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Abstract

Searching for targets that allow pharmacological inhibition of cell proliferation in over-proliferative states, such as cancer,
leads us to finely understand the complex mechanisms orchestrating the perfect control of mitosis number, frequency
and pace as well as the molecular arrangements that induce cells to enter functional quiescence and brings them back
to cycling in specific conditions. Although the mechanisms regulating cell proliferation have been described several years
ago, never before has so much light been shed over this machinery as during the last decade when therapy targets have
been explored and molecules, either synthetic or in the form of antibodies with the potential of becoming cancer drugs
were produced and adjusted for specific binding and function. Proteins containing tyrosine kinase domains, either
membrane receptors or cytoplasmic molecules, plus the ones activated by those in downstream pathways, having
tyrosine kinase domains or not, such as RAS which is a GTPase and serine/threonine kinases such as RAF, play crucial role
in conducting proliferation information from cell surroundings to the nucleus where gene expression takes place.
Tyrosine kinases phosphorylate tyrosine residues in an activating mode and are found in important growth factor
receptors, such as for ligands from families collectively known as VEGF, PDGF and EGF, to name a few and in intracellular
downstream molecules. They all play important roles in normal physiology and are commonly found mutated or
overexpressed in neoplastic states. Our objective here is to present such kinases as druggable targets for cancer therapy,
highlighting the ones for which the pharmacological arsenal is available, discussing specificity, resistance mechanisms and
treatment alternatives in cases of resistance, plus listing potential targets that have not been successfully worked yet.

Keywords: Receptor tyrosine kinases, tyrosine kinase inhibitors, MAPK signaling pathways, RAS-mutations, BRAF driven
cancers, PI3K/AKT transduction network

Background
Cells communicate with the microenvironment through
several ways and the membrane bound receptors which
can be triggered by specific ligands are undoubtedly one
of the most important communication pathways. Ligand
receptor stimulation is involved in several cell mecha-
nisms, such as control of cell proliferation, migration,
differentiation, apoptosis and others. Tumor cells prolif-
erate faster or proliferate when a quiescent state would
be desirable and they do so because there are excess
growth factors in the microenvironment, there are more
membrane bound receptors, or these receptors or down-
stream signaling pathways are constantly activated by

mutations or chromosome rearrangements. Here we
discuss a specific family of such receptors and down-
stream signaling molecules, the tyrosine kinase receptors
and the cytoplasmic molecules they activate, some of
them, such as RAF being serine/threonine kinases but
directly activated in tyrosine kinase receptor pathways,
their role in normal cell proliferation and their role as
targets for molecules designed to control cell prolifera-
tion in cancer.

Receptor tyrosine kinases
Epidermal Growth Factor Receptors (EGFR)
As will be described below, receptor tyrosine kinases
(RTKs), being membrane anchored, indirectly send
signals to the cell nucleus through cytoplasmic pathways
involving a series of molecules that eventually culminate
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with translocation of specific proteins from the cytoplasm
activating and/or acting as transcription factors orches-
trating proliferation through gene expression [1].
One of the most important receptor tyrosine kinases

to have a role in cancer cell proliferation is EGFR, the
epidermal growth factor receptor, a transmembrane
glycoprotein member of the ERBB receptor tyrosine
kinase superfamily leading to a phosphorylation cascade
mediated via tyrosine kinases which works downstream
through the PI3K–PTEN–AKT, MAPK, ERK, and JAK/
STAT pathways and promotes proliferation, invasion,
angiogenesis, and metastatic spread. EGFR expression is
found to be altered or the receptor is found to be
mutated in several types of cancer, including lung,
breast, head and neck and gastrointestinal tumors for
example [2, 3].
For some of these tumors it is standard of care to test

for EGFR expression and mutations in order to define
pharmacological management with EGFR inhibitors,
which can be either small molecules known as tyrosine
kinase inhibitors (TKIs) or monoclonal antibodies [3, 4].
EGFR mutations play an important role in lung cancer
and the most common ones found in non-small cell lung
carcinoma (NSCLC), for example are short in frame de-
letions in exon 19 and the point mutation L858R in exon
21 [2, 3]. Tumors harboring these DNA alterations are
sensitive to specific TKIs such as gefitinib and erlotinib,
known as first generation TKIs for EGFR inhibition,
prolonging patient’s progression-free survival (PFS) in
several months when compared to chemotherapy alone
[5–7]. Although about 15% of NSCLC patients present
mutations in EGFR making them eligible for TKI treat-
ment, resistance to these drugs is commonly seen in
about one year of treatment and that is mostly due to a
secondary T790M mutation in exon 20, other than alter-
native pathway activation. Second generation EGFR TKIs
such as afatinib circumvented resistance elicited by
T790M mutation providing improved PFS and Overall
Survival (OS) [5, 8], but more encouraging are the third
generation EGFR TKIs of which the most successful ex-
ample is osimertinib, fully approved by the Food and
Drug Administration (FDA) and European Comission
for treating cancers that harbor the EGFR T790M muta-
tion. Osimertinib is a mono-anilino-pyrimidine com-
pound that irreversibly binds with cysteine residue in
position 797 of mutant EGFR while having little effect
on wild type EGFR. Other third generation EGFR TKIs
include rociletinib and olmutinib but the development
of those did not advance as osimertinib due to emer-
gence of severe adverse effects [9–12].
Besides promising and effective, the treatment with

third generation EGFR TKIs showed that resistance can
still reemerge, due to further modifications in the recep-
tor, mainly C797S mutation but also alternative pathway

activation, such as those involving HER2 and MET amp-
lification or G12S KRAS mutation, other than histologic
transformation in the case of NSCLC, making them
phenotypically transform into small cell lung cancer
(SCLC) [13, 14]. In order to circumvent third generation
EGFR TKI resistance, screening a library of about 2.5
million compounds, EAI045 was found to overcome
T790M and C797S mediated resistance being an allo-
steric inhibitor of EGFR, promoting tumor shrinkage in
combination with cetuximab in mice tumors harboring
L858R, T790M and C797S mutations. Although promis-
ing, laboratory adjustments and clinical trials are still
needed for this compound [15].
Variants of the EGFR family play important roles in

other tumors, such as breast cancer. EGFR is a family of
receptors that act dimerizing on cell membranes
through the combination of four specific family mem-
bers, namely HER-1, HER-2, HER-3 and HER-4. HER-2
is overexpressed in about 20% of breast cancers, against
which a monoclonal antibody called trastuzumab has
been developed. Small molecule TKIs such as lapatinib
also target HER-2 and an open-label, multicenter, phase
III study showed benefits of the combined use of lapati-
nib and trastuzumab compared to single HER-2 inhib-
ition which can be explained by the fact that these two
molecules inhibit HER-2 in distinct and complementary
ways, trastuzumab being specific for the non-activated
receptor and lapatinib being specific to the ligand-bound
receptor. As lapatinib increases HER-2 in the membrane
and trastuzumab triggers antibody mediated cellular
cytotoxicity, their combination improved response
comparing to single inhibition [16]. Following the same
pattern of combined therapy for potentializing results,
the inclusion of pertuzumab, another monoclonal anti-
body targeting HER-2, but specifically inhibiting HER-2/
HER-3 heterodimer formation showed improved OS in a
randomized phase III trial, in comparison to conven-
tional treatment [17].
As different tumors are molecularly characterized, the

contribution of HER-2 overexpression to tumorigenesis
and tumor progression becomes more evident and new
existing therapeutic approaches can then be tested. A re-
cent phase II trial evaluated the effect of afatinib in
HER-2 positive platinum resistant urothelial carcinomas.
The overall response rate (ORR) was 8,6% and not
enough number of patients benefited in order to enroll
more patients but it is a pathway of exploration for new
approaches that can eventually lead to good results [18]
as seen for HER-2 positive gastric cancers in which OS
was improved by trastuzumab when compared to
chemotherapy alone [19]. The scenery of mutations
found in tumors is vast and difficult to fully characterize
in the clinical setting, as it is difficult to understand and
justify why specific tumors express specific receptors,
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such as breast cancer cells and HER-2, but since the ar-
senal of pharmacological options is developed, targets
for these molecules are searched in tumors, opening
doors for new therapies.
Still in the list of specific EGFR inhibitors we find

cetuximab and panitumumab, FDA approved monoclo-
nal antibodies used mainly but not only in metastatic
colorectal, head and neck and NSCLC when non-
mutated KRAS is present. As KRAS is a downstream
molecule in EGFR signaling, its mutation abrogates any
benefit from EGFR inhibition [20] and attempts to make
KRAS druggable are presented elsewhere in this text.

Platelet Derived Growth Factor Receptor (PDGFR)
Another tyrosine kinase growth factor receptor family
that regulates cell division is the PDGFR, platelet-
derived growth factor receptor. The receptors act as
homo or heterodimers of the AA, BB or AB type, being
present in a wide range of cells. The intracellular domain
of the receptor presents tyrosine residues that can be
autophosphorylated upon receptor activation and this
way serve as binding sites for SH2 containing proteins
which can be enzymes or non-enzymatic molecules.
Overall, the activation of this receptor orchestrates a re-
arrangement of molecules within the cytoplasm, through
approximation of potential interactors and that leads to
downstream cascades promoting proliferation [21].
The incidence of activating defects in PDGFR in can-

cer is about 30% and that includes mutations, deletions
and amplification, according to studies found in The
Cancer Genome Atlas (TCGA). Considering tumor types
in which PDGFR is altered in at least 10% of the cases
we find melanoma, lung cancer, glioblastoma, bladder,
prostate, colorectal and ovarian cancers [21].
Small molecules targeting this receptor have been de-

veloped, imatinib being the first one to be used in the
clinical setting. Imatinib revolutionized the treatment of
chronic myeloid leukemia (CML) in 2001, a disease in
which the BCR-ABL fusion occurs. The BCR-ABL fusion
protein is inhibited by PDGFR inhibitors and vice-versa,
because of their similar structure, so imatinib and the
most modern related TKIs such as dasatinib, nilotinib
and ponatinib will be described below, in the ABL1
section.
A very low percentage of C-KIT negative gastrointes-

tinal stromal tumors (GIST) contain PDGFRA muta-
tions, benefiting from imatinib in a way comparable to
CML patients do, although C-KIT positive GIST also re-
spond not only to imatinib but also sunitinib, eventually
developing resistance. A phase III trial showed that pa-
tients who develop resistance to both imatinib and suni-
tinib, evolving to fatal disease can still respond to the
less specific TKI regorafenib when compared to the
placebo [22]. The same way a rare condition known as

eosinophilic leukemia, prompted by a chromosomal re-
arrangement, referred to as FIP1L1-PDGFRA leads to con-
stitutive activation of the PDGFRA tyrosine domain,
bringing patients to full remission within months of ima-
tinib treatment [23, 24]. This chromosomal rearrangement
is present in other PDGFRA related cancers as well [25].
Gene rearrangements involving PDGFRB have also been
described, such as the one present in dermatofibrosarcoma
protuberans a benign proliferative condition, in which the
fusion COL1A1-PDGFB makes cells express more
PDGFRB in a constitutive fashion [26]. Although glioblast-
oma therapy resistance is associated with the presence of
autocrine PDGF-PDGFR loops, the use of specific inhibi-
tors did not result in therapy improvement so far [27].

ROS1, ALK, MET
Not all tyrosine kinase receptors have described physio-
logical function and ligands, being sometimes referred to
as orphan receptors. One such case is ROS1, which al-
though almost unknown in relation to physiology is
known to be upregulated or mutated in some tumors,
especially NSCLC but not only [28]. ROS1 belongs to
the insulin receptor superfamily as well as ALK and is
structurally related to ALK and MET, what makes them
share common inhibitors. MET is the receptor for the
hepatocyte growth factor (HGF), shows normal low ex-
pression levels in most tissues and is aberrantly activated
in solid tumors. A study revealed that NSCLC patients
overexpressing MET present a disease free survival of
8 months while the lower expression correlates with a
disease free survival of 53 months. MET is also overex-
pressed as a mechanism of resistance to EGFR positive
tumors being treated with some TKIs. Common and
non-specific MET inhibitors include cabozantinib,
amuvatinib, crizotinib and foretinib, all of those also
inhibiting other receptors such as ALK, AXL, VEGFR2,
RET and KIT, which makes it difficult to evaluate the
effect of MET inhibition as one never knows if only
MET has been inhibited. More recently, a MET specific
inhibitor has been developed, receiving the name tivanti-
nib, which is still in clinical trials for NSCLC, colorectal,
prostate and gastric tumors, showing some beneficial ef-
fects for the patients but its development still being
questioned due to several adverse effects [29–32].
The search for therapy targets in tumors that still lack

those is ongoing and a recent study just analyzed the pos-
sibility of using MET inhibitors for basal-like and triple-
negative breast cancers, as the role of MET has been
described in breast cancer development and these aggres-
sive tumors lack other targets for approach. These are still
pre-clinical studies but should be soon developed using
human breast cancer samples for screening [33].
ALK, the acronym for anaplastic lymphoma kinase, is

found to be rearranged in 3 to 13% of NSCLC and its
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inhibition mediated by TKIs is more effective than con-
ventional chemotherapy alone. Its physiological role is
related to brain embryogenesis, but fusion with other
genes results in increased tyrosine kinase activity leading
to tumor development through PLC, JAK-STAT, PI3K-
AKT, mTOR, SHH, JUN-B, CRKL-C3G, RAP1, GTPase
and MAPK cascades.
Crizotinib, a first generation tyrosine kinase inhibitor

acts on ROS-1, MET and ALK, promoting longer
progression free survival in NSCLC when compared to
traditional chemotherapy [29].
Second generation ALK inhibitors, such as ceritinib,

alectinib and brigatinib were developed mainly due to
ALK+ tumor resistance, arising from ALK mutations
C1156Y, L1196M, G1269A, F1174L, 1151Tins, L1152R,
S1206Y, I1171T, G1202, D1203N and V1180L. ROS1
mutations such as G2032R also render tumors resistant
to crizotinib [34]. Alternative pathway activation involv-
ing EGFR, KRAS, KIT, ERBB, MET and IGF-1R are also
responsible for ALK+ tumor crizotinib resistance. Ceriti-
nib promotes high response among those who failed
responding to crizotinib and alectinib is ALK specific
and circumvents L1196M resistance other than crossing
blood-brain barrier treating brain metastasis, together
with lorlatinib which is a third generation ALK inhibitor
that also inhibits ROS1 and is effective against all known
resistance mutants easily crossing blood-brain barrier
[30, 35]. Several clinical trials are still ongoing to im-
prove use of these ALK, MET, ROS1 tyrosine kinase
inhibitors.

RET
The single-pass transmembrane receptor tyrosine kinase
called RET is required for the normal development of
several cells and tissues, its dysregulation being present
in some tumors. It is notable the role of this gene in the
inherited cancer syndrome known as multiple endocrine
neoplasia type 2. This syndrome is mostly characterized
by the early occurrence of medullary thyroid carcinoma,
possibly pheochromocytoma and other glands hyperpla-
sia. RET has also been found as a fusion protein in a
very small fraction of NSLCC patients. The common
RET fusions found are KIF5B-RET, CCDC6-RET,
NCOA4-RET and TRIM33-RET and they are not re-
stricted to NSCLC, but can also be found in papillary
thyroid carcinoma and myelonocytic leukemia [36, 37].
Cabozantinib and vandetanib are multikinase TKIs that
have been approved by the FDA for the treatment of
metastatic medullary thyroid carcinoma harboring RET
alterations. Vandetanib also inhibits VEGFR and EGFR
and RET resistance arises when the V804M mutation is
present. Cabozantinib inhibits RET but also MET,
VEGFR, AXL, KIT and FLT3 and is active in subsets of

patients whose disease progressed during other TKIs
treatment, including vandetanib [38].
A phase III clinical trial for cabozantinib in metastatic

medullary thyroid carcinoma showed progression free sur-
vival of 11.2 months versus only 4.0 months in the placebo
group. A similar phase III study using vandetanib showed
progression free survival at 6 months in 83% of the
patients comparing to 63% in the control group [39].
A recent phase II clinical trial tested erlotinib alone

and cabozantinib alone or in combination with erlotinib
to treat wild-type EGFR NSCLC patients in a random-
ized, controlled, open-label, multicenter study finding
that progression free survival was improved in the
cabozantinib arms. Although the status of RET muta-
tions has not been described, cabozantinib being a pan-
TKI with RET targeting depicts the possible contribution
of this oncogene inhibition for the positive results [40].

Vascular Endothelial Growth Factor Receptor (VEGFR)
What drives angiogenesis, such an important hallmark
for so many cancer types has always been a key element
for the development of specific therapy. Several mole-
cules have been identified so far, but undoubtedly, VEGF
family, including its tyrosine kinase receptor VEGFR is
the most important one. The ligands can be of the A, B,
C and D type, plus placental growth factor and they act
on VEGFR, being described in subtypes 1, 2 and 3, all
having specific physiologic and pathologic roles [41, 42].
Laboratory and clinical research have demonstrated so

far that conditions such as hypoxia, inflammation, tumor
suppressor inactivation and oncogene signaling all in-
crease VEGF/VEGFR signaling [41, 42].
Several different approaches have been developed to

inhibit VEGF signaling, including monoclonal neutralizing
antibodies to circulating ligand, such as bevacizumab.
VEGFR-2 blocking antibodies, such as ramucirumab,
antibody-like decoy traps that bind both VEGF and placen-
tal growth factor, as aflibercept and several TKIs acting as
specific inhibitors or pan-kinase inhibitors that also target
VEGFR, namely sunitinib, sorafenib, pazopanib, axitinib, re-
gorafenib, nintedanib, cabozantinib and vatalanib [41–43].
Clinical trials led to the approval of several of those in-

hibitors for specific tumors, but not all of the trials were
successful, as for several tumors this pathway inhibition
resulted in no quantifiable benefit regarding disease free
progression or overall survival.
Among the successful trials we can cite the approval of

bevacizumab for NSCLC and colorectal, ovarian and cer-
vical cancers. Bevacizumab, ramucirumab and aflibercept
have been approved as second line treatment for colorec-
tal cancer while nintedanib and ramucirumab have been
approved for second line treatment of NSCLC [42, 43].
TKIs were found to be mostly beneficial for other kinds

of tumors, sunitinib, sorafenib, pazopanib, axitinib
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promoting improved disease free progression and overall
survival for patients of renal cell carcinoma, as well as
bevacizumab plus interferon does; sorafenib is approved
for hepatocellular carcinoma, pazopanib for sarcomas and
sunitinib for pancreatic neuroendocrine tumors [43].
Bevacizumab is a potent VEGFR inhibitor and finds use

not only in cancer but other benign diseases in which
angiogenesis plays a role, including inflammatory condi-
tions and retinopathy [44]. Although for many years it was
believed that the development of anti-angiogenesis agents
would render tumors unviable, the early use of bevacizu-
mab in glioblastoma multiforme tumors, one of the most
aggressive central nervous system tumors known, showed
that there is possibility of tumor resistance [45]. Tumors
decrease the number of blood vessels due to bevacizumab
therapy, surrounding edema is reduced, tomography im-
ages show rapid decrease in contrast enhancement, but
several tumors still persist and progress, because the lack
of vessels and hypoxic conditions promote HIF (hypoxia
inducible factor) expression, upregulation of MET com-
pensatory pathways and autocrine loops that maintain
cells now adapted to rely on autophagy and keep alive.
Different from other tyrosine kinase receptors that resist
to TKIs through mutations that render them incapable of
being bound by the inhibitors, VEGFR signaling pathways
develop resistance through a much more complex and or-
chestrated mechanism that goes beyond mutation, HIF in-
duction and all its signaling being pivotal, as well as the
selection of non-VEGF dependent blood vessels and the
metastatic growth of tumors in highly irrigated tissues
such as liver, lungs and brain, which abrogates the need
for neoangiogenesis [45–47].

Others
There are still other important tyrosine kinase receptors
involved in cell physiology and having a role in cancer
development. Examples of such receptors are the fibro-
blast growth factor receptor FGFR and insulin-like
growth factor receptors IGF-1, nonetheless, in spite of
the fact that there are specific inhibitors to such recep-
tors, uncountable clinical trials failed to show benefits or
their use. Probably a lot more of their biology in normal
cells and cancer cells has to be understood in order to
design better inhibitor molecules and clinical trials [48–
51]. Drugs being tested for tumors other than the FDA
approved scenarios in the case of receptor tyrosine ki-
nases are listed in table 1 and examples of inhibitors of
each receptor can be seen in figure 1 (Table 1, Fig. 1).

Signalling pathways downstream receptor tyrosine
kinases
RAS network
Not only alterations in receptors are associated with ma-
lignant transformation and tumor progression, but

abnormal activation is also observed in members of sig-
naling pathways that are generally triggered by these
tyrosine kinase receptors and regulate proliferation, cell
survival, apoptosis, migration and cell differentiation.
Numerous transduction signaling pathways have been
dissected, which are activated in different tumors, and
many target therapies have been developed; however,
many challenges still need to be circumvented, among
them the existence of crosstalks between the intracellu-
lar circuitry activated by these different receptors.
The membrane-bound small guanosine triphospha-

tases (GTPases) comprise a family of four members
(HRAS, KRAS4A, KRAS4B and NRAS), that although
related, have different functions. RAS proteins are found
in two states: inactive when GDP bound and active when
GTP bound. Activation of RAS recruits guanine nucleo-
tide exchange factors (GEFs; e.g., SOS1) to the plasma
membrane, promoting nucleotide exchange and forma-
tion of the RAS-GTP active form. GTPase-activating
proteins (GAPs: e.g., neurofibrimin) induce the hydroly-
sis of RAS bound GTP, leading to the formation of in-
active RAS-GDP [52]. Active RAS in turn triggers
intracellular cascades of phosphorylation of downstream
effectors, controlling energy metabolism, cell survival,
proliferation, migration and invasion. In non-tumorigenic
mammalian cells, the main and best studied RAS protein
effectors are in the MAPK signaling pathway, comprising
RAF/MEK/ERK and PI3K/AKT/mTOR transduction
pathways. These mitogenic signaling cascades are hyper-
activated in many neoplasias especially due to activating
mutations [53].
Mutations in the three RAS genes have been described

in more than 30% of human cancers and consist in the
most common mutated oncogene family in neoplasias.
RAS genes are mutated in different frequencies, KRAS
being mutated in 85% of all RAS-driven cancers, NRAS
in 12% and HRAS in 3% (COSMIC v82). RAS mutations
are frequently found in pancreatic ductal adenocarcin-
oma (69–95%), colorectal adenocarcinoma (40–45%)
and NSCLC (16–40%). However, in breast, melanoma,
brain and ovarian tumors, these mutations are less
common [54, 55]. All the mutations described result in
high GTP loading, which in turn increases RAS activity,
leading to uncontrolled cell proliferation, abnormal cell
survival and apoptosis resistance, therefore, showing the
involvement of RAS oncogene in malignant transform-
ation and cancer development. In spite of the intensive
research in this field, the development of effective drugs
that inhibit RAS oncogenes has not been successful so
far, because RAS isoforms have distinct properties and
functions. Although the translocation and association of
RAS proteins with plasma membrane is fundamental for
its activation and to trigger downstream signaling path-
ways, the mechanisms that regulate these interactions
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among the isoforms through post-translational modifica-
tions and lipid processing are different. While HRAS is
attached to the membrane by a farnesyltransferase
catalyzed reaction, KRAS4B and NRAS undergo further
modification by related geranylgeranyl isoprenoid forma-
tion [56]. Consequently, farnesyltransferase inhibitors
(FTIs) were more efficient in preclinical studies comprising
HRAS-driven cancers [57] and failed to demonstrate the
same efficiency in tumors that harbor mutations in KRAS
[58]. Tipifarnib and lonafarnib were the only FTI which ad-
vanced to Phase III clinical trials, but with poor clinical out-
comes. The treatment with tipifarnib was evaluated in
refractory advanced colon cancer, metastatic pancreatic
cancer and advanced NSCLC, however it demonstrated
minimal clinical activity and did not improve OS [59–61].
Tipifarnib was also tested in combination with gemcitabine,
the standard chemotherapy agent used in advanced pancre-
atic cancers. Although the combination of gemcitabine and
tipifarnib demonstrated antiproliferative activity in preclin-
ical and in phases I and II clinical studies, the OS of
patients was not increased when compared with the admin-
istration of gemcitabine as a single agent in phase III trials
[62]. Lonafarnib was used in combination with paclitaxel
and carboplatin in patients with metastatic, taxane-
refractory/resistant NSCLC and the authors observed that
the treatment was well tolerated and presented minimal
toxicity, however without improving OS [63]. The failure in
anti-RAS drug discovery decreased the studies in this field

and promoted the development of alternative strategies to
inhibit RAS activation. In the last years, a significant effort
has been made to develop low-molecular-weight chemical
inhibitors of the downstream effectors of RAS, notably the
RAF-MEK-ERK and PI3K-AKT-mTOR signaling pathways
and some of them have already been approved by the FDA
while others are in different clinical trial phases. Although
some of the downstream effectors of RAS are not tyrosine
kinases, they are activated by such proteins, as is the case of
EGFR, PDGFR and VEGFR, and because of that they are
discussed in this article.

RAF/MEK/ERK signaling pathway
The first kinase activated by RAS-GTP in the MAPK
cascade is the serine/threonine-specific protein kinase
RAF, comprising three tissue-specific isoforms: ARAF,
BRAF and CRAF/RAF1. RAF activates MEK1 and
MEK2 dual-specificity kinases, the only RAF known
substrates, which in turn phosphorylate the effectors
ERK1 and ERK2 related serine/threonine kinases. Acti-
vation of this signaling pathway culminates in the phos-
phorylation of cytoplasmic and nuclear targets
regulating cell proliferation, survival, differentiation,
apoptosis and in some circumstances negative feedback
regulators of the RAF-MEK-ERK pathway [64]. Activa-
tion of RAF-MEK-ERK transduction circuit is sufficient
to induce proliferation and migration of normal fibro-
blasts independent on upstream RAS signaling,

Fig. 1 Examples of druggable targets and their inhibitors. Abnormal activation of receptors and downstream signaling pathways trigger cell
survival, cell proliferation, differentiation and apoptosis resistance, contributing to tumorigenesis. Inhibitors are shown inhibiting their targets. FDA
approved inhibitors*
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reinforcing the participation of these effectors in cancer
progression [65].
Mutations associated with RAF family are frequently

associated with BRAF and even though BRAF mutations
are genetic drivers in a wide range of tumors, they are
mainly found in cancers that harbor RAS mutations,
such as malignant melanoma, colorectal and thyroid car-
cinomas. Mutations in BRAF are found in up to 66% of
melanoma patients, 18% of colorectal carcinomas and in
66% of papillary thyroid carcinoma cases and are associ-
ated with poor prognosis [66–69]. All the mutations are
in the kinase domain, almost all of which are a single
substitution of valine for glutamic acid at codon 600
(V600E) [66]. These mutations increase the kinase
activity of BRAF and stimulate the phosphorylation of
downstream effectors ERK1 and ERK2, increasing cell
proliferation and survival and its identification provides
new therapeutic opportunities [66]. On the other hand,
mutations of CRAF, ARAF or MEK1/2 are uncommonly
described in human tumors [70]. However, in some lung
cancer models that harbor KRAS mutations, CRAF is
mediating oncogenic signaling from KRAS [71, 72],
suggesting it would be a target for pharmacological
inhibition. Moreover, as MEK is the only kinase that ac-
tivates ERK and ERK is the only known substrate for
MEK, the development of inhibitors for this signaling
pathway is an attractive strategy in cancer therapy.
The participation of BRAF in tumor progression was re-

ported in many studies. Overexpression of mutated BRAF
into immortalized melanocytes induces anchorage-
independent growth, mediates melanoma cell invasion
and the development of tumors in mice [73–75]. On the
other hand, inactivation of BRAF by RNA interference
or small molecules leads to ERK phosphorylation
inhibition, cell cycle arrest and apoptosis in preclinical
models [76, 77] exclusively in BRAF-V600E-positive cells,
indicating BRAF as a promising druggable target.
Sorafenib, the first RAF inhibitor developed, was de-

signed to inhibit CRAF, but it also decreases the activity
of wild-type BRAF and the oncogenic BRAF V600E mu-
tant and is an antiangiogenic tyrosine kinase VEGFR/
PDGFR-targeting drug. It was approved by the FDA in
2007 for advanced hepatocellular carcinoma, increasing
OS and in 2013 for the treatment of locally recurrent or
metastatic, progressive differentiated thyroid carcinoma
refractory to radioactive iodine treatment. Although the
treatment increases PFS, OS was not improved [78, 79].
Moreover, it has been reported that sorafenib treatment
causes the development of skin lesions, including
keratoses, keratocanthomas (KA) and squamous cell car-
cinomas (SCCs), suggesting that the molecule may not
be efficient in RAS-driven tumors, since it induces a
feedback activation of this signaling pathway, increasing
proliferation of epithelial cells [79, 80].

Vemurafenib and dabrafenib, approved by the FDA in
2011 and 2013, respectively, improved OS and PFS of
metastatic or unresectable melanoma patients when
compared with dacarbazine and preferentially inhibit the
V600E mutant form of BRAF over the wild-type form
[81–84]. However, almost all patients relapsed due to de-
velopment of drug resistance, in patients treated with
vemufarenib the median time to progression being
7 months and with dabrafenib being 5 months [68]. This
occurs due to the paradoxical activation of ERK signal-
ing in tumor cells with wild-type BRAF or the ones that
harbor RAS and BRAF mutations mutually [82].
Innumerous mechanisms have been proposed to explain
the BRAF-target therapy acquired resistance, including
increased PDGFR receptor tyrosine kinase-mediated
activation of alternative oncogenic pathways, secondary
mutations in NRAS [85], formation and transactivation
of BRAF-CRAF heterodimers [86], upregulation of the
BCL2A1 anti-apoptotic gene [87], hyperactivation of
CRAF driven by oncogenic RAS [86], increased migra-
tion capability conferred by CD271 overexpression [88]
or activation of the other MAPKK COT [89]. Further-
more, HRAS mutations were detected in 60% of tumor
samples from patients who developed KA and cutaneous
SCCs after vemurafenib treatment [90].
Vemurafenib and dabrafenib were also evaluated in

innumerous clinical trials for NSCLC and colorectal can-
cer, however, as a monotherapy it did not overcome the
tumor strategies to progress. In lung adenocarcinomas,
BRAF V600E mutant is found in only 1-2% of patients,
conferring aggressiveness and resistance to currently
available therapies including chemotherapy and radio-
therapy [91]. Dabrafenib treatment could represent an
option for patients with advanced NSCLC, but studies
demonstrate only partial response. Moreover, such as in
melanoma patients, drug resistance was observed and
30% of the treated group relapsed.
These studies reinforce the importance of identifying

mutated genes and consequently activated signaling
pathways in clinical practice and before administration
of BRAF-target drugs improving patient’s response and
avoiding side effects.
The observation that RAS oncogene overexpressed

with BRAFV600Erenders ERK signaling vemurafenib re-
sistant and the essential participation of CRAF in lung
cancers with mutations in KRAS leads to development
of pan-RAF inhibitors, named LY3009120 and PLX8394,
which do not activate MAPK signaling in tumors that
harbor RAS mutations [92, 93]. These inhibitors block
signals from RAF homo and heterodimers, including
CRAF-containing dimers, therefore, overcoming para-
doxical MAPK activation.
LY3009120 inhibited the proliferation of melanoma

cells with either BRAF or NRAS and colorectal cancer
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cells with BRAF and KRAS mutations by inducing G0/
G1 cell cycle arrest. Moreover, the treatment with
LY3009120 inhibited the growth of melanoma cells that
harbor NRAS mutations xenografts and KRAS-driven
colorectal tumors in vivo [92, 94]. However, the continuous
treatment of HCT 116 cells with LY3009120 leads to devel-
opment of resistance as showed by the reactivation of RAF/
MEK/ERK cascade, possibly by the crosstalking with AKT
signaling pathway [94]. LY3009120 is in a phase I clinical
trial for the treatment of advanced or metastatic melanoma,
NSCLC and colorectal carcinomas (NCT02014116).
The other pan-RAF inhibitor developed, PLX8394,

decreased the proliferation of vermurafenib resistant
metastatic colorectal cancer cell lines by preventing RAF
dimer formation and paradoxal MAPK signaling path-
way activation [93, 95]. PLX8394 is being evaluated in
phase I/IIa clinical trial for safety, pharmacokinetics and
pharmacodynamics in patients with advanced BRAF
mutated melanomas, thyroid carcinoma, colorectal can-
cer and NSCLC (NCT02428712).
Potent and highly selective allosteric MEK1/2 inhibi-

tors were also developed for the treatment of oncogenic
BRAF and RAS driven cancers and two of them, trameti-
nib and cobimetinib, were approved as a single-agent
therapy by the FDA for the treatment of V600E mutated
metastatic melanoma [96, 97]. However, acquired
resistance was developed within 6 to 7 months after
treatment with trametinib monotherapy in nearly 50% of
the patients, in part because of reprogramming of
protein kinase network, leading to expression and activa-
tion of multiple RTKs, which in turn, stimulate the RAF-
MERK-ERK pathway, circumventing MEK abrogation [98].
To overcome the development of resistance observed

in patients treated with BRAF or MEK inhibitors as a
single agent, it was believed that a more complete inhib-
ition of the MAPK signaling pathway was required, so
the combined therapy with trametinib and dabrafenib
was approved by the FDA for the treatment of patients
with BRAF V600E/K-mutant unresectable or metastatic
melanoma in 2014.
The approval for the combination was based on results

from an open-label phase I/II trial, which showed that
trametinib combined with dabrafenib nearly doubled the
duration of response and significantly improved ORR
when compared with dabrafenib alone. The BRAF and
MEK inhibitor combination was found to significantly
reduce the incidence of secondary cutaneous squamous
cell carcinoma. The approval of the agents in combin-
ation marks the first for a targeted therapy combination
in advanced melanoma.
Uncountable phase III clinical trials, evaluating the

combination of dabrafenib and trametinib in previously
untreated melanoma patients with unresectable or meta-
static disease harboring a BRAF V600E or V600K

mutation, showed the improvement in PFS and OS com-
pared with conventional chemotherapy or placebo, es-
tablishing the combined therapy as a standard treatment
in melanoma harboring BRAF Val 600 mutations [99–
101].
The decreased response to platinum-based chemother-

apy and acquired resistance to vemurafenib and dabrafe-
nib in patients with NSCLC harboring BRAF V600E
mutations led to the development of a more effective
targeted therapy combining dabrafenib and trametinib,
which was approved by the FDA in 2015. That approval
was based on results from a 3-cohort, multicenter, non-
randomized, open-label study of patients with stage IV
NSCLC. The combination of BRAF and MEK inhibitors
demonstrated higher overall response and median PFS
than dabrafenib monotherapy, establishing the combined
therapy as a standard treatment in patients with
advanced or metastatic NSCLC with BRAF V600E driver
mutations. The safety profile was manageable, decreas-
ing toxicity with thorough dose modification [102].
More recently, it has been shown that the combination

of dabrafenib and trametinib treatment decreased ERK
activation, cell proliferation and induced apoptosis in
human cancer cell lines harboring non-V600 BRAF
mutations, which accounts for approximately half of
BRAF-mutated NSCLC [103]. This study shows evi-
dences for the clinical use of these drugs for neoplasias
harboring other BRAF mutations.
Another approach approved by the FDA for the treat-

ment of metastatic melanomas with BRAF mutations is
the combination of cobimetinib with vemurafenib.
Cobimetinib is a highly specific selective, ATP-non-
competitive inhibitor of MEK1/2 in neoplasias harboring
BRAF V600E mutations. In human xenograft models,
cobimetinib decreased tumor growth of colon and
melanoma tumors containing BRAF mutations [104].
The combined therapy using cobimetinib and vemurafe-
nib improved the median OS, PFS and the ORR in unre-
sectable stage IIIC or stage IV melanoma patients
harboring BRAF V600E mutations when compared with
vemurafenib monotherapy [105, 106], demonstrating the
clinical benefit of this treatment. Moreover, other MEK
and BRAF inhibitors have been developed and several
clinical trials are ongoing. Binimetinib is an allosteric se-
lective, ATP-non-competitive inhibitor of MEK1/2 that
demonstrated anti-tumoral activity by abrogating the
growth of NRAS- and V600E BRAF-mutated melanomas
in preclinical studies using in vitro and in vivo models
[107]. In a non-randomized, open-label phase II study of
advanced melanoma patients harboring NRAS or
VAL600 BRAF mutations, binimetinib showed a partial
response, providing the first target therapy to treat
patients with NRAS-mutated melanomas [108]. Binime-
tinib has also been evaluated in combination with
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encorafenib, a highly selective BRAF inhibitor, in pa-
tients with advanced or metastatic melanoma with BRAF
driver mutations. In this phase III clinical trial, the com-
bined therapy with binimetinib plus encorafenib im-
proved PFS and objective response rate by local and
central review when compared with vemurafenib in
BRAF mutant melanoma patients [109].
Furthermore, uncountable therapeutic strategies using

MEK inhibitors in combination with other drugs to tar-
get tumors harboring BRAF and RAS mutations are
under investigation. The efficiency of the combination of
binimetinib and encorafenib plus cetuximab in the treat-
ment of colorectal cancers harboring BRAF V600E
mutations is in a phase III clinical development
(NCT02928224). Biological evidence for the combin-
ation of binimetinib with erlotinib in the treatment of
KRAS mutated NSCLC to overcome erlotinib acquired
resistance was also evaluated, providing a personalized
treatment based on the identification of signaling path-
way dysregulations [110].
Network modeling analysis using Transcriptional

Regulatory Associations in Pathways (TRAP) suggested
CDK4 as an efficient target to be associated with MEK
inhibitors in the treatment of melanoma harboring
NRAS mutations which remains without effective
therapy [111]. Cyclin-dependent kinases (CDKs) are a
family of serine-threonine kinases that bind a regulatory
protein called cyclin and the complex CDK-cyclin
regulates the progression through the cell cycle, promot-
ing cell proliferation. The complex cyclinD-CDK4
phosphorylates and inhibits members of the retinoblast-
oma (RB) protein family, including RB1, regulating the
cell-cycle during G1/S transition. Biological and clinical
evidence have showed that combination of ribociclib
with MEK inhibitors as binimetinib or trametinib have
increased anti-tumoral activity in neoplasias harboring
NRAS mutations, including melanoma, NSCLC and
colorectal carcinomas in preclinical models in vitro an
in vivo [111–113].
Regarding the combination of BRAF and MEK inhibi-

tors with immunomodulatory agents as pembrolizumab,
durvalumab or atezolizumab, antibodies that target
programmed cell death receptors (PD-1) or programmed
cell death-ligand 1 (PD-L1), several trials are also in clin-
ical development [114–118].

PI3K/AKT/mTOR signaling pathway
Downstream to RAS there are the lipid kinases known as
PI3Ks. These are heterodimeric proteins with one catalytic
subunit of which there are three isoforms, each of them re-
lated to a specific gene: p110α/PIK3CA, p110β/PIK3CB,
p110δ/PIK3CD, plus a regulatory subunit associated with
cancer development by increasing cell survival, cell prolif-
eration and conferring apoptosis resistance [35]. They

phosphorylate phosphatidylinositol (4,5)-bisphosphate
(PIP-2) to phosphatidylinositol (3,4,5)-triphosphate (PIP-3)
on the plasma membrane, which in turn, recruits and
activates phosphoinositide-dependent protein kinase 1
(PDK1). PDK1 phosphorylates the serine/threonine kinase
at AKT/PKB Thr308 which then translocates to the plasma
membrane, resulting in partial activation. AKT is com-
pletely activated upon its phosphorylation at Ser473 by
mTOR complex 2 (mTORC2), a serine/threonine kinase,
when it targets many proteins associated with cell survival
or cell death depending on the cellular context, including
mTORC1 [52]. PI3K pathway is negatively regulated by
Phosphatase and Tensin Homolog (PTEN), which dephos-
phorylates PIP3, abrogating AKT activation. Innumerous
genetic abnormalities associated with oncogenic transform-
ation have been described in PI3K/AKT/mTOR pathway,
including gain-of-function mutations and amplifications in
PIK3CA, AKT1 and mTOR oncogenes, and loss of func-
tion mutations, deletions or epigenetic inactivation in the
tumor gene suppressor PTEN [52, 53]. Activating muta-
tions in PIK3CA oncogene are found in around 30% of
different tumors, including breast, colon, endometrium
and prostate carcinomas [119]. AKT1 mutations were de-
scribed in breast, colorectal, ovarian and endometrial car-
cinomas and cause AKT1 constitutive activation [120].
The detailed knowledge of the PI3K/AKT/mTOR pathway
leads to the development of several specific drugs some of
which are currently in different phases of clinical trials.
Since PI3K/AKT signaling pathway is one of the mech-

anisms underlying hormonal therapy resistance in ad-
vanced breast carcinoma, PI3K inhibitors were used in
combination with fulvestrant or tamoxifen. Buparlisib,
an inhibitor of a pan-isorform class I PI3K, taken orally,
increased PFS in association with fulvestrant in post-
menopausal women with advanced or metastatic estro-
gen receptor (ER) positive HER-2 negative breast cancer
harboring PIK3CA mutations in a phase III clinical trial
[121, 122]. Buparlisib, is already being studied (phase IB)
in association with lapatinib, a dual tyrosine kinase inhibi-
tor which abrogates the HER-2/neu and EGFR pathways,
in HER-2 positive advanced breast cancer that is resistant
to trastuzumab, since the PI3K cascade is involved in tras-
tuzumab resistance, and early conclusions demonstrate
that this association is feasible for this kind of breast can-
cer [123].
When PIK3CA is mutated, the association of alpelisib,

another alpha-specific PI3K inhibitor and fulvestrant
showed good results in a phase I study of patients with
advanced ER positive breast cancer on standard therapy
[124]. There is a phase III study ongoing about the asso-
ciation of alpelisib or placebo with fulvestrant, and it
aims to evaluate the PFS in two cohorts, one on mutated
PIK3CA and the other with the wild type gene, and both
stratified by the presence of lung and/or liver metastases,
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and prior CDK4/6 inhibitors treatment [122]. Other as-
sociations are being tested and in early phases of trials,
as alpelisib and exemestane and letrozole, both antitu-
moral combinations, alpelisib and letrozole being tested
for the safety and tolerability in patients with ER+ and
HER-2 negative metastatic breast cancers that do not re-
spond to endocrine therapy [122].
Another oral drug that is being studied in phase I is

taselisib, a PI3K inhibitor with selectivity for the alpha
isoform and preference for tumors that harbor PIK3CA
mutations. The data showed that taselisib was effective
on metastatic or locally advanced solid malignancies that
progressed or failed standard therapy, showing antitu-
mor activity at low doses [125]. When associated with
other inhibitors such as fulvestrant, taselisib has demon-
strated a higher antitumoral response in HER-2 negative
and ER positive breast cancers with PIK3CA mutations
if compared with the wild type [122].
PI3K/AKT signaling pathway is also hyperactivated in

many B-cell malignancies being associated with tumor
progression. A first-in-human phase IIa trial showed that
copanlisib, a PI3K inhibitor with predominant inhibitory
activity against both PI3K-α and PI3K-δ isoforms, has an
antitumor effect as a single therapy in relapsed/refrac-
tory non-Hodkin’s lymphoma (NHL) and chronic
lymphocytic leukemia [126]. Two phase III studies are in
progress in indolent NHL and one additional Phase II
study in diffuse large B-cell lymphoma (DLBCL), an ag-
gressive subtype of NHL. The phase III clinical trials are
randomized, double-blind, placebo-controlled study of
copanlisib in rituximab refractory indolent NHL patients
who have previously been treated with rituximab and
alkylating agents (NCT02369016) or to evaluate the safety
and efficacy of copanlisib plus rituximab versus rituximab
single therapy in patients with relapsed NHL who have re-
ceived at least one prior line of treatment, including rituxi-
mab and an alkylating agent (NCT02367040). The phase
II is open-label, single arm study in patients with relapsed
or refractory DLBCL to evaluate the efficacy and safety of
copanlisib (NCT02391116). It is important to know that
most of the tumors that were more affected by copanlisib
had less activity of PTEN, and there was no association to
PIK3CA mutation, despite the number of patients was not
the best to conclude it definitely [127].
In metastatic castration resistant prostate cancer

(mCRPC), it was shown that AKT1 activation induces
resistance to docetaxel and prednisolone chemotherapy
[128]. Preclinical studies demonstrated the antitumoral
activity of AZD5363, a pan-AKT inhibitor, as a mono-
therapy. Moreover, the combination of AZD5363 with
hormonal therapy improved efficacy of PI3K/AKT-targeted
treatment in PTEN-negative prostate carcinoma models,
implicating this pharmacological strategy in this type of
cancer [129]. There is an ongoing phase I/II trial in mCRPC

that evaluates the association of AZD5363 with androgen
receptor antagonist enzalutamide (NCT02525068). There
are many studies about combination of AZD5363 with
other drugs to potentialize its effect [130–132], but just a
few clinical trials, which means that there is a long way to
FDA approved treatments involving AKT inhibition when
it is super activated.
mTOR inhibitors are also being studied, and they seem

to be a good treatment option for some kinds of cancers,
including gynecological ones, since their use alone or in
combination with other hormonal drugs are good strat-
egies that need further studies [133]. An example is the
everolimus, an mTOR inhibitor approved by the FDA
for the treatment of many types of cancer, including kid-
ney cancer and some neuroendocrine tumors. Associ-
ation of everolimus with endocrine therapy showed a
good option for HER-2- and ER+ metastatic breast
cancer [134]. In renal cell carcinoma it was observed that
everolimus associated with other drugs, as levantinib,
cabozantinib and nivolumab, has a better antitumoral ef-
fect than everolimus alone [135].
All these evidences show that altered PI3K/AKT/

mTOR altered pathway may induce tumorigenesis, and
treatments that focus on these mutations and dysfunc-
tions are targets of further studies, moreover, association
of drugs can interrupt tumor progression in more than
one point and avoid resistance caused by pathway
crosstalk.

ABL1 kinase
The ABL1 (Abelson murine leukemia viral oncogene
homolog 1) proto-oncogene encodes tyrosine kinases
that can be found both in the cytoplasm and the nucleus
of different cell types and that shuttle between the two
compartments. Activation of ABL1 is mediated by differ-
ent receptor tyrosine kinases, including EGFR, PDGFR
and VEGFR [136]. Furthermore, ABL is also activated by
intracellular signals such as DNA damage and oxidative
stress, leading to p73 phosphorylation and apoptosis in-
duction [137]. Activated ABL1 phosphorylates a large
number of substrates, such as adaptors, other kinases,
cytoskeletal proteins, transcription factors and chroma-
tin modifiers, which in turn, activate innumerous signal-
ing pathways, including RAS/RAF/MEK, PI3K/AKT and
lipids and protein phosphatases, thereby regulating cell
differentiation, cell proliferation, cell survival, cell migra-
tion, cell invasion and stress response [138]. BCR-ABL1 is
associated with the increased expression of cytokines as
granulocyte colony-stimulating factor and granulocyte-
macrophage colony-stimulating factor (GM-CSF) [139].
Oncogenic activation of the ABL1 kinase is induced as a

consequence of the t(9;22)(q34;q11) chromosome trans-
location in Philadelphia-positive human leukemia, generat-
ing the new fusion gene BCR-ABL1, a cytoplasmic-target
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tyrosine kinase with constitutive activity, leading to abnor-
mal cell proliferation and increased resistance to apoptosis
[136]. The presence of the BCR-ABL1 protein is a genetic
hallmark of CML, characterized by the neoplastic trans-
formation of haematopoietic stem cells. The requirement
of BCR-ABL1 to the development of CML, renders ABL1
an attractive pharmacological target. In 2001, FDA ap-
proved imatinib, as the first-line treatment for Philadelphia
chromosome-positive CML, both in adults and children.
Imatinib is a potent inhibitor of the tyrosine kinases ABL,
ARG, PDGFR and KIT, inducing apoptosis of BCR-ABL
positive cells [140]. The FDA has also approved imatinib
for use in adults with relapsed or refractory Philadelphia
chromosome-positive acute lymphoblastic leukemia (Ph +
ALL) [141]. It was reported that imatinib induced complete
cytogenetic response as analyzed by in situ hybridization in
more than 80% of the patients newly diagnosed with CML
in chronic phase (CP), however, in patients with more ad-
vanced phases, the complete remission was less frequent
[142]. Acquired resistance to imatinib was observed in 40%
to 60% of the patients since BCR-ABL positive cells persists
after the target therapy and one of the mechanisms de-
scribed was the emergence of point mutations in the kinase
domain of BCR-ABL gene that prevent drug interaction
[142]. More than 90 different mutations have been de-
scribed in BCR-ABL gene, conferring variable degrees of re-
sistance to imatinib treatment.
Dasatinib, another BCR-ABL and also a Src family

tyrosine kinase inhibitor was approved by the FDA as an
important strategy for the treatment of patients with
newly diagnosed chronic-phase CML and for imatinib-
resistant or -intolerant patients with CP or advanced-
phase CML or Ph + ALL [143].
Nilotinib was also developed and approved by the

FDA in 2007 for the treatment of adult patients with
newly diagnosed Ph + CML-CP and patients with
imatinib-resistant or imatinib-intolerant Ph + CML in
CP or accelerated phase (AP). Nilotinib is a selective
BCR-ABL kinase inhibitor, structurally related to ima-
tinib and exhibited 10–30 fold more potency than ima-
tinib in inhibiting BCR-ABL tyrosine kinase activity and
proliferation of BCR-ABL expressing cells. It was showed
that treatment with nilotinib is more effective because it
induces less diverse BCR-ABL mutations than imatinib
in patients with chronic myeloid leukemia in CP, how-
ever, the incidence of the T315I mutation was similar
with nilotinib and imatinib. Moreover, the progression
to accelerated phase/blast crisis was lower with nilotinib
than imatinib in patients with emergent BCR-ABL muta-
tions [144].
More recently, ponatinib was developed and approved

by the FDA in 2016 to treat patients with Ph + CML and
Ph + ALL carrying T315I mutation, which was resistant
to imatinib or nilotinib [145]. Ponatinib was designed

applying ARIAD’s computational and structure-based
drug design platform to inhibit the kinase activity of
BCR-ABL protein with more potency and specificity.
Ponatinib was designed to target the mutated BCR-ABL
isoforms that render leukemia cells resistant to treat-
ment with existing tyrosine kinase inhibitors, especially
including the T315I mutation for which no effective
therapy exists [146]. Drugs being tested for tumors other
than the FDA approved scenarios in the case of signal-
ling pathways downstream molecules are listed in table
2 and examples of inhibitors of each downstream mol-
ecule can be seen in figure 1 (Table 2, Fig. 1).

Conclusion
We are a few years from the great breakthrough of testing
and approving imatinib in the late nineties and early 2001,
the “magic bullet” for treating cancer, opening up the gates
and calling all the attention to the new era of cancer treat-
ment at the time thinking we would fully transition from
classical chemotherapy to target therapy alone. Nowadays,
an equilibrium has been reached as classical chemotherapy
is still in use and in combination with target therapy, but
the number of molecules that have been developed the
same way as imatinib is easily reaching the hundreds, some
of which are in the market and some of which failed at
some point during development, but they all undoubtedly
led us to deeply understand cell proliferation in cancer and
non-cancer states, especially when resistance arose and had
to be circumvented. The molecular characterization of tu-
mors and the use of specific drugs targeting specific defects
in single patients is the closest we got to personalized medi-
cine and accompanying that we improved rates of overall
survival, progression free survival, disease free survival and
other markers. Nowadays a lot has been developed, al-
though not enough and there is a clear notion of the path
that has to be followed to develop more of these specific in-
hibitors while clinical practice and evidence is bringing
more and more knowledge on the proper use of the cur-
rently available arsenal proposing and testing drug combi-
nations and regimens or searching classical targets in
tumors not known to harbor them.

Abbreviations
ABL1: Abelson murine leukemia viral oncogene homolog 1; ALK: Anaplastic
lymphoma kinase; ALL: Acute lymphoblastic leukemia; AP: Accelerated phase;
CDKs: Cyclin-dependent kinases; CML: Chronic myelogenous leukemia;
CP: Chronic phase; DLBCL: Diffuse large B-cell lymphoma; EGFR: Epidermal
growth factor receptor; ER: Estrogen receptor; FDA: Food and drug
administration; FGFR: Fibroblast growth factor receptor; FTIs: Farnesyltransferase
inhibitors; GAPs: GTPase-activating proteins; GEFs: Guanine nucleotide exchange
factors; GIST: Gastrointestinal stromal tumors; GM-CSF: Granulocyte-macrophage
colony-stimulating factor; HER-2: Human epidermal growth factor receptor 2;
HGF: Hepatocyte growth factor; HIF: Hypoxia inducible factor; IGF-1: Insulin-like
growth factor receptors; KA: Keratocanthomas; mCRPC: Metastatic castration
resistant prostate cancer; mTOR: Mammalian target of rapamycin;
mTORC1: mTOR complex 1; mTORC2: mTOR complex 2; NHL: Non-Hodkin’s
lymphoma; NSCLC: Non-small cell lung carcinoma; ORR: Overall response
rate; OS: Overall survival; PDGFR: Platelet-derived growth factor receptor;

Montor et al. Molecular Cancer  (2018) 17:55 Page 13 of 18



PDK-1: Phosphoinositide-dependent protein kinase 1; PFS: Progression-free
survival; Ph + : Philadelphia-positive; PIP-2: Phosphatidylinositol (4,5)-bisphosphate;
PIP-3: Phosphatidylinositol (3,4,5)-triphosphate; PTEN: Phosphatase and Tensin
Homolog; RB: Retinoblastoma; RTKs: Receptor tyrosine kinases; SCCs: Squamous
cell carcinomas; SCLC: Small cell lung cancer; TCGA: The cancer genome atlas;
TKIs: Tyrosine kinase inhibitors; TRAPs: Transcriptional regulatory associations in
pathways; VEGF: Vascular endothelial growth factor; VEGFR: Vascular endothelial
growth factor receptor

Acknowledgements
The authors thank Faculdade de Ciências Médicas da Santa Casa de São Paulo
(FCMSCSP) for all the structural support and research promoting initiatives.

Funding
Authors of this review have financial support from Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP - 2017/04352-0) and FAP Santa
Casa. AROSES have been supported by FAPESP (2016 /14536-8).

Availability of data and materials
Not applicable.

Authors’ contributions
FHMM and WRM provided the guidance and design of the manuscript;
FHMM, WRM and AROSES collected the literature data and wrote the
manuscript; FHMM and WRM edited the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 12 October 2017 Accepted: 1 February 2018

References
1. Hubbard SR, Miller WT. Receptor tyrosine kinases: mechanisms of activation

and signaling. Curr Opin Cell Biol. 2007;19:117–23.
2. He M, Capelletti M, Nafa K, Yun CH, Arcila ME, Miller VA, Ginsberg MS, Zhao

B, Kris MG, Eck MJ, Jänne PA, Ladanyi M, Oxnard GR. EGFR exon 19
insertions: a newfamily of sensitizing EGFR mutations in lung
adenocarcinoma. Clin Cancer Res. 2012;18:1790–7.

3. Mitsudomi T, Yatabe Y. Epidermal growth factor receptor in relation to
tumordevelopment: EGFR gene and cancer. FEBS J. 2010;277:301–8.

4. Dziadziuszko R, Jassem J. Epidermal growth factor receptor (EGFR) inhibitors
and derived treatments. Ann Oncol. 2012;23(Suppl 10):x193–6.

5. Yang JC, Shih JY, Su WC, Hsia TC, Tsai CM, Ou SH, Yu CJ, Chang GC, Ho CL,
Sequist LV, Dudek AZ, Shahidi M, Cong XJ, Lorence RM, Yang PC, Miller VA.
Afatinib for patients with lung adenocarcinoma and epidermal growth factor
receptor mutations (LUX-Lung 2): a phase 2 trial. Lancet Oncol. 2012;13:539–48.

6. Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti B, Felip E, Palmero R,
Garcia-Gomez R, Pallares C, Sanchez JM, Porta R, Cobo M, Garrido P, Longo F,
Moran T, Insa A, De Marinis F, Corre R, Bover I, Illiano A, Dansin E, de Castro J,
Milella M, Reguart N, Altavilla G, Jimenez U, Provencio M, Moreno MA, Terrasa
J, Muñoz-Langa J, Valdivia J, Isla D, Domine M, Molinier O, Mazieres J, Baize N,
Garcia-Campelo R, Robinet G, Rodriguez-Abreu D, Lopez-Vivanco G, Gebbia V,
Ferrera-Delgado L, Bombaron P, Bernabe R, Bearz A, Artal A, Cortesi E, Rolfo C,
Sanchez-Ronco M, Drozdowskyj A, Queralt C, de Aguirre I, Ramirez JL, Sanchez
JJ, Molina MA, Taron M, Paz-Ares L, Spanish Lung Cancer Group in
collaboration with Groupe Français de Pneumo-Cancérologie and
Associazione Italiana Oncologia Toracica. Erlotinib versus standard
chemotherapy as first-line treatment for European patients with advanced

EGFR mutation-positive non-small-cell lung cancer (EURTAC): a multicentre,
open-label, randomised phase 3 trial. Lancet Oncol. 2012;13:239–46.

7. Fukuoka M, Wu YL, Thongprasert S, Sunpaweravong P, Leong SS,
Sriuranpong V, Chao TY, Nakagawa K, Chu DT, Saijo N, Duffield EL,
Rukazenkov Y, Speake G, Jiang H, Armour AA, To KF, Yang JC, Mok TS.
Biomarker analyses and final overall survival results from phase III,
randomized, open-label, first-line study of gefitinib versus carboplatin/
paclitaxel in clinically selected patients with advanced non-small-cell lung
cancer in Asia (IPASS). J Clin Oncol. 2011;29:2866–74.

8. Tanaka K, Nosaki K, Otsubo K, Azuma K, Sakata S, Ouchi H, Morinaga R,
Wataya H, Fujii A, Nakagaki N, Tsuruta N, Takeshita M, Iwama E, Harada T,
Nakanishi Y, Okamoto I. Acquisition of the T790M resistance mutation
during afatinib treatmentin EGFR tyrosine kinase inhibitor-naïve patients
with non-small cell lung cancer harboring EGFR mutations. Oncotarget.
2017;8:68123–30.

9. Ramalingam S, Yang JCH, Lee CK, Kurata T, Kim DW, John T, Nogami N, Ohe
Y, Janne PA. Osimertinib as first-line treatment for EGFR mutation-positive
advanced NSCLC: updated efficacy and safety results from two Phase I
expansion cohorts. J Thorac Oncol. 2016;11(Suppl 4):152–5.

10. Jänne PA, Yang JC, Kim DW, Planchard D, Ohe Y, Ramalingam SS, Ahn MJ, Kim
SW, Su WC, Horn L, Haggstrom D, Felip E, Kim JH, Frewer P, Cantarini M, Brown
KH, Dickinson PA, Ghiorghiu S, Ranson M. AZD9291 in EGFR inhibitor-resistant
non-small-cell lung cancer. N Engl J Med. 2015;372:1689–99.

11. Wang S, Cang S, Liu D. Third-generation inhibitors targeting EGFR T790M
mutation in advanced non-small cell lung cancer. J Hematol Oncol. 2016;9:34.

12. Liao BC, Lin CC, Lee JH, Yang JC. Update on recent preclinical and clinical
studies of T790M mutant-specific irreversible epidermal growth factor
receptortyrosine kinase inhibitors. J Biomed Sci. 2016;23:86.

13. Wang S, Song Y, Yan F, Liu D. Mechanisms of resistance to third-
generationEGFR tyrosine kinase inhibitors. Front Med. 2016;10:383–8.

14. Minari R, Bordi P, Tiseo M. Third-generation epidermal growth
factorreceptor-tyrosine kinase inhibitors in T790M-positive non-small cell
lung cancer: review on emerged mechanisms of resistance. Transl Lung
Cancer Res. 2016;5:695–708.

15. Wang S, Song Y, Liu D. EAI045: The fourth-generation EGFR inhibitor
overcomingT790M and C797S resistance. Cancer Lett. 2017;385:51–4.

16. Baselga J, Bradbury I, Eidtmann H, Di Cosimo S, de Azambuja E, Aura C,
Gómez H, Dinh P, Fauria K, Van Dooren V, Aktan G, Goldhirsch A, Chang TW,
Horváth Z, Coccia-Portugal M, Domont J, Tseng LM, Kunz G, Sohn JH,
Semiglazov V, Lerzo G, Palacova M, Probachai V, Pusztai L, Untch M, Gelber
RD. Piccart-Gebhart M; NeoALTTO Study Team. Lapatinib with trastuzumab
for HER2-positive early breast cancer (NeoALTTO): a randomised, open-label,
multicentre, phase 3 trial. Lancet. 2012;379:633–40.

17. Swain SM, Kim SB, Cortés J, Ro J, Semiglazov V, Campone M, Ciruelos E, Ferrero
JM, Schneeweiss A, Knott A, Clark E, Ross G, Benyunes MC, Baselga J.
Pertuzumab, trastuzumab, and docetaxel for HER2-positive metastatic breast
cancer (CLEOPATRA study): overall survival results from a randomised, double-
blind, placebo-controlled, phase 3 study. Lancet Oncol. 2013;14:461–71.

18. Choudhury NJ, Campanile A, Antic T, Yap KL, Fitzpatrick CA, Wade JL 3rd,
Karrison T, Stadler WM, Nakamura Y, O'Donnell PH. Afatinib Activity in
Platinum-Refractory Metastatic Urothelial Carcinoma in Patients With ERBB
Alterations. J Clin Oncol. 2016;34:2165–71.

19. Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, Lordick
F, Ohtsu A, Omuro Y, Satoh T, Aprile G, Kulikov E, Hill J, Lehle M, Rüschoff J,
Kang YK, ToGA Trial Investigators. Trastuzumab in combination with
chemotherapy versus chemotherapy alone for treatment of HER2-positive
advanced gastric or gastro-oesophageal junction cancer (ToGA): a phase 3,
open-label, randomized controlled trial. Lancet. 2010;376:687–97.

20. Price TJ, Peeters M, Kim TW, Li J, Cascinu S, Ruff P, Suresh AS, Thomas
A, Tjulandin S, Zhang K, Murugappan S, Sidhu R. Panitumumab versus
cetuximab in patients with chemotherapy-refractory wild-type KRAS
exon 2 metastatic colorectal cancer (ASPECCT): a randomised,
multicentre, open-label, non-inferiority phase 3 study. Lancet Oncol.
2014;15:569–79.

21. Farooqi AA, Siddik ZH. Platelet-derived growth factor (PDGF) signalling in cancer:
rapidly emerging signalling landscape. Cell Biochem Funct. 2015;33:257–65.

22. Demetri GD, Reichardt P, Kang YK, Blay JY, Rutkowski P, Gelderblom H,
Hohenberger P, Leahy M, von Mehren M, Joensuu H, Badalamenti G,
Blackstein M, Le Cesne A, Schöffski P, Maki RG, Bauer S, Nguyen BB, Xu J,
Nishida T, Chung J, Kappeler C, Kuss I, Laurent D, Casali PG, GRID study
investigators. Efficacy and safety of regorafenib for advanced

Montor et al. Molecular Cancer  (2018) 17:55 Page 14 of 18



gastrointestinal stromal tumours after failure of imatinib and sunitinib
(GRID): an international, multicentre, randomised, placebo-controlled, phase
3 trial. Lancet. 2013;381:295–302.

23. Bitencourt R, Zalcberg I, Louro ID. Imatinib resistance: a review of alternative
inhibitors in chronic myeloid leukemia. Rev Bras Hematol Hemoter. 2011;33:470–5.

24. Cools J, DeAngelo DJ, Gotlib J, Stover EH, Legare RD, Cortes J, Kutok J, Clark J,
Galinsky I, Griffin JD, Cross NC, Tefferi A, Malone J, Alam R, Schrier SL, Schmid J,
Rose M, Vandenberghe P, Verhoef G, Boogaerts M, Wlodarska I, Kantarjian H,
Marynen P, Coutre SE, Stone R, Gilliland DG. A tyrosine kinase created by fusion
of the PDGFRA and FIP1L1 genes as a therapeutic target of imatinib in
idiopathic hypereosinophilic syndrome. N Engl J Med. 2003;348:1201–14.

25. Velghe AI, Van Cauwenberghe S, Polyansky AA, Chand D, Montano-
Almendras CP, Charni S, Hallberg B, Essaghir A, Demoulin JB. PDGFRA
alterations in cancer: characterization of a gain-of-function V536E
transmembrane mutant as well as loss-of-function and passenger
mutations. Oncogene. 2014;33:2568–76.

26. Stacchiotti S, Pedeutour F, Negri T, Conca E, Marrari A, Palassini E, Collini P,
Keslair F, Morosi C, Gronchi A, Pilotti S, Casali PG. Dermatofibrosarcoma
protuberans-derived fibrosarcoma: clinical history, biological profile and
sensitivity to imatinib. Int J Cancer. 2011;129:1761–72.

27. Frolov A, Evans IM, Li N, Sidlauskas K, Paliashvili K, Lockwood N, Barrett A,
Brandner S, Zachary IC, Frankel P. Imatinib and Nilotinib increase
glioblastoma cell invasion via Abl-independent stimulation of p130Cas and
FAK signalling. Sci Rep. 2016;6:27378.

28. El-Deeb IM, Yoo KH, Lee SH. ROS receptor tyrosine kinase: a new potential
target for anticancer drugs. Med Res Rev. 2011;31:794–818.

29. Awad MM, Shaw AT. ALK inhibitors in non-small cell lung cancer: crizotinib
and beyond. Clin Adv Hematol Oncol. 2014;12:429–39.

30. Shaw AT, Gandhi L, Gadgeel S, Riely GJ, Cetnar J, West H, Camidge DR,
Socinski MA, Chiappori A, Mekhail T, Chao BH, Borghaei H, Gold KA,
Zeaiter A, Bordogna W, Balas B, Puig O, Henschel V, Ou SI, study
investigators. Alectinib in ALK-positive, crizotinib-resistant, non-small-cell
lung cancer: a single-group, multicentre, phase 2 trial. Lancet Oncol.
2016;17:234–42.

31. Grassi P, Verzoni E, Ratta R, Mennitto A, de Braud F, Procopio G. Cabozantinib
in the treatment of advanced renal cell carcinoma: design, development, and
potential place in the therapy. Drug Des Devel Ther. 2016;10:2167–72.

32. Zhang H, Bao Z, Liao H, Li W, Chen Z, Shen H, Ying S. The efficacy and
safety of tivantinib in the treatment of solid tumors: a systematic review
andmeta-analysis. Oncotarget. 2017;8:113153–62.

33. Ho-Yen CM, Jones JL, Kermorgant S. The clinical and functional significance
of c-Met in breast cancer: a review. Breast Cancer Res. 2015;17:52.

34. Katayama R, Kobayashi Y, Friboulet L, Lockerman EL, Koike S, Shaw AT,
Engelman JA, Fujita N. Cabozantinib overcomes crizotinib resistance in
ROS1 fusion-positive cancer. Clin Cancer Res. 2015;21:166–74.

35. Wu J, Savooji J, Liu D. Second- and third-generation ALK inhibitors for non-
small cell lung cancer. J Hematol Oncol. 2016;9:19.

36. Mulligan LM. RET revisited: expanding the oncogenic portfolio. Nat Rev
Cancer. 2014;14:173–86.

37. Drilon A, Wang L, Hasanovic A, Suehara Y, Lipson D, Stephens P, Ross J, Miller
V, Ginsberg M, Zakowski MF, Kris MG, Ladanyi M, Rizvi N. Response to
Cabozantinib in patients with RET fusion-positive lung adenocarcinomas.
Cancer Discov. 2013;3:630–5.

38. Rosell R, Karachaliou N. RET inhibitors for patients with RET fusion-positive
and RET wild-type non-small-cell lung cancer. Lancet Oncol.
2016;17:1623–5.

39. Colombo JR, Wein RO. Cabozantinib for progressive metastatic medullary
thyroid cancer: a review. Ther Clin Risk Manag. 2014;10:395–404.

40. Neal JW, Dahlberg SE, Wakelee HA, Aisner SC, Bowden M, Huang Y,
Carbone DP, Gerstner GJ, Lerner RE, Rubin JL, Owonikoko TK, Stella PJ, Steen
PD, Khalid AA, Ramalingam SS, ECOG-ACRIN 1512 Investigators. Erlotinib,
cabozantinib, orerlotinib plus cabozantinib as second-line or third-line
treatment of patients with EGFR wild-type advanced non-small-cell lung
cancer (ECOG-ACRIN 1512): a randomised, controlled, open-label,
multicentre, phase 2 trial. Lancet Oncol. 2016;17:1661–71.

41. Goel HL, Mercurio AM. VEGF targets the tumour cell. Nat Rev Cancer.
2013;13:871–82.

42. Ferrara N, Adamis AP. Ten years of anti-vascular endothelial growth factor
therapy. Nat Rev Drug Discov. 2016;15:385–403.

43. Jayson GC, Kerbel R, Ellis LM, Harris AL. Antiangiogenic therapy in oncology:
current status and future directions. Lancet. 2016;388(10043):518–29.

44. Costache MI, Ioana M, Iordache S, Ene D, Costache CA, Săftoiu A. VEGF
Expression in Pancreatic Cancer and Other Malignancies: A Review of the
Literature. Rom J Intern Med. 2015;53:199–208.

45. Lu KV, Bergers G. Mechanisms of evasive resistance to anti-VEGF therapy in
glioblastoma. CNS Oncol. 2013;2:49–65.

46. van Beijnum JR, Nowak-Sliwinska P, Huijbers EJ, Thijssen VL, Griffioen AW.
The great escape; the hallmarks of resistance to antiangiogenic therapy.
Pharmacol Rev. 2015;67:441–61.

47. Donnem T, Hu J, Ferguson M, Adighibe O, Snell C, Harris AL, Gatter KC,
Pezzella F. Vessel co-option in primary human tumors and metastases: an
obstacle to effective anti-angiogenic treatment? Cancer Med. 2013;2:427–36.

48. Turner N, Grose R. Fibroblast growth factor signalling: from development to
cancer. Nat Rev Cancer. 2010;10:116–29.

49. Babina IS, Turner NC. Advances and challenges in targeting FGFR signalling
in cancer. Nat Rev Cancer. 2017;17:318–32.

50. Beckwith H, Yee D. Minireview: Were the IGF Signaling Inhibitors All Bad?
Mol Endocrinol. 2015;29:1549–57.

51. Chae YK, Ranganath K, Hammerman PS, Vaklavas C, Mohindra N, Kalyan A,
Matsangou M, Costa R, Carneiro B, Villaflor VM, Cristofanilli M, Giles FJ.
Inhibition of the fibroblast growth factor receptor (FGFR) pathway: the current
landscape and barriers to clinical application. Oncotarget. 2017;8:16052–74.

52. Takashima A, Faller DV. Targeting the RAS oncogene. Expert Opin Ther
Targets. 2013;17:507–31.

53. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in
cancer. Oncogene. 2007;26:3279–90.

54. Fernández-Medarde A, Santos E. Ras in cancer and developmental diseases.
Genes Cancer. 2011;2:344–58.

55. Prior IA, Lewis PD, Mattos C. A comprehensive survey of Ras mutations in
cancer. Cancer Res. 2012;72:2457–67.

56. Whyte DB, Kirschmeier P, Hockenberry TN, Nunez-Oliva I, James L, Catino JJ,
Bishop WR, Pai JK. K- and N-Ras are geranylgeranylated in cells treated with
farnesyl protein transferase inhibitors. J Biol Chem. 1997;272:14459–64.

57. Kohl NE, Omer CA, Conner MW, Anthony NJ, Davide JP, deSolms SJ, Giuliani
EA, Gomez RP, Graham SL, Hamilton K, et al. Inhibition of farnesyltransferase
induces regression of mammary and salivary carcinomas in ras transgenic
mice. Nat Med. 1995;1:792–7.

58. Lobell RB, Liu D, Buser CA, Davide JP, DePuy E, Hamilton K, Koblan KS, Lee
Y, Mosser S, Motzel SL, Abbruzzese JL, Fuchs CS, Rowinsky EK, Rubin EH,
Sharma S, Deutsch PJ, Mazina KE, Morrison BW, Wildonger L, Yao SL, Kohl
NE. Preclinical and clinical pharmacodynamic assessment of L-778,123, a
dual inhibitor of farnesyl:protein transferase and geranylgeranyl:protein
transferase type-I. Mol Cancer Ther. 2002;1:747–58.

59. Adjei AA, Mauer A, Bruzek L, Marks RS, Hillman S, Geyer S, Hanson LJ, Wright
JJ, Erlichman C, Kaufmann SH, Vokes EE. Phase II study of the farnesyl
transferase inhibitor R115777 in patients with advanced non-small-cell lung
cancer. J Clin Oncol. 2003;21:1760–6.

60. Cohen SJ, Ho L, Ranganathan S, Abbruzzese JL, Alpaugh RK, Beard M, Lewis
NL, McLaughlin S, Rogatko A, Perez-Ruixo JJ, Thistle AM, Verhaeghe T, Wang H,
Weiner LM, Wright JJ, Hudes GR, Meropol NJ. Phase II and pharmacodynamic
study of the farnesyltransferase inhibitor R115777 as initial therapy in patients
with metastatic pancreatic adenocarcinoma. J Clin Oncol. 2003;21:1301–6.

61. Rao S, Cunningham D, de Gramont A, Scheithauer W, Smakal M, Humblet Y,
Kourteva G, Iveson T, Andre T, Dostalova J, Illes A, Belly R, Perez-Ruixo JJ,
Park YC, Palmer PA. Phase III double-blind placebo-controlled study of
farnesyl transferase inhibitor R115777 in patients with refractory advanced
colorectal cancer. J Clin Oncol. 2004;22:3950–7.

62. Van Cutsem E, van de Velde H, Karasek P, Oettle H, Vervenne WL,
Szawlowski A, Schoffski P, Post S, Verslype C, Neumann H, Safran H,
Humblet Y, Perez Ruixo J, Ma Y, Von Hoff D. Phase III trial of gemcitabine
plus tipifarnib compared with gemcitabine plus placebo in advanced
pancreatic cancer. J Clin Oncol. 2004;22:1430–8.

63. Kim ES, Kies MS, Fossella FV, Glisson BS, Zaknoen S, Statkevich P, Munden
RF, Summey C, Pisters KM, Papadimitrakopoulou V, Tighiouart M, Rogatko A,
Khuri FR. Phase II study of the farnesyltransferase inhibitor lonafarnib with
paclitaxel in patients with taxane-refractory/resistant nonsmall cell lung
carcinoma. Cancer. 2005;104:561–9.

64. Oikonomou E, Koustas E, Goulielmaki M, Pintzas A. BRAF vs RAS oncogenes:
are mutations of the same pathway equal? Differential signalling and
therapeutic implications. Oncotarget. 2014;5:11752–77.

65. Drosten M, Dhawahir A, Sum EYM, Urosevic J, Lechuga CG, Esteban LM,
Castellano E, Guerra C, Santos E, Barbacid M. Genetic analysis of

Montor et al. Molecular Cancer  (2018) 17:55 Page 15 of 18



Rassignalling pathways in cell proliferation, migration and survival. EMBO J.
2010;29:1091–104.

66. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,
Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R, Floyd Y,
Gray K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould C, Parker
A, Stevens C, Watt S, Hooper S, Wilson R, Jayatilake H, Gusterson BA, Cooper
C, Shipley J, Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-Trench G,
Riggins GJ, Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicholson A, Ho JW,
Leung SY, Yuen ST, Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R,
Marshall CJ, Wooster R, Stratton MR, Futreal PA. Mutations of the BRAF gene
in human cancer. Nature. 2002;417:949–54.

67. Brose MS, Volpe P, Feldman M, Kumar M, Rishi I, Gerrero R, Einhorn E,
Herlyn M, Minna J, Nicholson A, Roth JA, Albelda SM, Davies H, Cox C,
Brignell G, Stephens P, Futreal PA, Wooster R, Stratton MR, Weber BL.
BRAF and RAS mutations in human lung cancer and melanoma. Cancer
Res. 2002;62:6997–7000.

68. Cancer Genome Atlas Research Network. Integrated genomic
characterization of papillary thyroid carcinoma. Cell. 2014;159:676–90.

69. Samowitz WS, Sweeney C, Herrick J, Albertsen H, Levin TR, Murtaugh MA,
Wolff RK, Slattery ML. Poor survival associated with the BRAF V600E
mutation in microsatellite-stable colon cancers. Cancer Res. 2005;65:6063–9.

70. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Montalto G, Cervello
M, Nicoletti F, Fagone P, Malaponte G, Mazzarino MC, Candido S, Libra M,
Bäsecke J, Mijatovic S, Maksimovic-Ivanic D, Milella M, Tafuri A, Cocco L,
Evangelisti C, Chiarini F, Martelli AM. Mutations and deregulation of Ras/Raf/
MEK/ERK and PI3K/PTEN/Akt/mTOR cascades which alter therapy response.
Oncotarget. 2012;3:954–87.

71. Karreth FA, Frese KK, DeNicola GM, Baccarini M, Tuveson DA. C-Raf is require
for the initiation of lung cancer by K-Ras(G12D). Cancer Discov. 2011;1:128–36.

72. Blasco RB, Francoz S, Santamaría D, Cañamero M, Dubus P, Charron J, Baccarini
M, Barbacid M. c-Raf, but not B-Raf, is essential for development of K-Ras
oncogene driven non-small cell lung carcinoma. Cancer Cell. 2011;19:652–63.

73. Dhomen N, Reis-Filho JS, da Rocha DS, Hayward R, Savage K, Delmas V,
Larue L, Pritchard C, Marais R. Oncogenic Braf induces melanocyte
senescence and melanoma in mice. Cancer Cell. 2009;15:294–303.

74. Dankort D, Curley DP, Cartlidge RA, Nelson B, Karnezis AN, Damsky WE Jr,
You MJ, DePinho RA, McMahon M, Bosenberg M. Braf(V600E) cooperates
with Pten loss to induce metastatic melanoma. Nat Genet. 2009;41:544–52.

75. Lu H, Liu S, Zhang G, Kwong LN, Zhu Y, Miller JP, Hu Y, Zhong W, Zeng J,
Wu L, Krepler C, Sproesser K, Xiao M, Xu W, Karakousis GC, Schuchter LM,
Field J, Zhang PJ, Herlyn M, Xu X, Guo W. Oncogenic BRAF-Mediated
Melanoma Cell Invasion. Cell Rep. 2016;15:2012–24.

76. Joseph EW, Pratilas CA, Poulikakos PI, Tadi M, Wang W, Taylor BS, Halilovic E,
Persaud Y, Xing F, Viale A, Tsai J, Chapman PB, Bollag G, Solit DB, Rosen N. The
RAF inhibitor PLX4032 inhibits ERK signaling and tumor cell proliferation in a
V600E BRAF-selective manner. Proc Natl AcadSci U S A. 2010;107:14903–8.

77. Tap WD, Gong KW, Dering J, Tseng Y, Ginther C, Pauletti G, Glaspy JA,
Essner R, Bollag G, Hirth P, Zhang C, Slamon DJ. Pharmacodynamic
characterization of the efficacy signals due to selective BRAF inhibition with
PLX4032 in malignant melanoma. Neoplasia. 2010;12:637–49.

78. Iyer R, Fetterly G, Lugade A, Thanavala Y. Sorafenib: a clinical and
pharmacologic review. Expert Opin Pharmacother. 2010;11:1943–55.

79. White PT, Cohen MS. The discovery and development of sorafenib for the
treatment of thyroid cancer. Expert Opin Drug Discov. 2015;10:427–39.

80. Williams VL, Cohen PR, Stewart DJ. Sorafenib-induced premalignant and
malignant skin lesions. Int J Dermatol. 2011;50:396–402.

81. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J,
Dummer R, Garbe C, Testori A, Maio M, Hogg D, Lorigan P, Lebbe C, Jouary
T, Schadendorf D, Ribas A, O'Day SJ, Sosman JA, Kirkwood JM, Eggermont
AM, Dreno B, Nolop K, Li J, Nelson B, Hou J, Lee RJ, Flaherty KT, GA MA,
BRIM-3 Study Group. Improved survival with vemurafenib in melanoma with
BRAF V600E mutation. N Engl J Med. 2011;364:2507–16.

82. McArthur GA, Chapman PB, Robert C, Larkin J, Haanen JB, Dummer R, Ribas
A, Hogg D, Hamid O, Ascierto PA, Garbe C, Testori A, Maio M, Lorigan P,
Lebbé C, Jouary T, Schadendorf D, O'Day SJ, Kirkwood JM, Eggermont AM,
Dréno B, Sosman JA, Flaherty KT, Yin M, Caro I, Cheng S, Trunzer K,
Hauschild A. Safety and efficacy of vemurafenib in BRAF(V600E) and
BRAF(V600K) mutation-positive melanoma (BRIM-3): extended follow-up of a
phase 3, randomised, open-label study. Lancet Oncol. 2014;15:323–32.

83. Hauschild A, Grob JJ, Demidov LV, Jouary T, Gutzmer R, Millward M,
Rutkowski P, Blank CU, Miller WH Jr, Kaempgen E, Martín-Algarra S,

Karaszewska B, Mauch C, Chiarion-Sileni V, Martin AM, Swann S, Haney P,
Mirakhur B, Guckert ME, Goodman V, Chapman PB. Dabrafenib in BRAF-
mutated metastatic melanoma: a multicentre, open-label, phase 3
randomised controlled trial. Lancet. 2012;380:358–65.

84. McGettigan S. Dabrafenib: A New Therapy for Use in BRAF-Mutated
Metastatic Melanoma. J Adv Pract Oncol. 2014;5:211–5.

85. Nazarian R, Shi H, Wang Q, Kong X, Koya RC, Lee H, Chen Z, Lee MK, Attar
N, Sazegar H, Chodon T, Nelson SF, McArthur G, Sosman JA, Ribas A, Lo RS.
Melanomas acquire resistance to B-RAF (V600E) inhibition by RTK or N-RAS
upregulation. Nature. 2010;468:973–7.

86. Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, Dhomen N,
Hussain J, Reis-Filho JS, Springer CJ, Pritchard C, Marais R. Kinase-dead BRAF
and oncogenic RAS cooperate to drive tumor progression through CRAF.
Cell. 2010;140:209–21.

87. Haq R, Yokoyama S, Hawryluk EB, Jönsson GB, Frederick DT, McHenry K,
Porter D, Tran TN, Love KT, Langer R, Anderson DG, Garraway LA, Duncan
LM, Morton DL, Hoon DS, Wargo JA, Song JS, Fisher DE. BCL2A1 is a
lineage-specific antiapoptotic melanoma oncogene that confers resistance
to BRAF inhibition. Proc Natl Acad Sci U S A. 2013;110:4321–6.

88. Lehraiki A, Cerezo M, Rouaud F, Abbe P, Allegra M, Kluza J, Marchetti P, Imbert
V, Cheli Y, Bertolotto C, Ballotti R, Rocchi S. Increased CD271 expression by the
NF-kB pathway promotes melanoma cell survival and drives acquired
resistance to BRAF inhibitor vemurafenib. Cell Discov. 2015;1:15030.

89. Johannessen CM, Boehm JS, Kim SY, Thomas SR, Wardwell L, Johnson LA,
Emery CM, Stransky N, Cogdill AP, Barretina J, Caponigro G, Hieronymus H,
Murray RR, Salehi-Ashtiani K, Hill DE, Vidal M, Zhao JJ, Yang X, Alkan O, Kim
S, Harris JL, Wilson CJ, Myer VE, Finan PM, Root DE, Roberts TM, Golub T,
Flaherty KT, Dummer R, Weber BL, Sellers WR, Schlegel R, Wargo JA, Hahn
WC, Garraway LA. COT drives resistance to RAF inhibition through MAP
kinase pathway reactivation. Nature. 2010;468:968–72.

90. Su F, Viros A, Milagre C, Trunzer K, Bollag G, Spleiss O, Reis-Filho JS, Kong X,
Koya RC, Flaherty KT, Chapman PB, Kim MJ, Hayward R, Martin M, Yang H,
Wang Q, Hilton H, Hang JS, Noe J, Lambros M, Geyer F, Dhomen N, Niculescu-
Duvaz I, Zambon A, Niculescu-Duvaz D, Preece N, Robert L, Otte NJ, Mok S,
Kee D, Ma Y, Zhang C, Habets G, Burton EA, Wong B, Nguyen H, Kockx M,
Andries L, Lestini B, Nolop KB, Lee RJ, Joe AK, Troy JL, Gonzalez R, Hutson TE,
Puzanov I, Chmielowski B, Springer CJ, GA MA, Sosman JA, Lo RS, Ribas
A, Marais R. RAS mutations in cutaneous squamous-cell carcinomas in
patients treated with BRAF inhibitors. N Engl J Med. 2012;366:207–15.

91. Joshi M, Rice SJ, Liu X, Miller B, Belani CP. Trametinib with or without
vemurafenib in BRAF mutated non-small cell lung cancer. PLoS One. 2015;
10:e0118210.

92. Peng SB, Henry JR, Kaufman MD, Lu WP, Smith BD, Vogeti S, Rutkoski TJ,
Wise S, Chun L, Zhang Y, Van Horn RD, Yin T, Zhang X, Yadav V, Chen SH,
Gong X, Ma X, Webster Y, Buchanan S, Mochalkin I, Huber L, Kays L,
Donoho GP, Walgren J, McCann D, Patel P, Conti I, Plowman GD, Starling JJ,
Flynn DL. Inhibition of RAF Isoforms and Active Dimers by LY3009120 Leads
to Anti-tumor Activities in RAS or BRAF Mutant Cancers. Cancer Cell. 2015;
28:384–98.

93. Zhang C, Spevak W, Zhang Y, Burton EA, Ma Y, Habets G, Zhang J, Lin J,
Ewing T, Matusow B, Tsang G, Marimuthu A, Cho H, Wu G, Wang W, Fong
D, Nguyen H, Shi S, Womack P, Nespi M, Shellooe R, Carias H, Powell B,
Light E, Sanftner L, Walters J, Tsai J, West BL, Visor G, Rezaei H, Lin PS, Nolop
K, Ibrahim PN, Hirth P, Bollag G. RAF inhibitors that evade paradoxical MAPK
pathway activation. Nature. 2015;526:583–6.

94. Vakana E, Pratt S, Blosser W, Dowless M, Simpson N, Yuan XJ, Jaken S,
Manro J, Stephens J, Zhang Y, Huber L, Peng SB, Stancato LF.
LY3009120, a panRAF inhibitor, has significant anti-tumor activity in
BRAF and KRAS mutant preclinical models of colorectal cancer.
Oncotarget. 2017;8:9251–66.

95. Tutuka CSA, Andrews MC, Mariadason JM, Ioannidis P, Hudson C, Cebon J,
Behren A. PLX8394, a new generation BRAF inhibitor, selectively inhibits
BRAF in colonicadenocarcinoma cells and prevents paradoxical MAPK
pathway activation. Mol Cancer. 2017;16:112.

96. Wright CJ, McCormack PL. Trametinib: first global approval. Drugs. 2013;73:
1245–54.

97. Garnock-Jones KP. Cobimetinib: First Global Approval. Drugs. 2015;75:1823–30.
98. Duncan JS, Whittle MC, Nakamura K, Abell AN, Midland AA, Zawistowski JS,

Johnson NL, Granger DA, Jordan NV, Darr DB, Usary J, Kuan PF, Smalley DM,
Major B, He X, Hoadley KA, Zhou B, Sharpless NE, Perou CM, Kim WY,
Gomez SM, Chen X, Jin J, Frye SV, Earp HS, Graves LM, Johnson GL.

Montor et al. Molecular Cancer  (2018) 17:55 Page 16 of 18



Dynamic reprogramming of the kinome in response to targeted MEK
inhibition in triple-negative breast cancer. Cell. 2012;149:307–21.

99. Robert C, Karaszewska B, Schachter J, Rutkowski P, Mackiewicz A,
Stroiakovski D, Lichinitser M, Dummer R, Grange F, Mortier L, Chiarion-Sileni
V, Drucis K, Krajsova I, Hauschild A, Lorigan P, Wolter P, Long GV, Flaherty K,
Nathan P, Ribas A, Martin AM, Sun P, Crist W, Legos J, Rubin SD, Little SM,
Schadendorf D. Improved overall survival in melanoma with combined
dabrafenibandtrametinib. N Engl J Med. 2015;372:30–9.

100. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J,
Garbe C, Jouary T, Hauschild A, Grob JJ, Chiarion Sileni V, Lebbe C, Mandalà
M, MillwardM AA, Bondarenko I, Haanen JB, Hansson J, Utikal J, Ferraresi V,
Kovalenko N, Mohr P, Probachai V, Schadendorf D, Nathan P, Robert C,
Ribas A, DJ DM, Irani JG, Casey M, Ouellet D, Martin AM, Le N, Patel K,
Flaherty K. Combined BRAF and MEK inhibition versus BRAF inhibition alone
in melanoma. N Engl J Med. 2014;371:1877–88.

101. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J,
Garbe C, Jouary T, Hauschild A, Grob JJ, Chiarion-Sileni V, Lebbe C, Mandalà
M, MillwardM AA, Bondarenko I, Haanen JB, Hansson J, Utikal J, Ferraresi V,
Kovalenko N, Mohr P, Probachai V, Schadendorf D, Nathan P, Robert C,
Ribas A, DJ DM, Irani JG, Swann S, Legos JJ, Jin F, Mookerjee B, Flaherty K.
Dabrafenib and trametinib versus dabrafenib and placebo for Val600 BRAF-
mutant melanoma: a multicentre, double-blind, phase 3 randomised
controlled trial. Lancet. 2015;386:444–51.

102. Planchard D, Besse B, Groen HJM, Souquet PJ, Quoix E, Baik CS, Barlesi F, Kim
TM, Mazieres J, Novello S, Rigas JR, Upalawanna A, D'Amelio AM Jr, Zhang P,
Mookerjee B, Johnson BE. Dabrafenib plus trametinib in patients with
previously treated BRAF (V600E)-mutant metastatic non-small cell lung cancer:
an open-label, multicentre phase 2 trial. Lancet Oncol. 2016;17:984–93.

103. Noeparast A, Teugels E, Giron P, Verschelden G, De Brakeleer S, Decoster L,
De Grève J. Non-V600 BRAF mutations recurrently found in lung cancer
predictsensitivity to the combination of Trametinib and Dabrafenib.
Oncotarget. 2016;8:60094–108.

104. Johnston S. XL518, a potent selective orally bioavailable MEK1 inhibitor,
down-regulates the RAS/RAF/MEK/ERK pathway in vivo, resulting in tumor
growth inhibition and regression in preclinical models. In: 19th AACR-NCI-
EORTC international conference on molecular targets and cancer
therapeutics. San Francisco: Am Assoc Cancer Res. 2007. p.Abstract C209.

105. Larkin J, Ascierto PA, Dréno B, Atkinson V, Liszkay G, Maio M, Mandalà M,
Demidov L, Stroyakovskiy D, Thomas L, de la Cruz-Merino L, Dutriaux C,
Garbe C, Sovak MA, Chang I, Choong N, Hack SP, McArthur GA, Ribas A.
Combined vemurafenib and cobimetinib in BRAF-mutated melanoma. N
Engl J Med. 2014;371:1867–76.

106. Ascierto PA, McArthur GA, Dréno B, Atkinson V, Liszkay G, Di Giacomo AM,
Mandalà M, Demidov L, Stroyakovskiy D, Thomas L, de la Cruz-Merino L,
Dutriaux C, Garbe C, Yan Y, Wongchenko M, Chang I, Hsu JJ, Koralek DO,
Rooney I, Ribas A, Larkin J. Cobimetinib combined with vemurafenib in
advanced BRAF(V600)-mutant melanoma (coBRIM): updated efficacy results
from a randomised, double-blind, phase 3 trial. Lancet Oncol.
2016;17:1248–60.

107. Winski S, Anderson D, Bouhana K, et al. MEK162 (ARRY-162), ma novel MEK 1/2
inhibitor, inhibits tumor growth regardless of KRas/Raf pathway mutations. In:
Proceedings of the 22nd EORTC–NCI–AACR symposium on molecular targets
and cancer therapeutics. Berlin: Am Assoc Cancer Res. 2010.

108. Ascierto PA, Schadendorf D, Berking C, Agarwala SS, van Herpen CM,
Queirolo P, Blank CU, Hauschild A, Beck JT, St-Pierre A, Niazi F, Wandel S,
Peters M, Zubel A, Dummer R. MEK162 for patients with advanced
melanoma harbouring NRAS or Val600 BRAF mutations: a non-randomised,
open-label phase 2 study. Lancet Oncol. 2013;14:249–56.

109. Grimaldi AM, Simeone E, Festino L, Vanella V, Strudel M, Ascierto PA. MEK
Inhibitors in the Treatment of Metastatic Melanoma and Solid Tumors. Am J
Clin Dermatol. 2017;18:745–54.

110. El-Chaar NN, Piccolo SR, Boucher KM, Cohen AL, Chang JT, Moos PJ, Bild
AH. Genomic classification of the RAS network identifies a personalized
treatment strategy for lung cancer. Mol Oncol. 2014;8:1339–54.

111. Kwong LN, Costello JC, Liu H, Jiang S, Helms TL, Langsdorf AE, Jakubosky D,
Genovese G, Muller FL, Jeong JH, Bender RP, Chu GC, Flaherty KT, Wargo JA,
Collins JJ, Chin L. Oncogenic NRAS signaling differentially regulates survival
and proliferation in melanoma. Nat Med. 2012;18:1503–10.

112. Tao Z, Le Blanc JM, Wang C, Zhan T, Zhuang H, Wang P, Yuan Z, Lu B.
Coadministration of Trametinib and Palbociclib Radiosensitizes KRAS-Mutant Non-
Small Cell Lung Cancers In Vitro and In Vivo. Clin Cancer Res. 2016;22:122–33.

113. Sosman J. MEK + CDK4 a regimen for non-BRAF V6000 melanoma. Journal
of Translational Medicine. 2015;13(Suppl 1):K9.

114. Loi S, Dushyanthen S, Beavis PA, Salgado R, Denkert C, Savas P, Combs S,
Rimm DL, Giltnane JM, Estrada MV, Sánchez V, Sanders ME, Cook RS, Pilkinton
MA, Mallal SA, Wang K, Miller VA, Stephens PJ, Yelensky R, Doimi FD, Gómez H,
Ryzhov SV, Darcy PK, Arteaga CL, Balko JM. RAS/MAPK Activation Is Associated
with Reduced Tumor-Infiltrating Lymphocytes in Triple-Negative Breast Cancer:
Therapeutic Cooperation Between MEK and PD-1/PD-L1 Immune Checkpoint
Inhibitors. Clin Cancer Res. 2016;22:1499–509.

115. Hu-Lieskovan S, Mok S, Homet Moreno B, Tsoi J, Robert L, Goedert L,
Pinheiro EM, Koya RC, Graeber TG, Comin-Anduix B, Ribas A. Improved
antitumor activity of immunotherapy with BRAF and MEK inhibitors in
BRAF(V600E) melanoma. Sci Transl Med. 2015;7:279ra41.

116. Kakavand H, Wilmott JS, Menzies AM, Vilain R, Haydu LE, Yearley JH,
Thompson JF, Kefford RF, Hersey P, Long GV, Scolyer RA. PD-L1 Expression
and Tumor-Infiltrating Lymphocytes Define Different Subsets of MAPK
Inhibitor-Treated Melanoma Patients. Clin Cancer Res. 2015;21:3140–8.

117. Hwu P, Hamid O, Gonzalez R. Preliminary safety and clinical activity of
atezolizumab combined with cobimetinib and vemurafenib in BRAF V600-
mutant metastatic melanoma. Ann Oncol. 2016;27(Suppl 6):vi379–400.

118. Infante J, Kim TM, Friedmann J, et al. Safety and clinical activity of atezolizumab
combined with cobimetinib in metastatic melanoma. Presented at the Society
for Melanoma Research annual meeting. Boston: Soc Melanoma Res. 2016.

119. Zhao L, Vogt PK. Class I PI3K in oncogenic cellular transformation.
Oncogene. 2008;27:5486–96.

120. Carpten JD, Faber AL, Horn C, Donoho GP, Briggs SL, Robbins CM, Hostetter G,
Boguslawski S, Moses TY, Savage S, Uhlik M, Lin A, Du J, Qian YW, Zeckner DJ,
Tucker-Kellogg G, Touchman J, Patel K, Mousses S, Bittner M, Schevitz R, Lai
MH, Blanchard KL, Thomas JE. A transforming mutation in the pleckstrin
homology domain of AKT1 in cancer. Nature. 2007;448:439–44.

121. Chen IC, Hsiao LP, Huang IW, Yu HC, Yeh LC, Lin CH, Wei-Wu Chen T,
Cheng AL, Lu YS. Phosphatidylinositol-3 Kinase Inhibitors, Buparlisib and
Alpelisib, Sensitize Estrogen Receptor-positive Breast Cancer Cells to
Tamoxifen. Sci Rep. 2017;7:9842.

122. Martinello R, Genta S, Galizia D, Geuna E, Milani A, Zucchini G, Valabrega G,
Montemurro F. New and developing chemical pharmacotherapy for
treating hormone receptor-positive/HER2-negative breast cancer. Expert
Opin Pharmacother. 2016;17:2179–89.

123. Guerin M, Rezai K, Isambert N, Campone M, Autret A, Pakradouni J,
Provansal M, Camerlo J, Sabatier R, Bertucci F, Charafe-Jauffret E, Hervieu A,
Extra JM, Viens P, Lokiec F, Boher JM, Gonçalves A. PIKHER2: A phase IB
study evaluating buparlisib in combination with lapatinib in trastuzumab-
resistant HER2-positive advanced breast cancer. Eur J Cancer. 2017;86:28–36.

124. Perez EA. Treatment strategies for advanced hormone receptor-positive and
human epidermal growth factor 2-negative breast cancer: the role of
treatment order. Drug Resist Updat. 2016;24:13–22.

125. Juric D, Krop I, Ramanathan RK, Wilson TR, Ware JA, Sanabria Bohorquez SM,
Savage HM, Sampath D, Salphati L, Lin RS, Jin H, Parmar H, Hsu JY, Von Hoff
DD, Baselga J. Phase I Dose-Escalation Study of Taselisib, an Oral PI3K Inhibitor,
in Patients with Advanced Solid Tumors. Cancer Discov. 2017;7:704–15.

126. Dreyling M, Cunningham D, Bouabdallah K, et al. Phase 2A Study of
Copanlisib, a Novel PI3K Inhibitor, in Patients with Indolent Lymphoma.
Presented at: American Society of Hematology Annual Meeting. San
Francisco: Am Soc Hematol. 2014. Abstract 1701

127. Patnaik A, Appleman LJ, Tolcher AW, Papadopoulos KP, Beeram M, Rasco
DW, Weiss GJ, Sachdev JC, Chadha M, Fulk M, Ejadi S, Mountz JM, Lotze MT,
Toledo FG, Chu E, Jeffers M, Peña C, Xia C, Reif S, Genvresse I, Ramanathan
RK. First-in-human phase I study of copanlisib (BAY 80-6946), an intravenous
pan-class I phosphatidylinositol 3-kinase inhibitor, in patients with advanced
solid tumors and non-Hodgkin's lymphomas. Ann Oncol. 2016;27:1928–40.

128. Kosaka T, Miyajima A, Shirotake S, Suzuki E, Kikuchi E, Oya M. Long-term
androgen ablation and docetaxel up-regulate phosphorylated Akt in
castration resistant prostate cancer. J Urol. 2011;185:2376–81.

129. Marques RB, Aghai A, de Ridder CMA, Stuurman D, Hoeben S, Boer A,
Ellston RP, Barry ST, Davies BR, Trapman J, van Weerden WM. High Efficacy
of Combination Therapy Using PI3K/AKT Inhibitors with Androgen
Deprivation in Prostate Cancer Preclinical Models. Eur Urol. 2015;67:1177–85.

130. Zhang Y, Zheng Y, Faheem A, Sun T, Li C, Li Z, Zhao D, Wu C, Liu J. A novel
AKT inhibitor, AZD5363, inhibits phosphorylation of AKT downstream
molecules, and activates phosphorylation of mTOR and SMG-1 dependent
on the liver cancer cell type. Oncol Lett. 2016;11:1685–92.

Montor et al. Molecular Cancer  (2018) 17:55 Page 17 of 18



131. Weller M, Roth P, Sahm F, Burghardt I, Schuknecht B, Rushing EJ, Regli L,
Lindemann JP, von Deimling A. Durable Control of Metastatic AKT1-Mutant
WHO Grade 1 Meningothelial Meningioma by the AKT Inhibitor, AZD5363.
J Natl Cancer Inst. 2017;109:1–4.

132. Ribas R, Pancholi S, Guest SK, Marangoni E, Gao Q, Thuleau A, Simigdala N,
Polanska UM, Campbell H, Rani A, Liccardi G, Johnston S, Davies BR,
Dowsett M, Martin LA. AKT Antagonist AZD5363 Influences Estrogen
Receptor Function in Endocrine-Resistant Breast Cancer and Synergizes with
Fulvestrant (ICI182780) In Vivo. Mol Cancer Ther. 2015;14:2035–48.

133. Kassem L, Abdel-Rahman O. Targeting mTOR pathway in gynecological
malignancies: Biological rationale and systematic review of published data.
Crit Rev Oncol Hematol. 2016;108:1–12.

134. Gong C, Zhao Y, Wang B, Hu X, Wang Z, Zhang J, Zhang S. Efficacy and safety
of everolimus in Chinese metastatic HR positive, HER2 negative breast cancer
patients: a real-world retrospective study. Oncotarget. 2017;8:59810–22.

135. Ghidini M, Petrelli F, Ghidini A, Tomasello G, Hahne JC, Passalacqua R, Barni
S. Clinical development of mTor inhibitors for renal cancer. Expert Opin
Investig Drugs. 2017;3:1–9.

136. Greuber EK, Smith-Pearson P, Wang J, Pendergast AM. Role of ABL family kinases
in cancer: from leukaemia to solid tumours. Nat Rev Cancer. 2013;13:559–71.

137. Shaul Y, Ben-Yehoyada M. Role of c-Abl in the DNA damage stress
response. Cell Res. 2005;15:33–5.

138. Wang JY. The capable ABL: what is its biological function? Mol Cell Biol.
2014;34:1188–97.

139. Jiang X, Lopez A, Holyoake T, Eaves A, Eaves C. Autocrine production and
action of IL-3 and granulocyte colony-stimulating factor in chronic myeloid
leukemia. Proc Natl Acad Sci U S A. 1999;96:12804–9.

140. Druker BJ, Talpaz M, Resta DJ, Peng B, Buchdunger E, Ford JM, Lydon NB,
Kantarjian H, Capdeville R, Ohno-Jones S, Sawyers CL. Efficacy and safety of
a specific inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid
leukemia. N Engl J Med. 2001;344:1031–7.

141. Druker BJ, Sawyers CL, Kantarjian H, Resta DJ, Reese SF, Ford JM, CapdevilleR
TM. Activity of a specific inhibitor of the BCR-ABL tyrosine kinase in the
blast crisis of chronic myeloid leukemia and acute lymphoblastic leukemia
with the Philadelphia chromosome. N Engl J Med. 2001;344:1038–42.

142. Ren R. Mechanisms of BCR-ABL in the pathogenesis of chronic
myelogenousleukaemia. Nat Rev Cancer. 2005;5:172–83.

143. Kantarjian HM, Shah NP, Cortes JE, Baccarani M, Agarwal MB, Undurraga MS,
Wang J, Ipiña JJ, Kim DW, Ogura M, Pavlovsky C, Junghanss C, Milone JH,
Nicolini FE, Robak T, Van Droogenbroeck J, Vellenga E, Bradley-Garelik MB,
Zhu C, Hochhaus A. Dasatinib or imatinib in newly diagnosed chronic-
phase chronic myeloid leukemia: 2-year follow-up from a randomized phase
3 trial (DASISION). Blood. 2012;119:1123–9.

144. Hochhaus A, Saglio G, Larson RA, Kim DW, Etienne G, Rosti G, De Souza C,
Kurokawa M, Kalaycio ME, Hoenekopp A, Fan X, Shou Y, Kantarjian HM,
Hughes TP. Nilotinib is associated with a reduced incidence of BCR-ABL
mutations vs imatinibin patients with newly diagnosed chronic myeloid
leukemia in chronic phase. Blood. 2013;121:3703–8.

145. Zhou T, Commodore L, Huang WS, Wang Y, Thomas M, Keats J, Xu Q, Rivera
VM, Shakespeare WC, Clackson T, Dalgarno DC, Zhu X. Structural
mechanism of the Pan-BCR-ABL inhibitor ponatinib (AP24534): lessons for
overcoming kinase inhibitor resistance. Chem Biol Drug Des. 2011;77(1):11.

146. O'Hare T, Shakespeare WC, Zhu X, Eide CA, Rivera VM, Wang F, Adrian LT,
Zhou T, Huang WS, Xu Q, Metcalf CA 3rd, Tyner JW, Loriaux MM, Corbin AS,
Wardwell S, Ning Y, Keats JA, Wang Y, Sundaramoorthi R, Thomas M, Zhou
D, Snodgrass J, Commodore L, Sawyer TK, Dalgarno DC, Deininger MW,
Druker BJ, Clackson T. AP24534, a pan-BCR-ABL inhibitor for chronic myeloid
leukemia, potently inhibits the T315I mutant and overcomes mutation-
based resistance. Cancer Cell. 2009;16:401–12.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Montor et al. Molecular Cancer  (2018) 17:55 Page 18 of 18


	Abstract
	Background
	Receptor tyrosine kinases
	Epidermal Growth Factor Receptors (EGFR)
	Platelet Derived Growth Factor Receptor (PDGFR)
	ROS1, ALK, MET
	RET
	Vascular Endothelial Growth Factor Receptor (VEGFR)
	Others

	Signalling pathways downstream receptor tyrosine kinases
	RAS network
	RAF/MEK/ERK signaling pathway
	PI3K/AKT/mTOR signaling pathway
	ABL1 kinase

	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

