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MEK1/2 are critical components of the RAS-RAF-MEK-ERK or MAPK signalling pathway that regulates a
variety of cellular functions including proliferation, survival, and differentiation. In 1997, a lung cancer cell
line was first found to have a MEK mutation (encoding MEK2P298L). MEK is involved in various human
cancers such as non-small cell lung cancer (NSCLC), spurious melanoma, and pancreatic, colorectal, basal,
breast, and liver cancer. To date, 4 MEK inhibitors i.e., trametinib, cobimetinib, selumetinib, and binimetinib
have been approved by the FDA and several are under clinical trials. In this review, we have highlighted
structural insights into the MEK1/2 proteins, such as the aC-helix, catalytic loop, P-loop, F-helix,
hydrophobic pocket, and DFG motif. We have also discussed current issues with all FDA-approved MEK
inhibitors or drugs under clinical trials and combination therapies to improve the efficacy of clinical drugs.
Finally, this study addressed recent developments on synthetic MEK inhibitors (from their discovery in 1997

rsc.li/medchem

1. Introduction

Cancer incidence and mortality are rapidly increasing
worldwide, and cancer is expected to be the major hindrance to
improving life expectancy globally. Mitogen-activated protein
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to 2022), their unique properties, and their relevance to MEK mutant inhibition.

kinases (MAPKSs) are responsible for the development of various
types of cancers. MAPKs are a family of conservative protein
serine/threonine kinases that respond to a variety of
extracellular stimuli and are involved in gene expression, cell
metabolism, proliferation, differentiation, and apoptosis. The
MAPK pathway includes three major kinases, MAPK kinase
kinase (MAPKKK, MAP3K), MAPK kinase (MAPKK, MAP2K,
MEK), and MAPK (ERK1/2), which activate and phosphorylate
downstream proteins. The MAPK/ERK pathway is the binding of
an external mitogen to a cell surface receptor. This allows a Ras
protein (a small GTPase) to exchange a GDP molecule for a GTP
molecule, thereby turning the signalling pathway on and off.
The Ras protein can then stimulate MAP3K (e.g., Raf), which
activates MAP2K, which in turn activates MAPK. MAPK (ERK1/2)
regulates gene expression by directly phosphorylating
transcription factors such as Ets, Elk and Myc. MAPK alters the
level and activity of transcription factors, resulting in altered
transcription of cell cycle-related genes. In the MAPK pathway,
the MEK (MEK1/2) pathway is one of the most important."™ It
involves a series of proteins in the cell that relay signals from a
receptor on the cell surface to DNA in the nucleus. MEK1/2, also
referred to as gatekeepers of ERK1/2, are responsible for the
transduction of signals from a number of upstream kinases and
are the only activators of downstream ERK1/2. At the same time,
ERK1/2 are the only downstream MEK1/2 substrates.®
Nevertheless, cellular metamorphosis is a consequence of
constitutive activation, and it is involved in the development of
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a variety of human cancers.”® The MEK pathway is one of the
best-studied kinase cascades in cancer cell biology. Growth
factors or activating mutations of the main oncogenic proteins
in this pathway are the most common components of the MAPK
pathway. Although mutations in MEK1 and MEK?2 are rare in
cancer, production of their mutant versions in constitutively
active states (MEK1-DN3/S218E/S222D and MEK2-DN4/S222D/
S226D, respectively) is sufficient to subject normal cells to
oncogenic transformation.” In 1997, a lung cancer cell line was
first found to have a MEK mutation (encoding MEK2P298L),
but the functional effects were not specified.'® In ovarian cancer
cell lines, activating mutations in MEK1 or MEK2 were first
detected in 2007."" Since then, gain-of-function mutations in
MEK1 (P124S, E203K, F53L, and N382H) or MEK2 (S154F) in
melanoma, Y134C in MEK2 or Y130C in MEK1 in colorectal
cancer (CRC), Q56P and K57N in MEK1 in lung cancer, TP53,
CDKN2A, and SMAD4 in MEK1 in pancreatic cancer and D67N
in MEK1 in ovarian cancer have been reported.’>® Most of
these mutations belong to mutations present in cardio-facio-
cutaneous (CFC) syndrome, either in the N-terminal negative
regulatory region or in the ATP-binding region of the N-terminal
lobe. Since MEK activation represents a convergence point for
the abnormal activation of other upstream signalling molecules,
it may be a suitable molecular therapeutic target."*'> Mutations
in MEK occur at high frequency in numerous human
malignancies, such as pancreatic cancer 70-90%,
melanoma 50%, liver cancer 20-40%, colorectal cancer 25-35%,
melanoma 15-20%, NSCLC 10-20%, and basal-like breast
cancer 1-5%. Statistics of new cases and deaths from all cancers
worldwide for 2022 and details of specific cancers affected by
the MEK mutation are shown in Fig. 1."*'°

uveal

2. Regulation of the MEK signalling
pathway

When a signalling molecule attaches to a cell surface receptor,
signalling begins. It finishes when cellular DNA produces a
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protein, which results in cell growth. The excellent signal-
regulated kinases (ERKs) or mitogen-activated protein kinases
(MAPKs) interact by adding phosphate groups to neighbouring
proteins (phosphorylation) and acting as “on” switches. When
a protein in the signalling pathway is changed and stuck in the
“on” or “off” state, it marks a critical stage in the growth of
many malignancies. In fact, the MAPK/ERK pathway's
components were initially discovered in cancer cells, and
medications that turn the process on or off are currently being
studied." EGF receptor (EGFR)-bound tyrosine kinases are
activated by extracellular ligands like epidermal growth factor
(EGF). EGF binds to an EGFR, which then causes the
cytoplasmic domain of the protein to become active. The EGFR
is phosphorylated as a result of tyrosine residues. The active
receptor's phosphotyrosine residues interact with GRB2's SH2
domain."” In order to connect to the guanine nucleotide
exchange factor son of sevenless (SOS), the two SH3 domains
of GRB2 engage with it. When the phosphorylated EGFR is
bound by the GRB2-SOS complex, SOS is triggered."® Activation
of SOS then encourages the removal of guanosine diphosphate
(GDP) from a Ras subfamily member. After binding of
guanosine triphosphate (GTP), the Ras protein is subsequently
activated. Along with fibroblast growth factor receptors
(FGFRs), other cell surface receptors such as neurotrophin
receptors (Trk A/B), FGFRs, and platelet derived growth factor
receptors (PDGFRs) can activate this pathway via GRB2. As a
result of the activated Ras's protein kinase activity, RAF kinase
phosphorylates and activates a MAPK kinase (MEK). MEK is
responsible for phosphorylating and activating a MAPK
(ERK)." Some of these phosphorylation events serve to
enhance Raf activity (shown by a black P in a black circle)
whereas others serve to inhibit Raf activity (shown by a black P
in a red circle). Moreover, there are phosphatases, such as
PP2A, which remove phosphates on certain regulatory residues.
The downstream transcription factors regulated by this
pathway are indicated by oval shaped outlines. Selective protein
kinases for serine or threonine include RAF and MAPK/ERK.

MEK mutation in different cancers

——MEK % mutation (Max.)

——MEK % ( mutation min.)

Fig. 1 Global cancer statistics for new cases and deaths for 2022 and MEK (%) mutation in different cancers.
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This mechanism has also been linked to apoptosis regulation.
By post-translationally phosphorylating molecules like Bad,
Mcl-1, Bcl-2, and Bim, RAF also activates mitochondrial
localized proteins (Fig. 2).>

MEK is a kinase of serine, tyrosine, and threonine. MNK,
RAF, MEK, and MAPK are technically referred to as mitogen-
activated kinases. MAPKs were once known as microtubule-
associated protein kinases (MAPKs) and extracellular signal-
regulated kinases (ERKs). One of the earliest proteins shown
to have been phosphorylated by ERK was a protein related to
microtubules.

The translation of mRNA into proteins is one of the effects
of MAPK activation. The S6 (RSK) kinase of the 40S ribosomal
protein is phosphorylated by MAPK. This activates RSK which
then phosphorylates the ribosomal protein $6.>' Several
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transcription factors are controlled by MAPK. C-MYC can be
phosphorylated by MAPK. MNK is phosphorylated and
activated by MAPK, which causes MNK to phosphorylate
cyclic AMP (cAMP)-response element binding protein (CREB).
Transcription of the C-FOS genes is also controlled by MAPK
phosphorylated CREB. The transcription of C-FOS genes is
also controlled by MAPK. By altering the levels and functions
of transcription factors, MAPK affects the transcription of
genes important for the cell cycle (Fig. 2).

3. Molecular structure of the MEK
protein

The general features of protein kinases originally discovered
for the cyclic AMP-dependent protein kinase are largely
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Fig. 2 Raf/MEK/ERK or MAPK pathway importance in cell proliferation and survival.
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conserved and shared by kinases in the MAPK pathway.*
MEK proteins have two types, MEK1 and MEK2. MEK1
contains 393 amino acids and MEK2 contains 400 amino
acids. They consist of two lobes, the N-lobe and the C-lobe.
The N-lobe contains an aC-helix (L118/122) and a P-loop (74-
82 in MEK1 and 78-86 in MEK2). The C-lobe has an
activation segment (210-233 in MEK1 and 214-237 in MEK2),
and an F-helix (D245/L253/M256 in MEK1 and 249/257/260 in
MEK2). The catalytic loop (192-195 in MEK1 and 196-198 in
MEK?2), hydrophobic pocket (MET 143, MET 219, ALA 220,
PHE 223) and DFG-motif (ASP 208, PHE 209, GLY 210 in
MEK1 and ASP 212, PHE 213, GLY 214 in MEK2) are the
critical binding pockets in the MEK1/2 proteins (Table 1).
Both sides of MEK1 and MEK2's core catalytic domains are
surrounded by proline-rich inserts and short amino and
carboxy-terminal sections. These kinases are highly similar,
sharing 90% of their kinase domain identities and exhibiting
80% total similarity. The flanking amino-terminal regions of
MEK1 and MEK2, which are composed of amino acids 1-67
and 1-71, are 58% similar. Additionally, the first 32 and 36
residues of MEK1 and MEK2 exhibit a sequence similarity of
22%, lower than that of the next 28 and 24 residues (28%
homology against 82% homology), respectively. This is
significant because they are drawn to their ERK substrates at
this location due to the lowest similarity. The first 10
residues of the D-domain (amino acids 1-32 in MEK1 and 1-
36 in MEK2), commonly known as the docking site of ERK,
are a short length of basic and hydrophobic amino acids.*
MEK must have a positively charged D-domain in order to
attach to the associated acidic common docking domain in
the carboxy termini of ERK1 and ERK2.**** The leucine-rich
nuclear export signal (NES), which is made up of the amino
acids 33-44 and 37-48 and is situated between the D-domain
and the core catalytic domain, is essential for MEK's
subcellular localization. MEKs are often seen in the
cytoplasm. Catalytically inactive enzymes lacking NES convert
lysine to alanine, and modify the distribution of MEKs in the
cytoplasm and nucleus at steady state. This demonstrates
that MEKs are quickly exported to the cytoplasm following
activation and move to the nucleus in a NES-dependent
manner.”***” A negative regulatory area is positioned just
downstream of the NES (NNR). When residues 44-51 from

Table 1 Number of residues in MEK1 and MEK2

Structural insight Residues in MEK1 Residues in MEK2

aC-helix (N-lobe) L118 122

P-loop/ADP (N-lobe) 74-82 78-86

ATP binding sites 143-146 147-150

Activation segment 210-233 214-237

(C-lobe)

Catalytic loop 191-195 196-198

F-helix (C-lobe) D245/L253/M256 249/257/260

D-helix (C-lobe) L151 155

DFG motif ASP208, PHE209, ASP12, PHE213,
GLY212 GLY214

No. of residues 393 400

Molecular weight (kDa) 43 kDa 44 kDa
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MEK1 and 48-55 from MEK2 are removed, the basal kinase
activity increases by 60 and 9 times, respectively.*® These
residues cause a disruption in the ATP-binding site, which
inhibits MEK action. Changes in this area of the genome can
affect MEK's catalytic activity."* A proline-rich domain (amino
acids 262-307 in MEK1 and 266-315 in MEK2) is located in
the conserved core catalytic domain's carboxy-terminal
region. It is hypothesised to facilitate certain protein-protein
interactions that are crucial for the regulation of MEKs.>**°
MEK1 and MEK2 have 69% homology in the carboxy-
terminal region, which includes the amino acids 74-82 of
MEK1 and 78-86 of MEK2, the glycine-rich P-loop, the Mg>*
positioning loop, the ATP-binding site, and amino acids 143-
146 of MEK1 and 147-150 of MEK2 (amino acids 362-393,
370-400 of C-terminal). This domain's specific purpose is
unknown. However, according to Brunet et al, MEK1 is
phosphorylated by ERK at T386 as part of a negative feedback
loop that controls MEK1 inactivation. They featured a
catalytic cleft to which Mg-ATP binds to allow phosphoryl
transfer from the active site situated between the larger
C-terminal lobe and the smaller N-terminal lobe. In addition
to this, a conserved glycine-rich loop aids in positioning
bound ATP for cleavage and phosphoryl transfer. The N-lobe
of MEK has five B-sheets and also contains a conformation-
dependent C-helix that is necessary for the activation state of
the kinases.

Structural insights into the MEK protein are depicted in
Fig. 3. The conserved valine (V81/85 in MEK1/2) interacts
hydrophobically to the adenine of ATP after the glycine-rich
loop. Six preserved helices are present along with four sheets
in the C-terminal lobe. A motif called Ala-XXX-Lys may be
found in the N-3 strand lobe (MEK1/2 residues 95-97/99-
101). Kinase activation depends on forming a crucial salt
bridge between the lysine of the third strand (residues 114/
118 in MEK1/2) and the conserved glutamate of the C-helix to
stabilize the active conformation. A conserved DFG motif
appears at the beginning of the MEK activation domains,
while a common APE motif appears at the end (SPE in
MEK1). MEK has flexible hinge regions that allow the N and
C lobes to rotate against one another. To form a closed active
site and to bring distant active site remnants closer together,
the N and C lobes must be turned inward towards one
another. For ATP binding and ADP release to occur
throughout the catalytic cycle, a very small rotation of the N
and C lobes is needed. Aspartate's side chain must rotate
inward in order to coordinate Mg®* in the active site, making
the D of the C-line of the DFG motif essential for adopting
the active conformation. The aspartate marked “DFG out” is
pointed outward in the inactive configuration. It is believed
that the aspartate residue (residue 190/194 in MEK1/2) in the
catalytic loop deprotonates the protein substrate and
facilitates its nucleophilic assault on the ATP-phosphate.*?
For an active site to operate, conformational changes must
be caused by phosphorylation of the activation segment's
residues. MEK1 and MEK2 both have two serine residues (at
positions S218 and S222 and $222 and S226, respectively) in

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Structural insight into the MEK protein. (A) MEK linear models and binding pockets. The linear models of MEK1 and MEK2 show the
mutations and functional regions. The linear models of both kinases, MEK1 and MEK2, are displayed in relation to their functional domain
placements. Above each is a scale with hash marks at the locations of SNPs, somatic cancer mutations, syndrome-related mutations,
experimentally discovered phosphorylation sites (blue hash with oval), and predicted phosphorylation sites (blue-green hash). The positions of
the amino acids are indicated by numbers starting with the first Met residue. (B) Crystal structure of MEK protein. (C) The majority of MEK
protein binding sites. Various binding locations are indicated by different colours. Burgundy, cyan, and blue (C-helix as well as the F-helix
binding site). The P-loop/ADP binding site is cornflower blue, while the D-helix binding site is dark green. Green (catalytic loop); yellow and

green (activation segment).

the activation region phosphorylated by RAF kinase. Although
both residues are needed for activation, MEK is completely
deactivated when the other one is dephosphorylated.*!
Studying various protein kinases' inactive and active
conformations resulted in the identification of numerous
important residues that are a component of larger structural
motifs called regulatory and catalytic spines, also known as
R-spines and C-spines, respectively.*>**

4. MEK inhibitors in cancer treatment

Many MEK inhibitors are presently undergoing testing in
various clinical and preclinical stages. Contrary to RAF
inhibitors, which are often ATP-competitive, a majority of MEK
inhibitors are allosteric and not ATP-competitive.** To date, four

MEK inhibitors have achieved FDA approval, including
cobimetinib for malignant melanomas with BRAF'®"
mutations, selumetinib ~ for =~ NF1l-related  plexiform

neurofibromas (PNs), and binimetinib and trametinib for
BRAFV****Y.mutated metastatic melanomas.**” Only moderate

This journal is © The Royal Society of Chemistry 2023

clinical success has been seen when MEK inhibitors are used as
the sole therapy for patients with KRAS-mutated cancers. MEK
inhibitors have demonstrated a strong anti-tumour effect and
have been utilised as monotherapies for several types of RAS
mutations; nevertheless, their performance is ultimately
constrained by their dose-limiting toxicities and the possibility
for resistance development.***° MEK inhibitors by themselves
are less successful in treating tumours than BRAF plus MEK
inhibitor combos, which have had tremendous success. For
instance, in advanced BRAF'*°°® melanoma, the FDA-approved
combination of trametinib and dabrafenib and cobimetinib
and vemurafenib outperformed BRAF inhibitor monotherapy.*’

4.1 FDA approved MEK inhibitors

The first MEK inhibitor, trametinib (GSK1120212, 73), received
FDA approval in May 2013 for treating patients with metastatic
or terminal BRAFV***“mutated melanoma. In January 2014,
the United States granted accelerated approval for trametinib
and dabrafenib for the same indications. Trametinib was first

RSC Med. Chem., 2023, 14, 1837-1857 | 1841
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developed by Japan Tobacco and then developed and
introduced by GlaxoSmithKline under the trade name Mekinist
as a DMSO solvate. It is an effective allosteric, non-competitive,
and ATP-accessible inhibitor of the protein kinases MEK1 and
MEK2.*" Trametinib can also inhibit MEK activation by
decreasing phosphorylation at Ser-217. The typical dual
phosphorylation of MEK would be disrupted, resulting in a
primarily monophosphorylated  protein at  Ser-221.*
Trametinib in a phase 2 trial in combination with dabrafenib
and pembrolizumab for the treatment of advanced melanoma
was developed by Merck Sharp & Dohme Corp. and Novartis. A
favourable toxicity profile was seen in the phase 1 research of
patients with BRAF"**°-mutated melanoma, and the continuing
phase 2 inquiry will further assess the safety and effectiveness
of this triple combination as a first-line therapy for BRAF-
mutated melanoma.**

The second MEK inhibitor to receive approval was
cobimetinib (GDC-0973, XL518), created by Exelixis and
Genentech (Roche).** Cobimetinib is an allosteric, non-ATP-
competitive = MEK inhibitor.*> In combination with
vemurafenib, cobimetinib was licenced in Switzerland in
August 2015 and in the United States and Europe in
November 2015 to treat metastatic or unresectable melanoma
that had the BRAF'**° mutation.”* Cobimetinib is a highly
selective and effective reversible MEK inhibitor that prevents
the phosphorylation of ERK1/2."® Several clinical trials are
now underway for cobimetinib in conjunction with several
targeted medicines. For example, in the treatment of
metastatic solid tumours, cobimetinib has been coupled with
the PI3K or Erk1/2 inhibitor GDC-0941 or GDC-0994, and in
the treatment of leukaemia with the p53 MDM2 inhibitor
idasanutlin as well as the BCL-2 inhibitor venetoclax."
Another contentious issue is the use of immunotherapy in
conjunction with cobimetinib. A phase Ib dose-escalation
and dose-extension study (NCT01988896) in melanoma
patients revealed longer PFS with a median of 12.0 months
in the combination therapy group compared to atezolizumab
or cobimetinib alone.”® According to an updated phase Ib
study, cobimetinib plus atezolizumab plus vemurafenib
revealed an acceptable safety profile and possible antitumor
effectiveness in BRAF'***-mutated metastatic melanoma.*’
The combination of cobimetinib (Cobi) and atezolizumab
(Atezo) is well tolerated at the highest dosages delivered.
These findings support additional investigation into this
therapy and suggest that individuals suffering from MSS CRC
may benefit from the combination of Cobi and Atezo.>

Selumetinib (Koselugo; AZD6244; ARRY-142886) is an oral
second-generation kinase inhibitor and a strong and selective
non-ATP-competitive inhibitor of mitogen-activated protein
kinase 1 and 2 (MEK1/2).**®" Array BioPharma and
AstraZeneca jointly developed selumetinib for clinical
research in 2004, and it has subsequently undergone a
number of phase I and phase II clinical trials for solid
tumours as a monotherapy.”>”* Selumetinib received FDA
approval in May 2016 to receive orphan drug designation for
the treatment of people with stage III or IV differentiated

1842 | RSC Med. Chem., 2023, 14,1837-1857
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thyroid cancer and as a therapy for neurofibromatosis type 1
(NF1) (in the US and EU).>> The FDA approved selumetinib
(KOSELUGO, AstraZeneca) in April 2020 for the treatment of
pediatric patients with neurofibromatosis type 1 (NF1) who
had symptomatic and unresectable plexiform neurofibromas
(PNs).>*™® The use of selumetinib in conjunction with
sorafenib for advanced hepatocellular carcinoma (HCC) is
also being  studied (ClinicalTrials.gov identifier,
NCT01029418).°°  Although selumetinib plus docetaxel
significantly improved the median PFS (5.3 vs. 2.1 months, p
=0.014) and objective response rate (37% vs. 0%, p = 0.0001)
compared to docetaxel in a randomised phase II trial in
KRAS-mutated NSCLC, the overall survival benefit (9.4 vs. 5.2
months) could not be replicated in the global phase III
clinical trial. A total of 510 KRAS-mutated NSCLC patients
were randomised to receive selumetinib plus docetaxel or a
placebo plus docetaxel and the results indicated that
selumetinib did not increase progression-free survival when
compared to docetaxel alone (ClinicalTrials.gov number,
NCT01933932).%°

Binimetinib, 5-((4-bromo-2-fluorophenyl)amino)-4-fluoro-N-
(2-hydroxyethoxy)-1-methyl-1H-benzo[d]imidazole-6-
carboxamide (MEK162, ARRY-438162, Mektovi, also referred
to as ARRY 162), is an anticancer small molecule developed
by Array Biopharma to treat a range of tumours. With the
potential to cure a number of malignancies, binimetinib is
an orally available, highly selective, non-ATP-competitive
MEK inhibitor. In June 2018, the FDA gave its approval for
use in treating patients with metastatic or incurable
BRAFVC0OENVO00K positive melanoma when combined with
encorafenib. In preclinical investigations using cell lines and
animal models, binimetinib showed strong anticancer
activity either alone or in conjunction with other
medications. Combinations of the drug binimetinib with
immunotherapies including pembrolizumab and encorafenib
for the treatment of malignant melanoma and nivolumab,
LGX818, and ipilimumab for the treatment of metastatic
melanoma are used.®’ FDA approved MEK inhibitors are
depicted in Fig. 4 and Table 2 and their combination in
different cancer treatment are shown in Table 3.

4.2 MEK inhibitors under clinical trial

The efficacy, therapeutic indications, developers, and status
of numerous MEK1/2 inhibitors have been developed and
studied in clinical trials, which have been proven to be quite
effective and selective.*> Under clinical trial MEK inhibitors
is depicted in Fig. 5 and Table 4.

CI-1040, Pfizer/Warner-Lambert's MEK inhibitor, was the
first to enter clinical trials as a highly potent and orally
available small molecule inhibitor of MEK1/MEK2. It
effectively blocked ERK phosphorylation and further signal
transduction along this pathway. In preclinical models, this
medication has demonstrated an anticancer effect,
particularly against pancreatic, colorectal, and breast
malignancies, which has been associated with its capacity to

This journal is © The Royal Society of Chemistry 2023
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Table 2 FDA approved MEK inhibitors
FDA

Sr.no. FDA drugs  approved Target Side effects References
01 Trametinib  In 2013  MEK1/2 Fatigue rash, diarrhea, peripheral edema, and acneiform dermatitis 62
02 Selumetinib In 2020 MEK1  Acneiform rash, gastro-intestinal effects, and asymptomatic creatine kinase elevation = 63
03 Cobimetinib In 2015 MEK1/2 Gastrointestinal disorders rash, pyrexia, increased blood CPK,'* and chorioretinopathy 64
04 Binimetinib In 2018 MEK1/2 Rash, nausea, diarrhoea, peripheral oedema, and fatigue 65

Table 3 MEK inhibitors with combinations in different cancer treatments

Sr. no. Drugs Combination FDA approved Indication References
01 Trametinib GSK2141795 In 2022 Mutant melanoma 66

02 Trametinib Dabrafenib In 2014 Malignant melanoma 67

03 Trametinib Dabrafenib In 2017 Non-small cell lung cancer (NSCLC) 68

04 Trametinib Dabrafenib In 2018 Anaplastic thyroid cancer (ATC) 69, 70

05 Selumetinib Dacarbazine — Metastatic uveal melanoma 71

06 Cobimetinib Vemurafenib In 2015 Metastatic melanoma 72

07 Cobimetinib Atezolizumab In 2020 Metastatic colorectal cancer 73

08 Encorafenib Binimetinib In 2018 Malignant melanoma 74

09 Pimasertib Gemicitabine In 2022 Metastatic pancreatic adenocarcinoma 75

inhibit pERK. Phase II research on CI-1040 for the treatment
of breast, colon, lung, and pancreatic malignancies revealed
that it had poor solubility and quick elimination.”®
Mirdametinib (PD-0325901) is an oral, highly selective small
molecule inhibitor of MEK1 and MEK2 (MAPK/ERK kinase)
and  neurofibromatosis  type  1l-associated  plexiform
neurofibromas (NF1-PNs), which blocks the phosphorylation
and subsequent activation of mitogen-activated protein kinase
(MAPK). It has been obtained by optimization of the
hydroxamate side chain of the MEK inhibitor CI-1040. Pfizer/
Warner-Lambert's PD-0325901 caused dosage-dependent MEK
inhibition and reduction in MAPK phosphorylation (pMAPK) in
the liver and lungs following administration of PD-0325901 as
an oral dose (PO) or as an intravenous injection (IV). Inhibition
of pMAPK in the liver was usually equivalent among all routes
of administration; however it remained longer in the lungs,
which led to a higher maximum plasma concentration of PD-
0325901 after IV dosing (Cmax).”>”” In phase II clinical studies
for the treatment of non-small cell lung cancer with the KRAS
mutation, PD-0325901 did not achieve its primary efficacy
endpoint.”® Due to harm to the musculoskeletal system, the
nervous system, and the eyes, a phase I/Il trial for the
treatment of breast, colon, and melanoma tumours was

This journal is © The Royal Society of Chemistry 2023

stopped in 2007.”° Research is going on regarding the use of
PD-325901 in combination with palbociclib for the same
indication. There are currently two more phase I or I/II
investigations into KRAS-mutated cancers or colorectal cancer.
AZD8330, a MEK inhibitor with potential for anticancer
activity, is a member of a different class of MEK inhibitors, has
6-oxo-1,6-dihydropyridazine as the basic structure®® and was
developed as a non-ATP-competitive MEK1/2 inhibitor.** The
most frequently reported hazards associated with the use of
AZD8330 as a single agent in treating solid tumours were
lethargy, diarrhoea, vomiting, and acneiform dermatitis. Four
participants experienced the following dose-limiting toxicities:
rash (20 mg BID; twice daily; 1/9 patients) and mental status
alterations including confusion and hallucinations (40 mg once
daily; 2/9 patients and 60 mg once daily; 1/3 patients).
Therefore, 20 mg twice daily was chosen as the highest dose
that could be tolerated. AZD8330 exposure rose nearly
proportionately with the dose in the dosing range of 0.5-60 mg
once daily. ERK phosphorylation levels in peripheral blood
mononuclear cells were used to confirm that the target was
inhibited. AZD8330 displayed a manageable toxicity profile with
fewer class impact adverse events (AEs) compared to other MEK
inhibitors.*" No recent clinical studies have been published.
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TAK-733 is an orally available, non-ATP-competitive small
molecule MEK1/2 inhibitor with antitumor potential. With
an EC;, (concentration for 50% of maximum effectiveness) of
0.19 nM against ERK phosphorylation in cells, TAK-733 is a
highly effective and selective MEK inhibitor with allosteric
targeting.®” The highest tolerable dose of TAK-733, which was
produced by Millennium Pharmaceuticals Inc. in a phase I
clinical trial, was determined to be 16 mg. A frequent drug-
related side effect was dermatitis. The side effects of TAK-733
included acneiform rash, diarrhoea, and increased blood
creatine phosphokinase levels. It had modest antitumor
action.®® No new studies have been published recently.

GDC-0623 [(1-(5-((2-fluoro-4-iodophenyl)amino)
imidazo[1,5-a]pyridin-6-yl)-2-(2-hydroxyethoxy)ethan-1-one)] is
a strong, orally active, selective, non-ATP-competitive MEK
inhibitor. It's a distinctive imidazo-pyridine
invented by Genentech.®® In cell-based investigations, GDC-
0623 has demonstrated great efficacy, particularly in cancer
cell lines with KRAS and BRAF mutations as well as xenograft
tumours.®”> It is being researched for the treatment of
patients with locally advanced or metastatic stable cancers. It
serves as an EC 2.7.12.2 (MAPK kinase) inhibitor,
antineoplastic, or an apoptosis inducer.®®

Refametinib (RDEA-119, BYA-869766) is a powerful MEK
inhibitor that is non-ATP-competitive, orally accessible, and

structure
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has a low propensity to accumulate in the brain and other
neural tissues.®” It was chosen for clinical research because
of its effectiveness and great pharmacokinetic profile. The
use of one or more agents has been studied in numerous
phase I, I/II, and phase II clinical trials. In a phase I/II trial,
refametinib plus gemcitabine showed a positive objective
response rate and was well tolerated.®® Rafametinib and
sorafenib combination therapy was tested in a phase II
clinical trial for the first-line systemic treatment of RAS-
mutated HCC due to the high prevalence of constitutive
MAPK pathway activation in HCC. The outcomes showed that
out of the 70 patients recruited, three showed partial
remission and 25 had long-term stable illness.** However,
this combination exhibited some major side effects and
toxicity which forced an alteration of the dosage for almost
all patients.

Pimasertib, also known as AS703026 or MSC1936369B, is a
selective, orally accessible, non-ATP competitive MEK1/2
inhibitor developed by Merck KGaA. In cell lines and
xenograft models with constitutive MAPK pathway activation,
it has demonstrated considerable anticancer efficacy. Its
structure differs from that of other MEK inhibitors in that it
includes a (2-fluoro-4-iodophenyl)amino group, a pyridine
core structure, and an (S)-N-(2,3-dihydroxypropyl)acetamide
side chain. An initial human trial on individuals with

This journal is © The Royal Society of Chemistry 2023
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Table 4 MEK inhibitors under clinical trials
Mechanism of
Sr. no. MEK inhibitors Clinical trials inhibition Tumor types Developer References
01 CI-1040 Phase 2 Allosteric, non-ATP Breast cancer, lung cancer, colon  Pfizer 106, 107
(PD184352) competitive inhibitor cancer and tumours of the
(MEK1/2) pancreas
02 Mirdametinib Phase 2 ATP competitive Colonic neoplasms, breast Pfizer 106, 108
(PD-0325901) inhibitor (MEK1/2)  neoplasm carcinoma, melanoma
skin cancer and NSCLC
03 AZD-8330 Phase 2 Non-ATP competitive Advanced solid tumors AstraZeneca 109, 110
inhibitor (MEK1/2)
04 TAK-733 Phase 1 Non-ATP competitive Advanced non-hematologic Millennium/Takeda 82, 111
inhibitor (MEK1/2)  cancers and metastatic advanced
melanoma
05 GDC-0623 Phase 1 Allosteric, non-ATP  Solid metastatic tumors Genentech 112,113
competitive inhibitor
(MEK1/2)
06 Refametinib Phase 2 Allosteric, non-ATP  Hepatocellular and colorectal Ardea Biosciences/Bayer 45,114
(RDEA-119, competitive inhibitor cancer, and melanoma
BYA-869766) (MEK1/2)
07 Pimasertib Phase 2 Non-ATP competitive Colorectal cancer and multiple Merck and Co. 45, 115
(AS703026 or inhibitor (MEK1/2)  myeloma
MSC1936369B)
08 RO4987655 Phase 1 Non-ATP competitive Neoplasms Hoffman-La Roche 94, 107
(CH4987655) inhibitor (MEK1/2)
09 RO5126766 Phase 1 ATP competitive Neoplasms Hoffman-La Roche 94, 107
(Avutometinib) inhibitor (MEK1/2)
10 EBI-1051 Phase 3 Non-ATP competitive Melanoma, and thyroid and Shanghai Hengrui 116, 117
inhibitor (MEK1/2)  colorectal cancer Pharmaceutical Co. Ltd.
11 DPS-2 Phase 1 Non-ATP competitive Colon cancer and melanoma De Novo Pharmaceuticals 99, 118
inhibitor (MEK1/2)
12 KZ-001 Preclinical Non-ATP competitive Melanoma, and colon and Innovent Biologics 100, 110
trials inhibitor (MEK1/2)  non-small cell lung cancer
13 BI-847325 Phase 1 trials ATP-competitive Anaplastic thyroid carcinoma Boehringer Ingelheim 119, 120
(discontinued) inhibitor (MEK1/2)
14 URML3881 Phase 2 Allosteric, non-ATP  Epithelial ovarian cancer University of Rochester 102
competitive inhibitor Medical Center (URMC) and
(MEK1/2) Array BioPharma
15 WX-554 Phase 2 ATP-competitive Advanced solid tumor Wilex AG, Germany 103, 121
inhibitor (MEK1/2)
16 KZ-02 Phase 2 Allosteric, non-ATP  Colorectal cancer Kineta 71

competitive inhibitor
(MEK1/2)

advanced solid tumours reported the pharmacokinetics (PK)
and pharmacodynamics (PD) of pimasertib. Pimasertib
showed a favourable PK profile in patients with solid
tumours, and target action was shown by a decrease of
phospho-ERK (pERK) in peripheral blood mononuclear cells
(PBMCs).°" Clinical trials with pimasertib revealed a dose-
dependent target-inhibitory impact. In melanomas with BRAF
or NRAS mutations, sustained responses were primarily
seen.”>®® Pimasertib is now being tested in phase I/II trials
for advanced or metastatic solid tumours, including ovarian
cancer, breast cancer, NRAS-mutated cutaneous melanoma,
pancreatic cancer, NSCLC, hepatocellular carcinoma, and
metastatic colorectal carcinoma.

The 3-oxo-oxazinane ring structure of RO4987655
(CH4987655), which is found at the 5-position of the
benzamide core structure, is distinctive.”® The medication
was made by Hoffman-La Roche. It was developed using
the target enzyme's X-ray crystal structure as a starting
point, and after that, it underwent multidimensional

This journal is © The Royal Society of Chemistry 2023

optimization, accounting for elements including metabolic
stability, physicochemical qualities, and safety profiles. It
maintained the desired metabolic stability, and only
partially inhibited MEK in mouse brain, suggesting that
RO4987655 will have few negative effects on the human
central nervous system (CNS). Healthy participants in a
phase I study had a favourable PK profile and evident

target inhibition in PBMCs, while patients who had
already received a number of therapies displayed
favourable PK/PD profiles, moderate tolerability, and

encouraging early anticancer activity.®*?>°°

The allosteric inhibitor avutometinib (RO5126766), also
known as CH5126766, binds to MEK directly and stops RAF
from phosphorylating it by assembling a stable RAF-MEK
complex. RO5126766 prevents ERK from being activated by
MEK and the phosphorylation of MEK by RAF. Avutometinib
efficiently inhibits a variety of human tumour cell lines,
including KRAS/HRAS and BRAF mutant cell lines and KRAS/
HRAS and BRAF wild-type cells.””
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EBI-1051 is a safe and very efficient oral MEK inhibitor. A
novel family of benzodihydrofuran compounds that function
as potent MEK inhibitors has been developed by scaffold
hopping using well-known medicines. Further SAR research
and tuning led to the development of another benzofuran
series with favourable oral absorption in rats. One of the
substances, EBI-1051, demonstrated remarkable in vivo
efficacy in mice Colo-205 tumour xenograft models and is
appropriate for preclinical investigations for the treatment of
melanoma and MEK-associated malignancies. EBI-1051
outperformed AZD6244 in treating a number of cancer cell
lines, including Colo-205, A549, and MDA-MB-231.%%

A recently developed small drug (DPS-2) shows potent
anticancer activity in both cancer cells and animal models in
CRC and melanoma and as a unique dual MEK-ERK and
PI3K-AKT cell signalling pathway inhibitor. Notably, this
drug has strong in vitro and in vivo apoptotic effectiveness
against mutant KRAS and BRAF cancer cells and tumours, for
which no effective therapeutics are present. To further
explore its potential as an anticancer drug, the effects of the
novel chemical DPS-2 on the MEK/ERK and PI3K/AKT
signalling pathways (known to be involved in the growth of
colon cancer and melanoma) need to be described and
verified. Treatment of animal xenografts of Colo-205 colon
cancer cells with DPS-2 significantly reduced tumour
development, which further confirmed its antitumor efficacy
in vivo. DPS-2 is highly effective against mouse xenografts of
colorectal carcinoma cells in vivo.”

KZ-001 is a very potent and selective MEK1/2 inhibitor.
Compared to selumetinib, the KZ-001 agent shows an
estimated 30-fold higher suppression of BRAF and KRAS-
mutated tumour cells. Additionally, in vivo xenograft models
were used to illustrate these results. Furthermore,
investigation of the pharmacokinetics of KZ-001 (PK) revealed
that this chemical has high oral bioavailability (28%) and
exposure (AUCO- = 337169 ng h mL™). The synergistic effect
of KZ-001 with other drugs was studied in vitro and in vivo to

determine its potential therapeutic benefit (xenograft
models). In combination with the BRAF inhibitor
vemurafenib and the microtubule-stabilising

chemotherapeutic agent docetaxel, KZ-001 showed synergistic
anti-cancer activity. KZ-001 also blocked the MAPK pathway
like known MEK inhibitors.'*’

BI-847325 is a potent and ATP-competitive Aurora kinase
and MEK inhibitor. It is orally accessible in therapeutic
situations and models of drug-resistant BRAF-mutated
melanoma. Cheng, Y. et al., demonstrated that BI-847325 is
highly efficient in overcoming acquired BRAF resistance
mediated by a variety of signalling pathways in both cell lines
and mouse xenograft models of human melanoma. Further,
BI-847325 was reported to have a novel mechanism of action
that involves the downregulation of both Mcl-1 and MEK. In
vivo and in vitro cancer models with BRAF and KRAS
mutations responded favourably to BI-847325."°%1°

An innovative MEK inhibitor, URML-3881, is being used to
study the effects of MAPK inhibition in clear cell odontogenic
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carcinoma (CCOC). URML-3881 was found to inhibit apoptosis
and proliferation but failed to induce regression of the in vivo
tumour. Cisplatin alone also had little effect on tumour
expansion, but surprisingly, the combination of cisplatin and
MEK inhibition resulted in significant and long-lasting tumour
shrinkage. These studies support the notion that URML-3881
and cisplatin in combination with MEK inhibition work better
for CCOC than either drug alone."*>

WX-554 is a MEK1/2 inhibitor that is currently undergoing
preliminary human research. WX-554 was well tolerated, as
demonstrated by pharmacokinetic and pharmacodynamic
data for phase I investigation, and a phase II fixed dose of 75
mg twice weekly was advised.'” Unfortunately, for
commercial reasons, two dose-escalation phase I/II studies in
patients with advanced solid tumours were stopped.'**

KZ-02 was developed for MEK inhibition, and causes the
upregulation of Pim-1. Although KZ-02 increases the mRNA
expression of Pim-1, it also promotes the proteasomal
degradation of Pim-1. KZ-02 is a MEK inhibitor that exhibits
unexpectedly high cytotoxicity. By targeting MEK and Pim-1
together, its anticancer activity was dramatically increased. KZ-
02 is currently being tested in clinical trials for a variety of
tumour types as a single agent or in combination with other
cytotoxic chemotherapeutic agents or radiotherapy.”""*>

5. Challenges with MEK inhibitors

Most cancers reactivate the MAPK pathway and ERK to
overcome MEKi resistance and proliferate to maintain their
growth. In RAS-RAF-MEK-ERK signaling pathway before
signaling downstream to ERK, several signaling cascade such
as NF1, MEK, RAS or RAF mutants.®> MEK may mutate on
treatment with MEK inhibitors, which may lead to
overactivation of MEK or make it difficult for inhibitors to
bind to MEK. Literature reports demonstrated that the MYC-
dependent transcriptional overexpression of ERBB3 may play
a role in the resistance of KRAS-mutated lung and colorectal
cancer. A patient's brain lesions had lower MYC levels than
the lungs or colon, allowing ERBB3 to be produced at high
levels, enabling adaptive MEKi resistance and rapid disease
development in the brain only."*?

Whenever the MAPK pathway is blocked (in order to get
the signals needed to drive growth), cancer cells may switch
to alternative signalling pathways leading to adaptive MEKi
resistance. A well-known main resistance mechanism to
MEK inhibition is the PI3K pathway. The development of
various tumours has already been linked to this route,
making it a viable target for treatment. Multiple studies in
different malignancies have noted the stimulation of this
pathway following the start of MEKi therapy."”® Multiple
potential mutations that might lead to this system's
dysfunction are a significant contributing factor to this
pathway's high involvement in oncogenesis and MEKi
resistance. Oncogenic RAS mutations can easily activate this
pathway due to the stimulation provided by RAS, even when
MEK is inhibited. Whenever MEK inhibition is active,
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alterations lower in the network, including active mutations
in PIK3CA or deletion of PTEN, a tumor-suppressor gene,
might overactivate this pathway.'**

The capacity of tumour cells to change phenotype and
rewire metabolic pathways is another possible route to
resistance. A transcription factor and regulator of melanocyte
formation called MITF was discovered to be more sensitive to
MEK inhibition in melanoma cell lines with higher MITF
expression than cell lines with lower MITF expression.'

6. Recent advancements in MEK
inhibitors

Following the discovery of MEK mutations in 1997 and their
importance in various cancers, many academic scientists/
researchers started to work on them to solve problems
related to different MEK mutations. In this context, various
scaffolds such as 3-oxo-oxazinane, 2-aminopyrrole, indazole,
sulfamide, 7-(pyrimidin-2-yloxy)-2H-chromen-2-one, bicyclic
fused pyridine, imidazo[1,5-a]pyrazine, phenylsulfonylfuroxan
and coumarin oxadiazole imidazole, pyrrole-3-carbonitriles,
pyrimidine, benzofuran, 9-anilinoacridine phenyl-urea,
carbazole, etc., and their hybrids were synthesized and their
inhibitory activity against various cell lines such as A375,
A375SM, C32 (melanoma), HCT116, Colo-205, HT-29
(colorectal wild type), A549 (lung adenocarcinoma), cancer
cell lines, MCF-7, HeLa cells (breast cancer), etc., in enzyme
(MEK) kinase assays were investigated and the results were
published. A summary of the different scaffolds synthesized
and their MEK inhibitory activity in relation to existing
difficulties (from the discovery of the MEK mutant in 1997 to
2022) are shown in Fig. 6 and Table 5. Various derivatives of
the parent scaffolds were synthesized, but only the most
potent compounds were selected based on cell line activity as
shown in Fig. 6 and Table 5.

7. Future perspectives

MEKi resistance methods frequently include the activation of
other cellular signalling pathways, like the PI3K/AKT/mTOR
system or the STAT pathway. To avoid these procedures,
several researchers have suggested and tried combination
treatments that concurrently block different signalling
pathways. The FDA has authorised the use of a BRAFi
(encorafenib) and MEKi (binimetinib), a combination that
has been demonstrated to be a more successful therapy than
using either inhibitor alone for BRAF-mutated cutaneous
melanoma.'***® A different type of mechanism of resistance
that frequently comes back following MEKi treatment is RTK
production. The question of whether combination treatment,
which inhibits these RTKs in addition to MEK, may overcome
adaptive resistance mechanisms has been looked into.
Stronger correlations between some RTKs and MEKi
resistance have been found. Targeting resistance with
epithelial-mesenchymal transition (EMT) is another strategy.
As previously stated, lung cancer cells with the KRAS
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mutation which were resistant to MEKi expressed more
ZEB1."** These resistant cells can be made vulnerable to
MEKi therapy by inhibiting ZEB1, which can be
accomplished by upregulating miR-200 expression or with
the HDAC inhibitor, mocetinostat. Combining MEKi with
mocetinostat also had a synergistic impact in the reduction
of the number and size of metastatic lung cancer malignant
tumors. By screening synthetic lethal shRNA in cancer
patients with KRAS mutations, BCL-XL was identified as a
viable target for conjunction with MEKi. BCL-XL binds and
inhibits the significant pro-apoptotic protein BIM, which
MEKi has activated. BCL-2/BCL-XL inhibition enhances the
effectiveness of MEK inhibition in lung and pancreatic
malignant cell lines. In a patient-derived xenograft model of
high-grade serous ovarian cancer, it has also been
demonstrated that the combination of MEK and BCL-2/XL
inhibitors is effective. Combination therapy is an option for
dealing with the intricacy of the RAS-RAF-MEK-MAPK
pathway linked to resistance to RAF and MEK inhibition and
boosting the effectiveness of other anticancer medications by
concurrently inhibiting the Ras-RAF-MEK-MAPK pathway.
Clinical studies are testing a number of combination
medicines based on MEK inhibitors; however, the toxicity of
MEK inhibitors at significant doses limits the utility of these
therapeutic approaches. MEK inhibitor-based therapy may be
more effective when administered with other dose schedules,
such as intermittent delivery, which might totally shut down
the RAS-RAF-MEK-MAPK pathway while allowing normal
tissue to recover. Combined inhibition of MEK and RAF
kinases, which has advantages in terms of better efficacy and
lower toxicity, is a prospective treatment strategy that focuses
on the RAS-RAF-MEK-MAPK pathway."*”>°

8. Conclusion

Several inhibitors that operate particularly on each of the
many parts of the MEK pathway have been discovered. A few
inhibitors have been FDA-approved for the treatment of
different tumour types, while a majority are currently
undergoing preclinical testing. Trametinib was the first MEK
inhibitor that was approved by the FDA, followed by
selumetinib, cobimetinib and binimetinib. A range of factors,
such as paradoxical activation, toxicity and the evolution of
resistance, might cause these inhibitors to lose their
effectiveness. The RAF-MEK-ERK pathway's components
frequently contain mutations that promote tumour
heterogeneity and result in the establishment of resistance.
When taken alone or in conjunction with other treatments,
MEK inhibitors have been proven to have good antitumor
activity against melanoma, lung cancer, and colorectal
cancer. According to existing clinical evidence, combining a
MEK inhibitor and a BRAF inhibitor may result in a more
successful therapy. A MEK inhibitor in conjunction with a
BRAF inhibitor or other targeted medications may change the
immunisation process and boost immunological activation
and improve efficacy. The ongoing ambiguity about toxicity is
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Fig. 6 Various synthesized compounds with parent scaffolds as MEK mutant inhibitors.
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one of the difficulties in creating MEK inhibitors. The use of
MEK inhibitors as a therapeutic strategy remains one of the
most fascinating areas of Cancer Res. New small molecule
inhibitors are anticipated to bring about a change in cancer
treatment. Additionally, concurrent MEK kinase inhibition
offers benefits in terms of increased effectiveness and lower
toxicity, and it could be a future treatment strategy for the
MAPK pathway.
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