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A B S T R A C T

Chemotherapy is the standard treatment for many, if not all, metastatic cancers. While chemotherapy is
often capable of inducing cell death in tumors leading to shrinkage of the tumor bulk, many patients
suffer from recurrence and ultimately death due to resistance. During the last decade, treatment resis-
tance has attracted great attention followed by some seminal discoveries, including sequential mutations,
cancer stem cells, and bidirectional inter-conversion of stem and non-stem cancer cell populations. Nev-
ertheless, the successful treatment of cancer will require a considerable refinement of our knowledge
concerning treatment resistance. In doing so, we expect that a more informed and refined approach to
treat cancer will be developed and this may improve prognosis of cancer patients. In this review, we will
discuss the current knowledge concerning the failure of cancer treatments and the potential ap-
proaches to overcome therapeutic resistance.

© 2016 Elsevier Ireland Ltd. All rights reserved.

Introduction

Due to advances in oncology research our understanding of cancer
has changed dramatically over last decade. The tumor itself is not
only recognized as an aggregation of excessive, uncontrolled abnor-
mal cells but is also characterized by dynamic changes in the genome

leading to the initiation and progression of cancer [1]. In addition,
the long-held hypothesis, in which every single cell has the same ca-
pacity in terms of invading and colonizing other parts of the body,
has been challenged by heterogeneous cancer stem cells (CSCs)models
[2]. Moreover, a new model of “plastic cancer stem cells”, in which
non-CSCs can be trans-differentiated into CSCs in response to certain
stimuli, has further broadened our view of cancer [3]. These discov-
eries have provoked a rapid development of treatment options for
cancer therapy, including surgery, radiation, cytotoxic chemothera-
py and more selective treatments derived from the increased
understanding of biological features of distinct tumor subtypes [4].

Chemotherapy has long been the approach of choice for the treat-
ment of tumors that are not suitable for radical resection because
of advanced stage. However, these tumors possess the uncanny
ability to resist the effects of cancer chemotherapeutic agents, and
after an initial robust response, the tumors reappear. In this light
near 90% of the drug failures in metastatic cancers can be attrib-
uted to resistance [5]. Resistance to chemotherapeutics can be
divided into two categories: intrinsic and acquired [6]. The former
indicates the presence of pre-existing mediators leading to ineffi-
cacy towards a given treatment, while the later represents the
emerging resistance against an initially effective therapeutic regime.
In as much, numerous studies focusing on treatment resistance are
being published. Therefore, we will now review the current under-
standing of cancer treatment failure and consider approaches that
can better treat these malignancies.
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Sequential mutations and treatment resistance

One model to explain the emergence of cancer drug resistance
is based on the accumulation of mutations throughout the pro-
gression of a tumor. The evolution of a tumor can be artificially
divided into three phases: breakthrough phase, expansion phase and
invasive phase [1] [Fig. 1]. In the breakthrough phase, a tumor cell
begins to grow abnormally due to the acquisition of specific gene
mutations. These mutated cells then attain a second mutation in
the expansion phase, where they can then thrive in an ill-disposed
microenvironment, such as low oxygen tension, nutrient-deprived
or over-crowding. Following the invasive phase further mutations
are acquired to promote tumor cell invasion andmetastasis, the hall-
marks of end stage malignancy.

Evidence of the accumulated mutation model in human tumors
has been published and some of thesewewill now discuss. The dom-
inant mutation for the breakthrough phase of pancreatic ductal
adenocarcinoma is KRAS (the human homolog of the Kirsten rat
sarcoma-2 virus oncogene) followed by CDKN2A (cyclin-dependent
kinase 2) mutations, occurring at a rate greater than 50%, which pro-
motes the expansion of transformed cells. For the invasive phase,
SMAD4 (SMAD family member 4) and TP53 (tumor protein 53) mu-
tations have been identified [7,8]. Due to the distinct drivermutations
at different stages of pancreatic cancer, it is not surprising that current
therapeutic strategies, using a non-specific approach to patient re-
cruitment, have kept the median survival of pancreatic cancer
patients at 6 months and a 5-year survival rate of below 5% [9]. One
way to improve therapeutic efficacy is obviously to develop per-
sonalized treatment based on disease genotype. For instance,
gemcitabine-based chemotherapy is the first-line treatment option
for advanced pancreatic adenocarcinoma. However, patients
with KRAS mutations (71 out of 136 patients) showed worse re-
sponse than those with wild-type KRAS [10]. In order to overcome
gemcitabine resistance in advanced pancreatic carcinoma, Maria et
al [11] generated personalized xenograft mice model using
gemcitabine-resistant human pancreatic tumors and demon-
strated that additional administration of mitomycin C (MMC), a DNA
damaging agent resulting in long-lasting (>36 months) tumor re-
sponse. Mechanistic studies revealed that mutation of PALB2 (Parter
and Localizer of BRCA2) is a key determinant of response to MMC.
In addition, a recent sequencing study of pancreatic cancer has shown
structural variation (the variation in structure of the tumor cell chro-
mosome) as an important mutational mechanism in pancreatic
carcinogenesis. This finding led the authors to further subdivide pan-
creatic cancer into four groups based on the frequency and
distribution of structural rearrangements: (i) stable, (ii) locally re-
arranged, (iii) scattered, and (iv) unstable subtype. Clinical and animal
studies have revealed that unstable genome and a high BRCA mu-
tational signature burden were associated with poorer response to
platinum-based therapy [8]. Although these studies have poten-
tial implications for selecting the appropriate therapeutic options

for pancreatic cancer, the putative biomarkers defined by these data
need further testing in a large clinical trials,

In colon cancer, APC (adenomatous polyposis coli) mutations
initiate the neoplastic process, and the expansion phase is driven
by KRAS mutations, leading to the progression from colorectal
adenoma to carcinoma. Further mutations of TP53, SMAD4, PIK3CA
(phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit
alpha) or FBXW7 (F-box and WD repeat domain containing 7) can
promote invasion into the surrounding tissues. Independent studies
have also shown the importance of KRAS mutations as they were
detected in over one-third of the colorectal cancer (CRC) tissues [12].
Cetuximab, a monoclonal antibody that binds the extracellular
domain of epidermal growth factor receptor (EGFR), has been shown
to be effective against a subset of KRAS wild-type metastatic CRC
cases. However, a majority of patients develop resistance after an
initial response and further analysis of the resistant tumors con-
firmed the acquisition of secondary KRASmutations in 60% of them,
indicating that KRAS mutations are frequent drivers of acquired re-
sistance to EGFR inhibition [13].

Melanomas often arise from distinctive precursor lesions such
as melanocytic nevi, intermediate lesions, or melanoma in situ. By
DNA sequencing and functional experiments, it has been found that
precursor lesions are initiated by mutations of genes capable of ac-
tivating the mitogen-activated protein kinase (MAPK) pathway [14].
However, only benign lesions harbor BRAF (B-Raf proto-oncogene)
V600E mutations and intermediate lesions are enriched for muta-
tions of NRAS (neuroblastoma RAS viral oncogene) and additional
driver genes, such as BRAF V600K or BRAF K601E. TERT (telomerase
reverse transcriptase) promoter mutations were found in 77% of the
areas of intermediate lesions and melanomas in situ. In contrast,
biallelic inactivation of CDKN2A is exclusively associated with in-
vasive melanomas, while PTEN (phosphatase and tensin homolog)
and TP53 mutations were found mainly in advanced primary mela-
nomas. These studies might help explain why chemotherapy may
work at the early phase of treatment but not as effective as a tar-
geted therapy in melanoma [15]. Dacarbazine, the most effective
systemic chemotherapeutic agent approved by FDA for advanced
melanoma, only has a response rate of 10–20% with complete re-
mission in only 5% of patients [16]. Increased expression of BCL-2
in tumor tissues and associated resistance to apoptosis is one of the
mechanisms responsible for treatment resistance in patients with
KRAS mutations [17,18]. Studies frommultiple centers have shown
that combination of oblimersen (a BCL-2 antisense oligonucle-
otide) with dacarbazine significantly improved clinical outcomes
of patients with advanced melanoma [19]. This funding prompted
further clinical trials on whether the addition of oblimersen should
be suggested as the first line treatment for patients with mela-
noma harboring NRAS mutation. As BRAF mutation exist in the vast
majority of melanoma cases, FDA has approved two BRAF inhibi-
tors vemurafenib and dabrafenib for the treatment of unresectable
or metastatic melanoma [20]. However, resistance to these agents

A. Breakthrough phase B. Expansion phase C. Invasive phase

Fig. 1. Sequential mutations and treatment resistance. A. At breakthrough phase, one cell starts proliferating abnormally upon acquiring the mutation. B. Cells with the
first mutation attain the second one in the expansion phase leading to fast expansion of malignant cells. C. In the invasive phase, cells develop another mutation, enabling
them to metastasize into surrounding tissues.
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