab, known
in the clinic as herceptin®, is used in breast cancers overex-
pressing the RTK HER2. HER2 is overexpressed by either focal
amplification or, in a small percentage, by mutation (Bose
et al., 2013). Using RNA interference as a screening tool for
drugresistance, it was found that loss of PTEN conferred resis-
tance to trastuzumab and that activation of the PI3K pathway
is predictive for response to trastuzumab in clinical samples
(Berns et al., 2007; Nagata et al., 2004). There is also clinical ev-
idence that women with HER2-positive breast cancer who also
carry activating mutations in PIK3CA are less likely to benefit
from neo-adjuvant HER2-targeted therapies than those
without a PIK3CA mutation (Majewski et al., 2014).

It has been shown that tumor regressions with vemurafe-
nib treatment in BRAF-mutant metastatic melanoma patients
are dependent on the MAPK pathway blockade (Bollag et al.,
2010). An inhibition of the pathway below a certain threshold
was insufficient for tumor regression. Modulating the
signaling output of the inhibited pathway around the
threshold required for tumor inhibition can have major conse-
quences for tumor response. In spite of the high response
rates of BRAF-mutant melanomas to vemurafenib and the
improvement in overall survival, all patients eventually
develop disease progression. Based on studies investigating
resistance mechanisms to vemurafenib in BRAF*°*E-mutated
melanoma, the mitogen-activated protein kinase (MAPK)
pathway is frequently reactivated in relapsed tumors (Shi
et al, 2014). Melanomas can acquire resistance to the
BRAFV®?E.inhibitor by expressing high levels of activated
RAS resulting from NRAS or KRAS mutations. High levels of
activated RAS upstream of RAF lead to subsequent MAPK
pathway reactivation (Nazarian et al., 2010; Shi et al., 2014;
Trunzer et al., 2013). Another example of this phenomenon
is the identification of COT, also known as MAP3KS, as a
MAPK pathway agonist. This was found through expression
of all kinase and kinase-related open reading frames (ORFs)
in cells that are sensitive to the BRAF-inhibitor (Johannessen
et al.,, 2010). COT activates ERK through a MEK-dependent
mechanism that does not require RAF signaling. Indeed,
high COT expression is associated with acquired resistance
in patients that relapsed following treatment with MEK or
RAF inhibitors (Johannessen et al., 2010).

3.3. Bypass mechanisms

Pathway reactivation is a common and recurrent mechanism
of resistance to RTK-inhibitors, MAPK pathway inhibitors and
PI3K-AKT pathway inhibitors. However, activation of parallel
pathways to bypass pathway inhibition also contributes to
intrinsic and acquired resistance. Whole-exome sequencing
identified upregulation of PI3K-AKT signaling as a second
core resistance mechanism to BRAF inhibition (Shi et al.,
2014). Mutations in the PI3K-PTEN-AKT pathway were present
in 22% of the cases with acquired resistance to BRAF-
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inhibition, in most cases overlapping with alterations in the
MAPK pathway.

Engelman et al. have shown that amplification of MET
occurred in 22% of lung cancer samples from patients that
developed resistance to gefitinib or erlotinib (Engelman
et al., 2007). Furthermore, it was shown that subpopulations
of cells with MET amplification were present prior to drug
exposure (Turke et al., 2010). Although the frequency might
be lower than the initially reported 22% (Sequist et al., 2011),
amplification of MET is driving HER3-dependent activation of
the PI3K-AKT pathway. This acquired activation of the PI3K-
AKT pathway during EGFR-TKI is in other cases caused by
PIK3CA mutation (Sequist et al., 2011). Takezawa et al. showed
in vitro and in vivo the importance of HER2 in mediating the
sensitivity of EGFR-mutant tumor cells to EGFR-TKIs
(Takezawa et al., 2012). HER2 was amplified in 12% of tumors
with acquired resistance and mutually exclusive with T790M
mutation (Takezawa et al., 2012).

Amplification of the MET receptor is also associated with
acquired resistance in CRC patients treated with anti-EGFR
monoclonal antibodies that do not develop KRAS mutations
(Bardelli et al., 2013). The prevalence of MET amplification
was only 1% in unselected metastatic CRC samples, but
increased to 12.5% in cetuximab-resistant, genetically pre-
selected xenopatients, indicating that MET amplification char-
acterizes a significant fraction of cetuximab-resistant cases
that are wild-type for KRAS, BRAF, NRAS, PIK3CA and HER2.
In an unselected cohort, the clinical validation of MET ampli-
fication as a biomarker of resistance to EGFR therapy in meta-
static CRC requires large (retrospective) studies.

By expressing 15,906 human ORFs to identify genes whose
upregulation conferred resistance to MAPK-pathway inhibi-
tion, it was found that, beside genes activating ERK signaling,
cAMP and cAMP-dependent protein kinase (PKA) activation
could confer resistance to MAPK-pathway inhibition in mela-
noma cells (Johannessen et al., 2013). PKA, once activated, can
phosphorylate several substrates and modulate the activity of
several transcription factors. Phosphorylation of two tran-
scription factors downstream of cAMP and PKA, CREB and
ATF1, was measured in tumor biopsies before or during treat-
ment and after relapse with the BRAF-inhibitor or the BRAF-
MEK-inhibitor combination. Levels of CREB and ATF1 phos-
phorylation were suppressed after treatment with the BRAF-
inhibitor or the BRAF-MEK-inhibitor combination. In contrast,
the levels of CREB and ATF1 phosphorylation in patients with
a relapse were equal to the levels of phosphorylation in the
pre-treatment cohort.

There are many studies on the role of tumor microenviron-
ment in tumor growth and metastasis, but only a few on a
possible role in drug resistance. Nearly all studies on drug
resistance have focused on cell-autonomous mechanisms of
drug resistance, disregarding the effects of the tumor micro-
environment. Technical challenges to properly model the
microenvironment in vitro and in vivo is a major contributor
of this publication bias. A co-culture model of tumor cells
with stromal cells showed that the effect of targeted cancer
drugs on tumor cells is greatly diminished when the tumor
cells are cultured in the presence of stromal cells
(Straussman et al., 2012). This stroma-mediated resistance
mechanism was more striking for targeted therapies

compared with cytotoxic chemotherapy. They further
zoomed in on the role of stroma-mediated BRAF-inhibitor
resistance and found that stromal secretion of hepatocyte
growth factor (HGF) resulted in activation of MET receptor
and thereby reactivation of the MAKP and PI3K-AKT pathway,
causing BRAF-inhibitor resistance (Straussman et al., 2012).

The evidence that TGFB-signaling plays a role in resistance
against targeted and conventional cancer therapies further
supports the importance of indirect mechanisms of drug
resistance. TGFp-signaling is an important player in the
epithelial-to-mesenchymal transition (EMT), but also regu-
lates the immune response of the extracellular matrix and ac-
tivates direct or indirect multiple signaling pathways (Brunen
et al., 2013). Activation of TGFB-signaling was found sufficient
to induce TKI resistance in multiple cancer types (Huangetal.,
2012). Although the mechanism is still poorly understood, the
process of EMT and the EMT-phenotype both have been linked
several times to drug sensitivity and drug resistance (Byers
et al.,, 2013; Fuchs et al., 2008; Salt et al., 2014; Thomson
et al., 2005; Yauch et al., 2005).

4, What we have learned from drug resistance and

how to deal with it

An understanding of the recurrent patterns of resistance, as
discussed in this review, is necessary to design strategies to
overcome intrinsic resistance and delay acquired resistance
to targeted cancer drugs. To address this, significant efforts
are now underway to (1) develop better drugs or more effective
drug combinations to fully suppress the oncogenic signaling
pathways and (2) development of non-invasive assays to
monitor drug response and the emergence of drug resistance
(Figure 2).

4.1. Developing better drugs and effective drug
combinations

The continuous effort to design more selective and potent in-
hibitors will definitely result in increased response rates to
these inhibitors (Figure 2(a)). An example is the development
of inhibitors that can inhibit the ‘gatekeeper’ mutations that
are responsible for a large part of the resistance to some
TKIs. Patients with EGFR-mutant NSCLC who have acquired
resistance through the T790M mutation (‘gatekeeper’ muta-
tion) have few treatment options. Second-generation EGFR in-
hibitors have been developed that also inhibit T790M-mutant
EGFR. One of these second-generation EGFR inhibitors, afati-
nib, was FDA-approved last year as first-line treatment for
EGFR-mutated NSCLC. However, in contrast to previous
in vitro and in vivo studies with second-generation EGFR
TKIs, Kim et al. reported the T790M mutation as a resistance
mechanism for afatinib as well (Kim et al., 2012). This might
be related to the nondiscriminatory action of this compound
toward wild-type and mutant EGFR. A mutant-selective irre-
versible inhibitor might be more appropriate to overcome
this problem. However, it should be noted that the emergence
of the T790M mutation might take longer with second-
generation inhibitors compared to first-generation EGFR-
TKIs, like erlotinib and gefitinib. Fortunately, new drugs
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Figure 2 — Strategies to overcome intrinsic resistance and delay acquired resistance. (a) The design of more selective and potent inhibitors, also for

what is currently ‘undruggable’. (b) The development of more effective drug combinations, e.g. by investigating mechanisms of drug resistance in

the clinic or by in vitro and in vivo synthetic lethality screens. (c) Repeated non-invasive detection of emerging resistance variants, for example in

tumor-derived cell-free DNA (cfDNA), to dynamically adapt the combination strategy.

have been designed that inhibit T790M-mutant EGFR. Several
of these inhibitors have been described (Zhou et al., 2009), and
one of them is currently being evaluated in phase 1 and 2 clin-
ical trials in EGFR-mutant NSCLC after showing promising re-
sults in in vitro and in vivo validations (Walter et al., 2013). An
important note to add here is that the greater potency of tar-
geted therapies may result in increased heterogeneity of resis-
tance mechanisms to these therapies.

The L1196M ‘gatekeeper’ mutation in ALK, conferring resis-
tance to the ALK-inhibitor crizotinib, can be inhibited by a
newly designed potent, selective, and orally available ALK-
inhibitor (Sakamoto et al., 2011). Similarly, a compound was
designed that targets the T315I mutation in ABL (O’'Hare
et al., 2009). Based on results of the phase 2 trial, this drug
named ponatinib was FDA-approved in 2012 for patients
with resistant, BCR-ABL positive CML. However, on 9 October
2013, the FDA issued a partial clinical hold on new trial enroll-
ment for ponatinib due to an increased number of blood clots
observed in patients taking the drug in the phase 3 trial (EPIC
trial). This trial was discontinued shortly thereafter.

What we have learned from the identified resistance
mechanisms? An outstanding lesson is that drug resistance
to targeted single-agent therapies is frequently driven by
pathway reactivation, suggesting that a major limitation of
targeted agents lies in their inability to fully block the pathway
of interest. We therefore need to identify and target points of
coalescence: nodes onto which multiple independent resis-
tance mechanisms and tumor dependencies may arise.
Furthermore, this points to the need for more potent and
mechanism-based combination therapies (Figure 2(b)). A
recent example is the design of clinical trials with the dual
combination of BRAF-inhibitors and EGFR inhibition, or a tri-
ple combination with adding PI3K- or MEK-inhibition in
BRAF-mutant colorectal cancer (ClinicalTrials.gov identifiers
NCT01719380, NCT01750918 and NCT01791309).

Another example is the combination of the BRAF-inhibitor
with a MEK-inhibitor in patients with metastatic BRAF-mutant

melanoma, after the identification of MAPK pathway reactiva-
tion as a frequent resistance mechanism to monotherapy
with the BRAF-inhibitor. Complete inhibition of the MAPK
pathway could potentially be achieved by combining the
BRAF-inhibitor with a MEK (MAP2K)-inhibitor. The clinical
trial with the combination of the BRAFV®°*-inhibitor dabrafe-
nib and the MEK-inhibitor trametinib reported an improved
median progression-free survival of the combination by
almost 4 months compared to dabrafenib monotherapy
(Flaherty et al., 2012). Toxicity of combinations with targeted
therapies has always been regarded as the limiting factor for
this approach. However, the study by Flaherty et al. showed
that dabrafenib and trametinib could be safely combined at
full monotherapy doses (Flaherty et al., 2012). In fact, cuta-
neous squamous-cell carcinoma was seen in only 7% of pa-
tients receiving the combination, in comparison to 19% of
patients receiving BRAF monotherapy. The development of
new generation targeted therapies with alternative dosing
strategies to overcome toxicities will allow previously toxic
combinations to be developed.

Although the progression-free survival of patients with
BRAF-mutant melanoma increased by almost 4 months using
the combination the BRAF-inhibitor with the MEK-inhibitor,
resistance still developed in most patients. In a follow-up
report of this trial, the authors investigated the resistance
mechanisms for 5 patients that experienced clinical benefit
before developing progressive disease (Wagle et al., 2014).
Despite the dual inhibition of the MAPK pathway, they sur-
prisingly identified in 3 out of 5 cases a resistance mechanism
that engages MAPK-effectors: in one patient an acquired
MEK2-mutation was found, in another patient the previously
reported BRAF-splice variant and the third patient a focal
BRAF amplification. The prevalence of MAPK pathway alter-
ations in these resistant tumors underlines the reliance of
BRAF-mutant melanomas on MEK/ERK signaling and the
incomplete inhibition of the pathway despite using two drugs
hitting this pathway. More potent MEK inhibition by
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increasing the dose of the MEK-inhibitor or, in the future, ERK-
inhibitors, may provide a solution for overcoming resistance
to the combination.

Several combinations with endocrine therapy in breast
cancer are being tested. As discussed, the combination of
the mTOR inhibitor everolimus with tamoxifen or an aroma-
tase inhibitor showed significant clinical benefit for advanced
or metastatic ERa-positive breast cancer. Furthermore, dual
targeting of HER2-positive tumors with trastuzumab (HER2
monoclonal antibody) and lapatinib (EGFR/HER2-TKI) was un-
dertaken because of the synergistic interaction between the
two compounds in preclinical models (Scaltriti et al., 2009;
Xia et al., 2005). In the NeoALTTO study, the use of lapatinib,
trastuzumab, and their combination was assessed as neo-
adjuvant therapy for women with HER2-positive early breast
cancer (Baselga et al., 2012a). The pathological complete
response (pCR) rate was significantly higher in the group
treated with the combination than in the group treated with
trastuzumab alone (difference 21.1%, 9.1-34.2, p = 0.0001).
Furthermore, the combination of pertuzumab (an anti-HER2
humanized monoclonal antibody that inhibits receptor
dimerization) plus trastuzumab plus docetaxel in patients
with HER2-positive metastatic breast cancer significantly pro-
longed progression-free survival and overall survival as
compared to placebo plus trastuzumab plus docetaxel
(Baselga et al., 2012c; Swain et al., 2013).

Finally, combination of the CDK4/6 inhibitor palbociclib
with the aromatase inhibitor letrozole demonstrated clinical
benefit in advanced ERa-positive breast cancer. The combina-
tion improved progression-free survival in a phase 2 trial from
7.5 months for patients treated with letrozole monotherapy to
26.1 months for those in the combination arm and was well
tolerated (Finn et al., 2012). These positive results are
currently validated in a large phase 3 clinical trial (Clinical-
Trials.gov identifier NCT01740427).

4.2. Future developments

Although effective drug combinations are indispensable to
deal upfront with resistance, the extensive tumor heterogene-
ity in some tumors is likely to limit the durability of responses
to these combinations. In fact, as mentioned above, even
resistance to combination therapies was already observed in
the clinic. Mathematical modeling showed that the presence
of a single mutation conferring cross-resistance to each of
the two drugs will not lead to sustained improvement for
the majority of patients (Bozic et al., 2013). Sequential non-
invasive detection of emerging resistance variants will be
essential to dynamically adapt the combination strategy
(Figure 2(c)). A potential source to identify these variants is
circulating, cell-free DNA (cfDNA) in the blood, reviewed in
(Crowley et al., 2013). This was used to identify the emergence
of KRAS mutations or MET amplifications during treatment of
CRC patients with anti-EGFR therapy (Bardelli et al., 2013; Diaz
et al., 2012; Misale et al., 2012). Currently, the sensitivity of
these assays is around 0.1-1% variant frequencies, which
currently limits the utility to finding hotspot mutations in pre-
defined genes. Future improvements in sequencing accuracy
will undoubtedly increase the sensitivity of cfDNA analysis.
With the continuous drop in sequencing cost, it may soon

become feasible to monitor apparently healthy individuals
for the presence of occult cancer. When this becomes reality,
stage IV metastatic disease may become rare, with associated
increase in cancer survival.

Until now, clinicians could often only wait until drug resis-
tance develops and then try, often without solid scientific
rationale a second line therapy. These sequential therapies
generally form a perfect recipe for certain treatment failure.
However, we are now entering an era in which we should be
able to anticipate the next move of the cancer cell, due to
increasing understanding of the resistance mechanisms,
and develop rational combination therapies. Moreover, even
if we fail to predict the next move of the cancer, we will be
able to monitor its progression from early stages on using
non-invasive diagnostic approaches. By analogy, to win a
game of chess, it is imperative to predict the next likely
move of the opponent. We are now entering a new era of can-
cer therapy in which we will keep getting better in predicting
and understanding the next move of the cancer to evade ther-
apy. As a result, our chances of winning should increase pro-
portionally. However, as Yogi Berra said: “It is tough to make
predictions, especially about the future”.
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