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Abstract

Cancer is a disease driven by complex genetic abnormalities. The ultimate
outcome of these complex genetic disorders is uncontrolled cell proliferation. There are
two major cellular proliferation and survival signalling pathways which are RAS-RAFMEK-ERK

and

PI3K-AKT-mTOR

proliferation-survival

pathways.

These

proliferation-survival cell signalling pathways receive, carry and transfer important cell
signals to the nucleus where the major transcription changes required for cell
proliferation and survival occur.

In normal cells, this proliferation cell signalling

process is controlled, but this process becomes uncontrolled in cancer cells due to
complex genetic changes like genetic mutations. One such genetic mutation is the
BRAF V600E mutation which transforms the BRAF kinase into an auto-activated
kinase. As a result, the RAS-RAF-MEK-ERK proliferation-survival pathway becomes
truncated and auto-activated BRAF kinase continuously sends proliferation-survival
signals to the nucleus through downstream MEK-ERK signalling molecules. Therefore,
BRAF V600E mutated cells proliferate without control, invade & damage surrounding
tissues and metastasise all over the body.
The aims of our current investigation were to find out the activation status of the
RAS-RAF-MEK-ERK and PI3K-AKT-mTOR proliferation-survival cell signalling
pathways in cancer cells especially in thyroid carcinoma cells.

The study was

concerned with determining whether one or both proliferation-survival cell signalling
pathways were active at the same time.

Then, the project intended to suppress

individual proliferation-survival cell signalling pathways using either a specific
inhibitor for the BRAF-RAF-MEK-ERK pathway or a non-specific inhibitor for the
PI3K-AKT-mTOR pathway. Following this inhibition the project would investigate the
v

impact on overall cell proliferation. For suppressing the proliferation-survival cell
signalling pathways, we used an unconventional approach, which was RNA interference
(RNAi) technology. RNAi (for example microRNA) is a highly conserved natural
process for gene regulation. In our investigation, BRAF and PI3K were the target genes
in suppressing the RAS-RAF-MEK-ERK and PI3K-AKT-mTOR proliferation-survival
cell signalling pathways respectively. BRAF was suppressed using a BRAF specific
RNA molecule, while PI3K was suppressed with a mimic of the natural micro-RNA,
miRNA-126.
In our first study, we found through immunofluorescent and western blot assays
that both active ERK kinase (pERK) and active AKT kinase (pAKT) were present in all
four BRAF V600E mutated thyroid carcinoma cell lines. ERK kinase is involved in the
kinase activity of the RAS-RAF-MEK-ERK proliferation-survival cell signalling
pathway and AKT kinase takes part in the kinase activity of the PI3K-AKT-mTOR
proliferation-survival cell signalling pathway. Therefore, from this study it was clear
that both RAS-RAF-MEK-ERK and PI3K-AKT-mTOR proliferation-survival cell
signalling pathways were simultaneously active in BRAF V600E mutated thyroid
carcinoma cells.
In the second investigation, we developed anti-BRAF shRNA stable thyroid
carcinoma cell lines to inhibit BRAF kinase expression and achieved around 82~83%
inhibition of BRAF kinase expression in all stable cell lines. As a consequence of
BRAF kinase inhibition, we observed about 72~75% drop of MEK kinase activity (p <
0.05) in all stable cells. In addition, we also found approximately 52~54% drop in cell
proliferation (p < 0.05) in all stable cells in the first week of BRAF kinase inhibition,
but in the later weeks a gradual increase in cell proliferation was noticed, until cell
proliferation had caught that of untreated cells. Moreover, about a 13~15% reduction in
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colony formation (p < 0.05) was also found in BRAF kinase inhibited group compared
to the controls. Therefore, inhibition of BRAF expression evidently suppressed the
RAS-RAF-MEK-ERK proliferation-survival cell signalling pathway and reduced
overall cell proliferation.

However, to investigate the reason for increased cell

proliferation in the subsequent weeks after BRAF kinase inhibition, we further analysed
the alternative PI3K-AKT-mTOR proliferation-survival cell signalling pathway. We
found around a 63~70% increase in AKT kinase activity (pAKT) (p < 0.05) in all stable
cells after BRAF kinase inhibition. So, it appears that cell switched to the alternative
PI3K-AKT-mTOR proliferation-survival cell signalling pathway for its proliferation
activities after BRAF kinase inhibition.
In our third and final investigation, we transiently transfected a miRNA-126
mimic into thyroid carcinoma cell lines and inhibited the expression of p85β protein
which is a regulatory sub-unit of PI3K kinase. In fact, the miR-126 mimic was able to
inhibit approximately 34~40% of p85β protein expression which resulted in a reduction
of around 21~53% AKT kinase activity (pAKT) (p < 0.05). As a consequence, we
observed about 30~50% drop (p < 0.05) in cell proliferation in miRNA-126 mimic
transfected groups compared to the controls.

In addition, we also noticed around

35~45% reduced colony formation (p < 0.05) in the miRNA-126 mimic transfected
group compare to the control.

Reduced proliferation following miRNA-126

transfection was partially rescued by the presence of V600E mutant BRAF. Therefore, it
is noticeable that miRNA-126 suppresses the PI3K-AKT-mTOR proliferation-survival
cell signalling pathway and reduces overall cell proliferation.
In summary, in thyroid carcinoma, both RAS-RAF-MEK-ERK and PI3K-AKTmTOR proliferation-survival cell signalling pathways are concurrently active. Both of
these cell signalling pathways contribute in overall cell proliferation and survival
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activities. Suppression of any single pathway affects overall cell proliferation, but is
unable to impose complete growth arrest as the cell switches to the alternative pathway
for its proliferation and survival activities. Therefore, it is likely that both pathways
need to be suppressed consecutively for complete growth arrest. Our investigation
demonstrates that RNA interference (RNAi) technology would be a promising
alternative approach in cancer treatment, in addition to conventional small molecular
kinase inhibitors.
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1.1 Aims and Hypothesis
There are two important pathways for cellular proliferation and survival: the RASRAF-MEK-ERK pathway and the PI3K-AKT/PKB-mTOR pathway [1, 2]. One of the most
common types of mutations found in the RAS-RAF-MEK-ERK proliferation-survival
pathway are the BRAF (v-RAF murine sarcoma viral homolog B1) mutations, especially the
BRAF V600E mutation. BRAF mutation plays a prominent role in carcinogenesis especially
in melanoma, thyroid cancer, colorectal cancer and a few other cancers [3-5]. Moreover, in
addition to driving cell growth, it also sends signals for anti-apoptotic activity [6, 7]. Because
of these qualities, BRAF became a significant target for treatments to repress the growth of
cancer cells. Many of the existing treatment methods in this areas are based on enzymatic
repression of BRAF, but the development of resistance to these treatments in cancers is
common [8-10]. Overcoming this treatment resistance could potentially provide significant
improvements to the ability of clinicians to treat cancer. Accordingly, the aims of the current
research project are:
Aim-1: Investigate activation status of major proliferation pathways, especially RASRAF-MEK-ERK and PI3K-AKT/PKB-mTOR proliferation-survival cell signalling
pathways in cancer cells.
Hypothesis-1: Both RAS-RAF-MEK-ERK and PI3K-AKT/PKB-mTOR
proliferation-survival cell signalling pathways are simultaneously active in
cancer cells.
Aim-2: Suppress the RAS-RAF-MEK-ERK proliferation-survival cell signalling
pathway using anti-BRAF shRNA and evaluate the proliferation capacity of cancer
cells as a consequence of the suppression.
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Hypothesis-2: After suppression of RAS-RAF-MEK-ERK proliferationsurvival cell signalling pathway using anti-BRAF shRNA, proliferation
capacity of cancer cells will be decreased.
Aim-3: Suppress the PI3K-AKT/PKB-mTOR proliferation-survival cell signalling
pathway using miRNA-126 mimic and evaluate the proliferation ability of cancer
cells as a consequence of the suppression.
Hypothesis-3: After suppression of PI3K-AKT/PKB-mTOR proliferationsurvival cell signalling pathway using miRNA-126 mimic, proliferation ability
of cancer cells will be decreased.

1.2 Significance
Cancers are common in Australia and other parts of the world. Among all cancers,
~8% can be attributed to BRAF mutations. BRAF is a proto-oncogene and a member of RAF
(Rapidly accelerated fibroblast) kinase family and functions in cell signal transduction
through the RAS-RAF-MEK-ERK proliferation-survival pathway [1, 3-5, 11, 12]. This
pathway is very important for cellular proliferation, differentiation, growth, survival and
apoptosis. The pathway responds to extracellular stimuli like hormones, cytokines and
various growth factors. Multiple studies have shown that BRAF mutations play a dominant
role in carcinogenesis in several subtypes of cancer [1, 3-5, 11, 12]. The cancer with the
highest proportion of BRAF mutations is malignant melanoma (40~70% of cases). Mutations
affecting BRAF are also commonly found in papillary thyroid carcinoma (36~53%),
colorectal cancer (5~22%), serous ovarian carcinoma (~30%), carcinoma of the biliary tract
(15%) and some other cancers at lower frequency (1~3%) [3-5, 13, 14].
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RAF proteins are serine/threonine kinases which were originally identified as
retroviral oncogenes in 1983 [11-13]. Three RAF proteins have been identified in humans so
far and they are: ARAF, BRAF and CRAF. CRAF, also known as RAF-1, was first
discovered in 1985, ARAF in 1986 and BRAF in 1988 [15-18]. ARAF being 68 kDa is the
smallest isoform whereas CRAF ranges from 72-74 kDa. The largest member of the family,
BRAF ranges in size from 75 to 100 kDa, because of alternative splicing [19-21].
Most BRAF mutations are found in exon 11 or 15 of the catalytic kinase domain [13,
22]. So far, more than 65 BRAF mutations have been discovered. Among all the BRAF
mutations, the V600E mutation is the most frequent type, making up more than 90% of cases
[4, 5, 18]. This is a missense mutation in exon 15, which results in the substitution of the
amino acid at position 600, changing a valine to a glutamic acid residue [5]. This V600E
mutation produces a negative charge in the activation loop, which aids in folding BRAF to an
active conformation [18]. In addition, this mutation causes BRAF to develop a 500 fold
increase in its kinase activity as well as making BRAF self-sufficient in signalling for cellular
proliferation [4, 23]. Therefore, following a V600E mutation, BRAF itself can stimulate its
signalling pathway without any help from upstream or external stimuli [4]. However, some
BRAF mutations impair the kinase activity of BRAF, but are still capable of activating ERK
signalling. The way these mutations keep activating ERK signalling is that they associate
with and activate wild-type CRAF. Following activation by mutated BRAF, CRAF
phosphorylates MEK and MEK then activates ERK [3, 22-25]. This phenomenon indicates
that irrespective of kinase activity, multiple kinds of BRAF mutants retain or increase their
ability to activate ERK signalling [3].
BRAF V600E mutation not only keeps activating its own signalling pathway, but also
it activates Bcl-2 and NF-κB. Activation of Bcl-2 and NF-κB results in the inhibition of
apoptosis. Resisting apoptosis as well as ERK modulated cellular proliferation are crucial for
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carcinogenesis [3, 6, 7, 22, 24, 26-28]. The way BRAF activates Bcl-2 and NF-κB is through
BRAF binding with CRAF. Both wild-type and mutated BRAF can bind with CRAF, but the
former is RAS-dependent whereas the latter is RAS-independent. The most important thing
for this relationship in terms of cancer is that this binding is unidirectional, as CRAF cannot
activate BRAF. However, after binding with CRAF, BRAF activates it through a transphosphorylation mechanism. Phosphorylated CRAF then activates both Bcl-2 and NF-κB
which ultimately inhibit apoptosis [7, 23, 29-32].
As mutant BRAF plays a significant role in cancer development in a large number of
cancers, a number of BRAF inhibitors have been developed for clinical use in cancer
treatment [8, 9, 33-36]. When BRAF mutated cancer patients are treated with BRAF
inhibitors, they initially show significant tumour regression, partial response or a stable
disease state. After a few months’ treatment with BRAF inhibitors, however, patients usually
develop resistance against BRAF inhibitor therapy and tumour progression occurs [8, 9, 3336]. The broad mechanisms behind the development of resistance are the activation of
alternative pathways for proliferation and survival. Both ERK-dependent and ERKindependent resistance mechanisms are found in BRAF inhibitor resistant patients [8, 36-38].
For the high frequency of BRAF mutation, blockade of this pathway remains an important
treatment target, despite the appearance of treatment resistance to extant therapies.
Our research focused on overcoming the resistance mechanisms as well as examining
pathways that are engaged in anti-apoptotic activities in BRAF mutated cancers. We used an
alternative approach in suppressing both of the major proliferation-survival cell signalling
pathways by targeting BRAF and PI3K kinases, using anti-BRAF shRNA and a miRNA-126
mimic to inhibit mutant BRAF and PI3K kinase respectively for complete inhibition of
proliferation and survival mechanisms of BRAF mutated cancers.
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2.1 Cancer
Cancer is a complex disease driven by a group of genetic malfunction or
abnormalities which damage the usual control over cellular proliferation and survival [39,
40]. As a result, cells undergo uncontrolled proliferation, and can invade the surrounding
tissues, eventually spreading throughout the body and affecting other organs. If cancer cells
are not controlled properly through normal body mechanisms or through medical
intervention, they can cause death [39, 40].
The causes of cellular genetic disorders such as cancer can be attributed to both
inherited genetic defects as well as environmental factors including lifestyle. Interestingly,
only 5-10% cancer arises due to inherited genetic defects and 90-95% cancer develops due to
accumulated mutations often related to environmental factors including lifestyle [39, 41]. The
environmental factors at work in cancer include the carcinogens which are present in water
and air, along with various chemicals, sunlight, radiation, etc. that people are exposed to. The
lifestyle factors include a diet with high fat & low fibre content, eating too much processed
meat and red meat, obesity, smoking tobacco, drinking alcohol, exposure to certain
infections, etc. [39, 41]. As most carcinogens usually come contact with the epithelial lines
of skin, respiratory tracts and alimentary tracts, more than 90% cancers happen in epithelial
tissues [39, 41]. Age is also a major risk factor for cancer, as cellular proliferation can result
in mutation due to errors in DNA replication. As epithelial cells are typically the cell types
which undergo the greatest proliferation over an individual’s life, they have more chance to
accumulate mutations than other tissues.
According to the GLOBOCAN 2012 report (published by the International Agency
for Research on Cancer, IARC), 14.1 million new cancer cases occurred worldwide in 2012
and 8.2 million deaths occurred due to cancers (excluding non-melanoma skin cancer). More
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than 50% of cancers and cancer deaths occurred in less developed countries in 2012 [42-44].
The three most commonly diagnosed cancers around the world are lung cancer (1.82 million,
13%), breast cancer (1.67 million, 11.9%) and colorectal cancer (1.36 million, 9.7%). If the
current trend of cancer incidence proceeds, it is predicted that 22.3 million new cancer cases
will occur worldwide by 2030 and 13.2 million deaths will occur due to cancers [42-44].
In Australia, it was estimated that 123,920 patients would be expected to be diagnosed
with cancers in 2014 and 55% of these would be expected to occur in males. The most
commonly diagnosed cancers expected in 2014 were prostate cancers, bowel cancer, breast
cancer, melanoma of the skin and lung cancer [40]. It was also estimated that 1 in 2 males
and 1 in 3 females would be expected to be diagnosed with cancers in 2014 before the age of
85 years [40]. Cancer is the second largest cause of death in Australia. A total of 45,780
deaths would expect to be occurred due to cancers in 2014 in Australia. About 3 in every 10
deaths (30%) in Australia are due to cancers [40].

2.2 Cellular Proliferation Pathways
There are two cellular proliferation and survival pathways of particular importance to
cancer. They are: the RAS-RAF-MEK-ERK pathway and the PI3K-AKT/PKB-mTOR
pathway (Fig. 1). Both of the pathways transmit signals from cell surface receptors (receptor
tyrosine kinases, RTKs) to the transcription factors which regulate gene expression [45, 46].
These expressed genes are involved in various cellular activities including cellular
proliferation and survival. When cell membrane receptors (RTKs) are stimulated through
binding with cytokines, growth factors or mitogens, they activate RAS with the help of other
membrane bound proteins [45, 46]. RAS has several downstream effectors including the RAF
and PI3K proteins. Therefore, activated RAS is able to stimulate both of the cellular
10

proliferation and survival pathways [45, 46]. PI3K can also be activated directly by specific
cell surface receptors (e.g. IL-3) where the regulatory subunit (p85) of PI3K binds with the
phosphorylated tyrosine (Y) residue on the receptor. Following this, the catalytic subunit
(p110) of PI3K binds with the previous complex and eventually PI3K get activated [2, 47].

Figure 1: Cellular proliferation pathways. Receptor tyrosine kinase (RTK) transfers proliferation, growth and
survival signals to the nucleus through both RAS-RAF-MEK-ERK and PI3K-AKT-mTOR proliferationsurvival pathways upon activation by growth factors, hormones or cytokines.

Aberrant activation, alteration or deregulation in either or both of the proliferation and
survival pathways is very common in human cancers. All the abnormalities in these pathways
are due to overexpression of the signalling molecules or mutations in genes in the pathways
[5, 46, 48-51]. Mutations in the genes within the same pathway show a mutually exclusive
pattern. For example, RAS and BRAF mutations are mutually exclusive in the RAS-RAFMEK-ERK pathways, and are only very rarely seen together [52]. Similarly, PI3K
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(phosphatidylinositol-4,5-bisphosphate 3-kinase) and PTEN (Phosphatase and tensin
homolog) mutations are typically mutually exclusive in the PI3K-AKT/PKB-mTOR pathway
[5, 46, 48-51]. Among all the driver mutations of cancer, BRAF mutation is one of the most
important types, especially the BRAF V600E mutation. This mutation is common for the
RAS-RAF-MER-ERK pathway [3-5, 23, 46]. As a result of this mutation, BRAF-MEK-ERK
signalling is constantly activated and cells undergo continuous proliferation and survival
activities. BRAF is a member of the RAF kinase family, which are very important signalling
molecules within the RAS-RAF-MER-ERK pathway [3-5, 23, 46].
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2.3.1 BRAF Mutation
BRAF is known as v-RAF murine sarcoma viral homolog B1 which is a protooncogene. It is a member of the RAF kinase family proteins. RAF kinase family proteins are
serine/threonine kinases, originally identified as retroviral oncogenes in 1983 [11, 12, 53].
So far, the RAF kinase proteins have had three members identified in humans and they are:
ARAF, BRAF and CRAF. CRAF, also known as RAF-1, was first discovered in 1985
whereas ARAF was discovered in 1986 and BRAF in 1988 [15-18]. ARAF is the smallest
isoform, at 68 kDa, CRAF ranges from 72-74 kDa and due to some significant alternative
splicing, BRAF ranges from 75 to 100 kDa [19-21].
All RAF proteins share a common structure of three conserved regions: CR1, CR2
and CR3 (Fig. 2). CR1 and CR2 are regulatory domains which exist in the N-terminus
whereas CR3 is a kinase domain which is encoded in the C-terminus [21, 54]. CR1 contains
the RAS binding domain (RBD) and cysteine rich domain (CRD). It is responsible for
binding with RAS and membrane phospholipids [18]. Although RAS binds to RBD only in
its active form (RAS-GTP), binding to CRD does not depend on the GTP status of RAS [21,
55]. CR2 is a serine/threonine rich region. Protein-protein interactions and phosphorylation
through CR2 interfere with RAF activation and localization [56-60]. In addition, CR2 holds
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a phosphorylation site which is responsible for binding to the regulatory protein 14-3-3.
Besides the site in the CR2, there is another binding site for the 14-3-3 regulatory protein
after the CR3 region. The CR3 region itself is a catalytic kinase domain which is regulated
through phosphorylation [18].

Figure 2: Linear structure of RAF proteins. Three conserved regions of the ARAF, BRAF and CRAF proteins
are: CR1, CR2 and CR3. Other important regions in RAF proteins are also indicated. The most important
residues in each RAF proteins are numbered. In BRAF, S446 is a constitutively phosphorylated residue and
aspartic acid replaces the tyrosine residue at D449. Regulatory protein 14-3-3 binding sites in each RAF protein
are shown. RBD: RAS Binding Domain, CRD: Cysteine Rich Domain, N-region: Negatively Charged Region
[61].

BRAF is the most potent activator of downstream effector of MEK kinases in the
RAS-RAF-MEK-ERK pathway when compared with ARAF and CRAF [4, 11, 12]. The
reason for this is that residue S446 in BRAF is constitutively phosphorylated and becomes
negatively charged. In addition, residue D449 in BRAF contains aspartic acid (instead of
tyrosine in the other RAFs) which is a negatively charged amino acid. Both of the residues
are in N-region of BRAF. As a result, BRAF always has a negatively charged N-region,
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which facilitates its activation through RAS [3, 4, 62]. On the other hand, CRAF and ARAF
require their N-region (residues S338 and Y341 in CRAF, residues S229 and Y302 in ARAF)
to be phosphorylated by Src in addition with phosphorylation by RAS for their full activation
[3, 62-64]. BRAF also possesses the highest basal kinase activity among all RAF isoforms.
All these factors give BRAF predominance over other RAF isoforms for MEK activation [4].
The maintenance of homeostasis in the RAS-RAF-MEK-ERK pathway requires strict
balance. If this pathway is hyper-activated, it leads to cell-cycle arrest. On the other hand,
carcinogenesis is also the result of aberrant activation of the RAS-RAF-MEK-ERK pathway
[4, 5]. Mutations that are responsible for aberrant ERK signalling can present at different
levels within the RAS-RAF-MEK-ERK pathway. BRAF mutation is one of common types
of mutations that lead to aberrant ERK signalling [3, 65-68]. To avoid over activation of the
RAS-RAF-MEK-ERK pathway and cell cycle arrest, ERK signalling must be maintained
carefully by cells. To do that in cancer, multiple mutations are seen in the RAS-RAF-MEKERK pathway, so that cancer cells can still modulate ERK signalling despite aberrant
pathway activity. Therefore, some BRAF mutations are seen along with RAS mutations in
the same type of cancer, cooperating with each other to modulate ERK signalling [3, 5, 69].
However, BRAF V600E mutation is very rarely seen in the same type of cancer where RAS
is mutated. This may be because their combined stimulation will hyper-activate the ERK
signalling pathway and will arrest the cell cycle [3, 5].

2.3.2 Clinical Impacts of BRAF Mutation
Cancers arising through mutations in the RAS-RAF-MEK-ERK pathway are noted in
approximately 30% of all cancers, and around 8% are due to BRAF mutation [3, 5]. The
highest frequency of BRAF mutations occurs in melanoma (40-70%). This mutation is also
commonly found in thyroid cancer (36-53%), colorectal cancer (5-22%) and ovarian serous

15

cancer (~30%). BRAF mutation is also detected in others cancers such as gliomas, non-small
cell lung carcinoma, hepatobiliary carcinoma and hairy cell leukaemia [3-5, 14, 53, 70]. In
addition, BRAF mutation has been related clinically to the histological subtypes and
prognosis of patients in several cancers [70-72].
Most BRAF mutations are found in exon 11 or 15 of the gene, which contains its
catalytic kinase domain [22, 53].

So far, more than 65 BRAF mutations have been

discovered [4, 5, 18]. Among all the BRAF mutations, V600E mutation is the most frequent
type, making up more than 90% of observed BRAF mutations. This mutation is a missense
mutation in exon 15, occurring due to the substitution of the amino acid valine to glutamic
acid at position 600 [5].

2.3.3 BRAF Wild-Type and Activation of MEK-ERK Pathway
The RAS-RAF-MEK-ERK pathway is an important cellular functional pathway that
works in response to extracellular stimuli including hormones, cytokines and various growth
factors [1, 3, 4]. Extracellular stimuli activate RAS (small G-protein) kinases through their
respective receptor on the cell membrane (Fig. 3). Activated RAS then recruits the BRAF
protein from cytoplasm to the cell membrane. With the help of adaptor proteins, RAS
phosphorylates two important residues in BRAF (residues T599 and S602) that are located in
the activation segment of the BRAF kinase domain [3, 59]. After being phosphorylated,
BRAF activates its downstream effectors MEK1 and MEK2 which afterwards phosphorylate
ERK1 and ERK2. Activated ERK1/2 then forwards the signals to its downstream effectors
(both cytosolic and nuclear effectors) for cellular proliferation, differentiation, growth and
survival [4]. Experiments have shown that among the MEK kinase family, BRAF only
interacts with MEK1 and MEK2. The reason behind this is that MEK1/2 contain a prolinerich segment in their carboxy-terminal which is essential for the interaction of BRAF with
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MEK. This proline-rich segment is absent among other MEK kinase family members and
therefore these are unable to interact with BRAF [1, 4, 73].

Figure 3: Activation of the ERK signalling pathway through wild-type BRAF and V600E Mutated BRAF. In
cells where BRAF is wild-type, proliferation and survival signals transfer through a cascade which starts from
RTKs. This proliferation and survival signal then passes through RAS, BRAF, MEK, ERK and finally activates
different downstream effector transcription factors responsible for proliferation and survival. However, when
BRAF is mutated (especially V600E mutated), the proliferation and survival signal is truncated as V600E
mutated BRAF itself is able to send spontaneous proliferation and survival signals without any help from the
upstream signalling molecule RAS. As a result, BRAF V600E mutated cells show uncontrolled proliferation
and survival. The pathway rendered unnecessary by BRAF mutation is shown with dotted arrows, mutated
BRAF activated pathway is indicated with solid arrows and mutated BRAF protein is indicated with a solid star
[61].

2.3.4 BRAF Mutation and Activation of MEK-ERK Pathway
The kinase domain of BRAF adopts a bi-lobal structure which is separated by a
catalytic cleft. These lobes are named as the small lobe and large lobe. The presence of
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aspartic acid in the N-region of BRAF stabilizes its small lobe [3, 4, 74]. However, the
conserved aspartate, phenylalanine and glycine (DFG) motif of BRAF is in a flipped
orientation in its inactive conformation (DFG-out). As a result, the glycine rich loop and
activation segment of BRAF kinase domain are positioned close to each other which results
in a hydrophobic interaction between these two regions.

This phenomenon makes the

catalytic cleft inaccessible [23]. If, however, the hydrophobic interaction between the glycine
rich loop and activation segment is disrupted due to phosphorylation in the activation
segment, the DFG motif again flips to its active orientation (DFG-in) which makes the
catalytic cleft accessible [4, 23].
Most of the mutations in BRAF occur in the glycine rich loop and activation segment.
More specifically, these mutations occur in the regions which are involved in the
hydrophobic interaction between the glycine rich loop and activation segment, as well as in
the residues which contribute to the stabilization of the hydrophobic interaction between
these two regions [3, 4, 23]. The consequence of mutations in these regions is destabilization
of the hydrophobic interaction, locking of the protein in its active conformation and increases
to the kinase activity of BRAF [3].
The V600E mutation in BRAF occurs near the DFG motif in the activation segment
where valine is substituted with glutamic acid. Valine has a hydrophobic medium sized side
chain whereas glutamic acid is a negatively charged large side chain [4, 23]. This mutation
destabilizes the hydrophobic interaction between the glycine rich loop and activation segment
which results in the characteristic change of the DFG motif to its active orientation and a 500
fold increase in its kinase activity [4, 23]. This phenomenon makes BRAF alone sufficient to
send signals for cellular proliferation and survival to the cell. Therefore, BRAF itself can
stimulate the MEK-ERK signalling pathway without any input from upstream effectors or
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external stimuli (Fig. 3). This mutation’s constitutive activation of the MEK-ERK signalling
pathway results uncontrolled cellular proliferation and survival activities [3, 4, 23].
In BRAF, there are a few mutations known (such as mutations in residues E586,
D587, R682, A728, K439 and T440) that do not contribute to the destabilization of
hydrophobic interaction between the glycine rich loop and activation segment [3, 56]. These
mutations can, however, disrupt the inactive conformation of BRAF by alternative
mechanisms like disruption of intra-molecular interactions or affecting negative regulation of
BRAF by other pathways and subsequently result in activation of the MEK-ERK signalling
pathway [3].
Some BRAF mutations (including G466E, G466V and G596R) impair the kinase
activity of BRAF and as a result, BRAF cannot activate MEK directly [23, 25]. However,
BRAF is still able to keep activating MEK-ERK signalling in such cases. This is achieved by
BRAF associating with wild-type CRAF to form heterodimers. The dimerization process is
mediated by 14-3-3 regulatory proteins as this protein is able to bind both mutated BRAF
protein and the CRAF protein. CRAF is then activated through transphosphorylation where
mutant BRAF activates the kinase domain of CRAF [23, 29]. In this situation, activation of
CRAF does not require its N-region to be phosphorylated.

BRAF phosphorylates the

activation segment of CRAF directly or indirectly with the help of other kinase molecules
where binding of BRAF to CRAF performs similar functions as phosphorylation of N-region
residues in CRAF [7, 23, 29]. Here, CRAF activation happens in the cytosol which occurs in
a RAS independent manner. Afterwards, activated CRAF phosphorylates the MEK kinase
and MEK kinase then activates the ERK kinase [7, 23, 29]. This phenomenon indicates that,
irrespective of the effect on kinase activity, the main result of most BRAF mutations is to
increase activation of MEK-ERK signalling [3].
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2.3.5 BRAF Mutation and Activation of NF-κB Signalling Pathway
BRAF V600E mutation not only keeps activating the MEK-ERK signalling pathway,
it also activates the NF-κB signalling pathway and Bcl-2 (Fig. 4). The activation of NF-κB
signalling pathway and Bcl-2 resulted in the inhibition of apoptosis which is a crucial step for
carcinogenesis [3, 6, 7, 22, 24, 26-28]. BRAF activates Bcl-2 and NF-κB by first binding
with CRAF. As outlined above, both wild-type and mutated BRAF can bind with CRAF.
The binding of wild-type BRAF to CRAF occurs in a RAS-dependent manner whereas
binding of mutant BRAF to CRAF is a RAS-independent mechanism [7, 23, 29]. It is worth
noting that such binding is unidirectional and that CRAF cannot activate BRAF. After
binding with CRAF, BRAF activates CRAF through the trans-phosphorylation mechanism
mentioned previously. Phosphorylated CRAF then activates both Bcl-2 and NF-κB which
ultimately inhibit apoptosis [6, 7, 23, 29-32].
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Figure 4: Activation of the NF-κB signalling pathway through V600E Mutated BRAF. In the cell, V600E
mutated BRAF forms a dimer with CRAF and activates CRAF through transphosphorylation. Phosphorylated
CRAF is then able to activate MEK, Bcl-2 as well as NF-κB. Activation of Bcl-2 and NF-κB trigger antiapoptotic activities in addition to MEK activated proliferation. Moreover, activation of NF-κB also triggers
proliferation, angiogenesis, invasion and metastasis. Pathway rendered unnecessary by BRAF mutation is
shown with dotted arrows, mutated BRAF activated pathways are indicated with solid arrows and mutated
BRAF protein is indicated with a solid star [61].

An activated NF-κB signalling pathway induces the expression of anti-apoptotic
proteins like TRAF1, TRAF2, c-IAP1, c-IAP2, c-FLIP, ML-IAP, survivin as well as bcl-2like proteins which play a dominant role in the inhibition of apoptosis [75-83]. Activation of
the NF-κB signalling pathway not only inhibits apoptosis, but the activation also induces
proliferation, angiogenesis, invasion and metastasis by regulating the expression of important
cellular proteins like cyclin D1, CDK2, VEGF, ICAM-1, VCAM-1, ELAM-1 and MMPs
[81-95]. These proteins are necessary for proliferation, angiogenesis, invasion and metastasis.
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In addition, Bcl-2, survivin, cyclin D1 and VEGF were found to be important in the
pathogenesis of cancer and as prognostic indicators for patients with cancer [96-101].
Activated NF-κB is also involved in the process of inflammation by regulating the
expression and functions of different important pro-inflammatory cytokines and chemokines
the disruption of which ultimately leads to the development of cancer [83, 95, 102-104]. In
addition, overexpression of the P-glycoprotein encoded by the multidrug resistance 1
(MDR1) gene plays a dominant role in the development of resistance to conventional
chemotherapy in cancer. It has been found that expression of MDR1 gene is controlled by
the NF-κB signalling pathway, making BRAF signalling an important part of resistance to
therapy as well as carcinogenesis [81, 105-110].

2.3.6 BRAF Mutation in Melanoma
Melanoma is a malignant tumour formed from melanocytes, which are pigment cells
usually seen in epidermis, meninges, inner ear and eyes [4, 5, 14]. In melanoma, BRAF
V600E mutation is often found along with p53 inactivating mutations [111]. This p53
deficiency helps melanoma nevi in overcoming the senescent state as well as becoming
invasive [112, 113]. It has been discovered that BRAF mutations are very rare in both
chronic sun-induced damage melanomas as well as melanomas which occur in low sun
exposure areas. This phenomenon indicates that BRAF mutations are more related to nonchronic sun-induced damage melanomas which happen as a consequence of acute and high
intensity ultraviolet exposure [4, 7, 114]. Although BRAF mutation is related to ultraviolet
exposure, the relationship between them is not direct. Melanin production in the presence of
ultraviolet exposure causes accumulation of highly toxic oxidising agents which is markedly
increased in case of acute and highly intensive ultraviolet exposure. This accumulation of
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highly toxic oxidising agents cause increased DNA damage in melanocytes which contributes
to occurrence of BRAF mutation [7, 115, 116].
BRAF mutations are also related to variation in melanocortin-1 receptor (MC1R) and
are more common in younger melanoma patients [4, 114, 117, 118]. Melanocortin-1 receptor
is a G-protein coupled receptor which is found on melanocytes and is highly polymorphic in
humans. Wild-type MC1R is the fully active variant, but partially (r) or completely (R)
impaired variants are also present on melanocytes. It has been found that MC1R (r or R)
variants are responsible for several distinct phenotypes in humans (like red hair, fair skin as
well as freckling) and people bearing these alleles are more susceptible to ultraviolet
radiation [4, 118-123]. Indeed, BRAF mutations are most frequent in MC1R (r or R) variant
cells, whereas they are less common in wild-type MC1R melanoma [7, 118]. In the presence
of ultraviolet radiation, alpha-melanocyte stimulating hormone (α-MSH) up-regulates c-AMP
production in conjugation with MC1R. This event creates signalling for proliferation as well
as melanogenesis which cascades through BRAF to ERK. This α-MSH signalling also helps
in the reduction of ultraviolet -induced free radical formation as well as apoptosis [4, 124,
125]. Generally, wild type MC1R sends signals for eumelanin production over pheomelanin
in presence of ultraviolet radiation. MC1R (r or R) variants are incapable of producing this
signal due to partial or complete damage of their signalling ability, which results in
pheomelanin accumulation.

This pheomelanin accumulation is carcinogenic as it up-

regulates free radical formation in presence of UVR, which contributes to extensive DNA
damage as well as BRAF mutation [4].
Protein Kinase A (PKA) inhibits CRAF in the presence of high cAMP levels in
melacocytes. As a result, CRAF cannot signal to MEK. In this situation, only BRAF is able
to transmit signals from RAS to MEK [126]. The situation is almost the same in BRAF
mutated melanomas where signals are transmitted directly from mutated BRAF to MEK and
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CRAF is inhibited by PKA, as it is still responsive to alpha-melanocyte stimulating hormone
(α-MSH). On the other hand, in RAS mutated melanoma, mutated RAS uses only CRAF to
transmit signal to MEK and this type of melanoma does not respond to α-MSH and
subsequent inhibition of CRAF by PKA [7, 126]. Although RAS activates BRAF more
efficiently than CRAF, mutated RAS switches to CRAF in RAS mutated melanoma for signal
transmission and mutations in both BRAF and RAS are rarely seen in the same cells. The
reason behind this is that if BRAF is used to transmit signal from mutated RAS to MEK its
higher efficiency of transmission could hyper-activate the pathway, which will result cycle
arrest and senescence [7, 127, 128].
For proliferation and survival, melanocytes depend on integrin mediated cell adhesion
to the extracellular matrix (ECM) [129]. Integrin regulates growth factor mediated activation
of extracellular signal-regulated kinase 1 and 2 (ERK1/2) which triggers the upregulation of
cyclin D1 as well as the downregulation of the cyclin dependent kinase inhibitor (cdk)
p27kip1. As a result, cell cycle progression through G1/S phase occurs. Experiments have
shown that in case of failure of cellular adhesion to ECM, growth factor mediated activation
of ERK1/2 is impaired [4, 129-131]. However, BRAF V600E mutated melanoma cells do
not depend on integrin mediated cell adhesion to the ECM for proliferation and survival.
Rather, they bypass integrin and growth factor mediated activation of ERK1/2. They continue
their proliferation in a way which is independent of adhesion to the ECM [130]. In addition,
the constitutive activity of V600E mutated BRAF in melanoma results in spontaneous ERK
signalling which does not depend on upstream stimulation either from the ECM or growth
factors [4, 130, 132].
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2.3.7 BRAF Mutation in Thyroid Carcinoma
In the category of endocrine malignancy, thyroid cancer is the most frequent type of
cancer which is very common in women. Among all thyroid cancers, the most frequent type
of cancer is papillary thyroid carcinoma whose prevalence is almost 90% of thyroid cancers
[4, 133]. BRAF mutation was first discovered in thyroid cancer in 2003 [134, 135]. BRAF
mutation is uniquely seen in papillary thyroid carcinoma and papillary thyroid caracinomaderived undifferentiated thyroid carcinoma.

Prevalence of BRAF mutation in papillary

thyroid carcinoma is 44% and in papillary thyroid carcinoma-derived undifferentiated thyroid
carcinoma is 24% [136]. However, BRAF mutation has not been reported in follicular
thyroid carcinoma, medullary thyroid carcinoma, thyroid adenoma or nodular hyperplasia
[133, 136].

In addition, BRAF mutation is found to be mutually exclusive with RAS

mutation, RET/PTC rearrangement as well as other common genetic alterations in thyroid
carcinoma [136].
BRAF mutation is most frequent in older age patients, conventional papillary thyroid
carcinoma, carcinomas with extrathyroidal invasion as well as advanced stage carcinomas [4,
71, 137-139]. In addition, this mutation is associated with promotion of invasiveness in
thyroid cancer [94]. It is also associated with poorer clinicopathological outcome in papillary
thyroid carcinoma [136]. Mutation in BRAF is also found to be associated with for clinical
progression, recurrence and treatment failure in thyroid cancer patients. Again, this mutation
is also correlated with more aggressive and iodine-resistant phenotype in thyroid cancer.
Therefore, BRAF mutation represents a prognostic marker of progression and aggressiveness
of papillary thyroid carcinoma [140-143].
It has been reported in thyroid cancer that V600E mutant BRAF is responsible for the
suppression of several key genes like NIS, AIT-B, Tg and TPO which are involved in iodine
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metabolism [144-146]. In an experiment, promoter methylation was found to be responsible
for suppression of these iodine metabolizing genes in BRAF mutated papillary thyroid
carcinoma.

However, activities of these suppressed iodine metabolizing genes can be

recovered through inhibition of MEK kinase, as the RAS-RAF-MEK-ERK pathway controls
the activity of DNA methyltransferase [4, 144, 145, 147]. In addition, it has been found that
BRAF mutation is also associated with the silencing of the tumour suppressor gene SLC5A8
in classical papillary thyroid carcinoma (PTC) [148].

2.3.8 BRAF Mutation in Colorectal Carcinoma
Colorectal carcinoma is one of the most highly prevalent cancer types in the world
and commonly develops in line with the Kinzler-Vogelstein model. According to this model,
step by step accumulation of mutations in the p53 gene and associated pathways as well as
members of the β-catenin signalling pathway are responsible for the occurrence of
adenocarcinoma [4, 149-151]. Beside this most common route, another pathway to colorectal
carcinoma development is the association of RAS-RAF-MEK-ERK pathway mutations and
microsatellite instability (MSI) with the development of adenocarcinoma. In this type of
colorectal carcinoma, frequent mutations are found in both BRAF and K-RAS proteins [152,
153]. However, mutations in the BRAF and K-RAS proteins have usually been found to be
mutually exclusive in colorectal cancer, as in other cancers [151, 153]. BRAF mutation is
more associated with mismatch repair deficient tumour in colorectal cancer [152, 154, 155].
It has been found that BRAF mutation is 3-fold more frequent in mismatch repair deficient
tumours when compared to mismatch repair proficient tumours in colorectal cancer [4, 152].
It has also been shown that there is a strong relationship between BRAF mutation and
CpG island methylation phenotype (CIMP) in colorectal cancer [153, 156]. In addition, the
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CIMP is related to high microsatellite instability (MSI-H) and shows methylation of the
mismatch repair gene MLH1. MLH1 contains a large CpG island in its promoter region and
is involved in both mismatch repair as well as DNA damage signalling. When methylation
occurs near the transcriptional start site in the small proximal region (region C) of the MLH1
gene, it results in the reduction of that gene’s expression [4, 157]. It has also been found that
BRAF mutations are prevalent in precursor lesions which denote that BRAF mutations are a
preliminary step in the pathway to these types of colorectal carcinomas [4, 158-160].
Mutant BRAF and CIMP tumours often show serrated morphology which is believed
to be a consequence of inhibition of apoptosis [161]. It has been shown that if BRAF is over
expressed, it can stop apoptosis through a post-mitochondrial regulation of apoptosis [162].
It has been also seen that mutant BRAF is a potent inhibitor of apoptosis [163]. Mutant
BRAF is believed to create a microenvironment which is resistant to apoptosis and
susceptible to promoter hypermethylation. These phenomena lead to extensive DNA damage
as well as high MSI-H which is responsible for the CIMP of colorectal carcinoma, explaining
the close correlation between this phenotype and BRAF mutation [4, 164]. In addition, BRAF
V600E mutation is also found to be associated with the development and maintenance of
transformed and invasive phenotypes in colon epithelial cells [164].
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2.4.1 BRAF Kinase Structure
The BRAF kinase domain adopts a bilobal structure (named as small lobe and large
lobe) which is separated by a catalytic cleft (Fig. 5). The detailed structure of BRAF kinase is
described in the earlier section 2.3.4.

Figure 5: Structure of BRAF kinase domain. Different regions of BRAF kinase domain are indicated with
different color: small lobe (light pink), large lobe (light blue), glycine rich loop (pale green), catalytic loop
(magenta), DFG motif (red) and activation segment (blue). The image is prepared with PyMOL by using X-ray
crystal structure (PDB ID: 4MBJ) from protein data bank [165].
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Most BRAF mutations happen in the glycine rich loop and activation segment [3, 4,
23, 166]. To date, more than 65 BRAF mutations have been discovered. Of these, the
V600E mutation is the most frequent (comprising more than 90%) among all BRAF
mutations. In addition, because of this mutation, BRAF becomes self-sufficient in sending
signalling for cellular proliferation and survival without receiving any upstream or external
stimuli, which results in uncontrolled cellular proliferation and survival activities [3, 4, 23].

2.4.2 BRAF Kinase Inhibitors
Kinases play a very important role in all kinds of cellular physiology. 518 kinases are
found to be encoded in human genome. Dysfunctions as well as deregulations of kinase
activities are found to be responsible for causing a number of diseases in humans, including
cancers [167, 168]. Therefore, kinases are very important targets for drug development. In
fact, more than a quarter of all pharmaceutical drugs are designed to target protein kinases.
At present, protein kinases are the second most important group of drug targets after Gprotein coupled receptors [169, 170].

30

Figure 6:

Structure of BRAF V600E kinase domain in complex with BRAF inhibitor PLX4032

(VemuraFenib). Different regions of the BRAF kinase domain are indicated with different colors: small lobe
(light pink), large lobe (light blue), glycine rich loop (pale green), catalytic loop (magenta) and DFG motif (red).
A. Binding pattern of PLX4032 with kinase domain of V600E mutant BRAF. B. Close view of V600E mutant
BRAF and PLX4032 complex. The images were prepared with PyMOL by using X-ray crystal structure (PDB
ID: 3OG7) from protein data bank [165].

All the BRAF kinase inhibitors so far developed are small molecules and are divided
into two types: Type-I and Type-II inhibitors [36]. Type-I BRAF inhibitor binds with the
protein kinase in its active (DFG-in) conformation (Fig. 6). They interact with the hinge
region of BRAF by forming ~1-3 hydrogen bonds with the kinase hinge residues. They also
interact with the ATP binding site of the protein kinase by forming hydrophobic bonds in and
around of adenine regions where the adenine ring of ATP usually binds [36, 170-172]. On
the other hand, type-II BRAF inhibitors bind to the protein kinase in its inactive (DFG-out)
conformation (Fig. 7). They form hydrogen bonds with the residues in αC-helix and DFG
motif in the allosteric site [36, 170, 172].

Type-II BRAF inhibitors create links with
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allosteric sites via van der Waals interactions (a non-polar force occurring between any two
molecules, regardless of their charge).

The allosteric site is made by the DFG-out

conformation of BRAF and is adjacent to the ATP binding pocket. Type-II inhibitors can
also form hydrogen bonds with the kinase hinge residues by extending them into the adenine
region of the ATP binding pocket [36, 170, 172-175]. A summary of BRAF inhibitors is
shown in Table 1.

Figure 7: Structure of BRAF V600E kinase domain in complex with BRAF inhibitor BAY 43-9006
(SoRAFenib). Different regions of the BRAF kinase domain are indicated with different colors: small lobe
(light pink), large lobe (light blue), glycine rich loop (pale green), catalytic loop (magenta), DFG motif (red) and
activation segment (blue). A. Binding pattern of BAY 43-9006 with the kinase domain of V600E mutant
BRAF. B. Close view of V600E mutant BRAF and BAY 43-9006 complex. The images were prepared with
PyMOL by using X-ray crystal

structure

(PDB ID: 1UWJ)
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from protein data

bank

[165].

BRAFV600E, BRAFWT, CRAF

III

Dabrafenib

I

BRAFV600E, BRAFWT, CRAF

III

LGX818

I

BRAFV600E

I

PLX4720
SB-590885
GDC-0879
Sorafenib

I
I
I
II

PrePrePreIII

Regorafenib

II

XL281

II

BRAFV600E, BRAFWT, CRAF
BRAFV600E, BRAFWT, CRAF
BRAFV600E, BRAFWT, CRAF
BRAFV600E, BRAFWT, CRAF,
RET, c-KIT, Flt-3, VEGFR1,
VEGFR2, FGFR1, p38
BRAFV600E, BRAFWT, CRAF,
RET, c-KIT, TIE2,VEGFR1,
VEGFR2, VEGFR3, FGFR1,
PDGFRβ,
BRAFV600E, BRAFWT, CRAF

RAF265

II

BRAFV600E, BRAFWT, CRAF,
c-KIT, VEGFR2, PDGFR-β

II

ARQ736

Unknown

BRAF

V600E

, BRAF

WT

, CRAF

III

I/II

I

Metastatic
Melanoma
Metastatic
Melanoma
Metastatic
Melanoma

Advanced
Hepatocellular
Carcinoma
Metastatic
Colorectal
Cancer

675
250

960
(b.i.d.)
150
(b.i.d.)

0.91

47

3

6.9
42

Median
Overall
Survival
(Months)
13.2

5.1

Approved By

47.49

Median
Progression
Free Survival
(Months)

Complete

I

Response Rate
(%)
Partial

Vemurafenib

Cancer Type
Dose
(mg/kg)

Drug Target

Number of
Patients

Type

Clinical Trial
Phase

Drug

Stable Disease
(%)

Table 1: Summary of BRAF Inhibitors [165]
References

FDAa

[33, 176]

FDAa

[177]
[178]

602

400
(b.i.d.)

2

0

760

160

1

0

Metastatic
Colorectal
Cancer
Metastatic
Melanoma

71

5.5b

10.7

FDAc

[35]
[179]
[180]
[181]

1.9

6.4

FDAd

[182]

150

[183]

48

(NCT01086267)e
[184]
(NCT00304525)e
[185]

Advanced
Solid Tumor

(NCT01225536)e
WT: Wild Type; FDA: Food and Drug Administration, USA; b.i.d.: Twice Daily.
a. Approved by FDA for the treatment of patients with metastatic melanoma bearing BRAFV600E mutation.
b. Median time to radiologic progression.
c. Approved by FDA for the treatment of patients with unresectable hepatocellular carcinoma and advanced renal cell carcinoma.
d. Approved by FDA for the treatment of patients with metastatic colorectal cancer and unresectable metastatic GI stromal tumors.
e. ClinicalTrials.gov registration identification number.
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2.4.3 Type-I BRAF Inhibitors
2.4.3.1 Vemurafenib (PLX4032/RG7204/RO5185426)
2.4.3.1.1 Preclinical Study
Vemurafenib is found to be a potent inhibitor of BRAF V600E and other BRAF
(V600D, V600K, and V600R) mutants, but not wild-type BRAF in melanoma cell lines
although it was found to inhibit wild-type BRAF in other cell lines at higher
concentration. It also showed potent activity in xenograft models of BRAF V600E
mutated melanoma [36, 186]. In addition, robust inhibitory activity of vemurafenib was
also found against BRAF mutated melanoma cell lines in another study [187].
Vemurafenib inhibits V600E mutant BRAF (IC50 = 31 nM), CRAF (IC50 = 48 nM),
wild-type BRAF (IC50 = 100 nM) as well as over 200 other kinases at higher
concentrations [34].

2.4.3.1.2 Clinical Trials
The Phase-I clinical (BRIM1) trial of vemurafenib was divided into two phases:
a dose escalation phase and an extension phase. In the dose escalation phase, a total of
55 patients (including 49 melanoma patients) participated, whereas 32 metastatic
melanoma patients were enrolled in the extension phase study [8, 34, 188, 189]. 960
mg/kg twice daily was found to be the tolerable dose of vemurafenib for humans in the
dose escalation phase, where partial or complete regression of melanoma bearing BRAF
V600E mutation was observed in most of the patients. In the extension phase, the
response rate was 81% (26 patients out of 32 patients) where 2 patients showed
complete response and 24 patients showed partial response to the therapy. The median
progression free survival was more than 7 months in that trial.
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In the Phase-II clinical (BRIM2) trial of vemurafenib, a total of 132 BRAF
V600E mutated melanoma patients who had previously received treatment participated
[8, 190-192]. In this trial, the response rate was 53% (70 patients out of 132 patients)
where 8 (6%) patients showed complete response and 62 (47%) patients showed partial
response to the therapy. In addition, 38 (29%) patients had stable disease. The median
survival and median progression free survival were 15.9 and 6.7 months respectively in
that trial.
The Phase-III clinical (BRIM3) trial of vemurafenib was performed on 675
BRAF V600E mutated metastatic melanoma patients who did not receive any previous
treatment. In that trial, the median overall survival was 13.2 months in vemurafenib
group, compared to 9.9 months in the dacarbazine group (a positive control group) [33,
176].

In addition, 48.4% patients showed significant response (2 patients showed

complete response and 104 patients showed partial response) in the vemurafenib group,
whereas only 5.5% response was seen in the dacarbazine group.

The median

progression free survival was 6.9 months in the vemurafenib group, whereas it was only
1.6 months in the dacarbazine group [33, 176, 192]. The drug was approved for the
treatment of metastatic melanoma bearing BRAF V600E mutation by the U.S. Food and
Drug Administration (FDA) in 2011 [8, 36].

2.4.3.1.3 Toxicities
2.4.3.1.3.1 General Symptoms
General adverse symptoms associated with vemurafenib treatment were
alopecia, nausea, fatigue, lymphopenia, neutropenia, headache and diarrhoea [33, 188,
190, 192-194].
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2.4.3.1.3.2 Skin Toxicities
Common skin toxicities associated with vemurafenib treatment were squamous
cell carcinoma, basal cell carcinoma, keratoacanthoma, rash, photosensitivity, actinic
keratosis, verrucal keratosis, Grover’s disease, plantar hyperkeratosis, warts, milia,
pruritus, skin papilloma and arthralgia [33, 188, 190, 192-194].

2.4.3.2 Dabrafenib (GSK2118436)
2.4.3.2.1 Preclinical Study
Dabrafenib is able to inhibit V600E mutated BRAF very efficiently where the
half maximal inhibitory concentration (IC50) is 0.8 nM [195, 196]. It also inhibits wildtype BRAF (IC50 = 3.2 nM), CRAF (IC50 = 5 nM) and a few other kinases at higher
concentrations. Dabrafenib has shown efficacy in growth inhibition both in BRAF
V600E mutated cell lines as well as xenograft models of melanoma and colorectal
cancers [195, 196]. In addition, it is also effective to inhibit proliferative activities in
other BRAF (V600D and V600R) mutated melanoma cell lines [197].

2.4.3.2.2 Clinical Trials
In the dose escalation phase of Phase-I clinical trial of dabrafenib (BREAK-2), a
total of 184 patients participated where 156 patients had with metastatic melanoma and
the remaining patients had non-metastatic disease [198]. In this trial, BRAF V600E
mutated as well as other BRAFV600 mutated (such as V600K, V600D) metastatic
melanoma patients were included. Some patients had also previously been treated with
other drugs. The maximum tolerable dose for dabrafenib determined in the study was
150 mg twice daily. 25 patients (69%) out of 36 BRAF V600 mutated melanoma
patients showed partial or complete response and 18 patients (50%) showed confirmed
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response in that study. In addition, 21 patients (78%) out of 27 BRAF V600E mutated
melanoma patients showed partial or complete response and 15 patients (56%) showed
confirmed response. Among the 36 melanoma patients without cerebral metastases, the
median duration of response was 6.2 months. The median progression free survival for
BRAF V600E and BRAF V600K mutated melanoma patients were 5.5 and 5.6 months
respectively in that trial. In the previously untreated 26 brain metastatic melanoma
patients, the progression free survival was 4.2 months [8, 198, 199].
In the Phase-II clinical trial of Dabrafenib (BREAK-2), a total of 92 melanoma
patients participated where 76 patients had BRAF V600E mutation and 16 patients had
BRAF V600K mutation [199, 200]. The patients were treated with a dose of 150 mg
Dabrafenib twice daily. In that study, 7% showed complete response and 53% showed
partial response among the BRAF V600E mutated patients. In addition, 13% patients
with BRAF V600K mutation showed partial response. The median progression free
survivals were 6.75 months in the BRAF V600E mutated patients and 5 months in the
BRAF V600K mutated patients in that trial.

A further Phase-II clinical trial of

dabrafenib (BREAK-MB) was conducted on patients with BRAF V600E/V600K
mutated melanoma (metastatic to the brain) where a total of 172 patients participated
[201]. Of these patients, 39.2% of treatment naïve patients with V600E mutations
showed intra-cranial response while 30.8% of previously treated patients showed intracranial response. In the case of V600K mutated patients, the responses were 6.7 % and
22.2% respectively in that trial.
In the Phase-III clinical trial of dabrafenib, a total of 250 patients with BRAF
V600E mutated metastatic melanoma were enrolled where 187 patients received 150
mg dabrafenib twice daily and 63 patients received dacarbazine treatment (a positive
control group) [177]. In that trial, 6 patients (3%) in the dabrafenib group and one

37

patient (2%) in the dacarbazine group showed complete response, whereas 87 patients
(47%) in dabrafenib group and 3 patients (5%) in dacarbazine group showed partial
response. In addition, 78 patients (42%) in the dabrafenib group and 30 patients (48%)
in the dacarbazine group had stable disease. The median progression free survival was
5.1 months in dabrafenib group and 2.7 months in dacarbazine group in that trial. Later,
the U. S. Food and Drug Administration (FDA) approved dabrafenib for the treatment
of patients with BRAF V600E mutated unresectable or metastatic melanoma on May
29, 2013 [202].

2.4.3.2.3 Toxicities
2.4.3.2.3.1 General Symptoms
Common side effects associated with dabrafenib treatment were pyrexia, fatigue,
headache, neutropenia, thrombocytopenia, leukopenia, asthenia, hyponatraemia,
arthralgia, nausea, chills, myalgia, vomiting, diarrhoea and hair loss [36, 177, 193, 194,
198-201, 203].

2.4.3.2.3.2 Skin Toxicities
Skin toxicities associated with dabrafenib treatment were cutaneous squamouscell carcinoma, basal cell carcinoma, rash, skin papillomas, keratoacanthoma, plantar
hyperkeratosis, actinic keratosis, verrucal keratosis, seborrhoeic keratosis, verruca
vulgaris and Grover’s disease [36, 177, 193, 194, 198-201, 203].
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2.4.3.3 LGX818
2.4.3.3.1 Preclinical Study
LGX818 is a highly potent and selective inhibitor of V600E mutated BRAF. It
only inhibits the proliferative activities of cell lines that express V600E mutated BRAF,
but does not inhibit proliferative activities of cell lines that express wild-type BRAF,
and has been tested on more than 400 cell lines expressing wild-type BRAF [178]. In
an experiment, LGX818 inhibited the proliferative activity of BRAF V600E mutated
melanoma cell line (A375) with an EC50 of 4 nM. It was shown to induce tumor
regression in multiple BRAF mutated xenograft models on mice as well as rats at doses
as low as 1 mg/kg, but it did not induce tumor regression in wildtype BRAF tumor
xenograft models even at doses up to 300 mg/kg twice daily [178]. It is also effective
on metastatic melanoma as well as melanoma with brain metastasis. LGX818 has not
shown any significant activities against other kinases even in higher concentrations
(IC50 > 900nM), tested against a panel of 100 different kinases [178].

2.4.3.3.2 Clinical Trials
LGX818 is currently in Phase-I and Phase-II clinical trials on patients with
advanced or metastatic BRAF mutated melanoma, Non-Small Cell Lung Cancer and
other tumors, currently registered (ID: NCT01436656, NCT01894672, NCT02109653,
NCT01981187) with ClinicalTrials.gov. In combination with other drugs, it is also in
Phase-I, Phase-II and Phase-III clinical trials on BRAF mutant metastatic melanoma
and colorectal cancers registered (ID: NCT01777776, NCT01719380, NCT02263898,
NCT02278133, NCT01909453) with ClinicalTrials.gov. Clinical trial reports are not
available at the time of writing this thesis.
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2.4.3.4 PLX4720
2.4.3.4.1 Preclinical Study
PLX4720 is highly selective for BRAF and at lower concentrations, it only
inhibits V600E mutated BRAF, not the wild-type BRAF. The half maximal inhibitory
concentration (IC50) of PLX4720 for V600E mutated BRAF protein is 13 nM.
PLX4720 is also able to inhibit CRAF (IC50 = 6.7 nM), wild-type BRAF (IC50 = 160
nM) and other kinases at higher concentrations [35]. It inhibits ERK phosphorylation
only in cell lines that express V600E mutated BRAF, but not in cell lines that express
wild-type BRAF. The drug also potentially induces cell cycle arrest and apoptosis in
BRAF V600E mutated cell lines, but not in BRAF wild-type cell lines. Moreover,
treated animals showed delays in tumour growth as well as tumour regression in a
xenograft model of BRAF V600E mutated tumour without showing any adverse effects
[35, 36]. PLX4720 was also found to inhibit proliferation, migration and invasion of
BRAF V600E mutated anaplastic thyroid cancer (ATC) cell lines as well as in an
orthotopic mouse model of anaplastic thyroid cancer harbouring BRAF V600E
mutation through downregulation of genes (like CCDN1, TSP-1 and ITGA6) involved
in proliferation, migration and invasion [204].

2.4.3.5 SB-590885
2.4.3.5.1 Preclinical Study
SB-590885 is a potent and extremely selective BRAF inhibitor which is able to
inhibit ERK phosphorylation as well as proliferation of tumour cells that express V600E
mutated BRAF [179]. It is highly selective to BRAF and CRAF which were tested
against a panel of 48 different kinases. It inhibits BRAF through stabilizing the kinase
domain of BRAF to the inactive conformation. It showed selectivity against BRAF
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with an inhibitory constant (Ki app) of 0.16 nM [36, 179]. In an experiment, SD-590885
inhibited V600E mutated BRAF in cell lines where half maximal effective
concentration (EC50) was 0.028-0.28 µM as well as wild-type BRAF where EC50 was
1.1-6.1 µM. At higher concentrations, it also inhibited the growth of K-RAS or N-RAS
mutated cell lines (EC50 = 1.1 to1.5 µM). The drug was also able to inhibit CRAF
where its Ki

app

was 1.72 nM. In addition, SB-590885 is able to decrease cellular

transformation and tumorigenic properties of malignant cells expressing mutant BRAF
[36, 179, 205].

2.4.3.6 GDC-0879
2.4.3.6.1 Preclinical Study
GDC-0879 is a highly selective and potent inhibitor of BRAF. It showed its
inhibitory effects against BRAF in various in-vitro and cell based assays with a half
maximal inhibitory concentration (IC50) 0.13 nM. It also showed its efficacy against
CRAF when it was tested against a panel of 140 different kinases at a concentration of
1.0 µM [180, 206]. GDC-0879 was also found to be effective against V600E mutated
BRAF which was tested in both BRAF V600E mutated melanoma, colon and other cell
lines as well as xenograft models. It also showed significant and dose dependent tumor
growth inhibition in xenograft models of A375 (BRAFV600E melanoma) and Colo205
(BRAFV600E colorectal cancer) cell lines where median effective doses (ED50) were 28
and 32 mg/kg respectively [180].
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2.4.4 Type-II BRAF Inhibitors
2.4.4.1 Sorafenib (BAY 43-9006)
2.4.4.1.1 Preclinical Study
Sorafenib is a multi-kinase inhibitor, although it was initially designed as a
CRAF inhibitor. It is able to inhibit RAF kinsaes as well as receptor tyrosine kinases
(RTKs) which are responsible for carcinogenesis [23, 207, 208]. It is able to inhibit
CRAF (IC50 = 6 nM), wild-type BRAF (IC50 = 25 nM), VEGFR1 (IC50 = 26 nM), Flt-3
(IC50 = 33 nM), V600E mutated BRAF (IC50 = 38 nM), p38 (IC50 = 38 nM), RET (IC50 =
47 nM), c-KIT (IC50 = 68 nM), VEGFR2 (IC50 = 90 nM), FGFR1 (IC50 = 580 nM) and
other kinases [208-212].

2.4.4.1.2 Clinical Trials
In the Phase-I clinical trials of Sorafenib, the maximum tolerable dose (MTD)
was found to be 400 mg twice daily. In four different Phase-I clinical trials of the drug,
a total of 173 patients participated where 2 patients (one with renal cell carcinoma and
one with hepatocellular carcinoma) out of 137 evaluable patients showed partial
response and 38 patients (28%) had stable disease [208, 213-216]. In addition, a few
other Phase-I clinical trials of Sorafenib were also conducted and still are being
conducted on different cancers.
A number of Phase-II clinical trials of Sorafenib have been conducted and are
still underway on different cancers like melanoma, thyroid cancer, renal cell cancer,
biliary tract cancer, breast cancer, prostate cancer, hepatocellular cancer, non-small cell
lung cancer and others [217-226]. One of the Phase-II clinical trials was performed in
advanced melanoma where a total of 37 patients were treated with Sorafenib with a dose
of 400 mg twice daily [217]. In the trial, 19% of patients had stable disease (SD), 62%
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patients had progressive disease (PD) and 19% patients were unevaluable. The overall
median progression free survival was 2.75 months in that trial.
Additionally, a number of Phase-III clinical trials of Sorafenib were conducted
and some are still being conducted on different cancers like hepatocellular carcinoma,
renal cell carcinoma, thyroid carcinoma and others [181, 227-230]. One of the Phase-III
clinical trials of sorafenib (SHARP trial) was performed in advanced hepatocellular
carcinoma patients where a total of 602 patients were randomised to treat with either
400 mg sorafenib twice daily (299 patients) or placebo (303 patients) [181, 231]. In that
trial, 7 patients (2%) showed partial response and 211 patients (71%) had a stable
disease in the sorafenib group whereas 2 patients (1%) showed partial response and 204
patients (67%) had a stable disease in the placebo group. Median time to symptomatic
progression was 4.1 months in sorafenib group and 4.9 months in the placebo group. In
addition, median time to radiological progression was 5.5 months in the sorafenib group
and 2.8 months in the placebo group. Also, the median overall survival was 10.7
months in sorafenib group and 7.9 months in the placebo group in that trial.
Another Phase-III clinical (DECISION) trial of sorafenib was completed on
locally advanced / metastatic patients with radioactive iodine (RAI) refractory
differentiated thyroid cancer [232]. In the trial, a total of 417 patients were included
where 207 patients were treated with 400 mg sorafenib twice daily and 210 patients
were treated with placebo [232, 233]. The median overall survival was found 10.8
months in the sorafenib group as compared to 5.8 months in the placebo group.
Sorafenib treeated patients who showed only partial response in the trial comprised 12.2
% of the treatment group, whereas it was 0.5 % in the placebo group [232, 233].
Sorafenib showed some efficacy in the treatment of patients with hepatocellular
carcinoma (HCC) and renal cell carcinoma (RCC). The efficacy of sorafenib in this case
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is hypothesised to be the inhibition of other kinases like VEGFR2, KIT and Flt-3, rather
than BRAF kinase. Finally, Sorafenib was approved for the treatment of advanced renal
cell carcinoma and unresectable hepatocellular carcinoma patients by the U.S. Food and
Drug Administration (FDA) [209, 217, 232, 234-238].

2.4.4.1.3 Toxicities
2.4.4.1.3.1 General Symptoms
The common toxicities associated with Sorafenib are treatment fatigue,
anorexia, voice change, diarrhoea, headache, joint pain, pruritus, weight loss,
hypertension, nausea, vomiting, alopecia, flushing, constipation, haemorrhage (upper
GI), neuropathy, stomatitis, hypophosphatemia, musculoskeletal pain and abdominal
pain [181, 194, 208, 217, 218, 227, 230, 231, 233, 239].

2.4.4.1.3.2 Skin Toxicities
Skin toxicities associated with Sorafenib treatment were squamous cell
carcinoma, actinic keratosis, rash/desquamation, dry skin and hand-foot skin reactions
[181, 194, 208, 217, 218, 227, 230, 231, 233, 239].

2.4.4.2 Regorafenib (BAY 73-4506)
2.4.4.2.1 Preclinical Study
Regorafenib is a multi-kinase inhibitor. It is able to inhibit both wild-type
BRAF (IC50 = 28 nM) as well as V600E mutated BRAF (IC50 = 19 nM). It is also able
to inhibit CRAF (IC50 = 2.5 nM), RET (IC50 = 1.5 nM), VEGFR2 (IC50 = 4.2 nM), cKIT (IC50 = 7 nM), VEGFR1 (IC50 = 13 nM), PDGFR-β (IC50 = 22 nM), VEGFR3 (IC50
= 46 nM), FGRF1 (IC50 = 202 nM), TIE2 (IC50 = 311 nM) and other kinases [36, 240].
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2.4.4.2.2 Clinical Trials
A number of Phase-I clinical trials of regorafenib were conducted and are still
being conducted on colorectal cancer, solid tumors, renal cancer and others. The
maximal tolerable dose was determined to be 160 mg once daily in a 21 days on and 7
days off schedule in that trial [241-243].

One of the Phase-I clinical trials of

regorafenib was performed in patients with metastatic colorectal cancer, where a total of
38 patients participated [241]. In that study, 27 patients were evaluable for response
where 1 patient (4%) showed partial response and 19 patients (70%) had a stable
disease. The median progression free survival observed in that study was 3.8 months.
A number of Phase-II clinical trials of regorafenib are also either completed or
ongoing on GI stromal tumors, renal cell carcinoma, hepatocellular carcinoma, soft
tissue sarcoma and others [244-246]. In a Phase-II trial conducted on intermediate or
advanced hepatocellular carcinoma, a total of 36 patients were treated with 160 mg
regorafenib once daily [246]. In that trial, one patient (3%) showed partial response and
25 patients (69%) had a stable disease. The median time to progression was 4.3 months
and the median overall survival was 13.8 months in that study.
Similarly, Phase-III clinical trials of regorafenib have also been conducted and
more are being undertaken on colorectal cancer, GI stromal tumors, hepatocellular
carcinoma and others [182, 247]. A Phase-III clinical trial in metastatic colorectal
cancer had a total of 760 patients, randomised to treat with either 160 mg regorafenib
daily (505 patients) or placebo (255 patients) [182]. In that trial (until July 21, 2011), 5
patients (1%) showed partial response in regorafenib group whereas one patient (0.4%)
showed partial response in the placebo group. The median overall survival was 6.4
months in regorafenib group and 5 months in placebo group. In addition, the median
progression free survival (PFS) was 1.9 months in regorafenib group and 1.7 months in
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placebo group in that study.

The US Food and Drug Administration (FDA) has

approved regorafenib for the treatment of patients with metastatic colorectal cancer and
unresectable metastatic GI stromal tumors [248, 249].

2.4.4.2.3 Toxicities
2.4.4.2.3.1 General Symptoms
The most common toxicities associated with regorafenib treatment were
hypertension, muscular pain, weight loss, thrombocytopenia, hyperuricemia, diarrhoea,
voice change, taste alteration, sensory neuropathy, nose bleed, dyspnoea, oral mucositis,
alopecia, anorexia, myalgia, hoarseness, nausea, constipation, vomiting, renal failure,
hyponatraemia, hypophosphataemia, hypothyroidism, hyperthyroidism, headache,
proteinuria, anaemia, abdominal pain, fever, dehydration, hyper-bilirubinaemia and
fatigue [182, 241, 242, 244-247, 250, 251].

2.4.4.2.3.2 Skin Toxicities
Skin toxicities associated with regorafenib treatment were hand-foot skin
reaction, rash/desquamation and dry skin [182, 241, 242, 244-247, 250, 251].

2.4.4.3 XL281 (BMS-908662)
2.4.4.3.1 Preclinical Study
XL281 is a potent and selective RAF inhibitor. It is able to inhibit wild-type
BRAF (IC50 = 5 nM), V600E mutated BRAF (IC50 = 6 nM) as well as CRAF (IC50 = 3
nM), these concentration ranges being highly similar [36, 252].
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2.4.4.3.2 Clinical Trials
In the Phase-I clinical trial of XL281, a total of 30 patients including melanoma,
papillary thyroid carcinoma (PTC), colorectal carcinoma (CRC), non-small cell lung
carcinoma (NSCLC) and other solid tumor patients participated [36, 183]. Its oral
maximum tolerated dose (MTD) was determined to be 150 mg in the dose escalation
phase of the trial. One patient with ocular melanoma showed partial response and 12
patients had stable disease (including 2 patients with PTC harbouring BRAF V600E
mutation) in that study. In addition, 9 patients showed a 5-29% decrease in target
lesions.

4 patients (including 3 melanoma patients) showed a 72% decrease in

phosphorylated-MEK and 68% decrease in phosphorylated-ERK in their biopsy
samples which were taken after treatment with XL281. Moreover, 13 patients (43%)
demonstrated clinical benefit (partial response or stable disease) in that study.
A Phase-I/II clinical trial of XL281 (BMS-908662) alone or in combination with
cetuximab in subjects with K-RAS or BRAF mutated advanced or metastatic colorectal
cancer has been completed which was registered (ID: NCT01086267) with
ClinicalTrials.gov. The result of that clinical trial is not yet available.

2.4.4.3.3 Toxicities
The common adverse effects associated with the drug treatment were fatigue,
nausea, vomiting, diarrhoea, anorexia and hypokalaemia [183].

2.4.4.4 RAF265
2.4.4.4.1 Preclinical Study
RAF265 is a multi-kinase inhibitor which is able to inhibit wild-type BRAF,
V600E mutated BRAF as well as CRAF (IC50 = 3-60 nM). The EC50 for V600E
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mutated BRAF is 0.14 µM. It is also able to inhibit VEGFR2 (IC50 = 30 nM, EC50 =
0.19 µM), c-Kit and PDGFRβ [36, 184]. In the preclinical study of RAF265 which was
done by implanting metastatic melanoma from patients to nude mice, 7 patient explants
(41%) out of 17 explants responded to RAF265 treatment by more than 50% reduction
of melanoma growth where 5 explants bore wild-type BRAF and 2 patients bore BRAF
V600E/K mutation. The responders showed reduced phosphorylated-MEK1, reduced
proliferation as well as induction of apoptosis, but response did not correlate with
phosphorylated-ERK1/2 reduction [253].

2.4.4.4.2 Clinical Trials
In the Phase-I clinical trial of RAF265 which was conducted on advanced
cutaneous melanoma patients, a total of 76 patients participated [184]. The maximum
tolerable dose determined in that trial was 48 mg daily. 10 patients (including 6 BRAF
mutant and 3 BRAF wild-type patients) showed overall response.
RAF265 is currently in a Phase-II clinical trial on patients with advanced or
metastatic melanoma which is registered (ID: NCT00304525) with ClinicalTrials.gov.
This clinical trial has been completed, but the trial report is not yet available.

2.4.4.4.3 Toxicities
Common toxicities associated with RAF265 treatment were diarrhoea, ataxia,
thrombocytopenia, hyperlipasemia, visual disturbance and pulmonary embolism [184].
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2.4.5 Unclassified BRAF inhibitor
2.4.5.1 ARQ736
2.4.5.1.1 Preclinical Study
ARQ736 is a potent ATP-competitive inhibitor of V600E mutant BRAF. It is
able to kill cancer cell lines that bear at least one allele of mutant BRAF. It is also able
to inhibit wild-type BRAF as well as CRAF which was tested in different cell lines like
melanoma, colorectal cancer and thyroid cancer cell lines [185, 254]. In addition,
ARQ736 showed significant growth inhibition both in melanoma (A375) cell line as
well as xenogRAFt model of that cell line. It showed 54% growth inhibition in that
melanoma xenogRAFt model at a dose of 300 mg/kg. It also showed reduction of
human angiogenesis and cytokine related proteins in a separate experiment in a mouse
model [185, 254].

2.4.5.1.2 Clinical Trials
A Phase-I clinical trial of ARQ736 in patients with advanced solid tumors
harbouring BRAF and/or N-RAS mutations has been completed which was registered
(ID: NCT01225536) with ClinicalTrials.gov. The result of that clinical trial is not
currently available.
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2.5.1 Resistance
The response rates (complete or partial response) of different BRAF inhibitors in
Phase-III clinical trials were found to be 1-50% [33, 165, 176, 177, 181, 182]. The
highest partial or complete response (50%) in Phase-III clinical trials was found with
Dabrafenib which was studied in patients with metastatic melanoma. Vemurafenib
showed 48.4% partial or complete response in its Phase-III clinical trial in patients with
metastatic melanoma [33, 176].

In addition, BRAF inhibitors Sorafenib and

Regorafenib showed only partial response in Phase-III clinical trials where Sorafenib
showed 2% partial response which was utilised in patients with advanced hepatocellular
carcinoma and Regorafenib showed only 1% partial response tested in patients with
metastatic colorectal cancer [165, 181, 182].
The median progression free survival of patients treated with different BRAF
inhibitors in Phase-III clinical trials was seen to vary from 1.9-6.9 months [33, 165, 176,
177, 181, 182]. The highest median progression free survival in Phase-III clinical trials
was observed with Vemurafenib which was 6.9 months in patients with metastatic
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melanoma and the lowest median progression free survival (1.9 months) was found with
Regorafenib in its Phase-III clinical trials on patients with metastatic colorectal cancer
[33, 165, 176, 182]. Dabrafenib showed 5.1 months median progression free survival in
its Phase-III clinical trials on patients with metastatic melanoma whereas the median
time to radiological progression with Sorafenib was 5.5 months which was studied in
patients with advanced hepatocellular carcinoma [165, 177, 181].
The data to date demonstrate that at least half of the patients treated with BRAF
inhibitors did not respond to the therapy.

Also, patients who initially responded to

BRAF inhibitor therapy eventually developed progressive disease after only a few
months. Therefore, it is clear that some patients are resistant to BRAF inhibitor therapy
from the beginning, whereas others develop resistance to the therapy a few months later.
Based on the presence of immediate and developing resistance in patients, it has been
hypothesised that resistance mechanisms for BRAF inhibitor therapy can be divided
into two broad categories: intrinsic resistant and acquired resistance.

2.5.2 Intrinsic Resistance
There are some factors in tumour microenvironments whose pre-existing
dysregulation or mutations have been found to contribute to intrinsic resistance of
BRAF inhibitor therapy in melanoma (Fig. 8).

These factors have been found to

include: cell cycle regulators (cyclin D1), regulators of alternative proliferation
signalling pathways (PTEN) and hepatocyte growth factor (HGF) [255-258].
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Figure 8: Mechanisms of intrinsic resistance. High plasma levels of hepatocyte growth factor (HGF) are
able to activate both the proliferation and survival pathways through activation of c-MET. In addition,
PTEN is a regulator of the PI3K-AKT/PKB-mTOR pathway. If PTEN is mutated, the PI3K-AKT/PKBmTOR pathway becomes uncontrolled, which triggers spontaneous cellular proliferation and survival
activities.

Moreover, the overexpression of cyclin D1 is also able to send spontaneous cellular

proliferation and survival signals to other proteins. All these events help BRAF mutated cancer cells
escaping from BRAF inhibitor therapy. Pathways blocked by BRAF inhibitor therapies are shown with
dotted arrows, resistance pathways are indicated with solid arrows and mutated proteins are indicated
with solid star [259].

Cyclin D1 is the regulatory subunit of holoenzymes that inhibits the activity of
the retinoblastoma protein which acts a gatekeeper of the G1 phase in the cell cycle
[260-262]. Smalley et al found in an experiment that cyclin D1 was amplified in 17%
of BRAF V600E mutated metastatic melanoma.

They also discovered that

overexpression of cyclin D1 contributes to the resistance of BRAF inhibitor therapy in
melanoma, which further increases with the overexpression of cyclin-dependent kinase53

4 (CDK4) [256].

Cyclin D1 (CCND1) also acts as a collaborative oncogene by

increasing oncogenic transformation of other oncogenes like RAS, SRC and E1A [263265].
Phosphatase and tensin homolog (PTEN) is a lipid phosphatase and regulator of
PI3K, which is a member of an alternative pathway (PI3K-AKT/PKB-mTOR pathway)
for cellular proliferation and survival. It has been found in melanoma that alteration in
PTEN is associated with the lowest response rates in BRAF inhibitor therapy. In
addition, it has been also discovered that PTEN loss contributes to the resistance of
BRAF inhibitor therapy through suppression of BIM (Bcl-2 interacting mediator of cell
death-mediated apoptosis) [255, 266, 267].
Hepatocyte growth factor is secreted from stromal cells and is able to activate
the receptor c-MET (MNNG HOS transforming gene) which is a receptor tyrosine
kinase. Activated receptor c-MET is able to activate both the RAS-RAF-MEK-ERK
pathway as well as the PI3K-AKT/PKB-mTOR pathways which are important for
cellular proliferation and survival. It has been found that stromal cell secretion of
hepatocyte growth factor contributes to resistance to BRAF inhibitor therapy in
melanoma, which may be due to activation of both of the proliferation and survival
pathways [257, 258]. Deregulation of these proliferation and survival pathways also
plays an important role in the development and progression of carcinogenesis [257, 258,
268].

2.5.3 Acquired Resistance
Acquired resistance mechanisms develop during BRAF inhibitor therapy. They
are subdivided into different categories: ERK (extracellular signal-regulated kinase)-
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dependent acquired resistance, ERK-independent acquired resistance and ABC (ATPbinding cassette) transporter mediated acquired resistance.

2.5.3.1 ERK-dependent Acquired Resistance
Reactivation of ERK signalling in spite of continuous presence of BRAF
inhibitor is responsible for the development of ERK-dependent acquired resistance.
Most of the ERK-dependent resistant mechanisms are due to overexpression, feedback
activation, transactivation, truncated protein isoforms or mutation of the drug targets,
upstream or downstream signalling molecules (Fig. 9, 10 & 11). However, no further
mutation has been found in V600E mutated BRAF proteins either in pre-clinical BRAF
inhibitor resistant models or from biopsies taken from BRAF inhibitor resistant patients
[269-276].
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Figure 9: Mechanisms of ERK-dependent acquired resistance. Any one of multiple events like CRAF
overexpression or mutation, COT overexpression, splice variation or amplification of mutant BRAF, new
RAS mutations, or new MEK mutations can trigger spontaneous ERK signalling which results
uncontrolled proliferation and survival activities. As a result, BRAF mutated cancer cells are able to show
resistance against BRAF inhibitor therapy. Pathways blocked by BRAF inhibitor therapies are shown
with dotted arrows, resistance pathways are indicated with solid arrows and potentially mutated proteins
are indicated with a solid star [259].

2.5.3.1.1 Elevated CRAF Expression
Montagut and colleagues showed in a preclinical experiment that elevated levels
of CRAF protein were responsible for the reactivation of ERK signalling in melanoma
despite the continuous presence of the selective BRAF inhibitor AZ628 [269]. They
revealed that the resistance was associated with switching dependency of the pathway
from BRAF to CRAF (Fig. 9).

Overexpressed CRAF activated MEK (Mitogen

activated protein kinase [MAP] or ERK kinase), which resulted in reactivation of ERK
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signalling through ERK kinase, which drove further cellular proliferation and ultimately
resulting in resistance against BRAF inhibitor therapy. They also showed that elevated
levels of CRAF protein were not associated with gene amplification or increased gene
transcription.

Rather, it was associated with a post-transcriptional regulatory

mechanism. In addition, expression levels of ARAF and BRAF proteins were found to
be unchanged in this study [269].

2.5.3.1.2 Splice Variants of Mutant BRAF
A 61kD variant of V600E mutated BRAF protein was found to cause resistance
to Vemurafenib in a subset of melanoma cells. This 61 kD variant lacks exons 4-8
which encode the RAS-binding domain (RBD) [270]. In addition, this variant exhibited
an elevated tendency for dimerization as compared to conventional V600E mutated
BRAF protein.

In the 61kD variant, dimerization occurs independent of RAS.

However, this type of dimerization also happens at low levels of RAS activation [270].
The proposed mechanism for this type of resistance is that these dimers are
transactivated by ATP-competitive BRAF inhibitors which then activate MEK kinase
(Fig. 9). Activated MEK kinase phosphorylates ERK kinase which reactivates ERK
signalling and caused the development of BRAF inhibitor resistance [270, 275].

2.5.3.1.3 Amplification of Mutant BRAF
V600E mutant BRAF amplification has been found in 20% of melanoma patients
resistant to BRAF inhibitors [271]. Overexpressed V600E mutant BRAF was found to
hyperactivate MEK kinase which was 5 to 6 times higher than the basal level in
melanoma.

Hyperactivated MEK then reactivated ERK signalling through

phosphorylation of ERK kinase which resulted in BRAF inhibitor resistance (Fig. 9).
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This type of resistance does not depend on CRAF protein [271].

However,

amplification of V600E mutant BRAF had been found to be largely mutually exclusive
with receptor tyrosine kinase overexpression, NRAS mutation or alternative splicing of
V600E mutated BRAF [37, 271].

2.5.3.1.4 NRAS Mutation
Q61K mutated NRAS had been found in both pre-clinical BRAF inhibitor
resistant models of melanoma as well as biopsies taken from patients with BRAF
inhibitor (PLX4032) resistant melanoma. While different alleles of RAS (HRAS, KRAS
and NRAS) had been sequenced in such patients, only NRAS mutations were found to
date [191, 272]. The Q61K mutation resulted in a marked increase in activated NRAS
levels. Activated NRAS used CRAF to activate MEK kinase (Fig. 9). Activated MEK
then reactivated ERK signalling through phosphorylation of ERK kinase despite
continuous presence of BRAF inhibitors. However, NRAS mutation was found to be
mutually exclusive with platelet-derived growth factor receptor-β (PDGFRβ)
overexpression in melanoma [126, 191, 272]. PDGFRβ is a kind of receptor tyrosine
kinase.

2.5.3.1.5 CRAF Mutation
Multiple CRAF point mutations (S257P, P261T and G361A) were identified by
Antony et al in a preclinical BRAF inhibitor resistance model in melanoma which were
capable of inducing biochemical and pharmacological resistance to BRAF inhibitors
(specifically vemurafenib and PLX4720) [277]. These CRAF mutations significantly
upregulated

CRAF

kinase

activity

in

a

dimerization

dependent

manner

(homodimerization or heterodimerization with BRAF) and kinase activated CRAF was
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able to phosphorylate MEK kinase (Fig. 9). Activated MEK kinase then reactivated
ERK signalling through phosphorylation of ERK kinase which eventually resulted in
the development of resistance to BRAF inhibitor therapy [277].

2.5.3.1.6 MEK Mutation
Different MEK1 mutations (Q56P, C121S, P124L and E203K) have been found
in pre-clinical BRAF inhibitor resistance melanoma models. These mutations were also
identified in biopsies taken from melanoma patients resistant to BRAF inhibitors
(PLX4032 and PLX4720). All these mutations markedly increased kinase activity of
MEK1. Kinase activated MEK1 then phosphorylated ERK kinase which contributed to
the reactivation of ERK signalling (Fig. 9) and helped in the development of resistance
against BRAF inhibitors [191, 273, 276].

2.5.3.1.7 COT (Cancer Osaka Thyroid) Overexpression
Cancer Osaka thyroid (COT) is an enzyme that in humans is encoded by the
MAP3K8 (mitogen-activated protein kinase kinase kinase 8) gene. Johannessen and coauthors discovered overexpression of COT in pre-clinical BRAF inhibitor resistance
melanoma models. They also identified COT overexpression in biopsies taken from
melanoma patients resistant to the BRAF inhibitor PLX4720 [274]. Elevated levels of
COT were found to reactivate ERK signalling through phosphorylation of ERK kinase
in a RAF independent manner, which resulted in the development of resistance to
BRAF inhibitor therapy (Fig. 9). In addition, COT was also found to be able to activate
ERK signalling both in MEK-dependent and in certain contexts MEK-independent
manners [274].
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Figure 10: Mechanism of ERK-dependent/ERK-independent acquired resistance through feedback
activation of epidermal Growth Factor Receptor (EGFR). Feedback changes result in overexpression of
EGFR, which binds with its ligand (EGF), and becomes activated.

Activated EGFR can result in

uncontrolled proliferation and survival through activating both of the downstream proliferation and
survival pathways. Activation of these pathways results in BRAF mutated cancer cells developing BRAF
inhibitor resistance. Pathways blocked by BRAF inhibitor therapies are shown with dotted arrows,
resistance pathways are indicated with solid arrows and mutated protein is indicated with a solid star
[259].

2.5.3.1.8 Feedback Activation of Epidermal Growth Factor Receptor (EGFR)
Feedback activation of EGFR (epidermal growth factor receptor), a kind of
receptor tyrosine kinase, was found to be responsible for development of resistance to
BRAF inhibitor (vemurafenib) therapy in melanoma and colorectal cancers [278-281].
Overexpression of activated EGFR (p-EGFR) was also found in biopsies taken from
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BRAF inhibitor (vemurafenib) resistant colorectal cancer patients [281].

ERK

signalling was strong in BRAF V600E mutated cancer which produced strong feedback
inhibition of EGFR through expression of SPRY2 (Sprouty homolog 2) and CDC25C
(cell division cycle 25 homolog C, a phosphatase of EGFR). SPRY2 and CDC25C
suppressed activation of EGFR, preventing related growth signalling in BRAF V600E
mutated cancer [278-280]. When BRAF V600E mutated cancer was treated with BRAF
inhibitors, ERK was suppressed which also resulted in the reduced expression of
SPRY2 and CDC25C. Therefore, the feedback inhibition mediated through the SPRY2
and CDC25C was diminished, which resulted in the ligand-dependent activation of
EGFR.

Activated EGFR is able to phosphorylate RAS (Fig. 10) and through it

reactivate ERK signalling via activation of the CRAF-MEK-ERK pathway [278-281].
In addition, activated EGFR was also found to be responsible for developing ERKindependent resistance through activation of the PI3K-AKT-mTOR pathway in BRAF
mutated cancers [279, 280].
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Figure 11:

Mechanism of ERK-dependent/ERK-independent acquired resistance through feedback

activation of HER3. Feedback changes due to BRAF inhibition result in overexpressed HER3. HER3
then binds with its ligand NRG1 and then activates both the downstream proliferation and survival
pathways through dimerization with HER2. Activation of these two pathways contributes to developing
resistance against BRAF inhibitor therapy. Pathways blocked by BRAF inhibitor therapies are shown
with dotted arrows, resistance pathways are indicated with solid arrows and mutated protein is indicated
with a solid star [259].

2.5.3.1.9 Feedback Activation of HER3 (V-erb-b2 Avian Erythroblastic Leukemia
Viral Oncogene Homolog 3)
BRAF inhibitor (vemurafenib) resistance was found to occur in thyroid cancer
through feedback activation of HER3 which is a kind of receptor tyrosine kinase [279,
282].

In BRAF mutated cancer, strong ERK signalling increased binding of

transcriptional repressors CTBP1 (C-terminal-binding protein 1) and CTBP2 (Cterminal-binding protein 2) to the HER3 gene promoter. As a result, expression of
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HER3 was suppressed [279, 282]. . CTBP1 and CTBP2 were, however, released from
the HER3 gene promoter when BRAF mutated cancer was treated with BRAF inhibitors.
In a manner similar to EGFR based resistance, BRAF inhibitors initially suppressed
ERK signalling, which resulted in reduced binding of CTBP1 and CTBP2 to the HER3
gene promoter [282]. This phenomenon triggered the expression of HER3 gene and its
subsequent translation. HER3 then bound with its ligand NRG1 (Neuregulin-1) and
activated RAS through heterodimerization with HER2 (v-erb-b2 avian erythroblastic
leukemia viral oncogene homolog 2), another receptor tyrosine kinase as HER3 is a
kinase inactive receptor.

HER2 was also found to be overexpressed in the same

research by Montero-Conde et al [282]. Levels of basal HER2 and activated HER2 (pHER2) were also found to be high in another experiment done by Corcoran et al on
colorectal cancer [281]. HER2/HER3 activated RAS was then able to reactivate ERK
signalling through activating the CRAF-MEK-ERK pathway (Fig. 11). Moreover, like
EFGR based resistance, HER3/HER2 heterodimers were also found to activate the
PI3K-AKT-mTOR pathway in BRAF mutated cancer, which resulted in ERKindependent resistance [282].

2.5.3.2 ERK-independent Acquired Resistance
ERK-independent acquired resistance mechanisms do not depend on ERK
signalling for cellular proliferation and survival. This type of resistance is due to
activation of parallel or alternative pathways (other than the RAS-RAF-MEK-ERK
pathway) for cellular proliferation and survival. Mechanisms for activation of these
pathways are summarised in figures 10, 11, 12 & 13.
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2.5.3.2.1 Overexpression of PDGFRβ
Overexpression of platelet-derived growth factor receptor-β (PDGFRβ) has been
found in preclinical BRAF inhibitor resistance melanoma and thyroid cancer models
[272, 282]. Up-regulated expression of PDGFRβ (another receptor tyrosine kinase) was
also seen in biopsies taken from melanoma patients resistant to the BRAF inhibitor
PLX4032 [272].

It has been also found that melanoma cells that overexpressed

PDGFRβ had low levels of activated RAS. However, significant reactivation of ERK
signalling was not found while the patients were being treated with the BRAF inhibitor
(PLX4032). Therefore, the proposed mechanism for development of resistance in this
case was the activation of a PDGFRβ dependent alternative proliferation and survival
pathway, specifically the PI3K-AKT-mTOR pathway (Fig. 12). Stable knockdown of
PDGFRβ in BRAF inhibitor resistant cells showed growth inhibition in the continuous
presence of BRAF inhibitor (PLX4032), though it failed to induce apoptosis [37, 272].
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Figure 12: Mechanisms of ERK-independent acquired resistance. By binding with growth factors,
overexpressed receptor tyrosine kinases (RTKs) like platelet-derived growth factor receptor-β (PDGFRβ)
and insulin-like growth factor 1 receptor (IGF-1R) are able to activate the PI3K-AKT/PKB-mTOR
pathway, which is an alternative proliferation and survival pathway. These events assist BRAF mutated
cancer cells to escape from BRAF inhibitor therapy. Pathways blocked by BRAF inhibitor therapies are
shown with dotted arrows, resistance pathways are indicated with solid arrows and mutated protein is
indicated with a solid star [259].

2.5.3.2.2 Elevated Activation of IGF-1R
Increased levels of activated insulin-like growth factor 1 receptor (IGF-1R), a
member of the receptor tyrosine kinase group, had been discovered in preclinical BRAF
inhibitor resistant melanoma and colorectal cancer models [281, 283]. Overexpression
of IGF-1R was also identified in biopsies taken from melanoma patients resistant to the
BRAF inhibitor PLX4032 [283]. Activated IGF-1R is usually able to activate both the
RAS-RAF-MEK-ERK pathway as well as the PI3K-AKT/PKB-mTOR pathway (Fig.
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12). Despite this, overexpressed IGF-1R showed increased phosphorylation of AKT
and no significant phosphorylation of ERK in the experiment done by Villanueva et al
in melanoma. Therefore, the resistance in this case was hypothesised to be due to
activation of the PI3K-AKT/PKB-mTOR pathway which agrees with a similar study
done by Corcoran et al in colorectal cancer [281, 283].

2.5.3.2.3 Activation of EGFR-SFK-STAT3 Signalling

Activation of the EGFR-SFK-STAT3 signalling pathway was found to be
responsible for BRAF inhibitor (PLX4720) resistance in a preclinical experiment done
by Girotti et al on melanoma. Elevated activation of epidermal growth factor receptor
and SFK (SRC family kinase) were also found in biopsies taken from melanoma
patients resistant to the BRAF inhibitor vemurafenib [284].

In this resistance

mechanism, EGF (epidermal growth factor) binds with the epidermal growth factor
receptor and activates it, resulting in the phosphorylation of STAT3 (signal transducer
and activator of transcription 3) with the help of the SFK protein. After activation,
STAT3 translocates to the nucleus (Fig. 13) and induces transcription of genes
responsible for proliferation and survival which finally result in functional resistance to
BRAF inhibitor therapy [284, 285]. Moreover, this pathway activation was found to
induce not only proliferation and survival activities, but it also activated invasion and
metastatic processes, making it potentially even more clinically significant [284].
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Figure 13: Mechanisms of ERK-independent acquired resistance through activation of EGFR-SFKSTAT3 signalling. Overexpressed EGFR binds with its ligand EGF and becomes activated. With the
help of SFK, activated EGFR then stimulates STAT3 signalling which induces uncontrolled proliferation,
survival, invasion and metastatic activities. All these activities contribute to develop BRAF inhibitor
resistance. Pathways blocked by BRAF inhibitor therapies are shown with dotted arrows, resistance
pathways are indicated with solid arrows and mutated protein is indicated with a solid star [259].

2.5.3.2.4 ABC Transporters Mediated Acquired Resistance
ATP-binding cassette (ABC) transporter, ABCG2 was found to be responsible
for developing BRAF inhibitor resistance in a preclinical study done by Wu et al [286].
The experiment was done on BRAF V600E mutated A375 melanoma cell lines treated
with the BRAF inhibitor vemurafenib. They showed that overexpression of active
ABCG2 transporters was able to efflux vemurafenib from the A375 melanoma cell line
(Fig. 14). Therefore, vemurafenib concentration inside the A375 melanoma cells was
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reduced which resulted in decreased efficacy of vemurafenib in inhibiting mutated
BRAF kinase. Insufficient inhibition of mutant BRAF kinase triggered reactivation of
the BRAF pathway and contributed to the development of BRAF inhibitor resistance. It
was also found in the study that vemurafenib had no effects in modulating the protein
expression of ATP-binding cassette (ABC) transporters like ABCG2, ABCB1 and
ABCC1 [286]. In addition, vemurafenib was shown to have a strong binding affinity
with the ABCG2 transporter and a low binding affinity with another ATP-binding
cassette (ABC) transporter ABCB1, which further contributes to the development of
resistance. This may open up ways to block or evade this pathway [286].

Figure 14: Mechanism of ABC transporter mediated acquired resistance. Overexpressed and active
ATP-binding cassette (ABC) transporters like ABCG2 and ABCB1 pump BRAF inhibitors out of the
cytoplasm into interstitial fluid. As a result, BRAF inhibitor concentration in cytoplasm decreases. Low
concentration of BRAF inhibitor in cytoplasm produces no or insufficient inhibition of mutant BRAF
which results in reactivation of the mutant BRAF pathway and contributes in the development of BRAF
inhibitor resistance [259].
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2.5.4 Future Therapy
2.5.4.1 Multi-kinase Targeted Therapy
Because of the emergence of resistance due to activation of alternative
proliferation and survival mechanisms, a single kinase targeted therapy is ineffective in
BRAF mutated cancer. Therefore, it is wise to target multiple kinases to inhibit cancer
cell proliferation and induce apoptosis. The target kinases should be selected from both
of the major proliferation and survival pathways to stop cancer cells from switching to
alternative proliferation and survival mechanisms. Moreover, we need to find out the
most effective kinases whose inhibition not only will arrest proliferation but also will
induce apoptosis.

2.5.4.1.1 In Vitro Multi-kinase Targeted Study
A number of attempts to apply combination therapy on BRAF mutated cancers
have already been put in place. One of the combination studies was performed in
melanoma using MEK and PI3K inhibitors [287]. In that study, U0126 was used as the
MEK inhibitor and LY294002 was used as the PI3K inhibitor. They found that when
BRAF mutated melanoma cell lines were treated with both U0126 and LY294002, cell
growth was inhibited by 60% due to their combined action. However, this growth
inhibition was actually reversible, which means further incubation of the treated cell
line without the drugs showed cell growth again. Cell cycle and apoptosis analysis
showed that growth inhibition caused by the combined drug treatment was associated
with a G1 phase cell cycle arrest, rather than induction of apoptosis in that study.
A range of combination studies were done in experiments on BRAF mutated
melanoma cell lines where they evaluated the inhibitory effect of combined BRAF and
MEK inhibitors, BRAF and PI3K/mTOR inhibitors as well as MEK and PI3K/mTOR
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inhibitors on BRAF inhibitor resistant melanoma cell line clones [288]. In the study,
the authors used GSK2118436 (Dabrafenib) as the BRAF inhibitor, GSK1120212
(Trametinib) as the MEK inhibitor and GSK2126458 as the PI3K/mTOR inhibitor. It
was noted that all the three combinations gave enhanced growth inhibition when
compared to individual drugs. However, the anti-proliferative effect of BRAF and
PI3K/mTOR inhibitor combination was less potent than either of the other two
combination studies. Furthermore, BRAF and MEK inhibitor combination failed to
increase apoptosis activity when compared to individual drugs.

However, slightly

increased apoptotic activities were seen in the other two combination treatment groups
when compared to individual drugs.
In a combination study on thyroid cancer, a MEK inhibitor (AZD6244) was
combined with an mTOR inhibitor (Rapamycin) [289]. This treatment showed at least
60% growth arrest in BRAF mutated thyroid carcinoma cell lines, which was found to
be a consequence of cytostatic effects rather than a cytotoxic effect. They also did the
same dual inhibition study on a RET-PTC (rearranged during transfection- papillary
thyroid carcinoma) mutated thyroid cancer cell line (TPC1) and xenograft model of that
cell line in nude mice. It was found that dual pathway inhibition by MEK inhibitor and
mTOR inhibitor caused an intense G1 phase cell cycle arrest in the cell culture and a
cytostatic inhibition in the xenograft model, which was actually reversible. They did
not observe any significant apoptotic activity both in cell line and xenograft models.
A further combination study on thyroid cancer was done by combining the AKT
inhibitor MK2206 with BRAF inhibitor PLX4032 or MEK inhibitor AZD6244 [290].
In the experiment, synergistic proliferation inhibition was observed compared to
individual drugs when BRAF mutated thyroid cancer cell lines were treated with both of
the combination drugs. Cell cycle and apoptosis analysis revealed that synergistic
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proliferation inhibition was mainly due to increased cell cycle arrest at G1 phase rather
that significant cell apoptosis, although MK2206 and AZD6244 combination therapy
showed a modest apoptosis activity in that study.
In a combination drug therapy study on BRAF mutated colorectal cancer, the
BRAF inhibitor vemurafenib was combined with the EGFR inhibitor, grfitinib [281].
When BRAF mutated colorectal cancer cell lines were treated with the combined drugs,
a higher inhibition of proliferation was observed as compared to the individual drugs.
Effect of combination therapy was also evaluated in a xenograft mouse model of BRAF
mutated colorectal cancer cell lines, where the BRAF inhibitor vemurafenib was
combined with the epidermal growth factor receptor inhibitor, erlotinib. A significant
level of tumour inhibition as well as regression was observed in that xenograft
experiment.
Another combination therapy was assessed by Prahallad et al. They studied the
effect on BRAF mutated colorectal carcinoma in which the BRAF inhibitor PLX4032
was combined with EGFR inhibitor cetuximab or grfitinib [280]. As compared to
individual drugs, strong synergistic proliferation inhibition was seen when BRAF
mutated colorectal cancer cell lines were treated with both of the combination drugs.
Although individual drug treatment did not show any apoptosis activity, the combined
therapies did induce apoptosis in that study. Prahallad et al also tested the combination
therapy in a xenograft mice model of BRAF mutated colorectal cancer cell lines. In this
xenograft experiment, they combined the BRAF inhibitor PLX4032 with the epidermal
growth factor receptor inhibitors (cetuximab, erlotinib). Also, potent tumour growth
inhibition was observed for combination therapy as compared to either drug alone.
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2.5.4.1.2 Clinical Trial of Multi-kinase Targeted Therapy
A Phase 1 and 2 clinical trial of combination therapy with BRAF inhibitor
(DabRAFenib) and MEK inhibitor (Trametinib) was performed on 247 patients with
metastatic melanoma having BRAF V600 mutations (V600E, V600K, V600R) [40]. A
total of 85 patients were included in the safety & pharmacokinetic study, whereas 162
patients were randomly selected for combination therapy with Dabrafenib (150 mg) and
Trametinib (1 or 2 mg) or Dabrafenib monotherapy. In this trial, complete or partial
response increased to 76% in patients who received 150 mg Dabrafenib and 2 mg
Trametinib (combination 150/2) treatment, where as it was only 54% in patients who
received monotherapy treatment. The median progression free survival also increased
to 9.4 months in patients who received combination 150/2 therapy, whereas it was only
5.8 months in patients who received monotherapy. In addition, 41% patients were alive
and progression free in the combination 150/2 group, whereas it was only 9% in
monotherapy group at study completion. BRAF inhibitor treatment associated skin
lesions were also seen less frequently in patients with combination 150/2 therapy group
as compared to the monotherapy group, although MEK inhibitor treatment associated
toxicities and other toxicities were more frequent in combination 150/2 group as
compared to monotherapy group in that clinical trial.

2.5.4.1.3 Multi-kinase Targeted Treatment Efficacy
The lack of increased apoptosis in combination therapies has also been an area
of research interest. Gray-Schopfer et al showed that tumour necrosis factor-α (TNF-α)
inhibited induction of apoptosis when BRAF signalling was inhibited in melanoma cell
lines [291]. They also showed that the survival mechanism was based on the activation
of nuclear factor-κB (NF-κB) signalling which was activated by TNF-α. Although
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elevated basal NF-κB signalling activities were seen in melanoma cells, it was not
enough to inhibit apoptosis induced by BRAF signalling inhibition.

However,

inhibition of apoptosis occurred when TNF-α further increased NF-κB signalling
activities beyond basal levels [291]. It had also been shown in several studies that
immune cells (like macrophages and mast cells) infiltrate into melanoma and these
immune cells are capable of secreting TNF-α [292-294]. Elevated basal activities of
NF-κB signalling as well as high level of invasive macrophages (secreting TNF-α)
found in melanoma contributes to constitutive activation of NF-κB signalling [81, 291].
In addition, expression of NF-κB was also found to be high in melanomas as compared
to melanocytes of normal skin that could also contribute to the constitutive activation of
NF-κB signalling [295-297]. Elevated basal as well as constitutive activity of NF-κB
was also found in thyroid and other carcinomas [298-301]. This constitutive activity of
NF-κB in cancer cells gives them the capability of escape from apoptosis.
As most of the combination drug treatments failed to induce a significant
amount of apoptosis activity in BRAF mutated cancer cells despite the successful
inhibition of proliferation, it seems that induction of apoptosis in growth arrested BRAF
mutated cancer cells is a real challenge. To overcome this, we need to find out the
target kinases whose inhibition will stop proliferation, induce apoptosis and arrest NFκB signalling [81, 291].

In the RAS-RAF-MEK-ERK and PI3K-AKT-mTOR

proliferation and survival pathways, CRAF and AKT (protein kinase B) are involved in
the activation of NF-κB [7, 28, 29, 302-311]. Therefore, we can consider CRAF and
AKT as important target kinases along with mutant BRAF for inhibiting the
proliferation and survival mechanisms of BRAF mutated cancer cells. We can also
consider the use of a separate inhibitor of NF-κB in combination with other drugs to
help close off additional activation paths.
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To prevent the efflux of BRAF inhibitors or other kinase inhibitors from cancer
cells as well as to increase the concentration of BRAF inhibitors or other kinase
inhibitors inside cancer cells, the delivery method of BRAF inhibitors or other kinase
inhibitors should be improved so that ATP-binding cassette (ABC) transporters would
not able to recognise and efflux the BRAF or other kinase inhibitors out of the
cytoplasm into interstitial fluid. This would result in higher concentrations of all those
inhibitors inside the cancer cells and would effectively inhibit all those target kinases.
In addition, a suitable suppressor of ATP-binding cassette (ABC) transporters could
also be combined with multi-kinase targeted therapy for better outcomes.

2.5.4.2 Gene Therapy
BRAF inhibitors are actually not highly specific to mutant BRAF, and are known
to have several off target effects. As a result, BRAF inhibitor therapy shows a lot of
toxicities. To eliminate these toxicities or reduce the toxicities at least to a tolerable
range, we should ideally design a drug that would be highly specific to its target,
inhibiting the target and nothing else. We can explore different available as well as
potentially more effective approaches to achieve that objective. For example, we can
use targeted siRNA, shRNA, bi-shRNA and miRNA therapy in the treatment of patients
with BRAF mutated cancers.

2.5.4.2.1 Therapy with siRNA, shRNA and bi-shRNA
Small interfering RNA (siRNA) is a single stranded small RNA that silences a
gene through the RNA interference (RNAi) mechanism which was first discovered in
1998 [312]. RNAi is an evolutionarily conserved process which is used to control
developmental processes, to create defence against parasitic nucleic acids as well as
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heterochromatic silencing in nature [312-314]. One of the main enzymes involved is
Dicer, which is an RNase (from the RNase III family) capable of digesting doublestranded RNA. Its main function is to digest the hairpin loop structure of a premicroRNA into the mature form. Mature microRNAs are short (20-25 base pairs long)
double stranded RNA (dsRNA) sequences with 3' overhangs, usually of 2 base pairs.
In artificial RNAi mechanisms, the Dicer protein recognises and cleaves a long dsRNA
to a siRNA duplex. The siRNA duplex is then taken up into the RNA-induced silencing
complex (RISC) where the antisense strand of the siRNA duplex is incorporated into
RISC, to guide RISC to a homologous target mRNA for specific cleavage. Dicer is also
able to recognise and cleave double stranded RNA (dsRNA) derived from vector based
shRNA to siRNA [313, 315-318]. Silencing of a gene by siRNA is highly specific and
efficient [315, 319]. Because of this high specificity and efficiency, siRNA is being
used to silence different target oncogenes and other genes responsible for tumour cell
growth, angiogenesis, metastasis and chemo-resistance. Some siRNA based cancer
therapies are in clinical trials where the siRNA based drugs are found to be well
tolerated and no dose limiting toxicities have been seen so far [314, 320-324].
siRNA based therapy can be used in the treatment of BRAF mutated cancer
patients. Specially, mutant BRAF genes can be silenced through siRNA to minimise its
effect on the proliferation pathways.

Subsequently, genes that are overexpressed,

mutated or otherwise responsible for reactivation of the RAS-RAF-MEK-ERK pathway
or activation of the alternative PI3K-AKT-mTOR pathway could also be silenced
through siRNA to inhibit further growth of resistance. In addition, siRNA therapy can
also be used to silence the genes responsible for inhibiting apoptosis, or those
promoting angiogenesis and metastasis which will result induction of apoptosis as well
as preventing further growth and spread of cancer. Again, a combined siRNA therapy
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consisting of two or more siRNAs which will inhibit cancer cell proliferation, inducing
apoptosis or inhibiting angiogenesis as well as metastasis, could be designed for the
treatment of patients with BRAF mutated cancers.
For increasing the efficacy, durability as well as rapid onset of gene silencing,
bi-functional shRNA (bi-shRNA) can be designed instead of either simple siRNA or
shRNA.

A bi-shRNA has two stem-loop shRNA structures where one strand is

perfectly matched to the target sequence and other strand is imperfectly matched to the
target sequence [314, 325, 326]. The perfectly matched strand will cause complete
cleavage of the target mRNA and the imperfectly matched strand will activate
alternative gene suppression mechanisms most often seen in response to natural microRNAs.

As a result, more accuracy, efficiency and rapid gene silencing could be

achieved [314, 325-328]. Therapies based in bi-shRNA are currently in clinical trials in
other cancers [329].

2.5.4.2.2 Therapy with miRNA
Micro-RNAs (miRNAs) are a class of highly conserved 18~25 nucleotides long,
endogenous, non-coding RNA which were first discovered in 1993 [330, 331].
Approximately 1 to 4% of genes the in human genome actually produce miRNAs [332,
333]. miRNAs function similarly to siRNAs through RNAi mechanisms, though they
are typically imperfectly matched to their target genes. This imperfect matching allows
them to silence multiple genes simultaneously, and as a result, miRNAs are involved in
control of a range of cellular processes like proliferation, differentiation, apoptosis,
development, cell cycle progression, immunity, metabolism, stem cell maintenance,
aging etc. [313, 334-346]. In the cell, miRNAs are first transcribed as a primary
miRNA (pri-miRNA) which is then cleaved by Drosha, an RNase III endonuclease, to a
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pre-miRNA in the nucleus. Pre-miRNA is then transported to the cytoplasm where
Dicer, the RNase III enzyme involved in processing siRNA, cleaves pre-miRNA to a
miRNA duplex which consists of a mature miRNA and its complimentary sequence.
Afterwards, matured miRNA incorporates into RISC which is capable of silencing
target genes [347-352].

miRNAs usually bind with the complete or partial

complimentary 3'-UTR region of target mRNA and inhibits its protein synthesis. As a
complete match is not mandatory to inhibit protein synthesis, a single miRNA is
capable of silencing hundreds of different genes [332, 349, 353-355]. In addition,
miRNA is able to bind with the 5'-UTR region, coding region or a combination of sites
of target mRNA to inhibit its protein synthesis although with less potency as compared
to 3'-UTR region binding [314, 356, 357]. As deregulation such as overexpression or
down-regulation of a range of miRNAs can contribute to carcinogenesis, miRNA or
anti-miRNA based therapy has the potential to minimize the effects of these kinds of
deregulation [314, 333].
Control of cancer cell proliferation, survival, angiogenesis and metastasis by
using miRNAs or anti-miRNA have already proved to be effective in a number of
experiments with different types of cancers [358-377]. In the case of BRAF mutated
cancer patients, different miRNAs that control the proliferation and survival pathways
can be used for treatment. Specially, miRNAs that control the RAS-RAS-MEK-ERK
pathway can be used for treatment as mutant BRAF deregulates this pathway. In
addition, miRNAs that control the PI3K-AKT-mTOR pathway can be combined with
the previous type of miRNAs as activation of the PI3K-AKT-mTOR pathway is found
to be responsible for proliferation and survival of BRAF mutated cancer when the RASRAS-MEK-ERK pathway is inhibited. Furthermore, miRNAs that control the NF-κB
signalling can be combined with the previous type of miRNA therapy to induce
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significant apoptosis in BRAF mutated cancer cells.

Also, some miRNAs control

angiogenic and metastatic process through controlling the expression of angiogenic
factors like vascular endothelial growth factors or other factors responsible for
angiogenesis and metastasis [378]. These miRNAs could be used to stop further growth
and spread of BRAF mutated cancer.
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Chapter: 3
Methodology
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3.1 Experimental methods
In this investigation, first we wanted to examine the activation status of both
RAS-RAF-MEK-ERK and PI3K-AKT-mTOR proliferation-survival pathways. The
pathway activation status was evaluated through western blot and immunofluorescent
assays.

Our second plan was to suppress the RAS-RAF-MEK-ERK proliferation-

survival pathway by inhibiting BRAF. Then we wanted to observe the effect of this
pathway inhibition on overall cell proliferation and proliferation-survival signalling
pathways. This effect was evaluated through developing an anti-BRAF-shRNA stable
cell line, doing quantitative real time polymerase chain reaction (qPCR), western blot,
proliferation and colony formation assays. The final plan was to suppress the PI3KAKT-mTOR proliferation-survival pathway through transient transfection of miR-126
and investigate its effect on overall cell proliferation. This experiment was done using
quantitative real time polymerase chain reaction (qPCR), western blot, colony formation
and proliferation assays. All the experimental protocols including cell culture are
described below.

3.2 Cell Culture
8505C, B-CPAP, BHT-101 and MB-1thyroid carcinoma cell lines were
purchased from the German Collection of Microorganisms and Cell Cultures (DMSZ).
K1 and Nthy-ori 3-1 (a normal thyroid follicular epithelial cell line) cell lines were
acquired from European Collection of Cell Cultures (ECACC). DMSZ and ECACC
suggested following protocol was strictly followed and recommended RPMI or DMEM
media with FBS were used for culturing and preservation of each cell line.
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Protocol 1: Cell Culture
1. Cell line cryo-vials were collected from liquid nitrogen storage tank on ice.
2. Placed frozen cryo-vials in a water bath at 37 oC. Thaw for 1 minute with
constant agitation to quickly thaw the cells. Wiped the vial with 70% ethanol
before transferring to the cell culture hood.
3. Diluted cells in a 5 ml volume of pre-warmed culture medium in a 15 ml
centrifuge tube. Centrifuged for 5 minutes at 300 rcf, collected the cell pallet and
resuspended in 7 ml culture medium. Cell suspended culture medium was then
transferred in a 25 cc cell culture flask.
4. Incubated at 37 oC with a constant supply of 5% CO2 in an incubator.
5. Examined cells microscopically every day during continuation of culture.
6. Viewed cultures using an inverted microscope to evaluate confluence and
confirm the absence of bacterial and fungal contaminants.
7. Old culture medium was replaced with fresh culture medium every three days or
as necessary.
8. For sub-culture after confluence, washed the cell monolayer with PBS twice.
9. Added 1 ml 0.25% trypsin/EDTA to the washed cell monolayer in 25 cc cell
culture flask. Rotated the flask to cover the entire surface with trypsin. Returned
the flask to the incubator and incubated for 3 minutes.
10. Examined the cells using an inverted microscope to ensure that the cells were
detached.
11. Added 2 ml of fresh serum-containing medium in flask to inactivate the trypsin,
transferred cell suspension into a 15 ml centrifuge tube. Centrifuged for 5
minutes at 300 rcf, collected the cell pellet and resuspended in 21 ml culture
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medium. Cell suspended culture medium was then transferred into three 25 cc
cell culture flasks. Flasks were then returned to cell culture incubator.
12. For preserving cells, cell pellet was suspended in preserving medium containing
culture medium, 20% FBS and 10% DMSO. Cell suspension was prepared in a
concentration of 1 million cells/ml. Cell suspension was then transferred into
cryo-vials (1 ml per cryo-vial). Cryo-vials were then transferred into a Mr.
Frosty freezing container (Thermo Scientific) and kept overnight in a -80 oC
freezer for slow freezing. The following day, cryo-vials were transferred to a
liquid nitrogen storage tank.
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3.3 Immunofluorescent Staining
For all immunofluorescent staining experiments included in this dissertation, the
following protocol was used.

Protocol 2: Immunofluorescent Staining
1. Cultured cells were placed on poly-L-lysine coated chamber slides and
incubated at 37 °C until they were ~50% confluent.
2. Slides were rinsed 3 times with 1X PBS on an orbital shaker, 5 min each.
3. Fixed cells by incubation with cold (4 oC) 4% paraformaldehyde (pH 7.2-7.3) in
1X PBS for 15 min at room temperature.
4. Slides were again rinsed with 1X PBS on an orbital shaker for 5 min.
5. Incubated cells in 0.25% Triton X-100 in 1X PBS for 15 minutes.
6. Slides were again rinsed with 1X PBS on an orbital shaker for 5 min.
7. Incubated cells for 60 minutes in 5% serum from the species that the secondary
antibody was raised in.
8. Incubated cells in primary antibody (name of specific antibody and its dilution
was described in individual experiment section later) overnight at 4 oC.
9. Slides were rinsed 3 times with 1X PBS on an orbital shaker, 10 min each.

Following steps were conducted in a dark room
10. Incubated cells in secondary antibody diluted in 1X PBS for 1.5 hrs at RT.
11. Slides were rinsed 4 times with 1X PBS on an orbital shaker, 10 min each.
12. Cells were counterstained with DAPI and incubated for 5 minutes at RT.
13. Captured image using Nikon A1R+ Confocal microscope.
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3.4 Western Blot
The following protocol was used for all western blot experiments incorporated
in this dissertation.

Protocol 3: Protein Extraction
1. Washed cell pellet twice with cold (4 oC) PBS by centrifugation.
2. Removed and discarded the supernatant and collected the cell pellet.
3. Prepared the working cell lysis buffer by adding NP40 cell lysis buffer,
phenylmethylsulfonyl fluoride (PMSF) and Protease Inhibitor Cocktail together.
4. Lysed the cell pellet in cell lysis buffer for 30 minutes, on ice, with vortexing at
10 minute intervals.
5. Transferred the extract to microcentrifuge tubes and centrifuged at 13,000 rpm
for 10 minutes at 4°C.
6. Aliquoted the clear lysate to clean microfuge tubes. These samples were then
ready for protein assay. Lysates were stored at -80°C.

Protocol 4: Protein Assay
Protein Quantification Assay kit (MACHEREY-NAGEL, Duren, Germany) was
used for protein quantification. The protein quantification protocols were as follows:
1. Used seven reaction tubes according to column A (in table 2 below: 1: BSA
stock solution). Added 50 μL Protein Solving Buffer (PSB) to tubes 2–7
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(column B). Added BSA solution to tubes 2–6 according to column C. The
resulting protein concentrations are shown in columns D.

Table 2: BSA Dilution Series

A

B

C

D

Tube

Add PSB to

Add BSA Solution to

Resulting BSA

Tube

Tube

Concentration

1

1 μg/μL

BSA Stock Solution

2

50 μL

50 μL from tube 1

0.5 μg/μL

3

50 μL

50 μL from tube 2

0.25 μg/μL

4

50 μL

50 μL from tube 3

0.125 μg/μL

5

50 μL

50 μL from tube 4

0.063 μg/μL

6

50 μL

50 μL from tube 5

0.031 μg/μL

7

50 μL

-

0 μg/μL

2. Added 20 μL of each dilution series solution (1–7) into microplate wells (1:

BSA stock solution; 2–6: BSA dilutions; 7: BSA-free PSB)
3. Pipetted 20 μL of samples to empty wells.
4. Added 40 μL PSB to each well (dilution series and protein samples). Final
volume was 60 μL.
5. Added 40 μL Quantification Reagent QR to each well (dilution series and

protein samples). Shook microplate until a complete colour change from blue to
yellow occurred.
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6. Incubated microplate for 30 min at room temperature.
7. Measured light extinction photometrically at 570 nm with a POLARstar Omega
instrument (BMG Labtech, Ortenberg, Germany).
8. Calculated protein concentration of samples in relation to the BSA dilution
series.

Protocol 5: Western Blotting
1. Mini-Protean TGX Gel (BIO-RAD, Hercules, CA, USA) was used to assemble
the electrophoresis cell. Filled the inner and outer buffer chambers with running
buffer. Filled the upper (inner) buffer chamber of each core with 200 ml of 1x
running buffer. Filled the lower (outer) buffer chamber to the indicator mark for
2 gels (550 ml) or 4 gels (800 ml) with 1x of running buffer.
2. Prepared samples as indicated in table 3 below:

Table 3: Western Blot Sample Preparation
Component

Amount

Sample

15 μl

4x Laemmli sample buffer

4.5 μl

β-mercaptoethanol

0.5 μl

Total volume =

20 μl
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3. Heated samples at 95 °C for 5 min. Loaded 30 μg total protein per mini-gel well.
4. Connected the electrophoresis cell to the power supply and performed
electrophoresis using 100V with a run time of 60 minutes
5. After completion of electrophoresis, turned the power supply off and
disconnected the electrical leads. Opened the gel cassettes and removed the gel
by floating it off the plate into water.
6. Opened the transfer pack that matches the gel and placed the anode stack on the
cassette base. Placed two mini gels on a midi stack with each gel bottom facing
the centre. Used a blot roller to remove any air trapped between the pad and
membrane.
7. Placed the gel on the anode stack (which includes the membrane) and the
cathode stack on the gel. Rolled to remove trapped air.
8. Placed the lid on the cassette and locked it into place.
9. Turned the instrument on and slid the cassette into the cassette bay.
10. Set the transfer condition (at constant voltage) as 25V, 2.5A, 10 min and
commenced run.
11. At the end of the run, removed the cassette from the instrument and removed the
membrane from the sandwich and discarded the remaining transfer pack
materials.Following transfer, washed the membrane for 10 minutes in PBS.
12. Blocking – incubated the membrane for 1 hr at room temperature with 5% nonfat milk (for total protein) or BSA (for phosphorylated protein).
13. Primary antibody – diluted the primary antibody (name of specific antibody
and its dilution is mentioned in each individual experiment later) in antibody
dilution or blocking solution. Incubated the membrane for overnight at 4 °C in
the primary antibody solution with gentle agitation.
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14. Wash – washed the membrane 3 times in PBST, for 10 minutes per wash.
15. Antibody conjugate (Secondary antibody) – diluted the conjugate (name of
specific secondary antibody and its dilution is mentioned in each individual
experiment later) in PBST. Incubated the membrane for 1 hr at room
temperature in the enzyme conjugate solution with gentle agitation.
16. Wash – washed the membrane 3 times in PBST, 10 minutes per wash.
17. Final wash – washed the membrane in PBS to remove the Tween 20 from the
membrane surface prior to blot development and imaging.
18. Placed the membrane protein-side up on a clean piece of plastic wrap.
19. Added Immun-Star WesternC Chemiluminescence substrate solution (BIORAD). Used 0.1 ml per cm2 of membrane.

20. Incubated the membrane for 5 minutes in the chemiluminescent substrate
solution.
21. Drained excess liquid from the blot and sealed the membrane in a sheet
protector.
22. Imaged the blot on a CCD imager ChemiDoc system. Typical exposure time was
30 seconds.
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3.5 Quantitative Real Time PCR (qPCR)
For all Quantitative Real Time PCR (qPCR) experiments included in this thesis,
the following protocols were used.

Protocol 6: RNA Extraction and Purification from Cultured Cells
1. NucleoSpin®

TriPrep

(MACHEREY-NAGEL,

Duren,

Germany)

RNA

extraction kits were used for RNA extraction from cultured cells as follows.
2. Homogenize sample: Up to 5 x 106 cultured cells were collected by
centrifugation and lysed by addition of Buffer RP1 directly.
3. Lyse sample: Added 350 μL Buffer RP1 and 3.5 μL ß-mercaptoethanol (ß-ME)
to the cell pellet and vortexed vigorously.
4. Filtrate lysate: Reduced viscosity and cleared the lysate by filtration through
NucleoSpin® Filter. Placed NucleoSpin® Filter (violet ring) in a collection tube
(2 mL), applied the mixture and centrifuged for 1 min at 11,000 x g.
5. Adjusted DNA and RNA binding conditions: Discarded the NucleoSpin®
Filter and added 350 μL ethanol (70 %) to the homogenized lysate and mixed by
pipetting up and down (approx. 5 times).
6. Bind DNA and RNA: Took one NucleoSpin® TriPrep Column (light blue
ring), placed in a Collection Tube and loaded the lysate. Centrifuged for 30s at
11,000 x g. Placed the NucleoSpin® TriPrep Column in a new Collection Tube
(2 mL). RNA and DNA were bound to the column membrane.
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7. Wash silica membrane:
1st wash: Added 500 μL DNA Wash to the NucleoSpin® TriPrep Column.
Centrifuged for 1 min at 11,000 x g. Discarded flowthrough and retained the
Collection Tube.
2nd wash: Added again 500 μL DNA Wash to the NucleoSpin® TriPrep
Column. Centrifuged for 1 min at 11,000 x g. Discard Collection Tube with
flow-through. Chaotropic salt was removed by these washing steps. DNA and
RNA were still bound to the membrane.
8. Digest residual DNA on-column: Prepared rDNase reaction mixture in a sterile
microcentrifuge tube. For each isolation, added 10 μL reconstituted rDNase to
90 μL Reaction Buffer to produce rDNase reaction mixture. Mixed by flicking
the tube. Applied 95 μL rDNase reaction mixture directly onto the centre of the
silica membrane of the column. Incubated at room temperature for 15 min.
9. Wash and dry silica membrane:
1st wash: Added 200 μL Buffer RA2 to the NucleoSpin® TriPrep Column.
Centrifuged for 30 s at 11,000 x g. Placed the NucleoSpin® TriPrep Column
into a new Collection Tube (2 mL).
2nd wash: Added 600 μL Buffer RA3 to the NucleoSpin® TriPrep Column.
Centrifuged for 30 s at 11,000 x g. Discarded flowthrough and placed the
NucleoSpin® TriPrep Column back into the Collection Tube.
3rd wash: Added 250 μL Buffer RA3 to the NucleoSpin® TriPrep Column.
Centrifuged for 2 min at 11,000 x g to dry the membrane completely. Placed the
NucleoSpin® TriPrep Column into an RNase-free Collection Tube.
10. Elute highly pure RNA: Eluted the RNA in 60 μL of RNase-free H2O and
centrifuged at 11,000 x g for 1 min.
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Protocol 7: cDNA Preparation from miRNA
1. miScript II RT Kit (QIAGEN, Venlo, Limburg, Netherlands) was used for cDNA
conversion of miRNA.
2. Total RNA containing miRNA was used as the starting material.
3. The miScript II RT Kit included 2 buffers: 5x miScript HiSpec Buffer and 5x
miScript HiFlex Buffer. Only 5x miScript HiFlex Buffer was used in each
reverse transcription reaction.
4. Thawed 10x Nucleics Mix and 5x miScript HiFlex Buffer at room temperature
(25ºC).
5. Mixed each solution by flicking the tubes. Centrifuged briefly to collect residual
liquid from the sides of the tubes and then stored on ice for later steps.
6. Prepared the reverse-transcription master mix on ice according to table 4, mixed
and then stored on ice.

Table 4: cDNA Master Mix Preparation
Component

Volume/reaction

5x miScript HiFlex Buffer

4 μl

10x Nucleics Mix

2 μl

RNase-free water

Variable

miScript Reverse Transcriptase Mix

2 μl

Template RNA

1μg
20 μl

Total volume

7. Added template RNA to each tube containing reverse-transcription master mix.
Mixed gently, briefly centrifuged and then placed on ice.
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8. Incubated for 60 min at 37ºC.
9. Incubated for 5 min at 95ºC to inactivate miScript Reverse Transcriptase Mix
and placed on ice.
10. Stored the reverse-transcription reactions prior to real-time PCR in a –20ºC
freezer.

Protocol 8: cDNA Preparation from mRNA
1. SuperScript® III First-Strand Synthesis SuperMix (Life Technologies, Carlsbad,
CA, USA) was used for cDNA conversion of mRNA.
2. First-Strand cDNA Synthesis: Mixed and briefly centrifuged each component
before use.
3. Preheated the thermal cycler to 65°C.
4. Combined the following in a 0.2 mL thin-walled PCR tube on ice
Component

Amount

1 μg total RNA

n μL

Primer (50 ng/μL random hexamers)

1 μL

Annealing Buffer

1 μL

RNase/DNase-free water

to 8 μL

5. Incubated in a thermal cycler at 65°C for 5 minutes, and then immediately
placed on ice for 1 minute. Collected the contents of the tube by brief
centrifugation.
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6. Added the following to the tube on ice:
2X First-Strand Reaction Mix

10 μL

SuperScriptR III/RNaseOUT™ Enzyme Mix

2 μL

7. Vortexed the sample briefly to mix and collected by brief centrifugation.
Incubated as follows:
10 minutes at 25°C, followed by
50 minutes at 50°C
8. Terminated the reactions at 85°C for 5 minutes. Chilled on ice.
9. Stored the cDNA synthesis reaction at –20°C.

Protocol 9: Quantitative Real Time PCR (qPCR)
1. iQ™ SYBR® Green Supermix kit was used for performing Quantitative Real
Time PCR (qPCR).
2. Thawed iQ™ SYBR® Green Supermix and other frozen reaction components to
room temperature. Mixed thoroughly, centrifuged briefly to collect solutions at
the bottom of tubes, and then stored on ice protected from light.
3. Prepared (on ice) enough assay master mix for all reactions by adding all
required

components,

except

the

recommendations in Table 5.
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DNA

template,

according

to

the

Table 5. qPCR Reaction Setup
Component

Volume per
10 µl Reaction

Final
Concentration

iQ™ SYBR® Green

5 µl

1x

2 µl (1+1)

500 nM

DNA template

2 µl

60 ng

H2O

1 µl

—

Total reaction mix volume

10 µl

—

supermix (2x)
Forward and reverse primers
(target genes and primer
sequences are given in each
individual experiment later)

4. Mixed the assay master mix thoroughly to ensure homogeneity and dispensed 8
µl aliquots into each qPCR tube.
5. Added DNA samples to the PCR tubes containing assay master mix (Table 1),
sealed tubes with flat caps and vortexed 30 sec to ensure thorough mixing of the
reaction components. Spun the tubes to remove any air bubbles and collected the
reaction mixture in the vessel bottom.
6. Programmed thermal cycling protocol on the real-time PCR instrument (RotorGene Q, QIAGEN, Venlo, Limburg, Netherlands) according to Table 6.
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Table 6. qPCR Thermal Cycling Protocol
Real-Time PCR
System

Setting/
Mode

Polymerase

Amplification

Activation

Denaturation

Annealing

and DNA

at 95°C

/Extension

Denaturation

+ Plate Read at

at 95°C

an Optimized

Melt
Cycles

Curve
Analysis

Temperature

QIAGEN

Standard

5 min

10 sec

64 °C

72 °C

30 sec

30 sec

40

55–95°C

Rotor-Gene

0.5°C

Q

increment

7. Specific qPCR thermal cycling condition is given in each individual
experiment later.
8. Loaded the PCR tubes onto the real-time PCR instrument (Rotor-Gene Q,
QIAGEN, Venlo, Limburg, Netherlands) and started the PCR run.
9. Performed data analysis according to the instrument-specific instructions.
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3.6 Transient Transfection of miRNA-126
The following protocol was used for all transient transfection of miRNA-126
experiments included in this thesis.

Protocol 10: Transient Transfection of miRNA-126
1. QIAGEN HiPerFect (Venlo, Limburg, Netherlands) Transfection Reagent was
used for transient transfection of miRNA.
2. Shortly before transfection, cells were seeded with culture medium containing
10% FBS and 1x penicillin-streptomycin.
3. For the short time until transfection, incubated the cells under normal growth
conditions at 37°C and 5% CO2.
4. Diluted miRNA-126 (QIAGEN) in culture medium without serum (to give a
final miRNA-126 concentration of 10 nM after adding complexes to cells in step
7).
5. Added HiPerFect Transfection Reagent (specific amount is mentioned in each
individual experiment later) to the diluted miRNA-126 and mixed by vortexing.
6. Incubated for 10 min at room temperature (25°C) to allow the formation of
transfection complexes.
7. Added the complexes drop-wise onto the cells. Gently swirled the plate to
ensure uniform distribution of the transfection complexes.
8. Incubated the cells with the transfection complexes under their normal growth
conditions at 37°C and 5% CO2. Monitored gene silencing after 48 h after
transfection. Changed the medium as required.
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3.7 Cell Proliferation Assay
For all Cell Proliferation Assay experiments included in this thesis, the
following protocol was used.

Protocol 11: MTS Cell Proliferation Assay
1. CellTiter 96® AQueous One Solution (Promega, Madison, WI, USA) was used
for MTS Cell Proliferation Assay.
2. Thawed the CellTiter 96® AQueous One Solution Reagent.
3. Pipeted 20μl of CellTiter 96® AQueous One Solution Reagent into each well of
the 96-well assay plate containing the cells (specific number of cells is
mentioned in each individual experiment later) in 100μl of culture medium.
4. Incubated the plate at 37°C for 4 hours in a humidified, 5% CO2 incubator.

5. Recorded the absorbance at 490nm using a 96-well plate reader.
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3.8 Colony Formation Assay
The following protocol was used for all Colony Formation Assay experiments
included in this thesis.

Protocol 12: Colony Formation Assay
1. Cultured the cells in optimum growth condition.
2. Removed medium and then rinsed cells with PBS.
3. Added 0.25% trypsin to the cells and incubated at 37 °C for 3 min until the cells
appear round.
4. Added medium with 10% FBS and detached the cells by pipetting.
5. Counted the cells using a hemocytometer.
6. Seeded 400 cells per well of a 6-well plate in triplicate.
7. Incubated cells for one hour in a CO2 incubator at 37 °C and allowed them to
attach to the plate.
8. Transfected miRNA into the cells following protocol 10 discussed earlier.
9. Incubated the cells in a CO2 incubator at 37 °C for 3 weeks until cells in control
plates have formed colonies that were of a substantially good size (50 cells per
colony is the minimum for scoring).
10. Removed medium, and then rinsed cells with PBS.
11. Removed PBS and added 2 ml of 4% paraformaldehyde and left the plates at
room temperature for 5 min.
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12. Remove the solution.
13. Added 2 ml 0.5% crystal violet solution in each well and incubated at RT for 2
hours.
14. Added 10 ml medium with 10% FBS.
15. Removed crystal violet carefully and immersed the plates in tap water to rinse
off remaining crystal violet.

16.Air-dried the plates on a cloth at RT for overnight.
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3.9 Knockout Single Vector Inducible RNAi System: Development of
anti-BRAF shRNA stable cell line
For development of anti-BRAF shRNA stable cell line, the following protocols
were used.

Protocol 13: Anti-BRAF shRNA Oligonucleotide Design
1. Selecting anti-BRAF shRNA Target Sequences: Selected target sequences
having the following characteristics:
I.

Did not select sequences within the 5’ and 3’ untranslated regions
(UTRs), nor regions within 75 bases of the start codon (Start codon:
ATG/AUG).

II.

Did not select sequences that contain a consecutive run of 3 or more
thymidine residues; a poly(T) tract within the sequence can potentially
cause premature termination the shRNA transcript.

III.

The GC content was between 40% and 60%.

IV.

Oligonucleotide sequence had minimal secondary structure and was
without long base runs.

V.

Compared the remaining candidate sequences to BLAT and BLAST
searches of the genome database to identify sequences that were specific
for the gene of interest and showed no significant homology to other
genes.
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2. Design of the anti-BRAF shRNA Oligonucleotides: The sequences of the two
complementary oligonucleotides (a upper and lower strand) for shRNA target
site included the following:
I.

A 5’-XhoI restriction site overhang on the forward strand and a 5’HindIII restriction site overhang on the reverse strand.

II.

A guanine (G) residue added upstream of the 5’- end of the shRNA sense
strand

III.

A hairpin loop sequence 5’-TTCAAGAGA- 3’

IV.

The target antisense sequence.

V.

A RNA Pol III terminator sequence consisting of a 5–6 nucleotide
poly(T) tract.

VI.

A unique restriction site Mlu I (5’-ACGCGT- 3’), positioned
immediately downstream of the terminator sequence for convenient
restriction digest analysis to confirm the presence of the cloned insert.
This site does not exist in pSingle-tTS-shRNA.

VII.

Final anti-BRAF shRNA sequence was:
Anti-BRAF shRNA sense: 5′-TCGAGGGTCTAGCTACAGAGAAATT
TCAAGAGAATTTCTCTGTAGCTAGACCTTTTTTA-3′
and anti-BRAF shRNA antisense: 5′-AGCTTAAAAAAGGTCTAGCT
ACAGAGAAATTCTCTTGAAATTTCTCTGTAGCTAGACCC-3′.
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Protocol 14: Cloning anti-BRAF shRNA Oligonucleotides into pSingle-tTS-shRNA
Plasmid Vector
1. Preparing the pSingle-tTS-shRNA Plasmid Vector for Cloning: Digested 1
μg of pSingle-tTS-shRNA vector with Xho I and Hind III restriction enzymes as
follows:
I.

Spun the pSingle-tTS-shRNA vector containing vial briefly to recover
contents and avoid repeated freeze/thaw cycles.

General Reaction Mixture:

II.
III.

Xho I

1 μl

Hind III

1 μl

10 × M Buffer

2 μl

Substrate DNA

1 μg

Sterilized distilled water up to

20 μl

Reaction temperature 37 ℃ and incubation time 3 hrs
Added >1/10 volume of 10× Loading Buffer to stop enzyme reaction.

2. Purified

the digested vector DNA using a spin column from the

NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-NAGEL, Duren,
Germany) using following methods:
I.

DNA extraction from agarose gels: Took a clean scalpel to excise the
DNA fragment from an agarose gel. Removed all excess agarose.
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II.

Determined the weight of the gel slice and transfered it to a clean tube.

III.

For each 100 mg of agarose gel < 2 % added 200 μL Buffer NTI.

IV.

Incubated sample for 10 min at 50 °C. Vortexed the sample briefly every
3 min until the gel slice was completely dissolved.

V.

Bind DNA: Placed a NucleoSpin® Gel and PCR Clean-up Column into
a Collection Tube (2 mL) and loaded up to 700 μL sample.

Centrifuged for 30 s at 11,000 x g. Discarded flow-through and placed
the column back into the collection tube.

Loaded remaining sample and repeated the centrifugation step.

VI.

Wash silica membrane: Added 700 μL Buffer NT3 to the NucleoSpin®
Gel and PCR Clean-up Column. Centrifuge for 30 s at 11,000 x g.

Discarded flow-through and place the column back into the collection
tube.

VII.

Dry silica membrane: Centrifuged for 1 min at 11,000 x g to remove
Buffer NT3 completely.

VIII.

Elute DNA: Placed the NucleoSpin® Gel and PCR Clean-up Column
into a new 1.5 mL microcentrifuge tube.
Added 15–30 μL Buffer NE and incubated at room temperature (18–25
°C) for 1 min. Centrifuge for 1 min at 11,000 x g.
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IX.

Stored the purified vector DNA at –20°C until ready to ligate the
annealed oligos.

3. Annealing the Oligonucleotides: Annealing the oligonucleotides was
performed as follows:
I.

Resuspended each purified oligonucleotide in TE buffer to a final
concentration of 100 μM.

II.

Mixed 10 μl of forward strand and 10 μl of the reverse strand in 80 μl of
TE buffer. This mixture will ultimately yield 10 μM of ds oligo
(assuming 100% theoretical annealing).

Calculation:
Forward Strand (Stock = 100 μM)

III.

10 μl

Reverse Strand (Stock = 100 μM)

10 μl

TE buffer

80 μl

Final ds Oligo (10 μM)

100 μl

Heated the mixture to 95°C for 5 minutes on a heating block to remove
all intramolecular secondary structure and disrupt the internal hairpin of
each oligonucleotide. This promoted intermolecular annealing.

IV.

Then turn off the heating unit, removed the heating block from the
heating unit and let it cool down gradually on bench top over 1 hr.

V.
VI.

Stored on ice.
The annealed oligonucleotides were stored at –20°C until ready to use.
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4. Ligating the Annealed ds Oligonucleotides into pSingle-tTS-shRNA:
Ligating the annealed ds anti-BRAF shRNA oligonucleotides into pSingle-tTSshRNA vector was performed as follows:

I.

Diluted the annealed ds oligo 100-fold with TE buffer to obtain a
concentration of 0.1 μM.
Calculation:

II.
III.

ds Oligo (10 μM)

5 μl

TE Buffer

495 μl

Final ds Oligo (0.1 μM)

500 μl

Measured the ds Oligo concentration by NanoDrop.
Assembled a ligation reaction for each annealed pair of oligonucleotides
by combining the following reagents in an microfuge tube:
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Table 7: Ligation Reaction Mixture for anti-BRAF shRNA

0.58 μl

pSingle-tTS-shRNA vector DNA, XhoI/HindIIIdigested (174.1 ng/μl)

0.54 μl Diluted, annealed oligonucleotides (0.1 μM) (4.7
ng/μl). 1:3 vector-insert molar ratio for anti-BRAF
shRNA.
1.5 μl

10X T4 DNA ligase buffer

12.08

Nuclease-free H2O

μl

IV.

0.3 μl

T4 DNA ligase (NEB, 400,000 U/ml)

15 μl

Total volume

A control ligation was assembled using 1 μl of nuclease-free H2O instead
of the annealed oligos.

V.

Incubated the reaction mixture as follows:
Incubation temperature: 16 °C
Incubation time: Overnight (16~18 hrs)

VI.

Residual reaction mixture was stored at –20°C until ready to use.
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Protocol 15: Transform Competent Cells, Identify Recombinant Clones and Prepare
DNA for Transfection
1. Stellar™ Competent Cells (Clontech, Mountain View, CA, USA) were used for
transformation. Stellar™ Competent Cells were an E.coli K-12 strain that
provides high transformation efficiency. The strain carried recA and endA
mutations that made it a good host for obtaining high yields of plasmid DNA.
2. Transform Stellar Competent Cells with 2 μl of the ligation reaction as follows:
I.
II.

Thawed Stellar Competent Cells in an ice bath just before use.
After thawing, mixed gently to ensure even distribution, and then moved
50 μl of competent cells into a 2 ml round-bottom eppendorf tube. Did
not vortex.

III.

Added 5 ng of DNA for transformation.

IV.

Place tubes on ice for 30 min.

V.

Heat shocked the cells for exactly 2 minutes at 42°C.

VI.

Placed tubes on ice for 2 min.

VII.

Added SOC medium to bring the final volume to 500 μl. SOC medium
was warmed to 37°C before using.

VIII.

Incubated by shaking (200 rpm) for 1 hr at 37°C.

3. Plated different volumes (50 μl, 100 μl and 150 μl) from each transformation on
LB agar + ampicillin plates (100 μg/ml).
4. Incubated overnight at 37°C putting the plates upside down.
5. Picked 2 well isolated colonies from each ligation/transformation and inoculated
each into a small-scale (7 ml) liquid culture in 15 ml falcon tube.
6. Grew overnight (16 h) at 37°C with shaking at 275 rpm.
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7. Then prepared plasmid DNA minipreps by using NucleoSpin Plasmid Kit
(MACHEREY-NAGEL, Duren, Germany) as follows:

I.

Cultivate and harvest bacterial cells: Used 5 mL of a saturated E. coli
LB culture, pelleted cells in a standard benchtop microcentrifuge for 30 s
at 11,000 x g. Discarded the supernatant and removed as much of the
liquid as possible.

II.

Cell lysis: Added 250 μL Buffer A1. Resuspended the cell pellet
completely by vortexing. Made sure no cell clumps remained before
addition of Buffer A2.
Added 250 μL Buffer A2. Mixed gently by inverting the tube 8 times.
Did not vortex to avoid shearing of genomic DNA. Incubated at room
temperature for 5 min.
Added 300 μL Buffer A3. Mixed thoroughly by inverting the tube 8
times. Did not vortex to avoid shearing of genomic DNA.

III.

Clarification of lysate: Centrifuged for 5 min at 11,000 x g at room
temperature.

IV.

Bind DNA: Placed a NucleoSpin® Plasmid Column in a Collection
Tube (2 mL) and pipetted a maximum of 750 μL of the supernatant onto
the column. Centrifuged for 1 min at 11,000 x g. Discarded flow-through
and placed the NucleoSpin® Plasmid Column back into the collection
tube. Repeated this step to load the remaining lysate.

V.

Wash silica membrane: Added 600 μL Buffer A4. Centrifuged for 1
min at 11,000 x g. Discarded flow-through and placed the NucleoSpin®
Plasmid Column back into the empty collection tube.
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VI.

Dry silica membrane: Centrifuged for 2 min at 11,000 x g and
discarded the collection tube.

VII.

Elute DNA: Placed the NucleoSpin® Plasmid Column in a 1.5 mL
microcentrifuge tube and added 50 μL Buffer AE. Incubated for 1 min at
room temperature. Centrifuged for 1 min at 11,000 x g.

8. Identified the desired recombinant plasmid by restriction analysis using the
unique restriction site (Mlu I) within the anti-BRAF shRNA oligonucleotide
sequence.
General Reaction Mixture:
Mlu I

1 μl

10X H Buffer

2 μl

Substrate DNA

≦1 μg

Sterilized distilled water up to

20 μl

Reaction Temperature: 37 ℃
Incubation Time: 3 hr

Added >1/10 volume of 10X Loading Buffer to stop enzyme
reaction and applied on agarose gel electrophoresis.
9. Once a positive clone had been identified, made a large-scale DNA prep of the
recombinant anti-BRAF shRNA vector. To ensure optimal purity of the DNA
for transfection, we used a NucleoBond Kit (MACHEREY-NAGEL, Duren,
Germany). Large-scale DNA prep was made as follows:
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I.

Prepare a starter culture: Inoculated a 5 mL starter culture of LB
medium with 2 single colonies picked from a freshly streaked agar plate.
Made sure that plate and liquid culture contained ampicillin to guarantee
plasmid propagation. Shook at 37 °C and 300 rpm for 8 h.

II.

Prepare a large overnight culture: Inoculated an overnight culture by
diluting the starter culture 1/1000 into 100 ml of LB medium also
containing ampicillin. Grew the culture overnight at 37 °C and 300 rpm
for 16 h.

III.

Harvest bacterial cells: Pelleted the cells in 50 ml falcon tube by
centrifugation at 9000 rpm for 10 min at 4 °C.

IV.

Resuspension

(Buffer

RES-EF):

Resuspended

the

cell

pellet

completely in 8 ml Resuspension Buffer RES-EF + RNase A by
vortexing the cells.
V.

Cell lysis (Buffer LYS-EF): Add 8 ml Lysis Buffer LYS-EF to the
suspension. Mixed gently by inverting the tube 5 times. Did not vortex as
this will shear and release contaminating chromosomal DNA from
cellular debris into the suspension. Incubated the mixture at room
temperature (18–25 °C) for 5 min.

VI.

Equilibration (Buffer EQU-EF): Equilibrated a NucleoBond® Xtra
Column together with the inserted column filter with 15 ml Equilibration
Buffer EQU-EF. Allowed the column to empty by gravity flow.

VII.

Neutralization (Buffer NEU-EF): Added 8 ml Neutralization Buffer
NEU-EF to the suspension and immediately mixed the lysate gently by
inverting the tube 15 times. Did not vortex. Incubated crude lysate on ice
for 5 minutes.
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VIII.

Clarification and loading: Made sure to have a homogeneous
suspension of the precipitate by inverting the tube 3 times directly before
applying the lysate to the equilibrated NucleoBond® Xtra Column Filter
to avoid clogging of the filter. The lysate was simultaneously cleared and
loaded onto the column. Allowed the column to empty by gravity flow.

IX.

Wash column filter and column (Buffer FIL-EF), 1st wash: Washed
the NucleoBond® Xtra Column Filter and NucleoBond® Xtra Column
with 5 ml Equilibration Buffer FIL-EF. Applied the buffer to the funnel
shaped rim of the filter and made sure it was washing out the lysate
which is remaining in the filter.

X.

Discard column filter: Pull out the NucleoBond® Xtra Column Filter
and discarded.

XI.

Wash

column

(Buffer

ENDO-EF),

2nd

wash:

Washed

the

NucleoBond® Xtra Column with 35 ml Wash Buffer ENDO-EF.
Allowed the column to empty by gravity flow.
XII.

Wash

column

(Buffer

WASH-EF),

3rd

wash:

Washed

the

NucleoBond® Xtra Column with 15 ml Wash Buffer WASH-EF.
Allowed the column to empty by gravity flow.
XIII.

Elution (Buffer ELU-EF): Eluted the plasmid DNA with 5 ml Elution
Buffer ELU-EF. Collected the eluate in a 15 mL mL centrifuge tube.

XIV.

Precipitate DNA: Added 3.5 mL of room-temperature isopropanol for 5
mL eluate. Vortexed well and let the mixture sit for 2 minutes.

XV.

Load precipitate: Removed the plunger from a 30 mL Syringe and
attached a NucleoBond® Finalizer to the outlet. Filled the precipitation
mixture into the syringe, inserted the plunger, held the syringe in a
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vertical position, and pressed the mixture slowly through the
NucleoBond® Finalizer using minimal force. Discarded the flowthrough.
XVI.

Wash precipitate (endotoxin-free 70 % EtOH): Removed the
NucleoBond® Finalizer from the syringe, pulled out the plunger and
reattached the NucleoBond® Finalizer to the syringe outlet. Filled 2 ml
endotoxin-free 70 % ethanol into the syringe, inserted the plunger, held
the syringe in a vertical position, and pressed the ethanol slowly through
the NucleoBond® Finalizer. Discarded the flow-through.

XVII.

Dry filter membrane: Removed the NucleoBond® Finalizer from the
syringe, pulled out the plunger and reattached the NucleoBond®
Finalizer. Pressed air through the NucleoBond® Finalizer as strongly as
possible while touching a tissue with the tip of the NucleoBond®
Finalizer to soak up ethanol. Repeated this step 3 times until dry.

XVIII.

Elute DNA (Buffer TE-EF or H2O-EF): Removed the NucleoBond®
Finalizer from the syringe, pulled out the plunger of a 1 mL Syringe and
attached the NucleoBond® Finalizer to the syringe outlet. Pipetted
200μL of endotoxin-free H2O-EF into the syringe. Placed the
NucleoBond® Finalizer outlet in a vertical position over a fresh 1.5 ml
collection tube and eluted plasmid DNA very slowly, drop by drop by
inserting the plunger. Removed the NucleoBond® Finalizer from the
syringe, pulled out the plunger and reattached the NucleoBond®
Finalizer to the syringe outlet. Transfered the first eluate completely back
into the syringe and eluteed into the same collection tube a second time.
Removed the NucleoBond® Finalizer from the syringe, pulled out the
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plunger to aspirate air, reattached the NucleoBond® Finalizer and
pressed the air out again to force out as much eluate as possible.
XIX.

Determined plasmid yield by UV spectrophotometry and confirmed
plasmid integrity by agarose gel electrophoresis.

XX.

The eluate was stored at -20 °C.

Protocol 16: Development of anti-BRAF shRNA Stable Cell Lines
1. Grew cells to ~80% confluency in complete medium.
2. Transfected the recombinant anti-BRAF shRNA vector as follows:
I.

CalPhos™ Mammalian Transfection Kit (Clontech, Mountain View, CA,
USA) was used for transfecting the recombinant pSingle-tTS-shRNA
vector into mammalian cells.

II.

Plated 4 x 105 cells/well of a 6-well plate the day before the transfection
experiment.

III.

For each transfection, prepared Solution A and Solution B in separate
sterile tubes.

Solution A: added components in the following order:
2 μg

Plasmid DNA

Variable

Sterile H2O

12.4 μl

2M Calcium Solution

100 μl

Total Volume

Solution B: 100 μl 2X HBS
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IV.

Carefully and slowly vortexed Solution A while adding Solution B
dropwise.

V.
VI.

Incubated the transfection solution at room temperature for 15 min.
Gently vortexed transfection solution and then added solution dropwise
to culture plate medium. Added 200 μl of transfection solution per well
of a 6-well plate.

VII.

Gently moved plates back and forth to distribute transfection solution
evenly.

VIII.
IX.

Incubated plates at 37°C for overnight in a CO2 incubator.
Removed calcium phosphate-containing medium and washed cells with
1X PBS.

X.

Fed plate with 2 ml fresh complete growth medium and incubated at
37°C until needed for assay.

3. Following the transfection incubation period, split the cells and plated them in 2,
10 cm culture dishes, each containing 10 ml of the appropriate complete
medium.
4. Allowed cells to divide twice (48 hr), then added G418 at a concentration 400
μg/ml.
5. Replaced medium with fresh complete medium plus G418 every four days.
6. After about five days, cells that had not taken up the plasmid started to die.
7. After 4 weeks, isolated G418-resistant colonies began to appear.
8. Isolated large, healthy colonies and transferred them to individual plates. Used
care to prevent contamination of the cultures.
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9. Once the picked clones were sufficiently expanded to split into 3 wells of a 6well plate, seeded about 1/3 of the total of a clone into a single well of a "stock
plate".
10. Divided the remaining 2/3 of the cells between two wells of a 6-well plate and to
one of the wells, added Dox at a concentration 1,000 ng/ml. Also prepared
untransfected cells as controls for normal levels of gene expression (+/– Dox).
11. Incubated the cells for 72 hr.
12. Harvested the 2 test wells for each clone & controls and assayed for shRNAmediated gene suppression.
13. Clones that exhibited the highest overall anti-BRAF shRNA expression (highest
level of gene suppression) in the presence of Dox and showed no background
suppression in the absence of Dox, were selected for propagation and further
testing.
14. Froze stocks of each relevant clone to provide a renewable source of cells.
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3.10 Statistical Analysis
All experimental results were shown as Mean values ± Standard Error or Mean
(SEM). Statistical analyses were performed with GraphPad Prism 6 software (San
Diego, California, USA). Statistical significance was determined by a Student’s t-test
or analysis of variance (ANOVA) (if applicable) and probability value of p < 0.05 was
considered as significant.
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Pathways Activation
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Title: “Multiple proliferation-survival pathways are simultaneously
active in BRAF V600E mutated thyroid carcinoma”
Md. Atiqur Rahman, Ali Salajegheh, Robert Anthony Smith, Alfred King-yin Lam
(Manuscript published in Experimental and Molecular Pathology)

Citation: Rahman MA, Salajegheh A, Smith RA, Lam AK. Multiple proliferation-survival
pathways are simultaneously active in BRAF V600E mutated thyroid carcinoma. Experimental
and Molecular Pathology 2015; 99: 492–497.

4.1 Introduction
Thyroid carcinoma is most frequent in endocrine malignancy and is more
common in women. Papillary thyroid carcinoma is most common subtype among all
thyroid carcinomas and its prevalence is more than 70% of all thyroid cancers [379].
Undifferentiated thyroid carcinoma accounts for approximately 4% of thyroid
carcinomas. It is the most aggressive variant of thyroid carcinoma and many of them
are derived from papillary thyroid carcinoma [380, 381].
BRAF is an oncogene and oncogenic mutation in BRAF is involved in the
pathogenesis of cancers such as melanoma, colorectal cancer, and ovarian serous
tumours [70]. The overall prevalence of the mutation of BRAF in human cancer is
approximately 8% [61]. BRAF mutation was first discovered in thyroid carcinoma in
2003 [134]. It is uniquely seen in papillary thyroid carcinoma and papillary thyroid
carcinoma-derived undifferentiated thyroid carcinoma. The prevalence of this mutation
is approximately 45% in papillary thyroid carcinoma and 24% in papillary thyroid
carcinoma derived undifferentiated thyroid carcinoma [71, 136]. Patients with BRAF
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mutated papillary thyroid carcinoma show increased mortality and increased cancer
recurrence [72, 382].

Thus, papillary thyroid carcinomas and undifferentiated

harbouring BRAF mutation may benefit from treatment with therapy targeted against
BRAF mutated protein.
Small molecular kinase inhibitors have been developed to target mutant BRAF
protein in cancer. Currently, only a Phase I clinical trial report has been published and a
Phase II clinical trial (ClinicalTrials.gov ID: NCT01286753) is ongoing on BRAF
mutated thyroid carcinoma. The maximum response rate of these BRAF inhibitors has
been noted as being not more than 50% in thyroid cancer or melanoma [165, 383, 384].
Moreover, patients undergoing BRAF inhibitor therapy develop resistance against
BRAF inhibitor within a few months of treatment initiation [383-385]. The reasons for
BRAF inhibitor resistance have been investigated and it has been found that most of the
BRAF inhibitor resistance occurs due to reactivation of ERK proliferation-survival
kinase signalling pathways and a secondary activation of the AKT proliferation-survival
kinase signalling pathway [385].
It is not clear whether AKT proliferation-survival kinase signalling is activated
after BRAF inhibitor treatment or if this kinase signalling pathway is already active in
the first place in thyroid carcinoma. Therefore, the aim of this study was to verify the
activation status of both ERK and AKT proliferation-survival kinase signalling
pathways in BRAF V600E mutated thyroid carcinoma.
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4.2 Materials and Methods
4.2.1 Cell Lines and Culture
Thyroid carcinoma cell lines, B-CPAP (papillary thyroid carcinoma), 8505C
(undifferentiated thyroid carcinoma), BHT-101 (undifferentiated thyroid carcinoma)
and MB-1 (undifferentiated thyroid carcinoma) were procured from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmBH - German collection of
microorganisms and cell cultures (DSMZ).
In addition, the papillary thyroid carcinoma cell line (K1) and non-cancer
thyroid epithelial cell line (Nthy-ori 3-1) were obtained from European Collection of
Cell Cultures (ECACC). All cell lines were authenticated by short tandem repeat (STR)
profiling which was accomplished by the supplier company before purchase. Early
passage (passage number less than five) cell lines were used for every experiment. In
addition, cell morphology of all the cell lines was evaluated by the author (AKL, a
pathologist) before each experiment to confirm the relationship to the original
diagnosis. Company suggested protocols were followed and recommended medium
was used for culturing and preservation of each cell line. 8505C, B-CPAP and Nthy-ori
3-1 cells were cultured with Roswell Park Memorial Institute medium-1640 (RPMI1640) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal bovine serum
(Invitrogen) and 2 mM L-glutamine (Invitrogen). BHT-101 cells were cultured with
Dulbecco's Modified Eagle's medium (DMEM) (Invitrogen) supplemented with 20%
heat inactivated fetal bovine serum (Invitrogen), 0.5% human serum (Sigma-Aldrich,
St. Louis, MO, USA) and 5 μg/ml human insulin (Sigma-Aldrich). MB-1 cells were
cultured with RPMI-1640 (Invitrogen) medium supplemented with 20% heat inactivated
foetal bovine serum (Invitrogen) and 2 mM L-glutamine (Invitrogen). K1 cells were
cultured with DMEM (Invitrogen), Ham's F12 (Invitrogen) and MCDB 105 (Sigma123

Aldrich) media in a ratio 2:1:1 supplemented with 10% heat inactivated foetal bovine
serum (Invitrogen) and 2 mM L-glutamine (Invitrogen). Culture medium was also
supplemented with antibiotics 1X penicillin-streptomycin (Invitrogen).

4.2.2 Immunofluorescent Staining
3 x 104 cells were seeded on coverslips in every well of a 24 well plate
containing complete culture medium supplemented with serum and antibiotics. After
80% confluence, cells on the coverslip were fixed with cold 4% paraformaldehyde (pH
7.2-7.3) incubated for 15 minutes at room temperature followed by permeabilization
with 0.25% Triton X-100, incubated for a further 15 minutes at room temperature.
Background blocking was performed with 5% goat or rabbit serum incubated for 60
minutes at room temperature. Following this, cells on coverslips were incubated with
primary antibody overnight at 4oC. On the following day, cells on coverslips were
incubated with Alexa Fluor conjugated secondary antibody for 1.5 hours at room
temperature in a dark room. After that, cells on coverslips were counterstained with
DAPI (4', 6-diamidino-2-phenylindole) incubated for 5 minutes in the dark and the
coverslip was attached to a glass slide. Images were captured with a Nikon A1R+
Confocal microscope (Nikon, Melville, NY, USA). Antibodies and dilutions used were:
BRAF V600E (1:100), BRAF (1:100), p-ERK (1:100), p-AKT (Ser 473) (1:100), rabbit
anti-goat IgG (Alexa Fluor 594) (1:1000), donkey anti-rabbit IgG (Alexa Fluor 594)
(1:1000) and goat anti-mouse IgG (Alexa Fluor 488) (1:1000). BRAF, p-ERK and pAKT antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
BRAF V600E antibody was purchased from Spring Bioscience (Pleasanton, CA, USA).
Alexa Fluors and DAPI were purchased from Life Technologies (Carlsbad, CA, USA).
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4.2.3 Western Blots
In a 10 cm diameter cell culture disk, 5 x 105 cells were seeded in 10 ml of
complete culture medium containing serum and antibiotics. Total cell lysates were
extracted from cells after 80% confluence by using NP40 Cell Lysis Buffer (50 mM
Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 1% Nonidet
P40, 0.02% NaN3) procured from Invitrogen (Carlsbad, CA, USA). The manufacturer
recommended protocol was followed during cell lysate extraction. NP40 Cell Lysis
Buffer was supplemented with protease inhibitor cocktail (Sigma, St. Louis, MO, USA),
phenylmethanesulfonyl fluoride solution (PMSF) (Sigma-Aldrich) and phosphatase
inhibitor cocktail (Cell Signaling, Danvers, MA, USA).
30 µg total cell lysate was resolved through 4-15% gradient SDS-PAGE gel
(BIO-RAD, Hercules, CA, USA) and transferred to polyvinylidene fluoride membrane
(BIO-RAD).

Subsequently, the membrane was blocked with 5% non-fat milk for

detecting total protein or with 5% bovine serum albumin (BSA) for detecting
phosphorylated protein, incubating for one hour. The blocked membrane was then
incubated overnight with primary antibody at 4oC followed by two hours of incubation
with HRP (horseradish peroxidase) conjugated secondary IgG (Santa Cruz
Biotechnology).

Eventually, blots were developed with an Immun-Star WesternC

chemiluminescence kit (BIO-RAD) and visualized by using a ChemiDoc MP Imaging
System (BIO-RAD). The results were analysed with Image Lab software version 5.2.1
(BIO-RAD).

Antibodies and dilutions used were: BRAF V600E (1:500), BRAF

(1:500), p-ERK (1:300), ERK (1:300) p-AKT (Ser 473) (1:400), AKT (1:500), GAPDH
(1:1000), goat anti-rabbit IgG-HRP (Horseradish peroxidase) (1:5000), goat anti-mouse
IgG-HRP (1:5000) and rabbit anti- goat IgG-HRP (1:5000). BRAF V600E antibody
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was purchased from Spring Bioscience. All other antibodies were purchased from
Santa Cruz Biotechnology.

4.2.4 Statistical Analyses
Experimental results were presented as mean values ± standard error of the mean
(SEM). All statistical analyses were accomplished with GraphPad Prism 6 software
(GraphPad Software Inc., San Diego, California, USA).

4.3 Results
4.3.1 8505C, B-CPAP, K1 and BHT-101 Thyroid Carcinoma Cell Lines were
BRAF V600E Mutated
Immunofluorescent staining was performed to confirm the

BRAF V600E

mutational status of thyroid carcinoma cell lines (8505C, B-CPAP, K1, BHT-101, MB1) and the non-cancer thyroid control cell line (Nthy-ori 3-1) using a BRAF V600E
specific antibody to detect BRAF V600E mutated protein expressed in cells. Positive
signals (cytoplasmic localization of BRAF V600E) were noted in 8505C, B-CPAP, K1
and BHT-101 thyroid carcinoma cell lines (Fig. 15). MB-1 and Nthy-ori 3-1 thyroid
cell lines did not express BRAF V600E mutated protein, although these two cell lines
expressed BRAF protein (Fig. 15).
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Figure 15: Expression of mutant BRAF V600E protein and BRAF protein in six thyroid cell lines shown
by immunofluorescent staining. Green fluorescence shows mutant BRAF V600E protein expression and
red fluorescence shows BRAF protein expression. From the bottom line images, it can be seen that all six
thyroid cell lines expressed BRAF protein. The top line images show that only 8505C, B-CPCP, K1 and
BHT-101 thyroid carcinoma cell lines express mutant BRAF V600E protein. Thyroid carcinoma cell line
(MB-1) and non-cancer thyroid cell line (Nthy-ori 3-1) did not express mutant BRAF V600E protein.
Images were taken with a Nikon A1R+ confocal microscope using 60x objective with immersion oil
[386].

Western blot experiments revealed that BRAF V600E mutated proteins were
only expressed in four thyroid carcinoma cell lines (8505C, B-CPAP, K1 and BHT-101)
(Fig. 16A). BRAF V600E mutated proteins were not expressed in MB-1 and noncancer (Nthy-ori 3-1) thyroid cells, though BRAF proteins were expressed in these two
types of cells (Fig. 16A).

Furthermore, blots analysed with Image Lab software

(densitometry quantification) showed that 8505C and B-CPAP thyroid carcinoma cells
expressed almost double the amount of BRAF V600E mutated proteins when compared
to K1 and BHT-101 thyroid carcinoma cells (Fig. 16B). No expression of BRAF
V600E mutated proteins were detected in MB-1 and non-cancer (Nthy-ori 3-1) thyroid
cells in blots analysed with Image Lab software (Fig. 16B).
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Figure 16: Images showing expression of mutant BRAF V600E protein and BRAF protein across six
thyroid cell lines. A: Western blots displaying mutant BRAF V600E protein, BRAF protein and control
GAPDH protein. Blots revealed that all six thyroid cell lines expressed BRAF protein, but only four
thyroid carcinoma cell lines (8505C, B-CPCP, K1 and BHT-101) expressed mutant BRAF V600E
protein. B: Bar graph displaying level of mutant BRAF V600E protein expression through six thyroid
cell lines. MB-1 and Nthy-ori 3-1 cell lines expressed no mutant BRAF V600E protein. K1 and BHT101 thyroid carcinoma cell lines expressed almost half the amount of mutant BRAF V600E protein when
compared to 8505C and B-CPCP thyroid carcinoma cell lines. All data presented here are Mean ± SEM
[386].

4.3.2 Active ERK Kinase Proteins Were Found in BRAF V600E Mutated Thyroid
Carcinoma Cell Lines
In order to evaluate whether ERK kinase proteins were active or inactive in
BRAF V600E mutated thyroid carcinoma cells, immunofluorescent staining
experiments were performed using a phospo-specific ERK (p-ERK) antibody to detect
phosphorylated ERK kinase protein. Phosphorylated proteins are active proteins in
cells. Immunofluorescent images showed that BRAF V600E mutated thyroid carcinoma
cells (8505C, B-CPAP, K1 and BHT-101) contained phosphorylated ERK kinase
proteins (Fig. 17).
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Figure 17: Presence of active ERK (p-ERK) kinase protein in BRAF V600E mutated thyroid carcinoma
cell lines. A: Immunofluorescent image and Western blot result showed that active ERK (p-ERK) kinase
proteins were present in BRAF V600E mutated 8505C thyroid carcinoma cells. Similar findings were
also found in BRAF V600E mutated B-CPCP (B), K1 (C) and BHT-101 (D) thyroid carcinoma cells.
Immunofluorescent images were captured by a Nikon A1R+ confocal microscope using 60x objective
with immersion oil [386].

Western blot experiments using phospo-specific ERK (p-ERK) antibody were
also done to confirm the result obtained from immunofluorescence experiments. The
results confirmed that phosphorylated ERK kinase proteins were discovered in BRAF
V600E mutated thyroid carcinoma cells (8505C, B-CPAP, K1 and BHT-101) (Fig. 17).
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4.3.3 Active AKT kinase proteins were detected in BRAF V600E mutated thyroid
carcinoma cell lines
In order to determine whether AKT kinase proteins were active or inactive along
with active ERK kinase proteins, expression and localization of phosphorylated-AKT
protein was detected using phospo-specific AKT (p-AKT) antibody. BRAF V600E
mutated thyroid carcinoma cells (8505C, B-CPAP, K1 and BHT-101) also showed
phosphorylated AKT kinase proteins in the immunofluorescent imaging (Fig. 18).

Figure 18: Existence of active AKT (p-AKT) kinase proteins in BRAF V600E mutated thyroid
carcinoma cell lines. A: Immunofluorescent imaging revealed that active AKT (p-AKT) kinase proteins
were present in BRAF V600E mutated 8505C thyroid carcinoma cells. Presence of active AKT (p-AKT)
kinase proteins were also found in Western blots. Similar kinds of finding were also observed in BRAF
V600E mutated B-CPCP (B), K1 (C) and BHT-101 (D) thyroid carcinoma cells. A Nikon A1R+
confocal microscope (60x objective with immersion oil) was used to capture all the immunofluorescent
images [386].
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Furthermore, phosphorylated AKT kinase proteins were also detected by
western blot analysis in BRAF V600E mutated thyroid carcinoma cells (8505C, BCPAP, K1 and BHT-101) (Fig. 18).

4.4 Discussion
We confirmed in our investigation that thyroid carcinoma cell lines (8505C, BCPAP, K1 and BHT-101) were BRAF V600E mutated thyroid carcinoma cell lines.
Our findings were in concurrence with a few other studies which showed that these
thyroid carcinoma cell lines were BRAF V600E mutated thyroid carcinoma cell lines
[138, 387, 388]. Our experiments also indicated that 8505C and B-CPAP thyroid
carcinoma cell lines expressed almost double the amount of BRAF V600E mutated
protein when compared to K1 and BHT-101 thyroid carcinoma cell lines. These results
are consistent with the idea that 8505C and B-CPAP thyroid carcinoma cell lines were
homozygous BRAF V600E (BRAFV600E/V600E) mutated thyroid carcinoma cell lines
whereas K1 and BHT-101 thyroid carcinoma cell lines were heterozygous BRAF
V600E (BRAFV600E/WT) mutated thyroid carcinoma cell lines. Our assumption was
validated by other investigations which reported similar results to our findings [138,
387, 388]. Interestingly, the results of our experiments also indicate that in the
heterozygotic cell lines tested, there is little bias for the expression of mutated BRAF
and that proteins from both copies of the gene seem to be produced in similar numbers.
This is something that warrants further investigation in other cell lines and tumour
samples as it may be important for the reaction of individual tumours to BRAF
inhibitors and the development of resistance mechanisms that may rely on wild-type or
mutant BRAF.
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In this study, we observed active ERK kinase protein present in all BRAF
V600E mutated thyroid carcinoma cell lines. This was not unexpected, as ERK is a
downstream kinase protein of the BRAF-MEK proliferation-survival signalling pathway
(Fig. 19). Active ERK is able to stimulate a number of further downstream cytoplasmic
proteins and nuclear transcription factors including MAPK-interacting serine/threonine
protein kinases (MNKs), ribosomal protein S6 kinases (RSKs), v-ets avian
erythroblastosis virus E26 oncogene homolog 1 (Ets-1), ETS domain-containing protein
Elk-1 (Elk-1), cAMP responsive element binding protein (CREB), c-Fos, c-Jun and cMyc which ultimately promote cellular proliferation and survival activities [389-392].

Figure 19: Proliferation-survival signalling pathway activation status of BRAF V600E mutated thyroid
carcinoma cells.

Both ERK and AKT proliferation-survival kinase signalling pathways are

simultaneously active in BRAF V600E mutated thyroid carcinoma cells in the thyroid carcinoma cell lines
(8505C, B-CPCP, K1 and BHT-101). GFs: Growth Factors, Hs: Hormones and CKs: Cytokines [386].

Along with active ERK kinase protein, we also noted active AKT kinase protein
present in all BRAF V600E mutated thyroid carcinoma cell lines. AKT kinase protein is
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an important signalling protein in the PI3K-AKT proliferation-survival signalling
pathway (Fig. 19). Active AKT kinase protein is capable of activating numerous
downstream proteins like E3 ubiquitin protein ligase (MDM2), endothelial nitric oxide
synthase (eNOS), inhibitor of nuclear factor kappa-B kinase subunit alpha (IKKα) and
CREB [389, 391, 393-395]. It also able to inhibit several downstream proteins such as
forkhead box protein O (FOXO), BCL2-associated agonist of cell death (BAD), Yesassociated protein (YAP), glycogen synthase kinase 3 (GSK3), caspase 9 (CASP9),
cyclin-dependent kinase inhibitor 1B (p27), cyclin-dependent kinase inhibitor 1A (p21),
proline-rich Akt substrate 40 kDa (PRAS40), tuberous sclerosis 2 (TSC2), Akt substrate
of 160 kDa (AS160) and apoptosis signal-regulating kinase 1 (ASK1) [389, 391, 393395]. These activation and inhibition events eventually contribute in the enhancement
of cellular proliferation and survival abilities [389, 393-395].
It is now evidently clear that both ERK and AKT proliferation-survival cell
signalling pathways were active at the same time in the BRAF mutated thyroid
carcinomas. These pathways are the major cell proliferation-survival cell signalling
pathways which promote overall cell proliferation and survival. Although we had did
not examine look at the individual contribution of each pathway and their importance
for overall cell proliferation and survival activities in this study, this would be a very
interesting point of investigation in a future study. ERK and AKT signalling pathways
were also found to be active concurrently in BRAF V600E mutated melanoma, and this
promoted melanoma development in a few other investigations [396, 397]. Inhibition
of one pathway increased other pathway’s activity, but inhibition of both pathways
resulted in significant inhibition of melanoma cell growth [396, 397]. Based on these
other findings and our discoveries, it appears that this mechanism may also occur in
BRAF mutated thyroid carcinomas and both pathways might need to be inhibited
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together for significant growth arrest. Further studies to investigate the role of these
proliferation signalling pathways may provide insight into thyroid carcinoma.
The present study has demonstrated for the first time in BRAF V600E mutated
papillary and undifferentiated thyroid carcinoma with a range of cell lines and different
BRAF V600E mutation status that ERK and AKT signalling pathways are
simultaneously active. This is an important consideration for treatment using BRAF
inhibitors in thyroid cancer, as it shows that even homozygous BRAF mutant cell lines
continue to activate AKT based signalling. When BRAF inhibition will be applied to
these cells, the alternative activated pathway could potentially support cell survival,
which may enable development of resistance to BRAF suppression in the longer term.
This requires further investigation. Inhibition of BRAF in BRAF mutant thyroid tissues
should therefore also be combined with other treatments, ideally ones that also block
AKT and/or its downstream effectors.

4.5 Conclusion
Our investigations have demonstrated that multiple proliferation-survival
signalling pathways were active at the same time in BRAF V600E mutated papillary and
undifferentiated thyroid carcinoma cells. Therefore, inhibiting only single proliferationsurvival signalling pathways for the treatment of BRAF V600E mutated thyroid
carcinoma is unlikely to result in satisfactory patient outcomes. Considering the above,
multiple proliferation-survival signalling pathways need to be inhibited simultaneously
for better treatment management of BRAF V600E mutated thyroid carcinoma patients.
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Chapter: 5
BRAF-MEK-ERK Proliferation-Survival
Signalling Pathway Suppression
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Title: “Inhibition of BRAF kinase suppresses cellular proliferation, but
not enough for complete growth arrest in BRAF V600E mutated
thyroid carcinoma”
Md. Atiqur Rahman, Ali Salajegheh, Robert Anthony Smith, Alfred King-yin Lam
(Manuscript is submitted to Endocrine for publication)

5.1 Introduction
BRAF, previously known as v-raf murine sarcoma viral oncogene homolog B, is
a B-Raf proto-oncogene, serine/threonine kinase (HGNC:1097). Mutation in BRAF was
first discovered by Davies et al in 2002 [5]. The overall incidence of BRAF mutation in
human cancers is around 8% and the most frequent type of BRAF mutation has been
identified as BRAF V600E mutation (frequency more than 90%) [61, 70].
BRAF serine/threonine kinase is a part the of RAS-RAF-MEK-ERK
proliferation cell signalling pathway and transmits proliferation signals from RAS
kinase to MEK kinase [61]. In normal cells, this proliferation signal transmission is a
controlled process. But in cancer cells, especially in BRAF V600E mutated cancer
cells, the proliferation signal is transmitted differently [61].

Due to the V600E

mutation, BRAF kinase becomes auto-activated and continuously transmits proliferation
signals to MEK kinase. As a result, BRAF V600E mutated cells proliferate in an
uncontrolled fashion [61, 165, 385].
In thyroid carcinoma, BRAF mutation was first discovered in 2003 by Cohen et
al and its frequency was found to be 36~53% [61, 134]. BRAF mutation is only
prevalent in papillary thyroid carcinoma (45%) and papillary thyroid carcinoma derived
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undifferentiated thyroid carcinoma (24%) [71, 136, 379, 386].

BRAF mutation is

associated with poor clinicopathological outcome, clinical progression, promotion of
invasiveness, migration, metastasis, recurrence and treatment failure in thyroid
carcinoma [72, 385, 398, 399]. It is also considered to be a poor prognostic marker in
thyroid carcinoma [385, 398].
The aim of our current investigation was to inhibit the expression of BRAF
kinase using RNA interference methods and observed its effect on the cell signalling
pathways and cell proliferation in BRAF V600E mutated thyroid carcinoma. This study
was done on homozygous BRAF V600E mutated papillary and undifferentiated thyroid
carcinoma which had not been investigated before this study.

5.2 Materials and methods
5.2.1 Cell lines and culture
8505C (BRAFV600E/V600E) and B-CPAP (BRAFV600E/V600E) thyroid carcinoma cell
lines were procured from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmBH - German collection of microorganisms and cell cultures (DSMZ).
8505C is an undifferentiated thyroid carcinoma cell line and B-CPAP is a papillary
thyroid carcinoma cell line.
Short tandem repeat (STR) profiling, accomplished by the supplier company
before purchase, was performed to authenticate all the cell lines. Mutation status of
both of the cell lines was confirmed through immunofluorescent and western blot
experiments in our lab [386]. For every experiment, early passaged (passage number
less than five) cell lines were used.

Moreover, the author (AKL, a pathologist)

evaluated cell morphology of all the cell lines before each experiment to confirm the
morphology matched the original diagnosis. Company recommended medium was used
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and their suggested protocol was strictly followed for culturing and preservation of each
cell line. Roswell Park Memorial Institute medium-1640 (RPMI-1640) (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% Tet System approved foetal bovine serum
purchased from Clontech (Mountain View, CA, USA) and 2 mM L-glutamine
(Invitrogen) was used for culturing both 8505C and B-CPAP thyroid carcinoma cell
lines.

Culture medium was also supplemented with antibiotics geneticin (G418)

(Clontech) at a dose 200 μg/ml and 1X penicillin-streptomycin (Invitrogen).

5.2.2 Inducible shRNA System
An Anti-BRAF shRNA construct was made using the following oligonucleotides;
Anti-BRAF shRNA sense: 5′-TCGAGGGTCTAGCTACAGAGAAATTTCAAGAGA
ATTTCTCTGTAGCTAGACCTTTTTTA-3′ and anti-BRAF shRNA antisense:
5′-AGCTTAAAAAAGGTCTAGCTACAGAGAAATTCTCTTGAAATTTCTCTGTA
GCTAGACCC-3′. The sequence was cloned into XhoI and HindIII sites of pSingletTS-shRNA vector purchased from Clontech (Mountain View, CA, USA).

The

pSingle-tTS-shRNA vector expresses the tetracycline-controlled transcriptional
suppressor which in turn controls expression of the anti-BRAF shRNA sequence
inserted in the shRNA cloning site of the vector. In the absence of doxycycline (a
tetracycline derivative), expression of the anti-BRAF shRNA is blocked.

As

doxycycline is added to the culture medium, transcription of the anti-BRAF shRNA
occurs, which results in knockdown of BRAF gene in a highly dose-dependent manner.
The constructed pSingle-tTS-anti-BRAF-shRNA plasmids were then transfected into
cells by using CalPhos Mammalian Transfection Kit (Clontech) following the
manufacturer protocol. The pSingle-tTS-anti-BRAF-shRNA stable cells were selected
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using geneticin (G418) antibiotic at a dose 400 μg/ml and the pSingle-tTS-anti-BRAFshRNA stable cells were used for all the subsequent experiments.

5.2.3 Quantitative real time PCR
BRAF expression level in thyroid carcinoma stable cell lines was quantified by
quantitative real time polymerase chain reaction (qPCR) after BRAF gene knockdown.
To begin with, 1 x 105 cells of 8505C and B-CPCP stable cell lines were cultured in
each well of a 6-wells plate in their optimal growth conditions with doxycycline and
without doxycycline for three weeks. After each week, cells were trypsinised; RNAs
were extracted using NucleoSpin® TriPrep Kit (MACHEREY-NAGEL, Duren,
Germany) and cDNA were prepared using SuperScript III First-Strand Synthesis
SuperMix (Invitrogen) following the manufacturer protocols. Quantitative real time
PCR was performed in a total volume of 20 μL containing 10 μL iQ SYBR green
Supermix (BIO-RAD, Hercules, CA, USA), 1 μL of each 5 μM/L primers, 2 μL of
cDNA from 30 ng/μL stock and 6 μL RNase-free water. Housekeeping genes used in
this study were GAPDH and 18s rRNA using methods taken from our previously
published paper [400].

Primers used for in this study were: BRAF Forward 5′-

ACACGCCAAGTCAATCATCC-3′, BRAF Reverse 5′-GATGACTTCTGGTGCCAT
CC-3′, GAPDH Forward 5′-TGCACCACCAACTGCTTAGC-3′, GAPDH Reverse 5′-G
GCATGGACTGTGGTCATGAG-3′, 18s rRNA Forward 5′-CTTAGAGGGACAAG
TGGCG-3′ and 18s rRNA Reverse 5′-GGACATCTAAGGGCATCACA-3′.

All

samples were run in triplicates and accompanied by a non-template control. Thermal
cycling conditions were initial denaturation of 1 cycle for 5 minutes at 95 °C, followed
by 40 cycles of 95 °C for 10 seconds, 64 °C for 30 seconds and 72 °C for 30 seconds.
The melting curves were obtained using 81 cycles of 30 seconds, increasing temperature
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by 0.5 °C from 55 °C to 95 °C for analysis of genuine product amplification as well as
for contamination by nonspecific products and primer dimers. The 2−ΔΔCt formula was
used to calculate the fold changes in the target gene for each sample group as described
in our previously published articles [378, 400].

5.2.4 Western blots
In a 10 cm diameter cell culture disk, 3 x 105 cells were seeded in 10 ml of
complete culture medium containing serum and antibiotics. One group was also
supplemented with doxycycline and another group was cultured without doxycycline
for three weeks. After each week, total cell lysates were extracted from cells using
NP40 Cell Lysis Buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, 50 mM
NaF, 1 mM Na3VO4, 1% Nonidet P40, 0.02% NaN3) purchased from Invitrogen. NP40
Cell Lysis Buffer was supplemented with 1nM phenylmethanesulfonyl fluoride solution
(PMSF) (Sigma-Aldrich, St. Louis, MO, USA), 1x protease inhibitor cocktail (SigmaAldrich) and 1x phosphatase inhibitor cocktail (Cell Signaling, Danvers, MA, USA).
30 µg total cell lysate was resolved through 4-15% gradient SDS-PAGE gels
(BIO-RAD) and transferred to polyvinylidene fluoride membranes (PVDF) (BIORAD). Membranes were blocked with 5% bovine serum albumin (BSA) for detecting
phosphorylated protein or with 5% non-fat milk for detecting total protein, incubating
for an hour. Blocked membranes were incubated overnight with primary antibody at
4oC followed by an hour incubation with HRP (horseradish peroxidase) conjugated
secondary

IgG.

Blots

were

then

developed

with

Immun-Star

WesternC

chemiluminescence kit (BIO-RAD) and visualized by using ChemiDoc MP Imaging
System (BIO-RAD) according to manufacturer protocols. Image Lab software version
5.2.1 (BIO-RAD) was used to analyse all the blots. Antibodies and dilutions used were:
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BRAF (1:500), p-MEK (1:300), MEK (1:400) p-AKT (Ser 473) (1:400), AKT (1:500),
GAPDH (1:1000), goat anti-rabbit IgG-HRP (Horseradish peroxidase) (1:5000), goat
anti-mouse IgG-HRP (1:5000) and rabbit anti- goat IgG-HRP (1:5000). All antibodies
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).

5.2.5 Cell proliferation assay
In each well of a 96 micro-wells plate, 1 x 103 cells were seeded in 200 µl of
complete culture medium containing serum and antibiotics. Some wells were
supplemented with doxycycline and other wells went without doxycycline, with culture
continuing for four weeks. After each week, cell proliferation was measured by 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) using CellTiter 96® AQueous One Solution Cell Proliferation Assay kit (Promega,
Madison, WI, USA), following the manufacturer protocol described in our previously
published article [401]. Briefly, 20 µl CellTiter 96® AQueous One solution was put into
each well of the 96 micro wells plate containing cells and 100 µl fresh, phenol red free
complete culture medium. The plate was further incubated at 37oC and 5% CO2 for 3
hours.

After 3 hours incubation, absorbance was recorded at 490 nm using a

POLARstar Omega (BMG LABTECH, Ortenberg, Germany) micro plate reader.

5.2.6 Colony formation assay
The colony formation assay was performed following the protocol described in
Rahman et al, 2015 [402]. Briefly, in each well of a 6-wells plate, 200 cells were
seeded in 2ml of complete culture medium containing serum and antibiotics. Half of the
wells were supplemented with doxycycline and the other half of the wells went without
doxycycline, with culture continuing for three weeks. After three weeks, cells were
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fixed with 4% paraformaldehyde and stained with 0.5% crystal violet solution. Excess
crystal violet stain was removed by washing with water, air dried and evaluated under
optical microscope for colony counting. Colonies that were of a substantially good size
(around 50 cells per colony) were counted for analysis.

5.2.7 Statistical analyses
Experimental results were presented as mean values ± standard error of the mean
(SEM).

All experiments were repeated three times unless otherwise stated.

All

statistical analyses were accomplished with GraphPad Prism 6 software (GraphPad
Software Inc., San Diego, California, USA). Statistical significance was determined by
a Student’s t-test or analysis of variance (ANOVA) (if applicable) and a probability
value of p < 0.05 was considered as significant.

5.3 Results
5.3.1 Anti-BRAF shRNA knockdown BRAF mRNA and inhibited BRAF kinase
translation
The efficiency of anti-BRAF shRNA in anti-BRAF shRNA stable thyroid
carcinoma cell lines was measured through quantitative real time polymerase chain
reaction (qPCR) and western blot experiments. In the presence of doxycycline (Dox),
anti-BRAF shRNA stable thyroid carcinoma cell lines expressed anti-BRAF shRNA
which knocked down BRAF mRNA expression (Fig: 20) and thereby inhibited
translation of BRAF kinase (Fig: 21).
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Figure 20: Expression of BRAF mRNA in doxycycline (Dox) controlled anti-BRAF shRNA stable
thyroid carcinoma cell lines. A: In the 8505C thyroid carcinoma stable cell line, expression of BRAF
mRNA was significantly lower in Dox induced anti-BRAF shRNA producing cells compared to the
control (No Dox). BRAF mRNA knockdown was stronger from each week to the subsequent week and
the highest BRAF mRNA knockdown was achieved at week 3, where BRAF mRNA knockdown
efficiency was around 87%. A similar trend of BRAF mRNA knockdown was observed in Dox induced
anti-BRAF shRNA producing cells compared to the control (No Dox) in the B-CPAP thyroid carcinoma
stable cell line (B) where the achievable maximum BRAF mRNA knockdown efficiency was about 88%.
Data presented here are mean ± SEM and * indicates p < 0.05.

In the 8505C anti-BRAF shRNA stable thyroid carcinoma cell line, expressed
anti-BRAF shRNA was able to knockdown approximately 50% of BRAF mRNA (p <
0.05) in the first week and it increased its knockdown efficiency in the following weeks
(Fig: 20A). The highest BRAF mRNA knockdown efficiency was recorded at around
87% in the 8505C stable cell line (p < 0.05). As a result of BRAF mRNA knockdown,
translation of BRAF protein was also downregulated accordingly (Fig: 21A). About a
46% reduction in BRAF kinase expression was observed in the first week and the
highest inhibition of BRAF kinase translation was noted at around 83% in the 8505C
stable cell line (p < 0.05) (Fig: 21B).
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Figure 21: Expression pattern of different protein kinases in doxycycline (Dox) inducible anti-BRAF
shRNA stable thyroid carcinoma cell lines. A: Western blots show expression patterns of BRAF, pMEK
and pAKT kinases in Dox induced (+) and un-induced (-) 8505C thyroid carcinoma stable cells. From
the blot analysis, it is observable that as the expression of BRAF kinase was reduced from one week to
another week (A & B), kinase activity of MEK (pMEK) was also reduced (A & C). But the reverse trend
in AKT kinase activity was observed where AKT kinase activity (pAKT) was increased from one week to
another week (A & D). A comparable expression pattern of BRAF, pMEK and pAKT kinases (E, F, G &
H) were also observed in Dox induced (+) and un-induced (-) B-CPAP thyroid carcinoma stable cells.
Here, GAPDH was used as a loading control. Data shown are mean ± SEM and * represents p < 0.05.
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It was observed in B-CPAP anti-BRAF shRNA stable thyroid carcinoma cells
that expressed anti-BRAF shRNA that knockdown of BRAF mRNA in the first week
was around 57% and the highest BRAF mRNA knockdown was recorded at
approximately 88% in this stable cell line (p < 0.05) (Fig: 20B). As a consequence of
BRAF mRNA knockdown, inhibition of BRAF kinase translation was observed in BCPAP thyroid carcinoma stable cells (Fig: 21E). In the first week, there was about a
49% reduction in BRAF kinase expression and the highest reduction in BRAF kinase
translation was around 82% in this stable cell line (p < 0.05) (Fig: 21F).

5.3.2 BRAF kinase inhibition reduced MEK kinase activity
To evaluate the consequence of BRAF kinase inhibition on the BRAF-MEK
proliferation signalling pathways, a western blot experiment was performed. It was
observed that as a result of BRAF kinase inhibition, activity of MEK kinase (pMEK)
was significantly reduced in both 8505C and B-CPAP stable thyroid carcinoma cell
lines (Fig: 21).
As BRAF kinase expression was inhibited gradually, the MEK kinase activity
(pMEK) was likewise found to decrease in the 8505C thyroid carcinoma stable cell line
(Fig: 21A). About a 41% reduction in MEK kinase activity was observed in the first
week and the highest reduction of MEK kinase activity was noted at around 72% in
8505C stable thyroid carcinoma celld (p < 0.05) (Fig: 21C).
In the B-CPAP stable thyroid carcinoma cell line, the MEK kinase activity
(pMEK) was also found to decrease along with BRAF kinase knockdown (Fig: 21E).
Approximately a 38% reduction in MEK kinase activity (pMEK) was found in the first
week and the highest decrease in MEK kinase activity was recorded at 75% in this
stable thyroid carcinoma cell line (p < 0.05) (Fig: 21G).
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5.3.3 BRAF kinase inhibition suppressed cellular proliferation
The impact of BRAF kinase inhibition on cellular proliferation was observed
through MTS cell proliferation assays and colony formation assays. Following
induction of anti-BRAF shRNA with DOX, although a sharp decrease in proliferation
(approximately 50%) was observed in the first week in BRAF kinase inhibited cell
groups compare to controls (No Dox), proliferation gradually increased over the
subsequent weeks in both 8505C and B-CPAP stable thyroid carcinoma cell lines (Fig:
22). Reduction in colony formation was also seen in BRAF kinase inhibited cell group
compare to control (No Dox) in both of the stable thyroid carcinoma cell lines (Fig: 23).

Figure 22: Proliferation trend of BRAF kinase inhibited thyroid carcinoma stable cell lines. A & B:
Inhibition of BRAF kinase expression suppressed proliferation in 8508C thyroid carcinoma stable cells.
The highest proliferation suppression was observed in the first week. But in the subsequent weeks, an
increase in cell proliferation was seen in BRAF kinase inhibited 8505C thyroid carcinoma stable cells.
An almost identical proliferation trend was observed in BRAF kinase inhibited B-CPAP thyroid
carcinoma stable cell line (C & D). Data presented here are mean ± SEM and * indicates p < 0.05.
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In 8505C stable thyroid carcinoma cells, around a 54% reduction in proliferation
(p < 0.05) was observed in the BRAF kinase inhibited cell group in the first week (Fig:
22B). But in later weeks, proliferation rate gradually increased and finally reached
slightly below the control (No Dox) proliferation rate (Fig: 22 A & B). In addition, a
13% decrease in colony formation (p < 0.05) was also observed in the BRAF kinase
inhibited 8505C stable cell group compare to control (No Dox) (Fig: 23 A & B).

Figure 23: Colony formation ability of BRAF kinase inhibited thyroid carcinoma stable cell lines. A &
B: In 8505C thyroid carcinoma stable cells, there was an approximately 13% reduced colony formation
capacity in the BRAF kinase inhibited cell group compared to the control (No Dox). Likewise, an
approximate 15% decrease in colony formation was observed in BRAF kinase inhibited cells compare to
the controls (No Dox) in the B-CPAP thyroid carcinoma stable cell line (C & D). Data shown here are
mean ± SEM and * represents p < 0.05.

Approximately a 52% decrease in proliferation (p < 0.05) was identified in
BRAF kinase inhibited B-CPAP stable thyroid carcinoma cells in the first week (Fig:
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22D). But a gradual increase in cellular proliferation was seen in the BRAF kinase
inhibited B-CPAP cell group in the subsequent weeks (Fig: 22 C & D). Moreover, in
the BRAF kinase inhibited B-CPAP stable cell group, a 15% decrease in colony
formation (p < 0.05) was also observed (Fig: 23 C & D).

5.3.4 BRAF kinase inhibition increased AKT kinase activity
After inhibition of BRAF kinase expression, as we observed a gradual increase
in cell proliferation after an initial sharp decrease of cell proliferation in both 8505C and
B-CPAP stable thyroid carcinoma cell lines, we analysed the alternative PI3K-AKT
proliferation pathway to evaluate its activation status. Western blot experiment was
performed for evaluating the alternative proliferation pathway. Surprisingly, increased
kinase activity of the alternative proliferation pathway was discovered in both 8505C
and B-CPAP stable thyroid carcinoma cell lines after BRAF kinase inhibition (Fig: 21).
In 8505C stable thyroid carcinoma cells, activity of AKT kinase (pAKT) was
found to increase when BRAF kinase expression was inhibited (Fig: 21A).
Approximately 63% increased AKT kinase activity (p < 0.05) was seen in this stable
thyroid carcinoma cell line (Fig: 21D).
Elevated AKT kinase activity (pAKT) was also observed in the B-CPAP stable
thyroid carcinoma cell line when BRAF kinase translation was inhibited (Fig: 21E). In
this stable cell line, the highest increase of activity of AKT (pAKT) kinase was recorded
at around 70% (p < 0.05) (Fig: 21H).

5.4 Discussion
BRAF is a key oncogene and very important target in cancer therapy [61, 165].
In our investigation, we developed anti-BRAF shRNA stable thyroid carcinoma cell
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models to inhibit BRAF kinase expression constantly and to observe its effect on the
cell functions. Our established stable cell models functioned effectively and showed
more than 80% efficiency in inhibiting BRAF kinase translation.
We observed in our study that as a result of BRAF kinase inhibition, kinase
activity of MEK was reduced. A decrease in MEK kinase activity was also found in
other investigations when BRAF kinase was inhibited, including by pharmacological
means, rather than suppression of translation [235, 280, 288, 403, 404]. Therefore, our
finding was consistent with previous investigations in this regard.

This is not

unexpected, considering the place of MEK in BRAF mediated pathways. BRAF kinase
passes important cell proliferation and survival signals to MEK kinase [46, 61, 386].
MEK kinase then transmits these signals to further downstream signalling molecules.
As a result, the cell proliferates and survives [46, 61, 386]. When BRAF kinase is
inhibited, it cannot pass these important cell proliferation and survival signals to MEK
kinase (Fig: 24). As a consequence, the BRAF-MEK proliferation-survival signalling
pathway collapses and a reduction in proliferation is expected.
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Figure 24: Activation status of cell proliferation and survival signalling pathways after BRAF kinase
inhibition. When BRAF kinase expression was inhibited, MEK kinase activity was found decreased and
AKT kinase activity was seen to be increased in our investigation. GFs: growth factors, Hs: hormones,
CKs: cytokines and RTK: receptor tyrosine kinase.

Our experiment also revealed that inhibition of BRAF kinase expression resulted
in temporary suppression of cell proliferation. As a result of BRAF kinase inhibition, a
reduction in cell proliferation was also noted in our investigation as it had been in
previous studies [235, 280, 288, 404]. Our results therefore show that RNA based
methods of suppressing BRAF V600E activity are effective and produce similar results
to pharmacological BRAF inhibition. It was also observed in our study that although
inhibition of BRAF kinase expression remarkably inhibited proliferation initially, an
increasing trend in cell proliferation was visible over time. In search of the explanation
for this observation, we hypothesized that there might be other pathways contributing to
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overall cell proliferation. Therefore, we investigated the activation status of the major
alternative proliferation pathway which is the PI3K-AKT proliferation pathway.
Our further investigation revealed an increase of AKT kinase activity when
BRAF kinase expression was inhibited. This phenomenon has also been observed to be
a consequence of BRAF kinase inhibition by pharmacological methods in other studies
[280, 403, 404].

AKT kinase protein is a vital signalling molecule in transmitting key

proliferation and survival cell signals [46, 386, 393]. AKT kinase protein receives
important proliferation and survival signals from the PI3K kinase protein and transfers
these signals to further downstream signalling molecules (Fig: 24) to initiate cellular
proliferation and survival activities as described earlier in the section 4.4 [46, 386, 393].
Previous research in our laboratory showed that both BRAF-MEK and PI3KAKT proliferation-survival signalling pathways are simultaneously active in BRAF
V600E mutated thyroid carcinoma [386]. In our current investigation, we found that
inhibition of BRAF kinase expression suppressed the BRAF-MEK proliferationsurvival signalling pathway, but the PI3K-AKT proliferation-survival signalling
pathway increased its activity as a consequence (Fig: 24). We do not know the specific
mechanism which caused the PI3K-AKT proliferation-survival signalling pathway to
increase its activity, and this needs to be thoroughly investigated in future studies.
Therefore, our data suggests that following BRAF inhibition, cell switched to
alternative proliferation-survival signalling pathway and mostly depended on this
alternative pathway for its proliferation-survival activities which was consistent with
previous studies done on melanoma and colorectal cancers [283, 404]. It had been
found in BRAF mutant melanoma and colorectal cancers that when BRAF was
inhibited pharmacologically, AKT kinase activity was enhanced and both BRAF-MEK
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and PI3K-AKT proliferation-survival signalling pathways needed to be suppressed for
significant growth inhibition [283, 404].
The pathway switching occurs independently of whether the suppression of
BRAF activity is due to inhibition of the kinase or repression of protein expression,
indicating that the feedback loop which causes it is either independent of BRAF
altogether, or may be a result of compensation for reduced signalling via the MEK
pathway; but identification of the precise mechanism needs to be confirmed in further
investigations. However, if the AKT pathway remains unmutated due to the reliance of
V600E bearing cells on survival signals from BRAF, the AKT pathway remains a
pathway that may still be amenable to other drugs to suppress its function and reduce
growth of cancers. Although this investigation was only confined to establishing the
effect on overall cell functions associated with BRAF kinase signal inhibition alone, the
effect on overall cell functions associated with lone AKT kinase signalling inhibition or
combined BRAF and AKT kinase signal inhibition would be an interesting area to
explore in future studies.

5.5 Conclusion
To summarise, our investigation reinforced the idea that BRAF kinase was a
vital target in suppressing proliferation in BRAF V600E mutated thyroid carcinoma.
Apart from this, it was also revealed in our study that the activation of the alternative
proliferation pathway PI3K-AKT was a key response by cancer cells that antagonised
the effect of BRAF kinase inhibition. Therefore, the alternative proliferation pathway
should be inhibited along with BRAF kinase inhibition for sustainable growth arrest in
BRAF V600E mutated thyroid carcinomas.
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6.1 Introduction
Micro-ribonucleic acids (miRNAs) are 18~25 nucleotide long endogenous noncoding RNA and were orignally discovered in 1993 [330, 331, 385]. Only 1~4% genes
in human genome generate miRNAs [332, 333]. According to current estimates, Homo
sapiens encodes 800-1000 miRNAs altogether [405, 406]. miRNAs function through
RNA interference (RNAi) mechanisms [313, 314]. They control a range of cellular and
pathological processes like proliferation, differentiation, apoptosis, immunity,
metabolism, stem cell maintenance, as well as cancer [313, 407-412]. A single miRNA
is capable of silencing hundreds of different protein coding gene transcripts [332, 349,
355]. In addition to binding to the three-prime untranslated region (3'-UTR), miRNAs
also bind with the five-prime untranslated (5'-UTR) region, coding region or a
157

combination of sites on target mRNAs and are able to inhibit respective protein
synthesis in these locations [314, 356, 357].
microRNA-126 (miR-126) is a micro-ribonucleic acid discovered by LagosQuintana et al in 2002 [413]. It is also known as miR-126-3p and is encoded by intron
7 of the Epidermal Growth Factor like domain 7 (EGFL7) gene [414]. Expression of
miR-126 is found to be down-regulated in many cancer tissue types and cancer cell
lines [415]. miR-126 acts in an anti-proliferative, anti-invasive, anti-migratory and antimetastatic fashion [416-424]. It also promotes angiogenesis and helps in maintaining
vascular integrity [378, 414, 425]. Contrary to some experimental evidence, miR-126
was found to induce proliferation in bone marrow cells and mast cells [426]. In a few
studies, it was also reported as a suppressor of VEGF expression [415]. Therefore, it
seems that miR-126 may have tissue and disease specific different functions.
Undifferentiated (anaplastic) thyroid carcinoma is the most aggressive type of
thyroid carcinoma with a median overall survival of less than six months [380, 381,
400, 427, 428]. It is refractory to most of the conventional therapies like surgery,
chemotherapy, radiotherapy and radioiodine therapy.

It can develop from normal

follicular thyroid cells or previously existing differentiated thyroid carcinoma [380, 381,
400, 427, 428]. Mutation in B-Raf (BRAF), rat sarcoma viral oncogene homolog
(RAS),

phosphatidylinositol-4,5-bisphosphate

3-kinase

catalytic

subunit

alpha

(PIK3CA), phosphatase and tensin homolog (PTEN), MET, epidermal growth factor
receptor (EGFR), tumour protein p53 (TP53), catenin (cadherin-associated protein)
beta 1 (CTNNB1) and retinoblastoma 1 (RB1) have been described in undifferentiated
thyroid carcinoma [165, 427, 429].

These genetic alterations contribute to the

instability of two major proliferation-survival pathways which are the RAS-RAF-MEKERK and PI3K-AKT-mTOR pathways. As a result, undifferentiated thyroid carcinoma
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exhibits rapid uncontrolled proliferation [140, 430, 431]. Amongst these mutations,
BRAF mutations are more frequent in undifferentiated thyroid carcinoma with a
prevalence of 25-50%. The most common BRAF mutation is the V600E mutation,
changing the valine at the 600th amino acid of the protein to glutamate. BRAF mutations
make alterations in the sodium-iodine symporter which results in thyroid cancers
carrying them becoming refractory to radioiodine therapy [431, 432]. It also promotes
cancer cell migration, invasion and metastasis [61, 70, 399]. In addition, prevalence of
PIK3CA mutation has been reported in 12-26% in undifferentiated thyroid carcinoma
[429, 433]. This mutation causes abnormalities in cell cycle regulatory genes and cell
survival [429, 433]. Beyond these types of mutation, the expression of a number of
microRNAs are also found to be deregulated in undifferentiated thyroid carcinoma [434,
435].
Because of poor outcomes from existing conventional treatment of
undifferentiated thyroid carcinoma, alternative effective treatment strategies need to be
explored urgently. The aim of this study is to investigate the expression of miR-126 in
undifferentiated thyroid carcinoma cells and evaluate its effect on the proliferation of
undifferentiated thyroid carcinoma.

6.2 Materials and methods
6.2.1 Cell lines and culture
8505C (BRAFV600E/V600E), BHT-101 (BRAFV600E/WT) and MB-1(BRAFWT/WT)
undifferentiated thyroid carcinoma cell lines were purchased from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmBH - German collection of
microorganisms and cell cultures (DSMZ). In addition, the Nthy-ori 3-1 cell line (a
normal thyroid follicular epithelial cell line) was purchased from European Collection
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of Cell Cultures (ECACC).

All the cell lines were authenticated by the supplier

company before purchased and earlier passage (passage number less than five) cell lines
were used for every experiment. Before each experiment, cell morphology of all the
cell lines was evaluated by a pathologist in our group to make sure cell morphology was
similar to when it was first purchased. Every cell line was cultured and preserved by
strictly following company suggested protocols using their recommended medium.
8505C and Nthy-ori 3-1 cells were cultured with Roswell Park Memorial Institute
medium-1640 (RPMI-1640) (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
heat inactivated foetal bovine serum (Invitrogen) and 2 mM L-glutamine (Invitrogen).
BHT-101 cells were cultured with Dulbecco's Modified Eagle's medium (DMEM)
(Invitrogen) supplemented with 20% heat inactivated foetal bovine serum, 0.5% human
serum (Sigma, St. Louis, MO, USA) and 5μg/ml human insulin (Sigma). MB-1 cells
were cultured with RPMI-1640 supplemented with 20% heat & inactivated foetal
bovine serum and 2 mM L-glutamine. Each culture medium was also supplemented
with antibiotics- 1X penicillin-streptomycin (Invitrogen).

6.2.2 Quantitative real time PCR
miR-126 expression level in thyroid cell lines were quantified by quantitative
real time PCR (qPCR) using the Hs_miR-126_1 miScript Primer Assay (QIAGEN,
Venlo, Limburg, Netherlands) and following the suggested protocol. First, 8505C,
BHT-101, MB-1 and Nthy-ori-3-1 cell lines were cultured in their optimal growth
condition. Then, cells were trypsinised, RNAs were extracted using a NucleoSpin®
TriPrep Kit (MACHEREY-NAGEL, Duren, Germany) and cDNAs were synthesized
using a miScript II RT Kit (QIAGEN) following the manufacturer protocols.
Quantitative real time PCR was performed in a total volume of 20 μL containing 10 μL
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iQ SYBR green Supermix (BIO-RAD, Hercules, CA, USA), 2 μL of each 5-μmol/L
primers, 2 μL of cDNA from 5 ng/μL stock and 4μL RNase-free water.

The

housekeeping gene used in this study was RNU6B purchased from QIAGEN and qPCR
for RNU6B was performed using the same reaction mix as the target miR-126. All of
the samples were run in triplicate and accompanied by a non-template control. Thermal
cycling conditions were initial denaturation of 1 cycle for 15 minutes at 95 °C, followed
by 40 cycles of 94°C for 15 seconds, 55°C for 30 seconds and 72 °C for 30 seconds.
The melting curves were obtained using 81 cycles of 30 seconds increasing temperature
by 0.5°C from 55°C to 95°C for analysis of genuine products amplification as well as
for contamination by nonspecific products and primer dimers. The 2−ΔΔCt formula was
used to calculate the fold changes in the target genes for each sample group. In our
analysis, a value of 0.5 fold change was considered as low expression, fold changes
between 0.5 and 2 were considered as normal expression and greater than 2 fold change
was considered as high expression.

6.2.3 Transient transfection of miR-126 mimic
Exogenous miR-126 (mimic) (Syn-hsa-miR-126-3p) and HiPerFect transfection
reagent were purchased from QIAGEN. Mature miR-126 sequence (guide strand) was
5'-UCGUACCGUGAGUAAUAAUGCG-3'.

Shortly

before

transfection,

desired

numbers of cells were seeded in wells plate or disk with appropriate amount of
complete culture medium containing serum and antibiotics (specific number of cells and
amount of culture media used are given in each individual experiment later). Cells were
then incubated at 37oC and 5% CO2 for short time until transfection. Transfection
medium was prepared according to manufacturer (QIAGEN) suggested protocol by
adding miR-126 mimic to culture medium without serum and with HiPerFect
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transfection reagent for each well or disk. Transfection medium was then incubated for
15 minutes at room temperature and added decrease wise onto the cells. Final miR-126
mimic concentration was 10 nM in the well or disk. Mock transfection (used as control
in this study) was also done in similar way without using miR-126 mimic.

6.2.4 Cell proliferation assay
5 x 103 cells were seeded per well of 96 micro wells plate in 175 µl of complete
culture medium containing serum and antibiotics. Transfection medium was prepared
by adding 0.1 µl of miR-126 mimic from 20 µM stock to 22.9 µl of culture medium
without serum and 2 µl of HiPerFect transfection reagent for each well. Transfection
was carried out according to the previously stated transient transfection protocol.
Cell

proliferation

was

measured

by

3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay using CellTiter
96® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA)
and following the manufacturer protocol. Proliferation assays were performed at 24
hours, 48 hours and 72 hours after miRNA-126 mimic transfection. In brief, pipetted 20
µl CellTiter 96® AQueous One solution was put into each well of 96 micro wells plate
containing the miRNA-126 mimic transfected cells or un-transfected cells and 100 µl
fresh, phenol free complete culture medium. The plate was further incubated at 37oC
and 5% CO2 for 3 hours. Then, absorbance was recorded at 490 nm using a POLARstar
Omega (BMG LABTECH, Ortenberg, Germany) micro plate reader.

6.2.5 Colony formation assay
200 cells were seeded per well of 6 well plate shortly before transfection in 1.8
ml complete culture medium containing serum and antibiotics. Transfection medium
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was prepared by adding 1 µl of miR-126 mimic from 20 µM stock to 179 µl of culture
medium without serum and 20 µl of HiPerFect transfection reagent for per well of a 6
well plate. Transfection was carried out according to the previously stated transient
transfection protocol.
After miR-126 mimic transfection, cells were grown for around 2 weeks until
cells in control plates had formed colonies that were of a substantial size (around 50
cells per colony). Then, cells were fixed with 4% paraformaldehyde and stained with
0.5% crystal violet solution. Excess crystal violet stain was removed by washing with
water, air dried and evaluated under optical microscope for colony counting. Colonies
that contained around 50 cells or more were counted for analysis.

6.2.6 Immunofluorescent assay
2.5 x 104 cells were seeded on a coverslip in each well of a 24 well plate shortly
before transfection in 900 µl complete culture medium containing serum and antibiotics.
Transfection medium was prepared by adding 0.5 µl of miR-126 mimic from 20 µM
stock to 89.5 µl of culture medium without serum and 10 µl of HiPerFect transfection
reagent for per well of 24 wells plate. Transfection was carried out according to the
previously stated transient transfection protocol.
After 48 hours of miR-126 mimic transfection, cells on coverslips were fixed by
incubation with cold 4% paraformaldehyde (pH 7.2-7.3) for 15 minutes at room
temperature. This was followed by permeabilization with 0.25% Triton X-100 for 15
minutes at room temperature. Background blocking was performed with 5% goat or
rabbit serum for 60 minutes at room temperature and incubated with primary antibody
overnight at 4oC. The next day, cells on coverslips were incubated with fluorophore
conjugated secondary antibody for 1.5 hours at room temperature in a dark room.
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Afterwards, cells on coverslips were counterstained with DAPI (4', 6-diamidino-2phenylindole) for 5 minutes in the dark. The coverslip was attached to a glass slide.
Images were taken with Nikon A1R+ confocal microscope (Nikon, Melville, NY,
USA). Antibodies and dilutions used were: p85β (1:100), p-AKT (Ser 473) (1:100),
donkey anti-goat IgG- Fluorescein isothiocyanate (FITC) (1:1000) and Texas Red
(1:1000). p85β, p-AKT and donkey anti-goat IgG-FITC antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Texas Red was purchased from
Life Technologies (Carlsbad, CA, USA) and DAPI was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

6.2.7 Western blots
5 x 105 cells were seeded on 10 cm diameter cell culture disks in 7.5 ml of
complete culture medium containing serum and antibiotics. Transfection medium was
prepared by adding 4 µl of miR-126 mimic from 20 µM stock to 416 µl of culture
medium without serum and 80 µl of HiPerFect transfection reagent for a 10 cm
diameter cell culture disk. Transfection was carried out according to the previously
stated transient transfection protocol.
Total cell lysates were extracted from cells after 48 hours of microRNA-126
mimic transfection by using NP40 Cell Lysis Buffer (50 mM Tris, pH 7.4, 250 mM
NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 1% Nonidet P40, 0.02% NaN3)
purchased from Invitrogen (Carlsbad, CA, USA) and following the manufacturer
protocol. NP40 Cell Lysis Buffer was supplemented with protease inhibitor cocktail
(Sigma, St. Louis, MO, USA), phenylmethanesulfonyl fluoride solution (PMSF)
(Sigma) and phosphatase inhibitor cocktail (Cell Signaling, Danvers, MA, USA).
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30 µg total cell lysate was resolved through a 4-15% gradient SDS-PAGE gel
(BIO-RAD) and transferred to polyvinylidene fluoride membrane (BIO-RAD). The
membrane was then blocked for one hour with 5% non-fat milk for detecting total
protein or with 5% bovine serum albumin (BSA) for detecting phosphorylated protein.
It was incubated overnight with primary antibodies at 4oC followed by two hours of
incubation with HRP (horseradish peroxidase) conjugated secondary IgG (Santa Cruz
Biotechnology, Dallas, TX, USA). Finally, blots were developed with Immun-Star
Western C chemiluminescent kit (BIO-RAD), visualized by using VersaDoc Imaging
System (BIO-RAD) and analysed with ImageJ software (National Institutes of Health,
Bethesda, MD, USA). Antibodies and dilutions used were: p85β (1:400), p-AKT (Ser
473) (1:400), AKT (1:500), GAPDH (1:1000), goat anti-rabbit IgG-HRP (Horseradish
peroxidase) (1:5000) and rabbit anti- goat IgG-HRP (1:5000). All antibodies were
purchased from Santa Cruz Biotechnology.

6.2.8 Statistical analyses
Experimental results are shown as Mean values ± Standard Error of the Mean
(SEM). All statistical analyses were performed with GraphPad Prism 6 software (San
Diego, California, USA). Statistical significance was determined by a Student’s t-test
or analysis of variance (ANOVA) (if applicable) and a probability value of p < 0.05 was
considered as significant.
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6.3 Results
6.3.1 miR-126 is down-regulated in BRAFV600E mutated undifferentiated thyroid
carcinoma
In order to evaluate the expression pattern of miR-126 across undifferentiated
thyroid carcinoma cell lines, a quantitative real time PCR (qPCR) experiment was
performed. After experimental data analysis, it has been found that miR-126 was downregulated (p < 0.05) in BRAFV600E mutated undifferentiated thyroid carcinoma cell lines
(Fig. 25).

It was also noted that homozygous BRAF mutated (BRAFV600E/V600E)

undifferentiated thyroid carcinoma cells (8505C cells) expressed significantly less miR126 (p < 0.05) when compared to heterozygous BRAF mutated (BRAFV600E/WT)
undifferentiated thyroid carcinoma cells (BHT-101 cells). On the other hand, miR-126
expression level was found within normal expression range (p < 0.05) in non BRAFV600E
mutated undifferentiated thyroid carcinoma cells (MB-1 cells). All comparisons were
done in comparison to miR-126 expression in Nthy-ori-3-1 cells which was a normal
thyroid cell line and using the housekeeping gene RNU6B.
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Figure 25: miR-126 expression level in undifferentiated thyroid carcinoma cell lines. miR-126 was
under-expressed in 8505C (BRAFV600E/V600E) and BHT-101 (BRAFV600E/WT) undifferentiated thyroid
carcinoma cell lines.

Moreover, miR-126 expression level was significantlylower in 8505C

(BRAFV600E/V600E) when compared to BHT-101 (BRAFV600E/WT).

On the other hand, microR-126

expression was within normal expression range in the MB-1 (BRAFWT/WT) undifferentiated thyroid
carcinoma cell line. All comparisons were made with the miR-126 expression level in Nthy-ori-3-1 cell
line which was a normal thyroid cell line and RNU6B as the housekeeping gene. Here, fold change less
than 0.5 was considered as down-regulated and fold change within 0.5 to 2.0 was considered as normal
expression. Data presented here are as mean ± SEM. * indicates p < 0.05, when compared to Nthy-ori-31 whereas ** symbolizes p < 0.05, when comparing between 8505C & BHT-101 [402].

6.3.2 miR-126 suppresses proliferation of undifferentiated thyroid carcinoma
To observe the biological effect of miR-126 on undifferentiated thyroid
carcinoma, miR-126 mimics were transfected in 8505C, BHT-101 and MB-1 cell lines
and their proliferation trends were followed during 72 hours after the miR-126 mimic
transfection through MTS proliferation assay.
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In 8505C cell line (a BRAFV600E/V600E undifferentiated thyroid carcinoma cell
line), a persistent decrease in cell proliferation was observed among the miR-126
transfected group when compared to the control group (Fig. 26).

The highest

proliferation decrease in 8505C cells was noted as being around 35% at 72 hours after
miR-126 mimic transfection (p < 0.05). A similar proliferation trend was seen in BHT101 cell line which was a BRAFV600E/WT undifferentiated thyroid carcinoma cell line. In
BHT-101 cell lines, miR-126 transfected cells were found to be less proliferative when
compared to non-transfected cells and the highest proliferation decrease was observed
here at around 30% at 48 hours after miR-126 mimic transfection (p < 0.05). MB-1
(which was a BRAFWT/WT undifferentiated thyroid carcinoma cell line), also showed a
comparable proliferation decrease in the miR-126 transfected group when compared to
the control group. In MB-1 cells, the highest decrease in proliferation to around 50% at
72 hours after miR-126 mimic transfection (p < 0.05) was noted.
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Figure 26: MTS proliferation assay results of miR-126 transfected cells and non-transfected cells of
undifferentiated thyroid carcinoma cells. A&B: Proliferation trend in miR-126 transfected group and
control group of 8505C (BRAFV600E/V600E) undifferentiated thyroid carcinoma cells during 72 hours after
miR-126 transfection. Cells were less proliferative in the miR-126 transfected group when compared to
the control group. C&D: Proliferation pattern of BHT-101 (BRAFV600E/WT) undifferentiated thyroid
carcinoma cells in miR-126 transfected cells and un-transfected cells during 72 hours after miR-126
transfection. In the miR-126 transfected group, a reduction in proliferation was observed when compared
to the control group. E&F: Proliferation outline for miR-126 transfected and non-transfected MB-1
(BRAFWT/WT) undifferentiated thyroid carcinoma cells over 72 hours after miR-126 transfection.

A

reduced proliferation was seen in miR-126 transfected cells compared to un-transfected cells. Data
displayed were as mean ± SEM and * represents p < 0.05, when compared to control [402].
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Functional effects of miR-126 on undifferentiated thyroid carcinoma were
further confirmed by colony formation assay. Colony formation assay revealed that
around 35% less colonies (p < 0.05) were formed in the miR-126 transfected group
when compared to the control group in the 8505C cell line (Fig. 27). Similar colony
formation trends were also observed in the other two undifferentiated thyroid carcinoma
cell lines. In the BHT-101 cell line, a nearly 40% decrease in colony formation (p <
0.05) was recorded in the miR-126 transfected group when compared to the control
group.

Furthermore, approximately 45% reduced colony formation (the highest

reduction, p < 0.05) was seen in miR-126 transfected cells when compared to untransfected cells in the MB-1 cell line.
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Figure 27:

Colony formation assay results of miR-126 transfected groups and control groups of

undifferentiated thyroid carcinoma cells. A&B: Colony formation capabilities of miR-126 transfected
and un-transfected 8505C (BRAFV600E/V600E) undifferentiated thyroid carcinoma cells.

miR-126

transfected cells were found to be less colony formative compared to the control group. Approximately
30% less colonies were formed in the miR-126 transfected group. C&D: Colony forming abilities of
BHT-101 (BRAFV600E/WT) undifferentiated thyroid carcinoma cells in miR-126 transfected groups and
control groups. In the miR-126 transfected group, cells were discovered to be less colony formative when
compared to the control group. Around a 37% decrease in colony formation was recorded in the miR-126
transfected group. E&F: Colony forming efficiencies for miR-126 transfected and non-transfected MB1 (BRAFWT/WT) undifferentiated thyroid carcinoma cells. When compared to the control group, cells in the
miR-126 transfected group were discovered to be less colony formative. Approximately 43% depletion in
colony development was observed in the miR-126 transfected group. Data showed were mean ± SEM
and * signifies as p < 0.05, when compared to control [402].
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6.3.3 miR-126 targets the PIK3R2 gene and suppresses the PI3K-AKT
proliferation-survival signalling pathway
The Phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2) gene is one of the
prime and validated targets (miRTarBase, Accession ID: MIRT003894) of miR-126
[370, 436, 437]. The gene translates into a regulatory subunit of PI3K kinase, p85β.
The current study aimed to evaluate whether miR-126 functioned in regulating
translation of PIK3R2 gene (expression of p85β protein) in undifferentiated thyroid
carcinoma cells. Immunofluorescent imaging was performed after 48 hours of miR-126
mimic transfection into cells showed reduced expression of p85β protein in miR-126
transfected cells when compared to un-transfected cells across all undifferentiated
thyroid carcinoma cell lines (Fig. 28). The imaging also revealed that active v-akt
murine thymoma viral oncogene (AKT) kinase (p-AKT) protein was also suppressed in
the miR-126 transfected group when compared to the control group in all
undifferentiated thyroid carcinoma cell lines.
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Figure 28: Undifferentiated thyroid carcinoma cells were stained for p85β and p-AKT protein by
immunofluorescence. p85β protein was expressed in cytoplasm and p-AKT protein was expressed in
both cytoplasm and nucleus of the cancer cells.

A: 8505C (BRAFV600E/V600E) cells showed reduced

expression of p85β protein and p-AKT protein in the miR-126 transfected group when compared to the
control group.

Similar p85β protein & p-AKT protein expression patterns were seen in BHT-101

(BRAFV600E/WT) cells (B) as well as MB-1 (BRAFWT/WT) cells (C) in immunofluorescence imaging. Images
were captured by a Nikon A1R+ confocal microscope using 60 x objectives with immersion oil [402].

173

The result was further confirmed by Western blot analysis. It was observed that
expression of p85β protein was markedly reduced in miR-126 transfected cells when
compared to non-transfected cells in 8505C (BRAFV600E/V600E) undifferentiated thyroid
carcinoma cells. Also, active AKT (p-AKT) protein was markedly reduced in miR-126
transfected group when compared to the control group. We have seen a 35% decrease
in p85β protein expression (p < 0.05) and a 37% decrease in active AKT (p-AKT)
protein (p < 0.05) in the miR-126 transfected group when compared to the control group
in 8505C (BRAFV600E/V600E) undifferentiated thyroid carcinoma cells (Fig. 29).
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Figure 29: Target protein expression in the miR-126 transfected group and control group of
undifferentiated thyroid carcinoma cells. A, B & C: In 8505C (BRAFV600E/V600E) undifferentiated thyroid
carcinoma cells, expression of p85β protein was reduced in the miR-126 transfected group when
compared to the control group (A). In addition, active AKT (p-AKT) kinase protein was also found to be
less expressed in miR-126 transfected group when compared to control group (A). Approximately a 35%
decrease in p85β protein expression was noted (B) which caused a 37% decrease in active AKT (p-AKT)
kinase protein (C). D, E & F: An expression decrease was also observed in miR-126 transfected BHT101 (BRAFV600E/WT) undifferentiated thyroid carcinoma cells which resulted in reduced activity of AKT
(p-AKT) kinase protein (D). Approximately a 34% decreased in p85β protein level was found (E) that
made a 21% reduction of AKT (p-AKT) kinase activity (F). G, H & I: MB-1 (BRAFWT/WT)
undifferentiated thyroid carcinoma cells showed the strongest sensitivity to miR-126 where a sharp
plunge in p85β protein expression was observable that also markedly reduced active AKT (p-AKT)
kinase protein (G). p85β protein expression was 40% less in the miR-126 transfected group when
compared to the control group (H) which also caused 53% less activity of AKT kinase (p-AKT) in the
miR-126 transfected group (I). All data were presented as mean ± SEM and * implies as probability
value p < 0.05, when compared to control [402].
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A comparable expression trend was also observed across other undifferentiated
thyroid carcinoma cell lines.

In BHT-101 (BRAFV600E/WT) undifferentiated thyroid

carcinoma cell line, a 34% decrease in p85β protein expression (p < 0.05) as well as a
21% reduction of active AKT (p-AKT) protein (p < 0.05) was observed in the miRNA126 transfected group when compared to control group (Fig. 29). In addition, a 40%
suppression of p85β protein expression (p < 0.05) and a 53% loss of active AKT (pAKT) protein (p < 0.05) were seen among miRNA-126 transfected cells compared to
un-transfected cells in MB-1 (BRAFWT/WT) undifferentiated thyroid carcinoma cells.
The highest suppressive activity was recorded in the MB-1 (BRAFWT/WT) cell line among
all undifferentiated thyroid carcinoma cell lines.

6.4 Discussion
In our investigation, miR-126 was under-expressed in BRAFV600E mutated
undifferentiated thyroid carcinoma cells. Similar to our finding, down-regulation of
miR-126 was also reported in a number of other cancers like colorectal cancer, breast
cancer, hepatocellular carcinoma, non-small-cell lung cancer over the past decade since
it was first discovered in 2002 [370, 413, 436, 438, 439]. In addition, we determined
that miR-126 expression was the lowest in homozygous BRAF (BRAFV600E/V600E)
mutated undifferentiated thyroid carcinoma cells when compared to heterozygous BRAF
(BRAFV600E/WT) mutated undifferentiated thyroid carcinoma cells.

Hence, our data

indicates that there is a correlation between the BRAFV600E mutation and miR-126
expression in undifferentiated thyroid carcinoma, but requires further studies with a
larger samples size to validate miR-126 as a biomarker for BRAF V600E mutated
undifferentiated thyroid carcinoma.
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miR-126 acts as a tumour suppressor through regulating translation of oncogenic
genes which was confirmed in a number of prior research investigations [370, 438, 440,
441]. When miR-126 is under-expressed, it cannot control the translation of oncogenic
gene transcripts. As a result, translation of oncogenic transcripts is upregulated which
contributes to cellular dysfunction and uncontrolled proliferation. The higher the downregulation of miR-126, the greater will be the contribution towards cellular dysfunction
and uncontrolled cellular proliferation.

In the current study, homozygous BRAF

(BRAFV600E/V600E) mutated undifferentiated thyroid carcinoma cells (8505C cells) were
more proliferative when compared to heterozygous BRAF (BRAFV600E/WT) mutated
undifferentiated thyroid carcinoma cells (BHT-101 cells). In contrast, expression of
miRNA-126 was found to be similar to the normal cell line in non BRAFV600E mutated
undifferentiated thyroid carcinoma cells (MB-1 cells). These unmutated cells were also
seen to be less proliferative. This is unsurprising considering the presence of a major
driver mutation in BRAFV600E bearing cells.
It is interesting to note that the more BRAFV600E mutations that a cell line
carried, the greater the reduction in miR-126 expression there was. This suggests that an
expression feedback loop of some kind exists in BRAF mediated pathways, and that
overstimulation of these pathways results in the reduced miR-126 expression seen in
this research. It may be useful in future to compare the amount of miR-126 expression
in cells being treated with BRAF inhibitors to see whether this is a direct or indirect
effect of BRAFV600E mutation.
The current investigation also showed that miR-126 can suppress cellular
proliferation of undifferentiated thyroid carcinoma cells, irrespective of mutation status
and can reduce their colony forming capability. Similar to this finding, miR-126 was
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also found to inhibit cellular proliferation and decrease colony formation abilities in
other cancers [370, 438, 440, 441].
It was also observed that suppression of proliferation and colony formation was
higher in non BRAFV600E mutated undifferentiated thyroid carcinoma cells compared to
BRAFV600E mutated undifferentiated thyroid carcinoma cells. Previous studies showed
that miR-126 can inhibit cell proliferation in colon cancer in a dose dependent manner;
which means the higher the dose of miR-126, the higher the inhibition of proliferation
rate [370, 441]. In this study, miR-126 expression level was higher in non BRAFV600E
mutated undifferentiated thyroid carcinoma cells when compared to BRAFV600E mutated
undifferentiated thyroid carcinoma cells. Therefore, it can be concluded that a higher
level of miR-126 can achieve a higher level of proliferation suppression in thyroid
carcinoma. This may also account in part for the lower resting proliferation rate of the
BRAFV600E wild type cells, but at the same time the cells also seemed to have an
effectively higher sensitivity to miR-126. Future studies may determine whether the
dose dependence seen here and in previous work is a purely linear phenomenon or
whether it is part of a more complex relationship.
In this experiment, miR-126 suppresses the expression of target p85β protein in
undifferentiated thyroid carcinoma. PIK3R2 gene translates into p85β protein which is
a regulatory subunit 2 (beta) of PI3K kinase protein [370, 436, 437]. The result was in
concurrence with previous studies in that miR-126 targets PIK3R2 gene and suppressing
its translation (p85β protein expression) in colon and breast cancers [370, 436, 437].
Due to suppression of p85β protein expression, suppression of active AKT (pAKT) kinase protein was observed in undifferentiated thyroid carcinoma. Similarly,
this reduction of AKT kinase (p-AKT) protein activity after suppression of p85β protein
expression by miR-126 was also reported in other few investigations on different
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cancers [370, 436, 437]. Furthermore, we observed that suppression of both p85β and
p-AKT kinase protein were higher in non BRAFV600E mutated undifferentiated thyroid
carcinoma cells when compared to BRAFV600E mutated undifferentiated thyroid
carcinoma cells. Consequently, it appears that a higher level of miR-126 correlates with
higher suppression of target protein and its associated kinase protein activity. It seems
likely that this loss of p-AKT is a major contributor to the observed reduction in
proliferation and colony formation observed in these experiments. The presence of a
BRAFV600E mutation may thus represent an alternative growth stimulation mechanism
that remains active after suppression of AKT activity by miR-126 and explain the
apparent increased sensitivity to miR-126 by BRAF wild type cells, as BRAF wild type
cells require stimulation of BRAF to activate its pathway.
This investigation only correlated PI3K-AKT proliferation signalling pathway
inhibition and overall cell proliferation, but did not investigate its effect on the
activation of the alternative RAS-RAF-MEK-ERK proliferation signalling pathway,
which is an area that needs to be look at in future investigations. It will be important to
establish whether the kind of shift in pathway activation following BRAF inhibition will
occur in reverse when the PI3K-AKT pathway is inhibited. Moreover, the method of
pathway inhibition used in this study will need to be combined with the previous
method of pathway inhibition described in chapter 5 so that the effect of suppressing
both RAS-RAF-MEK-ERK and PI3K-AKT proliferation signalling pathways together
can be identified, and whether there are additional escape mechanisms for the expected
reduction in overall cell proliferation.
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6.5 Conclusion
To conclude, our investigation demonstrated that miR-126 was down-regulated
in BRAFV600E mutated undifferentiated thyroid carcinoma cells, but not in the wild type
BRAF undifferentiated thyroid carcinoma cells. In addition, miR-126 was found to
target PIK3R2 gene and suppress p85β protein expression which ended up suppressing
the PI3K-AKT proliferation-survival signalling pathway.

Consequently, significant

proliferation suppression was observed in undifferentiated thyroid carcinoma cells.
Therefore, miR-126 is a potentially useful therapeutic tool that could be applied in
addition to conventional anticancer treatment in undifferentiated thyroid carcinoma.
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Chapter: 7
Conclusion and Future Directions
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7.1 Conclusion
Cancer is a complex abnormality in genetic function that ultimately drives cell
to proliferate uncontrollably. Proliferation of cells is a common phenomenon in human
body. It is required for usual body growth, for repairing any wound or for replacing
damaged cells. Proliferation in a normal body cell is a controlled process and cell
proliferation signals are usually carried through two major proliferation pathways in the
cell which are RAS-RAF-MEK-ERK and PI3K-AKT-mTOR proliferation pathways.
But in cancer cells, these proliferation pathways become abnormal due to complex
genetic abnormalities, for example, the BRAF V600E mutation which auto-activates the
RAF-MEK-ERK proliferation pathway. As a result, cancer cells proliferate without
control, metastasize other parts of the body, damage vital organs and ultimately cause
death. In all type of human cancers, this one feature, that is abnormality in proliferation
pathways, is very common.

Abnormality in proliferation pathways may lead to

uncontrolled cell proliferation. The aims of this investigation were to evaluate the
activation status of the two major proliferation pathways in cancer cells; first to inhibit
the RAS-RAF-MEK-ERK proliferation pathway and observe its effect on overall cell
proliferation; then to inhibit the PI3K-AKT-mTOR proliferation pathway and
investigate its effect on overall cell proliferation. For addressing our research aims,
thyroid carcinoma was chosen as human cancer model in this investigation.

7.1.1 Addressing Aim 1
The first aim of this investigation was to evaluate the activation status of the
major proliferation pathways, the RAS-RAF-MEK-ERK and PI3K-AKT/PKB-mTOR
proliferation-survival pathways in cancer cells. This investigation discovered that both
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active ERK kinase (pERK) and active AKT kinase (pAKT) were present in thyroid
carcinoma cells. ERK kinase involves in the kinase activity of RAS-RAF-MEK-ERK
proliferation-survival pathway and AKT kinase involves in the kinase activity of PI3KAKT/PKB-mTOR proliferation-survival pathway. Therefore, it appears that both RASRAF-MEK-ERK and PI3K-AKT/PKB-mTOR proliferation-survival pathways are
simultaneously active in thyroid carcinoma cells.

7.1.2 Addressing Aim 2
Our second aim was to inhibit the RAS-RAF-MEK-ERK proliferation-survival
pathway and explore the effect on the proliferation capacity of cancer cells. This study
found that inhibition of BRAF kinase expression reduced MEK kinase activity (pMEK).
MEK kinase is involved in the kinase activity of the RAS-RAF-MEK-ERK
proliferation-survival pathway. Therefore, inhibition of BRAF kinase expression
actually suppressed the RAS-RAF-MEK-ERK proliferation-survival pathway. As a
result of this vital pathway suppression, overall cell proliferation was decreased. Hence,
inhibition of the RAS-RAF-MEK-ERK proliferation-survival pathway decreased cell
proliferation.
We also observed in our investigation that cell proliferation rates increased in
the later stages after the initial proliferation inhibition. As a result, we additionally
hypothesized that the alternative proliferation pathway might contribute to the later
overall increase of cell proliferation after inhibition of BRAF expression. Therefore, we
analysed the activation status of the alternative PI3K-AKT/PKB-mTOR proliferationsurvival pathway and discovered an increase in AKT kinase activity (pAKT). AKT
kinase is involved in the kinase activity of the PI3K-AKT/PKB-mTOR proliferation184

survival pathway. Therefore, our results indicated that after suppression of RAS-RAFMEK-ERK proliferation-survival pathway, the kinase activity of the PI3K-AKT/PKBmTOR proliferation-survival pathway was increased. This increased kinase activity of
the PI3K-AKT/PKB-mTOR proliferation-survival pathway contributed in a return to
cell proliferation levels to their original level, approximately 4 weeks after inhibition of
BRAF expression.

7.1.3 Addressing Aim 3
Non-specific inhibition of the PI3K-AKT/PKB-mTOR proliferation-survival
pathway via miR-126 and observation of the proliferation ability of cancer cells as a
result, was the third aim of our current investigation. This investigation showed that
inhibition of PI3K kinase expression using a miR-126 mimic, reduced the kinase
activity of AKT kinase (pAKT). AKT kinase is involved in the kinase activity of PI3KAKT/PKB-mTOR proliferation-survival pathway. Therefore, transfection with miR126 actually suppressed the PI3K-AKT/PKB-mTOR proliferation-survival pathway. As
a consequence of this pathway suppression, proliferation of thyroid carcinoma cell was
inhibited. The degree of inhibition also depended on the BRAF mutation status of the
cell lines transfected, with BRAF wild-type cells showing greater inhibition than BRAF
V600E mutants, which is consistent with this pathway providing alternative growth
signals when the PI3K-AKT/PKB-mTOR proliferation-survival pathway is suppressed.
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7.2 Future Direction
This investigation addressed our initially raised aims and hypotheses regarding
the RAS-RAF-MEK-ERK and PI3K-AKT/PKB-mTOR proliferation-survival pathways
and the overall proliferation of cancer cells. But, further potential enquiries also arose
during this investigation, and these enquiries should be thoroughly addressed in the
future investigations on this area. This investigation addressed the activation status of
RAS-RAF-MEK-ERK and PI3K-AKT/PKB-mTOR proliferation-survival pathways
only in thyroid carcinoma; other types of cancers can be included in future investigation
to evaluate whether the simultaneous activation of these pathways is happens in other
cancers as well. This study addressed the proliferation status of cancer cell after
inhibition of RAS-RAF-MEK-ERK and PI3K-AKT/PKB-mTOR proliferation-survival
pathways individually; the proliferation status of cancer cells after dual inhibition of the
RAS-RAF-MEK-ERK and PI3K-AKT/PKB-mTOR proliferation-survival pathways
should be carried out in in the future investigation. This suppression could be specific
for both of the pathways, or may include non-specific suppression via miRNA mimics.
This study also observed that the PI3K-AKT/PKB-mTOR proliferation-survival
pathway increased its kinase activity after specific suppression of the RAS-RAF-MEKERK proliferation-survival pathway; the mechanisms leading to this change can be
thoroughly investigated in future investigations. This in particular is an area of
particular interest, as it mirrors some of the results seen following use of drug inhibition
of BRAF and it suggests that the mechanisms of PI3K-AKT/PKB-mTOR proliferationsurvival pathway activation following BRAF inhibition are not dependent on the
presence of BRAF itself. Uncovering this mechanism could be very important for the
use of RNA therapeutics in the future. Along the same lines, this research was an invitro study only, if this method for the suppression for cancer cell growth is to be useful
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in the treatment of cancer patients, the efficacy of this model will need to be tested invivo models in future investigations.
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Project Approval Memo

N54 0.10D Nathan Campus

To

Professor Alfred Lam

cc

Dr Ali Salajegheh

From

Secretary, Griffith University Biosafety Committee

Date

18 March 2013

File

Project_Approval_Memo_18March13.docx

Subject

Project Application ED/003/13 Approval

Dear Alfred,
The Griffith University Biosafety Committee (UBC) wishes to advise that your project application has been
approved. The project details are as follows:
UBC Reference Number:
Project Classification:
Project Leader:
Project Title:
Project Completion Date:

ED/003/13
Exempt Dealing
Professor Alfred Lam
Alternative Approach to Proliferation Pathway Suppression in
Human Cancers.
01/03/2016

Please note that this approval is subject to a number of conditions that were determined by information
provided on your application.
APPROVAL CONDITIONS
1.
Approval for this project is for the following period 01/03/2013 to 01/03/2016 unless the project is
cancelled or suspended.
2.
Approval is strictly limited to the research project proposal and facilities as submitted in your
application attached. No variations or modifications of the research project proposal can be
undertaken unless written approval has been received by the UBC.
3.
Facility and work practices must comply with facility certification requirements at all times where
applicable. The facilities approved for your use are as follows:
(i)

(ii)

Campus:

Southport

Building:

GH1

Are these facilities certified?

Yes

Containment Level:

PC2

Campus:

Building:

G40

Room:

9.47

Containment Level:

PC2

Building:

G12

Room:

3.22

Yes

Containment Level:

PC2

Parklands

Are these facilities certified?

(iii)

Campus:

Parklands

Are these facilities certified?

4.

5.

Room:

GH1_4.17
to 4.35

A record of the location of all GMO material must be accessible in a visible location within the
facility. Storage records and arrangements of GMO material must provide segregation,
identification (including UBC reference numbers) and easy retrieval of GMO material in the
absence of the project leader.
Transport or transfer of any GMO material external to the University must be notified to the UBC
prior to transport.

6.

Transport of any GMO material either between Griffith University facilities or external to the
University must be undertaken in accordance with the Guidelines for Transport of GMOs.

7.

Approved GMOs for your use are as follows:

8.

a)

Approved GMO Dealings
Conduct the experiments with the GMOs as indicated in the project details of the
approved version of the application;
Make develop and produce the GMOs;
Grow, raise or culture the GMOs;
Transport the GMOs; or
Dispose of the GMOs; and
Possess, use or store the GMOs for the purpose of the approved project.

b)

Scientific Name of parent organism
Ecoli

c)

Identity and function of genes responsible
B-Raf gene. The goal is to generate a clonal cell line that exhibits normal levels of
our gene of interest in the absence of doxycycline, but experiences significant
reduction (knockdown) of this gene product in the presence of Doxycycline.

d)

Vector(s) and method of transfer
pSingle-tTS-shRNA Vector
Using optimized transfection method, will transfect cells using different ratios of
the luciferase expression vector to the pSingle-tTS-Anti-Luc control vector, with
and without induction by Dox.

It is the responsibility of the project leader to ensure dealing must comply with other relevant
legislative requirements (e.g. AQIS, Ethics approval) and general health and safety obligations
where applicable.

Should you require any further information in relation to this approval, please do not hesitate to contact
me.
Regards

Dr Amanda Fernie
Secretary, UBC
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Md. Atiqur Rahman <mdatiqur.rahman@griffithuni.edu.au>

Copyright requirement for "Thesis as a series of published and unpublished
papers"
5 messages
Md. Atiqur Rahman <mdatiqur.rahman@griffithuni.edu.au>
To: copyright@griffith.edu.au

20 October 2015 at 20:03

Dear Sir / Mam,
I am preparing my PhD thesis as "Thesis as a series of published and unpublished papers". I am including
the final manuscript (that I first submitted to journal) in my thesis as it is. Do I need to get publisher's
authorization to do that? All my publications are in the following journals:
1.

Critical Reviews in Oncology/Hematology

2.

Current Cancer Drug Targets

3.

Experimental and Molecular Pathology

4.

Experimental Cell Research
Human Pathology

I checked the Publisher's copyright policies & selfarchiving in SHERPA / RoMEO website for the
above journal which I attached with this email. Could you please give me your advice? Thank you very much.
Kind regards,
Atiqur
************************************************************************

Md. Atiqur Rahman
Md. Atiqur Rahman, BPharm (Hons)
PhD Student,
School of Medicine,
Griffith Health Centre (G40),
Gold Coast campus, Griffith University,
Gold Coast, QLD 4222,
Australia.
PHONE: +61756780917
MOBILE: +61 424876534
EMAIL: mdatiqur.rahman@griffithuni.edu.au
5 attachments
Critical Reviews in OncologyHematology  SHERPA_RoMEO  Search  Publisher copyright
policies & selfarchiving1.pdf
142K
Current Cancer Drug Targets  SHERPA_RoMEO  Search  Publisher copyright policies & self
archiving2.pdf
139K
Experimental and Molecular Pathology  SHERPA_RoMEO  Search  Publisher copyright
https://mail.google.com/mail/u/0/?ui=2&ik=05b5ba6af7&view=pt&search=inbox&th=15084b4373117954&siml=15084b4373117954&siml=150923eebf02d7f…
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policies & selfarchiving3.pdf
144K
Experimental Cell Research  SHERPA_RoMEO  Search  Publisher copyright policies & self
archiving.pdf
145K
Human Pathology  SHERPA_RoMEO  Search  Publisher copyright policies & selfarchiving
4.pdf
142K

Copyright Griffith <copyright@griffith.edu.au>
To: "Md. Atiqur Rahman" <mdatiqur.rahman@griffithuni.edu.au>

22 October 2015 at 22:21

Dear Atiqur,
Sorry for taking time to get back to you. I am at a conference in Sydney.
"I am including the final manuscript (that I first submitted to journal) in my thesis." This is the postprint
version.

You may include the post print version of all five articles in your thesis.
I have checked all journals myself (see my notes below this email). The embargo period is 12 months for the
post print version for each of these journals (and Griffith will publish your thesis 12 months after submission).
(If any of you paid for your articles to be published Open Access, then the embargo period will be less than
12 months.)
Please let me know if you have any other questions.
Regards,
Antony

1.

Critical Reviews in Oncology/Hematology  12 months embargo (Elsevier)

2.

Current Cancer Drug Targets  12 months embargo

3.

Experimental and Molecular Pathology  12 months embargo (Elsevier)

4.

Experimental Cell Research  12 months embargo (Elsevier)

5.

Human Pathology  12 months embargo (Elsevier)

[Quoted text hidden]


Kind regards,
Antony Ley I Information Policy Officer
via copyright@griffith.edu.au
Information Services I Griffith University
Information Services Centre (M13)1.15, Mt Gravatt Campus, QLD, 4122
Ph: (07) 3735 5695 I Mobile: 0423 425 592 I Fax: (07) 3735 5901 I http://www.griffith.edu.au
PRIVILEGED – PRIVATE AND CONFIDENTIAL
This email and any files transmitted with it are intended solely for the use of the addressee(s) and may
contain information which is confidential or privileged. If you receive this email and you are not the
addressee(s) [or responsible for delivery of the email to the addressee(s)], please disregard the contents of
the email, delete the email and notify the author immediately.
https://mail.google.com/mail/u/0/?ui=2&ik=05b5ba6af7&view=pt&search=inbox&th=15084b4373117954&siml=15084b4373117954&siml=150923eebf02d7f…
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Md. Atiqur Rahman <mdatiqur.rahman@griffithuni.edu.au>
To: Copyright Griffith <copyright@griffith.edu.au>

23 October 2015 at 11:10

Dear Antony,
Good morning!
It's alright. Thank you very much for your advice. To be clear with you, is that mean, even I include the post
print version of my all papers in my thesis, I do not need to attach the publisher's permission with my thesis in
this case?
If I arrange my thesis this way, will it be recognized as selfplagiarism? If it is, will it be acceptable for "Thesis
as a series of published and unpublished papers"?
Thank you very much. Have a nice day.
Kind regards,
Atiqur
[Quoted text hidden]


************************************************************************

Md. Atiqur Rahman
Md. Atiqur Rahman, BPharm (Hons)
PhD Student,
School of Medicine,
Griffith Health Centre (G40),
Gold Coast campus, Griffith University,
Gold Coast, QLD 4222,
Australia.
PHONE: +61756780917
MOBILE: +61 424876534
EMAIL: mdatiqur.rahman@griffithuni.edu.au
Copyright Griffith <copyright@griffith.edu.au>
To: "Md. Atiqur Rahman" <mdatiqur.rahman@griffithuni.edu.au>

26 October 2015 at 09:05

Dear Atiqur,
Maybe you could attach a copy of my email above (as evidence that it is OK to include the publishers
versions with your thesis).
It is standard practice that you include articles where you were the principal author:

Extent of student’s contribution
The student should normally be principal author (that is, responsible for the intellectual content and the
majority of writing of the text) of any work included in the body of the thesis. Where any work has been jointly
authored, a signature from the corresponding author is required in order to include the material in the body of
the thesis. Coauthored work in which the student was a minor author can only be used and referenced in the
way common to any other research publication cited in the thesis. ( from https://www.griffith.edu.au/higher
degreesresearch/currentresearchstudents/thesis/preparation/thesisasaseriesofpublishedunpublished
papers )
All the best with your thesis,
Antony
[Quoted text hidden]
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Md. Atiqur Rahman <mdatiqur.rahman@griffithuni.edu.au>
To: Copyright Griffith <copyright@griffith.edu.au>

26 October 2015 at 10:35

Dear Antony,
Good morning!
Thank you very much for your advice. I will follow your advice.
Have a nice day.
Kind regards,
Atiqur
[Quoted text hidden]
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