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Abstract Identification of the driver mutations in cancer has resulted in the development of a new category of
molecularly targeted anti-cancer drugs. However, as was the case with conventional chemotherapies, the
effectiveness of these drugs is limited by the emergence of drug-resistant variants. While most cancer therapies are
given in combinations that are designed to avoid drug resistance, we discuss here therapeutic approaches that take
advantage of the changes in cancer cells that arise upon development of drug resistance. This approach is based on
notion that drug resistance comes at a fitness cost to the cancer cell that can be exploited for therapeutic benefit. We
discuss the development of sequential drug therapies in which the first therapy is not given with curative intent, but
to induce a major new sensitivity that can be targeted with a second drug that selectively targets the acquired
vulnerability. This concept of collateral sensitivity has hitherto not been used on a large scale in the clinic and holds
great promise for future cancer therapy.
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Introduction

The various cancer genome sequencing projects have
yielded profound insights into the mutations that contribute
to malignant growth in the various human tissues. An
important insight with relevance to therapy from this work
is that the major oncogenic “driver” mutations in specific
cancers often create a dependency on the signaling
pathway that is affected by the mutation. This phenomenon
of “oncogene addiction” forms the basis of nearly all
targeted cancer therapies today [1]. The clinically most
successful examples include the use of BRAF inhibitors in
BRAFV600E mutant melanomas, the use of ABL kinase
inhibitors in BCR-ABL translocated chronic myeloid
leukemia, the use of trastuzumab in HER2-amplified
breast cancer, and use of EGFR inhibitors in EGFRmutant
lung cancer [2]. The use of targeted drugs in these patients
often results in a significant increase of progression-free
survival, but this improvement does not necessarily
translate into a meaningful overall survival, as acquired
resistance to these drugs almost invariably develops. We

discuss here new strategies to improve outcomes for cancer
patients that take advantage of the development of drug
resistance rather than trying to avoid it.

Avoiding resistance to targeted cancer
drugs

The clinical use of targeted cancer therapeutics has been
modeled primarily on the decades-long experience with
chemotherapies. Two strategies have emerged from the use
of chemotherapies. First, drugs need to be given at
maximum tolerated dose to be effective. Second, che-
motherapies need to be combined to avoid resistance
development. The combinations of chemotherapies that are
given for each cancer type have been determined mostly
through empirical “trial and error” methods. The major
underlying rationale used to identify effective chemother-
apy combinations is that drugs that act through different
mechanisms are less likely to yield cross-resistance to
other drugs. With the advent of targeted therapies and with
the development of detailed insights how signaling
pathways are connected, it has become possible to develop
more rational combinations of targeted therapies. Exam-
ples of this include the “vertical targeting” of the BRAF
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and MEK kinases in BRAF mutant melanoma. This
approach is based on the insight that resistance to BRAF
inhibitors is frequently caused by re-activation of MAPki-
nase pathway signaling [2]. This suggested that a more
powerful blockade of this pathway with two drugs would
lead to more effective pathway suppression. Indeed, the
combination of BRAF and MEK inhibition is effective in
the clinic in slowing the progression of BRAF mutant
melanomas [3–5].
The question of which drug combination is the most

effective to treat a given cancer is sometimes less
straightforward. For instance, the oncogene addiction
model would predict that all BRAF mutant cancers will
respond to BRAF inhibitors. However, in the case of BRAF
mutant colon cancer, this turned out to be incorrect in that
hardly any patients responded to BRAF inhibitors [6]. In
situations where the best drug combination cannot be
readily predicted, functional genetic screens can serve as a
powerful platform to investigate in an unbiased way which
combinations of pathway inhibitions are particularly
effective in killing the cancer cells. This is referred to as
“synthetic lethality” genetic screens. Synthetic lethality
refers to a situation in which the inactivation of two genes
individually is not lethal to a cell, but the combination of
the two genes is lethal [7] (Fig. 1). Synthetic lethality

genetic screens have been used to identify kinases whose
suppression synergizes with BRAF inhibition in BRAF
mutant colon cancer. The combination of BRAF and
EGFR inhibition identified in this genetic screen has
already been proven successful in clinical studies, under-
scoring the utility of using this technology to find clinically
useful drug combinations [8,9].

Taking advantage of drug resistance

The proverb “if you can’t beat them, join them”means that
if your adversaries are stronger than you, it is better to join
their side. In terms of cancer therapy resistance that
translates into: if cancer drug resistance development is
unavoidable, should we not focus on taking advantage of
drug resistance rather than fighting it? It has already been
recognized over 50 years that drug resistance of cancer
cells can come at a fitness cost that in turn can cause
sensitivity to other drugs, a situation referred to as
“collateral sensitivity” [10]. For instance, upregulation of
multidrug resistance pumps during acquisition of resis-
tance to chemotherapy can cause oxidative stress through
increased ATP consumption and glutathione depletion
[11]. This in turn can lead to vulnerabilities that can be
exploited therapeutically. Collateral sensitivity is wide-
spread in biology, as also bacteria that develop resistance
to antibiotics can acquire collateral sensitivity to other
antibiotics [12]. A case in point is what happens when
BRAF mutant melanomas develop resistance to BRAF
inhibitors. Clinical data show that melanoma patients that
have developed resistance to BRAF inhibitors and whose
therapy is discontinued show an initial stabilization or even
a decline of the tumor rather than a disease flare up. This
phenomenon is referred to as the “drug holiday effect”
[13–15]. That a drug resistant tumor is stabilized by drug
withdrawal suggests that drug resistant cells are at a
disadvantage in the absence of drug. Indeed, in melanoma,
drug withdrawal after acquisition of resistance to BRAF
inhibitors has been shown to cause hallmarks of oncogene-
induced senescence due to hyperactivation of MAPkinase
pathway signaling and points toward an acquired vulner-
ability of drug-resistant cells that was not present in the
parental drug-sensitive cells [16]. This model implies that
in melanoma, intermittent dosing may be more effective
than continuous dosing, as the intermittent dosing alter-
nates between providing an advantage to the drug sensitive
and the drug resistant cells (Fig. 2). Indeed, in animal
models of BRAF mutant melanoma, an intermittent dosage
with BRAF inhibitor resulted in longer disease control than
continuous dosing [17]. Based on this concept, number of
clinical trials have been conducted to study whether
intermittent dosing leads to more durable response than
continuous dosing in BRAF mutant melanoma patients
with either a BRAF inhibitor LGX818 (NCT01894672,

Fig. 1 Schematic outline of the concept of synthetic lethality.
Synthetic lethality refers to a genetic principle in which the
combination of two genetic perturbations is lethal, whereas each
individually is not. In the example shown here, only the
combination of drug A and drug B is lethal to the cell, making
the combination of A and B synthetic lethal.
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NCT02263898) or combination of BRAF inhibitor dabra-
fenib and MEK inhibitor trametinib (NCT02196181) [18].
Alternating dosing can be applied if a vulnerability of

drug-resistant cells has been identified. After a first
treatment with a given cancer drug, the drug-resistant
cells can be selectively eliminated with a second drug, after
which the population should be sensitive to the first drug
again.
A number of recent studies have demonstrated induced

collateral sensitivity in cancer cells that have acquired
resistance to a number of targeted inhibitors or chemother-
apy [19–21]. An improved version of an intermittent
dosing approach to the treatment of drug resistant cancer
could therefore be the use of a second drug that selectively
targets the acquired vulnerability of the drug resistant cells
(Fig. 2). In this model, the drug-resistant cells are actively
killed by the second drug rather than being only at a
disadvantage, as is the case in the intermittent dosing
scenario. The alternating drug model should, at least in
theory, therefore be more effective than the intermittent
dosing.
But which are the vulnerabilities of drug resistant cells?

As one example, it has recently been shown that cancer
cells that become tolerant to a variety of cancer drugs adopt
a mesenchymal cell state, which is associated with higher
ROS levels compared to their parental drug-sensitive cells.
The resistant cells are highly dependent on the lipid hydro-
peroxidase GPX4 to tolerate the high ROS level to survive.
This specific dependency could be explored as a selective

vulnerability of the drug-resistant cells. Indeed, these drug-
resistant cells were shown to be highly vulnerable to a
GPX4 inhibitor, which caused a massive ROS induction
leading to a non-apoptotic cell death called ferroptosis
[19,20].

A one-two punch model for cancer therapy

Our own recent data indicate that resistance to BRAF
inhibitors in BRAF mutant melanoma is associated with a
significant increase in ROS levels [22]. Histone deacety-
lase inhibitors (HDACi) increase these already elevated
levels of ROS further, leading to toxic ROS levels only in
BRAF inhibitor resistant melanomas following treatment
with HDACi. This acquired vulnerability of BRAF
inhibitor resistant cells is thus a collateral sensitivity that
can be exploited with a second drug that exploits the
acquired vulnerability [22]. We have dubbed this sequen-
tial model for cancer therapy the “one-two punch” model
[23]. Can this one-two punch model of sequential drug
treatment be generalized to apply to all forms of cancer?
We have shown recently that genetic screens can be used to
identify compounds that induce senescence in cancer cells
[23]. Senescent cells display a stable proliferation arrest,
but remain viable. Importantly, their cellular state is quite
distinct from that of proliferating cells [24]. For instance,
senescent cells are distinct in terms of gene expression
[25], chromatin structure [26] and metabolism [27,28].

Fig. 2 Alternative drug administration schedules. Intermittent dosing uses regular “drug holidays” in which the patient is not exposed to
drug. Cancer cells that have developed resistance to a cancer drug may be at a selective disadvantage in the absence of drug, leading to a
decline in the fraction of drug resistant cells in this drug holiday. This should result in increased response when the drug is given again, as
the fraction of drug sensitive cells should have increased during the drug holiday.
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This suggests that they might be sensitive to drugs that
specifically target this acquired state and therefore do not
kill their proliferating counterparts (Fig. 3). Indeed,
ABT263, a specific inhibitor of anti-apoptotic proteins
has been shown to selectively kill senescent cells in vivo
[29,30]. This suggests that such so-called senolytic agents
can also be used in a “one-two punch” consecutive therapy
approach for cancer in which a first drug is used to induce
senescence selectively in cancer cells and a subsequent
senolytic therapy serves to eradicate the senescent cancer
cells (Fig. 3). An important advantage of such a one-two
punch therapy model is that drugs are not given in
combination but sequentially, which allows for more drugs
to be combined as sequential treatment avoids toxicity of
simultaneous drug administration.

Conclusions

We must rethink how we use existing cancer drugs to
optimize therapy responses. The knee-jerk reaction to dose
all drugs to maximum tolerated dose and combine drugs
haphazardly in the hope to find more effective drug
combinations should no longer be used. We need to
identify vulnerabilities of drug-resistant cancer cells and
selectively target these acquired vulnerabilities. This
strategy appears more appealing than fighting a losing
battle against the inevitable development of drug resis-
tance.
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