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Abstract: The extracellular signal-regulated kinases 1 and 2 (ERK1/2) are the prototypic mitogen-activated 
protein kinases, first discovered and investigated in the context of cell division and their role in cancer. 
ERK1/2 are phosphorylated and activated by upstream kinases, MEK1/2 (also known as MKK1/2) that are 
in turn phosphorylated and activated by RAF kinases (RAF1, BRAF, ARAF), these being activated by small 
G proteins of the RAS family (HRAS, KRAS, NRAS). The oncogenic nature of the pathway has resulted in 
the generation of highly specific inhibitors that are successfully used to treat cancer, particularly melanoma. 
Those in clinical use currently inhibit some isoforms of RAS, RAF kinases and MEK1/2, with additional 
inhibitors of these kinases in clinical trials. New drugs are now entering the clinic to inhibit ERK1/2 
themselves. The ERK1/2 cascade is also important in the heart. It promotes cardiomyocyte hypertrophy and 
cardioprotection to counter pathophysiological stresses, and plays a significant role in enhancing cardiac 
fibrosis with detrimental consequences for cardiac function. Here, we summarise the role of ERK1/2 
signalling in cancer and the heart, we outline the development of ERK1/2 cascade inhibitors for cancer 
providing information on those that are approved as cancer treatments and those which are in clinical trials, 
and we discuss the known and predicted consequences of these ERK1/2 cascade inhibitors for the heart. 
Integral with this, we consider whether these drugs are necessarily detrimental to the heart or if/when they 
may be repurposed to prevent or treat heart failure.

Keywords: Cancer; heart failure; cardiac hypertrophy; cardiac fibrosis; extracellular signal-regulated 
kinase; inhibitor

1. Introduction: Cancer vs Heart Failure in Society

Cancer and heart failure are leading causes of death and disability, having a huge impact on patients, 
their families and healthcare systems. For both diseases, the problem is increasing worldwide. The numbers 
of new cases of cancer are predicted to rise from 19.3 million in 2020 to >28 million by 2040, but the drive 
to understand the molecular basis of cancer over the last 50 years, along with new targeted therapies, means 
that 10-year survival rates for some cancers are now over 80% [1]. Heart failure cases already exceed 64 
million and heart failure is now considered a worldwide pandemic [2]. In contrast to cancer, new 
therapeutic targets for managing or treating heart failure remain limited. The heterogeneity of cancer is 
well-recognised by society, and the molecular nature of the individual cancers is taken into account by the 
scientific/clinical community when considering treatment. For cancer, a precision medicine approach is 
already taken for many patients (as with, for example, HER2+ breast cancer treated with anti-HER2 
therapies, first introduced in 1998 [3]). Heart failure is not as well-recognised, being generally viewed by 
society as a single disease. It is largely defined according to loss of function of the heart and the worldwide 
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consensus from 2021 developed a categorisation according to left ventricular ejection fraction (LVEF): 
heart failure with reduced ejection fraction (HFrEF; LVEF<40%), heart failure with mildly reduced 
ejection fraction (HFmrEF; LVEF 41 – 49%) and heart failure with preserved ejection fraction (HFpEF; 
LVEF>50%) [4]. This does not provide a clear definition of underlying mechanisms and so cannot facilitate 
a precision medicine approach.

All drugs developed to treat disease have potential for off-target toxicities, in addition to on-target side 
effects. Anti-cancer therapies are designed to stop cell proliferation and cell growth, promote cell death 
directly or via the immune system, destroy cell survival systems and prevent cell migration/invasion, and so 
have significant potential for on-target toxicities. These drugs can have significant effects on the heart 
(cardiotoxicities) including prolongation of the QT interval in the cardiac cycle which increases the risk of 
arrhythmia, effects on LVEF, myocardial ischaemia and hypertension [5,6]. Apart from cardiac toxicities 
during their therapy, as more patients survive their cancer, there is increased risk of cardiovascular problems 
developing as a consequence of their cancer treatment [7,8]. As with heart failure in general, the underlying 
mechanisms for each of these toxicities varies, and the field can benefit from stratification of these different 
effects. As a first approach, it has been suggested that cardiotoxicities could be classed according to whether 
the effects are directly on the myocardium affecting the contractile cells themselves, indirect effects on the 
myocardium (e. g. innervation, perfusion etc.) or due to inflammation (i. e. a form of myocarditis) [5]. 
Nevertheless, most emphasis on diagnosis of cardiotoxicity is based on LVEF and HFrEF [9]. Because of the 
increasing incidence of cancer therapy-related cardiovascular risk, there are already many reviews on the 
topic in general. Here, we focus on the drugs which target the pivotal signalling cascade that drives cell 
division, the prototypic mitogen-activated protein kinases (MAPKs) now known as the extracellular signal-
regulated kinases 1/2 (ERK1/2) [10,11]. As explained below, each component of the cascade is a target for 
anti-cancer therapies. However, this pathway is also important in the heart and we discuss the known or likely 
effects of these therapies.

2. ERK1/2 Signalling as a Target for Cancer

2.1. The ERK1/2 Cascade

All MAPK cascades contain a core of 3 protein kinases, each of which is regulated by phosphorylation 
by upstream kinases (Figure 1). Thus, a MAPK kinase kinase (MAP3K) phosphorylates and activates a 
MAPK kinase (MKK) which phosphorylates the MAPK. For the ERK1/2 cascade [10,11], the core cascade is 
initiated by RAF family kinases of which there are 3 isoforms (RAF1, BRAF and ARAF). These kinases 
phosphorylate and activate MEK1 and MEK2 (also known as MKK1 and MKK2). MEK1 and MEK2 operate 
as heterodimers [12], and are highly specific dual-specificity kinases whose only substrates appear to be 
ERK1/2. Thus, MEK1/2 phosphorylate ERK1/2 on both Thr and Tyr residues of a TEY motif to induce full 
activation. The regulation of each component of the cascade is complex as reviewed in [10,11], with 
activating and inhibitory phosphorylations affecting protein kinase activities directly, in addition to 
phosphorylations that promote or disrupt protein-protein interactions. The latter may facilitate or prevent 
activation, or target the enzymes to different compartments of the cell. ERK1/2 have numerous substrates in 
the cytoplasm and nucleus that include transcription factors and downstream kinases such as the p90 
ribosomal S6 kinases (p90RSKs) that also play an important role in regulating gene expression and 
promoting cell proliferation.

The ERK1/2 cascade is activated by a wide range of stimuli including peptide growth factors such as 
epidermal growth factor (EGF) that bind to and activate receptor tyrosine kinases (RTKs). Activated RTKs 
recruit signalling proteins to the receptor, including adapter proteins such as GRB2 that bring other proteins 
to the complex like SOS, an exchange factor for RAS small G proteins (HRAS, KRAS and NRAS) [11,13]. 
RAS acts as a molecular switch for the system: it is inactive when bound to GDP and exchange of GDP for 
GTP, catalysed by exchange factors such as SOS, results in a conformational change and activation. The 
innate GTPase activity in RAS terminates its biological activity and is enhanced by RAS-activating proteins 
(RAS-GAPs), returning it to the inactive state.
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Activated RAS-GTP binds to RAF kinases, bringing them to the membrane for activation by 
phosphorylation and dimerisation. BRAF and RAF1 can each act as homo- or heterodimers to activate MEK1/
2 [14], an important consideration for the development of inhibitors for these kinases. The kinases that 
phosphorylate RAF kinases are not well defined but RAF1 requires phosphorylation of Ser338 and Tyr341 
for activation, potentially by the Ser/Thr kinase PAK1 and Src family tyrosine kinases [15]. BRAF activity is 
increased by phosphorylation of Ser445 (equivalent to Ser338 in RAF1) but Asp448 substitutes for the 
phospho-Tyr in RAF1 and the additional negative charge in this position results in high basal activity. RAF 
kinases form a node for signal integration in the ERK1/2 cascade but are not equivalent. Although the 
function of BRAF may be solely to phosphorylate MEK1/2, RAF1 inhibits pro-apoptotic kinases including 
ASK1 and MST2, potentially acting in a kinase-independent manner to sequester them and/or block 
interaction with downstream kinases [16], whilst ARAF may serve as a scaffold for the other RAF 
kinases [17].

The ERK1/2 cascade is subject to negative feedback control. The requirement of ERK1/2 for dual 
phosphorylation of both the Thr and Tyr residues in the TEY motif for full activation means that removal of 
one or both of these phosphorylations reduces their activity. Early studies showed that one of the immediate 
early genes upregulated by ERK1/2 signalling is a dual-specificity phosphatase (DUSP) with potential to 
dephosphorylate and inhibit ERK1/2 [18]. This MAPK phosphatase (MKP1 or DUSP1) was the first of a 
family of DUSPs to be identified, some of which have clear specificity for ERK1/2 (e. g. DUSP6) [19]. 

Figure 1.　Activation of the ERK1/2 cascade and small molecule inhibitors of the cascade in use for cancer. Peptide 
growth factors bind to receptor tyrosine kinases causing receptor dimerization and transphosphorylation. The phospho-
Tyr recruits the adapter protein GRB2 that binds to SOS, an exchange factor for RAS.GDP. SOS promotes GDP-GTP 
exchange on RAS and RAS.GTP brings RAF kinases to the membrane where they dimerize and become activated by 
phosphorylation. RAF kinases phosphorylate and activate MEK1/2 that phosphorylate and activate ERK1/2. Agonists 
such as endothelin-1 bind to and activate Gq protein-coupled receptors (GqPCRs) to activate the αq subunit by 
exchange of GTP for GDP. This activates phospholipase C (PLC) isoforms that hydrolyse phosphatidylinositol 4, 5 
bisphosphate (PIP2) to produce diacylglycerol (DAG). DAG activates protein kinase C (PKC) isoforms and the 
RASGRP family of RAS exchange factors. These promote GDP-GTP exchange on RAS, stimulating the ERK1/2 
cascade. ERK1/2 signalling causes cancer by increasing cell proliferation, cytoprotection and cell migration. ERK1/2 
are also involved in cardiac hypertrophy acting on cardiomyocytes, fibroblasts and endothelial cells to promote 
cardiomyocyte hypertrophy, fibroblast proliferation, angiogenesis, cardioprotection and fibrosis. ERK1/2 cascade 
inhibitors used clinically for cancer target and inhibit RAF kinases (vemurafenib, dabrafenib, encorafenib) and MEK1/
2 (trametinib, cobimetinib, binimetinib, selumetinib) with new inhibitors specific for mutant KRAS(G12C) only 
recently available. These drugs are effective cancer therapies but have potential to affect the heart.
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Whereas an immediate early gene such as DUSP1 may be involved in negative feedback control of the 
activated system, DUSP6 is constitutively expressed and may regulate basal ERK1/2 signalling to manage the 
threshold for activation. In cardiomyocytes, the Tyr residue of ERK1/2 may be dephosphorylated 
independently of the phospho-Thr, to produce a monophosphothreonyl form that retains activity, but which 
may have altered substrate specificity [20]. The identification of this monophospho- form of ERK1/2 raises 
questions about whether Tyr and Ser/Thr phosphatases other than DUSPs are involved in negative regulation 
of ERK1/2 activity. Other negative feedback control systems are also important for the ERK1/2 cascade. 
Thus, SOS1 can be phosphorylated by ERK1/2 and/or p90RSK, inhibiting its ability to promote RAS-GTP 
loading [21], and feedback inhibitory phosphorylation of RAF1 results in its hyperphosphorylation and 
desensitization [22].

2.2. Oncogenic Potential of the ERK1/2 Cascade and Development of Anti-cancer Drugs for Inhibition of the 
Pathway

Activation of ERK1/2 promotes cell division, and any mutations that lead to its activation can be 
oncogenic [11]. This can include increased activity or expression of receptors that activate the pathway (e.g. 
increased expression of HER2, a member of the EGF receptor family, accounts for ~15% of breast cancers 
[23]), mutations in facilitating proteins (e. g. the tyrosine phosphatase SHP2 [24]), or mutations within the 
pathway itself. Approximately 30% of human cancers are caused by mutations in RAS [11]. The most potent 
oncogenic driver is HRAS, one of the earliest oncogenes to be identified [25]. However, it accounts for only ~
3% of RAS-driven cancers with mutations in KRAS being more prevalent (~85% of cases) [26]. Oncogenic 
mutations for all isoforms are particularly common in residues 12, 13 and 61 and result in an increase in the 
rate of GDP-GTP exchange. Although the oncogenic potential of RAS has been known since the early 1980s 
along with the mutations, it has proved “undruggable” for many years with the first bona fide RAS inhibitors 
being approved for emergency clinical use over 30 years later in 2022 [27]. These (sotorasib, adagrasib) target 
the third most commonly mutated form, KRAS(G12C), and are highly specific, utilising the cysteine residue 
in the GDP-bound (inactive) form for covalent modification, locking the protein in an inactive conformation.

RAF1 was the first member of the RAF kinase family to be identified as a proto-oncogene, but 
subsequent GWAS experiments identified BRAF as the major oncogenic driver in melanoma with mutation 
of a single residue (Val600) being responsible for ~90% of BRAF-driven cancers [28]. This resulted in great 
efforts being made to develop BRAF inhibitors, ideally selective for this common mutation. As a protein 
kinase with a characteristic ATP-binding site, BRAF is a much more tractable therapeutic target than RAS 
and the first inhibitors were approved for clinical use for melanoma patients within just 10 years [29]. The 
three inhibitors so far approved (vemurafenib, dabrafenib, encorafenib) were designed to target mutated 
BRAF(V600E/K) and are only approved for treatment of patients who have tumours with this mutation, but 
all have potential to inhibit wild-type BRAF and RAF1, albeit at slightly higher concentrations. Thus, in cell-
free assays, the IC50 for vemurafenib inhibition of BRAF(V600E) is 31 nM, whereas IC50 values for 
inhibition of wild-type RAF1 or BRAF are 48 nM and 100 nM, respectively [30]. Similarly, the IC50 for 
dabrafenib inhibition of BRAF(V600E) is 0.7 nM with values for wild-type RAF1 and BRAF being 6.3 and 
5.2 nM [31], whilst encorafenib has an IC50 of 0.4 nM for BRAF(V600E) that is similar to that for wild-type 
BRAF and RAF1 [32,33]. This has implications for other tissues including the heart.

Vemurafenib, dabrafenib and encorafenib are all Type 1 or 1.5 inhibitors which bind to a conformation 
of BRAF that can result in paradoxical activation of ERK1/2 in the presence of activated RAS, the “RAF 
paradox” [14]. As described above, activated RAS recruits RAF to the membrane for dimerization and 
activation. With the RAF paradox, RAF remains inactive in the presence of high concentrations of inhibitor; at 
lower concentrations of inhibitor, only one of the two protomers may be inhibited, with the other retaining 
signalling potential in a conformation that may be refractory to the inhibitor. Nevertheless, BRAF inhibitors are 
successful although (as with many cancer treatments) patients can develop resistance and other pathologies (e.g. 
squamous cell carcinomas [34]). Partly because of this, they are usually used in combination with a MEK 
inhibitor (vemurafenib with cobimetinib; dabrafenib with trametinib; encorafenib with binimetinib).

Oncogenic mutations in MEK1/2 are less common than in RAS or RAF kinases, and mutations in 
ERK1/2 themselves are rare [11]. The reasons may relate to the innate amplification potential of a protein 
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kinase signalling cascade, with mutations at the top of the cascade being potentially more potent in driving 
oncogenesis. From a therapeutic standpoint, inhibiting the pathway by intervention at any level can be a 
successful strategy. MEK inhibitors have been developed over many years but, whilst several proved useful 
for in vitro studies of ERK1/2 signalling in cellular responses (e.g. PD98059, U0126, PD184352 [35]) the 
first of these with clinical application (trametinib) was not approved until 2013 [36], with subsequent 
approval for use of the MEK inhibitors cobimetinib and binimetinib with vemurafenib and encorafenib (RAF 
inhibitors), respectively. RAF/MEK inhibitors were originally only approved for treatment of melanoma 
driven by BRAF(V600E/K) mutations. However, this has been extended with FDA approval for use of 
dabrafenib/trametinib for non-small cell lung cancer, thyroid cancer, tissue-agnostic cancers with BRAF
(V600E) mutations, and paediatric low grade glioma [37–40]. In addition, cobimetinib is approved for use 
with histiocytic neoplasms [41], vemurafenib is approved for Erdheim-Chester disease [42], encorafenib/
binimetinib combination therapy is approved for non-small cell lung cancer [43], whilst another MEK 
inhibitor, selumetinib has been approved for neurofibromatosis [44]. The importance of these inhibitors in the 
clinical toolbox for cancer is highlighted by the fast-track designation granted in 2023 for a new BRAF 
inhibitor, ABM-1310, for glioblastoma (http://www. abmtx. com/site/newsdetails/88), in addition to the 
numerous clinical trials in progress for use of inhibitors that have already been approved for other cancers 
(Table 1; Supplementary Table S1).

The ERK1/2 cascade inhibitors currently in clinical use are shown in Figure 1, but the importance of the 
pathway is underscored by continued development of inhibitors for every step in the pathway. There are at 
least 3 new small molecule inhibitors of KRAS(G12C) progressing through Phase 3 clinical trials with other 
RAS inhibitors in Phase 1 or 2 (Table 2; Supplementary Table S2). Additionally, a novel RAF/MEK 
combined inhibitor is in phase 2 trials, with several inhibitors of RAF or MEK at various stages of 
development, whilst inhibitors of ERK1/2 themselves are in Phase 2 clinical trials (Table 3; Supplementary 
Table S3). The drugs so far developed to target the ERK1/2 cascade are small molecule inhibitors, many of 
which target the ATP-binding site of the different protein kinases for inhibition. However, new approaches are 
being developed to increase specificity, avoid the RAF paradox effect of current RAF inhibitors, and reduce 
potential toxicity (see, for example, [13]). A key step forward in drug development is the use of PROTACs 
(proteolysis targeting chimeras) that combine a small molecule inhibitor of the protein of interest with an E3 
ubiquitin ligase binder, resulting in ubiquitinylation of the target protein that is then degraded by the 
proteasome [45]. One advantage is that the target is degraded, which theoretically avoids problems of 

Table 1.　Numbers of active clinical trials of ERK1/2 cascade inhibitors with approval for clinical use. The numbers 
are based on the trials listed in Supplementary Table S1, representing trials from clinicaltrials. gov that are active 
(recruiting or not-recruiting) or for which recruiting is due to start. * ATP competitive inhibitor; ** Allosteric inhibitor; 
§ other inhibitor type.

Inhibitor

Sotorasib

Adagrasib

Vemurafenib (without cobimetinib)

Vemurafenib with cobimetnib

Dabrafenib without trametinib

Dabrafenib with trametinib

Encorafenib without binimetinib

Encorafenib with binimetinib

Trametinib (without dabrafenib)

Cobimetinib (without vemurafenib)

Binimetinib (without encorafenib)

Selumetinib

Target

KRAS(G12C)

KRAS(G12C)

RAF

RAF/MEK

RAF

RAF/MEK

RAF

RAF/MEK

MEK

MEK

MEK

MEK

Phase 1

3

2

2

1

0

4

4

1

9

6

8

6

Phase 2

15

8

18

15

2

17

8

26

19

19

19

19

Phase 3

4

3

4

3

0

3

2

4

0

1

0

5

Inhibitor type

§ [109]

§ [110]

* [25]

* [111]

* [112]

** [113]

** [114]

** [115]

** [115]
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incomplete inhibition and, for RAF kinases, potential paradoxical activation of ERK1/2 signalling (although 

as we discuss below, this is not necessarily the case). Another advantage is that the enzymatic catalytic 

process means that the drug is reused and targets many molecules instead of just one. Consequently, lower 

concentrations of drug can be effective, reducing potential side-effects. This also means that a PROTAC does 

not need to bind its target protein with high affinity and can bind lower affinity sites, expanding potential 

targeting strategies.

Table 2.　Numbers of active clinical trials of RAS inhibitors. The numbers are based on the trials listed in Supplementary 
Table S2, representing trials from clinicaltrials.gov that are active (recruiting or not-recruiting) or for which recruiting is due 
to start. X, any amino acid. * Covalent inhibitor; ** Non-covalent inhibitor; § other inhibitor type.

Inhibitor

Divarasib

Garsorasib

Opnurasib

MRTX-1133

RMC-6236

RMC-6291

Target

KRAS(G12C)

KRAS(G12C)

KRAS(G12C)

KRAS(G12D)

RAS(G12X)

RAS(G12X)

Phase 1

2

1

1

0

1

1

Phase 2

2

4

2

1

0

1

Phase 3

0

1

1

0

0

0

Inhibitor type

* [116]

* [117]

** [118]

§ [119]

§ [120]

± [120]

Table 3.　Numbers of active clinical trials of inhibitors for RAF, MEK1/2 and ERK1/2. The numbers are based on the 
trials listed in Supplementary Table S3, representing trials from clinicaltrials. gov that are active (recruiting or not-
recruiting) or for which recruiting is due to start. * ATP competitive; ** RAF dimer inhibitor; *** allosteric inhibitor; § 
other inhibitor type.

Inhibitor

ABM-1310

Exarafenib (KIN-2787)

Naporafenib (LXH-254)

Lifirafenib (BGB-283)

Tovorafenib 
(TAK-580, MLN2480, DAY101)

Belvarafenib 
(HM-95573, GDC-5573, RG-6185)

XP-102 (BI-882370)

CFT1946

Tinlorafenib (PF-07284890, ARRY-461)

PF-07799933 (ARRY-460)

Pimasertib (AS-703026)

Mirdametinib (PD0325901)

E6201

Tunlametinib (HL-085)

PF-07799544 (ARRY-134)

Avutometinib 
(VS-6766, CH5126766 RO5126766)

Ulixertinib (BVD-523)

LY3214996

ERAS-007 (ASN007)

ASTX029

Target

BRAF(V600E)

Pan-RAF

BRAF, RAF1 (ARAF)

Pan-RAF, EGFR 
(and other kinases)

BRAF, RAF1 (ARAF)

Pan-RAF

Pan-RAF

BRAF (V600)

BRAF

BRAF

MEK1/2

MEK1/2

MEK1/2

MEK1/2

MEK1/2

Dual RAF/MEK inhibitor

ERK1/2

ERK1/2

ERK1/2

ERK1/2

Phase 1

1

1

4

1

1

2

0

0

2

2

0

1

0

1

1

1

3

2

0

0

Phase 2

0

0

1

0

3

1

1

1

0

0

2

7

1

4

0

10

4

2

2

1

Phase 3

0

0

0

0

1

0

0

0

0

0

0

0

0

2

0

1

0

0

0

0

Inhibitor type

?

** [121]

** [122]

* [123]

** [122]

** [124]

* [125]

§ [41, 126]

* [127]

* [128]

*** [129]

*** [130]

* [131]

? [132]

?

*** [133]

* [134]

* [135]

* [136]

*** [137]
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PROTACs have been explored for RAS, BRAF and MEK in the preclinical setting. For RAS, the drug 
LC-2 was based on the small molecule inhibitor adagrasib [specific for KRAS(G12C)] with a binder to 
recruit von Hippel-Lindau (VHL) E3 ligase [46]. Proof-of-concept studies for BRAF PROTACs used 
dabrafenib and BI882370 linking either to VHL or cereblon E3 ligases [47]. The best were based on 
BI882370 and promoted degradation of BRAF (V600E), suppressing proliferation of BRAF(V600E)-driven 
tumours. Another compound, SJF-0628, is based on vemurafenib coupled to VHL [48]. These PROTACs 
appear to be more effective at inhibiting tumour growth than the original BRAF binder. However, whilst SJF-
0628 has selectivity for oncogenic BRAF (V600E), it binds to and degrades activated wild-type BRAF but 
retains paradoxical activation of ERK1/2. This is postulated to result from interaction of the vemurafenib-
based moiety of SJF-0628 with residual BRAF, resulting in activation of ERK1/2 via the RAF paradox in a 
similar manner to vemurafenib alone. However, the issue is not fully resolved. Interestingly, the study 
highlighted the potential to sensitise the system to inhibition by using a MEK inhibitor to prevent negative 
feedback phosphorylation of SOS1 (see section 2.1), resulting in a greater pool of BRAF in the active 
conformation that is amenable to inhibitor binding. Although there is limited information about structure and 
function, at least one PROTAC that targets BRAF (V600E) is already in Phase1/2 Clinical trials [49]. MS432 
and MS934 are MEK1/2 PROTACs developed from mirdametinib (PD0325901, a compound in Phase 1 and 
Phase 2 clinical trials; Table 3 and Supplementary Table S3) coupled to VHL [50]. Other MEK1/2 PROTACs 
have been developed from refametinib (RDEA119; BAY869766) [51]. Given the efficacy of the MEK 
inhibitors that are already clinically approved, the advantage of MEK-targeting PROTACs remains to be 
established. In general, PROTAC research is a rapidly moving field [52]. It remains to be seen how much 
benefit is gained from the degraders over the small molecule inhibitors.

3. The ERK1/2 Cascade in Cardiac Hypertrophy and Heart Failure: for Better or Worse?

3.1. Cardiomyocyte and Cardiac Hypertrophy

The adult mammalian heart is a robust organ required to manage the blood supply for the body. It 
accommodates the physiological and pathological events of life, managing an increased workload by 
increasing in size (i. e. cardiac hypertrophy: growth over and above that which is expected at a specific 
maturational stage) [53,54]. Physiological stresses such as exercise training and pregnancy increase the 
workload on the heart, requiring it to increase its output. This is accommodated by cardiac hypertrophy (i.e. 
enlargement of the heart), largely resulting from an increase in the size of the contractile cardiomyocytes 
(cardiomyocyte hypertrophy) without any significant accumulation of fibrotic material. Physiological 
hypertrophy is generally reversible and the heart returns to its normal size on cessation of exercise or delivery 
of the infant. Pathophysiological stresses also increase the workload on the heart (e.g. hypertension results in 
pressure-overload on the heart) and cause cardiac hypertrophy, but with different consequences. Initially, 
cardiomyocytes hypertrophy to increase cardiac output but, in the longer term, other pathological features 
develop (e.g. increased fibrosis, loss of capillaries). The initial compensatory cardiac hypertrophy becomes 
decompensated and the heart starts to fail. This may lead to dilated cardiomyopathy and heart failure. 
Understanding the mechanisms associated with physiological vs pathological hypertrophy and, for the latter, 
compensated vs decompensated hypertrophy has been a focus for research over many years.

Mammalian cardiomyocytes are terminally-differentiated, largely withdrawing from the cell cycle soon 
after birth [55,56]. Subsequent growth of the heart results from an increase in the size of cardiomyocytes, 
coupled with an increase in the supporting structures and the capillary network (maturational growth). 
Cardiomyocytes are large cells so, although they constitute ~70% of the volume of the adult myocardium, 
they are only ~30% of the cell number [57]. Other cells are mostly endothelial cells forming the capillary 
network and fibroblasts that produce the matrix of the heart. Adult cardiomyocytes respond to an increase in 
workload by increasing in size (hypertrophy) without any significant increase in cell division (hyperplasia) 
[53,58,59]. This is associated with an increase in myofibrillar apparatus, along with isoform switching and re-
expression of genes normally expressed during foetal development. In pathological settings, this 
compensation is not sustained and, at a cellular level, there is loss of cardiomyocytes, there can be loss of 
endothelial cells and capillaries resulting in reduced oxygenation of the heart, and there is usually increased 
fibrosis [60–62].
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3.2. The ERK1/2 Cascade in the Heart

ERK1/2 were first shown to be activated in cardiomyocytes and the heart by hypertrophic stimuli over 
30 years ago [63]. Since then, many groups worldwide have invested great efforts in understanding how they 
are regulated and the consequences of their activation [64,65]. In addition to activating MEK1/2 and ERK1/2 
themselves, peptide growth factors and hypertrophic stimuli such as endothelin-1 or α1-adrenergic agonists 
activate RAS, RAF kinases, and p90RSKs [66–70], all of which are key targets for anti-cancer therapies as 
described above. Early studies of RAF kinases did not identify BRAF in cardiomyocytes or the heart at the 
protein level, although BRAF mRNA was detected [70,71]. This is presumably because the antibodies 
available at the time were not sufficiently sensitive. However, subsequent proteomics analysis of the 
cardiomyocyte kinome not only demonstrated that BRAF protein is expressed in neonatal and adult rat 
cardiomyocytes, but also showed the levels of expression are potentially higher than those of RAF1 [72]. 
Furthermore, BRAF is readily detected by immunoblotting of rodent and human cardiomyocytes and/or 
hearts using the antibodies that are now commercially-available [68]. BRAF forms pre-existing heterodimers 
with RAF1 in rat cardiomyocytes and is found in preformed high molecular weight complexes [68]. As in 
other cells, the basal activity of BRAF is high, but this activity and that of RAF1 is increased by endothelin-1. 
BRAF plays a physiologically relevant role in cardiomyocytes (as explained below), and activation of BRAF 
in cardiomyocytes promotes cardiomyocyte hypertrophy whilst cardiomyocyte-specific BRAF knockout 
compromises cardiac adaptation to hypertension in mice [68,73].

Many studies have used MEK1/2 inhibitors to implicate ERK1/2 in cardiomyocyte responses, along 
with molecular interventional methods for manipulating the pathway. These studies all indicate that the 
pathway is important in promoting cardiomyocyte hypertrophy and cytoprotection [64,65,74]. As a driver of 
cell proliferation ERK1/2 signalling is undoubtedly important in cardiac non-myocytes and can influence 
endothelial cell and fibroblast accumulation. However, ERK1/2 signalling is also directly implicated in the 
development of cardiac fibrosis. For example, microRNA-21 activates ERK1/2 signalling in cardiac 
fibroblasts by downregulation of an endogenous inhibitor of the pathway, Spry1, and promotes fibroblast 
survival along with interstitial fibrosis in the heart [75]. Moreover, recent studies of interleukin 11 (IL11) 
highlight the role of ERK1/2 signalling in the interplay between cardiomyocytes and cardiac fibroblasts to 
increase fibrosis in the heart [76–78].

Preclinical studies of ERK1/2 signalling using genetically-altered mice further implicate the pathway in 
cardiac pathologies. Gain-of-function studies with cardiomyocyte-restricted expression of MEK1 or knock-in 
of the V600E mutation in BRAF indicate that pathway activation in isolation promotes cardiomyocyte 
hypertrophy, along with a compensated form of cardiac hypertrophy [68, 79]. In addition, various studies 
targeting ERK1/2 for inhibition or gene deletion indicate that it is important in cardiomyocytes, promoting 
hypertrophy and cardioprotection [65]. Of the RAF kinases, RAF1 is particularly important in 
cardioprotection. Cardiomyocyte-specific deletion of RAF1 in mice leads to cardiac dysfunction/
cardiomyopathy at baseline, whilst expression of dominant-negative RAF1 enhances cardiac dysfunction/
cardiomyopathy induced by pressure-overload [80,81]. In both situations, there is increased cardiomyocyte 
apoptosis. This is potentially linked to non-ERK1/2 signalling effects of RAF1, probably via inhibition of 
ASK1 (apoptosis signal regulating kinase 1), since concomitant deletion of ASK1 in mice with 
cardiomyocyte-specific deletion of RAF1 prevents cardiomyopathy [81]. As discussed above, there was 
confusion for many years about whether BRAF is expressed in cardiomyocytes [70]. However, BRAF is 
expressed in cardiomyocytes and is upregulated in ventricular tissue from human heart failure patients [68]. 
Furthermore, cardiomyocyte-specific deletion of BRAF inhibits cardiomyocyte hypertrophy and interstitial 
fibrosis in a mouse model of hypertension [73]. The latter observation is consistent with studies of IL11 that 
illustrate the importance of cardiomyocyte ERK1/2 signalling in the fibrotic response [76–78].

Apart from its role in pathological hypertrophy and the adult heart, the ERK1/2 cascade is obviously 
important during early development. Germline mutations in various different components of the RAS-RAF-
MEK-ERK1/2 pathway that increase ERK1/2 signalling cause congenital abnormalities, collectively known 
as the “RASopathies”. These include Noonan Syndrome (NS), Noonan Syndrome with Multiple Lentigines 
(NSML, previously termed LEOPARD syndrome) and cardiofaciocutaneous syndrome, diseases with 
overlapping clinical features, varying penetrance and various phenotypes [82]. Perhaps unsurprisingly the 
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underlying mutations vary both in the affected component and the specific mutation. For example, Noonan 
Syndrome is caused by mutations in SOS1, KRAS, NRAS, MEK2, in addition to ancillary proteins PTPN11 
(SHP2) that facilitates activation of RAS and a scaffolding protein, SHOC2 [83]. NSML is linked to 
mutations in SHP2 and RAF1 whilst cardiofaciocutaneous syndrome has mutations in KRAS, BRAF, MEK1 
and MEK2 [84]. Although individual syndromes are viewed as rare diseases, RASopathies overall affect ~1/
1000 live births with cardiac defects in 60-90% of patients. Congenital problems include valve and septal 
defects, and patients may develop hypertrophic cardiomyopathy [85]. Genetically-altered mice carrying the 
same mutations recapitulate the same features and the cardiac defects appear to result from developmental 
abnormalities in cardiomyocytes and endothelial cells [86].

The conclusion of many years of research on ERK1/2 in the heart is that this pathway is equally as 
important in the heart as in cancer. It undoubtedly plays a vital role in cardiac development requiring strict 
control of activity. In the adult heart, although it may or may not be important in a healthy physiological 
setting, it clearly plays a significant role in the adaptive response to pathophysiological stresses. ERK1/2 
promote cardiomyocyte hypertrophy and survival but also drive the fibrosis designed to assist in repair but 
which ultimately compromises the function of the heart. Is ERK1/2 signalling for better or for worse for the 
heart? Clearly, this depends on the context and we argue that the context determines the effects of anti-cancer 
drugs designed to inhibit it.

4. ERK1/2 Cascade Inhibitors and the Heart – in Sickness and in Health?

Not unreasonably, the focus of all new anti-cancer therapeutics is success or otherwise in treating 
cancer, rather than consideration of effects on the heart. This emphasis means that patients may be excluded 
from early clinical trials if they have a cardiovascular complication (e. g. hypertension). Consequently, 
although cardiac-related adverse events may develop during clinical trials, cardiovascular complications may 
not emerge until a particular therapy is used clinically in a wider population over a prolonged period. The 
corollary is that some drugs could emerge with beneficial effects in a cardiovascular setting. BRAF and MEK 
inhibitors have been in use clinically for over 10 years and there are some cardiac complications, but there are 
also indications that these inhibitors may be useful in specific cardiac conditions.

4.1. In Health.

A first consideration is whether inhibitors for the ERK1/2 cascade are detrimental to the heart in patients 
with no overt cardiovascular complications (i.e. a “healthy” heart). Since cardiotoxicity does not develop in 
the majority of cancer patients treated with RAF or MEK inhibitors, the evidence suggests that this is not the 
case. Of the RAF and MEK inhibitors used clinically, vemurafenib (alone or in combination with 
cobimetinib) is reported to cause prolongation of the QT interval, the time between ventricular depolarization 
and repolarization [87–89]. QT prolongation is classified as grades 1–4 (450–480 ms, 481–500 ms, >500 ms 
or >600 ms change, signs of serious arrhythmia [90]). Notably, QT prolongation was not reported as an 
adverse event in the early trials in which patients with a QT interval >470 ms were excluded [91], although it 
was reported in studies of the wider population as affecting up to 13.4 % of patients [92,93]. QT prolongation 
was reported in 4 of 194 patients treated with encorafenib, although there were no reports of QT prolongation 
in 192 patients treated with encorafenib in combination with binimetinib [94], so the degree to which 
encorafenib causes QT prolongation appears substantially less than vemurafenib. None of the studies show 
QT prolongation with dabrafenib and hypertherapeutic dosing with dabrafenib has no effect on QT interval 
[94,95], so the effect of vemurafenib (and possibly encorafenib) does not appear to be related to inhibition of 
BRAF per se. Nevertheless, effects of these drugs on QT interval remains a problem and 4 of 21 patients 
treated with ABM-1310 (the recent BRAF inhibitor to be fast-tracked for approval by the FDA) developed a 
problem with QT prolongation [96]. Other than vemurafenib, dabrafenib appears to be the only RAF inhibitor 
to have been in extensive trials/treatment as monotherapy and there are no obvious cardiovascular adverse 
effects [88,89]. One study of encorafenib monotherapy reported 3 patients out of 276 with LV dysfunction 
[32]. It therefore appears that inhibition of BRAF is not generally detrimental to the heart. This is borne out in 
preclinical studies of dabrafenib in young healthy male mice and of mice with cardiomyocyte BRAF 
knockout in which there is no obvious cardiac dysfunction [73,97].
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As discussed above, the Type 1/1.5 RAF inhibitors currently used in cancer can promote ERK1/2 
signalling via the “RAF paradox” where there is activation of RAS and the inhibitor is not at a saturating 
concentration [14]. This presumably accounts for the increase in squamous cell carcinomas that can develop 
with these RAF inhibitors, an effect that can be mitigated by combination therapy with a MEK inhibitor [98]. 
MEK inhibitors alone or in combination with a RAF inhibitor cause hypertension in some patients and/or 
reduced ejection fraction [99]. This is seen with different MEK inhibitors (trametinib, selumetinib and 
cobimetinib) indicating that it is an on-target effect. Hypertension induced by MEK inhibitor therapy affects 
significant numbers of patients (e. g. ~26% of patients develop hypertension with trametinib [100,101]). 
Trametinib also causes reduced LVEF in 7–11% of patients [100,101]. However, the majority of patients do 
not have a significant cardiovascular problem with MEK inhibitor therapy. This is supported by preclinical 
studies of trametinib in healthy male mice where the drug shows no effect on heart function over 7 d [68] or 
with more prolonged administration over 28 d (Clerk et al. unpublished data). Others have detected 
significant cardiotoxicity in mice treated with trametinib beyond 30 days, with ~50% survival at 60 days and 
reduced ejection fraction, associated with increased oxidative stress and markers of inflammation [102]. The 
differences between the studies could simply reflect duration of treatment but could be due to experimental 
conditions. Both studies reported a dosage of 1 mg/kg/d trametinib but we used osmotic minipumps for 
constant drug delivery whereas Beck et al. [102] provided trametinib in the food with likely variation in 
intake throughout the day.

The overall conclusion is that inhibiting ERK1/2 signalling in patients does not have a significant effect 
on a healthy heart at least in the short term. This could simply be because the heart is a robust organ and, 
unless compromised by disease, cardioprotective mechanisms are sufficient to manage the effects of ERK1/2 
inhibition. An alternative explanation is that ERK1/2 signalling is not required in a normally functioning 
heart, so inhibiting the pathway has no significant consequence in this setting. Having said this, we need to 
remain vigilant, with established ERK1/2 cascade inhibitors being used more widely for treating more 
cancers and in more patients, as more patients survive their cancers and live longer and as increasing numbers 
and types of new drugs enter the market.

4.2. In Disease

Although most patients treated with RAF and MEK inhibitors report no overt cardiovascular events, a 
significant proportion do, as outlined above, with increased QT interval resulting from vemurafenib (and 
perhaps encorafenib) treatment in some patients [92–94], and hypertension and cardiac dysfunction being 
caused by MEK inhibitors in others [99–101]. As more patients treated with ERK1/2 cascade inhibitors for 
more prolonged periods and more survive their cancer, there has to be consideration that these drugs may 
affect the heart in later life either because cardioprotective mechanisms become compromised or as 
cardiovascular diseases begin to manifest themselves. The mechanisms by which trametinib and other MEK 
inhibitors cause hypertension are unknown, but this affects a substantial number of patients. Similarly, the 
reason for the fall in ejection fraction with trametinib is largely unexplored, but the reports of cardiac 
dysfunction in ~11% of patients has to be of major concern [100,101]. In our hands, trametinib inhibits 
cardiomyocyte hypertrophy in a model in which we activated ERK1/2 signalling [68], and it suppresses 
cardiac adaptation to hypertension induced by angiotensin II (Clerk et al. unpublished data). This could be 
beneficial in the short term, but if cardiomyocytes rely on ERK1/2 signalling to maintain survival and/or 
manage an increased workload, inhibiting ERK1/2 signalling is likely to prove damaging in longer term. 
Further investigation is clearly warranted.

Of the three RAF inhibitors currently used clinically, each has a different potential effect on the heart. 
Vemurafenib and encorafenib are Type 1 inhibitors that bind to RAF and lock it in an active conformation, 
whereas dabrafenib is a Type 1.5 inhibitor that can bind to both active and inactive conformations of the 
enzyme. These drugs can all induce activation of ERK1/2 via the RAF paradox [14]. Our studies indicate that 
terminally-differentiated cardiomyocytes do not behave in entirely the same way as proliferating cells with 
respect to the RAF paradox. Unlike cancer cells in which activation of RAS promotes RAF dimerization, 
RAF dimers appear to be preformed in cardiomyocytes, with the majority of BRAF forming heterodimers 
with RAF1 [68]. Dabrafenib failed to induce any significant paradoxical activation of ERK1/2 in these cells 
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[97]. However, the Type 1 RAF inhibitors SB590885 (not used clinically) and encorafenib each promote 
paradoxical activation of ERK1/2, stimulate MEK1/2-dependent changes in gene expression and promote 
hypertrophy in cultured cardiomyocytes [68]. These drugs also promote compensated hypertrophy of mouse 
hearts in vivo, with an increase in cardiomyocyte size in the absence of fibrosis, similar to transgenic mice 
with cardiomyocyte-specific expression of MEK1 or knock-in of the V600E mutation in BRAF [68,79]. The 
data suggest that Type 1 RAF inhibitors with RAF paradox-inducing effects could be used to boost 
cardiomyocyte function. The requirements of such a drug may differ from those required for cancer. For 
cancer, drugs with a long half-life are likely to be more effective as a therapy but, for effective activation of 
ERK1/2 signalling in cardiomyocytes via the RAF paradox, a compound with a short half-life would help to 
ensure submaximal levels of inhibition are achieved. Such drugs would have oncogenic potential so could 
only be used in the short term, but patients with a failing heart waiting for a transplant require short-term 
urgent treatment.

The intended target for dabrafenib was BRAF(V600E/K) and there are no reports of cardiotoxicity with 
the monotherapy treatments originally used [88,89]. Indeed, preclinical studies in a mouse model of 
hypertension indicate that dabrafenib may be beneficial and reduce cardiomyocyte hypertrophy and cardiac 
fibrosis [97]. It is not currently certain if this is due to inhibition of ERK1/2 signalling, results from activation 
of non-ERK1/2 signalling from RAF kinases or is an off-target effect. RAF1 reduces cardiomyocyte death via 
the pro-apoptotic kinase ASK1, potentially in a kinase-independent manner [16,103,104]. ASK1 is considered 
a therapeutic target for fibrosis in many diseases, and this is a possible mechanism of action for the effects of 
dabrafenib on hypertension-associated pathology in mice. The ASK1 inhibitor, selonsertib, has not succeeded 
in phase II clinical trials for pulmonary arterial hypertension [105] or phase III trials for fibrosis reduction in 
non-alcoholic steatohepatitis [106]. However, these are diseases with severe and established fibrosis. In our 
hands, selonsertib is effective in reducing cardiac fibrosis in mice with developing hypertension resulting 
from angiotensin II [107], so the effect of dabrafenib could be at least partly due to enhanced inhibition of 
ASK1 by RAF1. Alternatively or additionally, the effect of dabrafenib could result from off-target inhibition 
of the pro-apoptotic kinase RIPK3 since it is equipotent for inhibition of RIPK3 and RAF kinases [108]. 
Dabrafenib appears more effective than selonsertib at inhibiting cardiac hypertrophy in mice with developing 
hypertension [97,107], suggesting it could have multi-target effects. Irrespective of the mechanism involved, 
dabrafenib may have beneficial effects on the heart to reduce accumulation of fibrotic material and thus 
maintain cardiac health.

As a final consideration of possible benefits of ERK1/2 cascade inhibitors for cardiac pathologies, it is 
important to return to the RASopathies (see above). Approximately 10% of these patients have hypertrophic 
cardiomyopathy and at least some can benefit from MEK inhibitors [85]. Off-label use of trametinib has 
already proved successful with remission of cardiac hypertrophy in several neonates with Noonan Syndrome 
and severe cardiac hypertrophy or congestive heart failure [109–111]. It has also been used to treat multifocal 
atrial tachycardia in a pre-term neonate with Noonan Syndrome [112]. These severe cases clearly merited 
emergency treatment, and they demonstrate the potential benefits of ERK1/2 cascade inhibitors for the 
RASopathies as a whole.

5. Conclusions and Future Prospects

The 30 year history of ERK1/2 signalling in the heart has been tremendously exciting with many 
discoveries, but it has also been enormously challenging to try to understand their functional role. In 
many ways, the heart field “borrowed” from the cancer field for this work, but the heart is arguably more 
complex, needing to balance contractile function of terminally-differentiated cardiomyocytes with 
maintenance and repair systems including proliferation of fibroblasts and fibrosis. The ERK1/2 cascade 
inhibitors developed for cancer are proving useful experimentally both in cultured cells and in preclinical 
models to obtain a clearer picture of what this pathway does and how it is regulated. Beyond this, as 
outlined in section 4 and illustrated in Figure 2A, studies in preclinical models have (probably 
surprisingly) started to suggest ways in which at least some of these inhibitors may be useful for treating 
cardiac pathologies.
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The cancer field continues to evolve and, as indicated in section 2 and illustrated in Figure 2B, many 
more new types of ERK1/2 cascade inhibitor are entering the clinic or in development. The greatest advance 
is the development of RAS inhibitors (Table 2; Supplementary Table S2). These are largely targeted to 
mutated forms of RAS, and most are covalent inhibitors targeting the cysteine residue of KRAS (G12C) for 
modification [27]. As such, they appear very specific. However, of 116 patients treated with adagrasib, one 
patient died of cardiac failure [113]. This may be unrelated to any inhibition of RAS, particularly since there 
are no reported cardiac problems with sotorasib [114], but these drugs are in very early stages of clinical 
assessment and it will be important to monitor their potential cardiotoxicity. BRAF and MEK inhibitors 
continue to be developed (Table 3; Supplementary Table S3) with a huge market potential for these drugs to 
treat an increasing number of different cancers. With the RAF paradox effects of current RAF inhibitors, the 
approach to inhibiting BRAF has moved to develop “paradox breakers” and allosteric inhibitors that are not 
prone to activating ERK1/2 signalling in the same way [13]. The effects of these drugs on the heart are 
difficult to predict, but as the RAF inhibitors become more effective, with development of pan-RAF 
inhibitors that avoid the RAF paradox, they may be expected to have the same consequences as MEK 

Figure 2.　ERK1/2 cascade inhibitors and the heart: in sickness and health, for better or worse? A, Inhibitors of the 
ERK1/2 cascade may cause problems for a healthy heart (red type, right), with vemurafenib (and potentially 
encorafenib to some degree) causing QT prolongation in ~13% of patients, whilst MEK1/2 inhibitors cause 
hypertension in up to 26% of patients. It remains to be established if these patients have a pre-existing predisposition. 
However, ERK1/2 cascade inhibitors could offer benefits in certain cardiac conditions (blue type, left). Inhibition of 
the pathway with MEK1/2 inhibitors may be beneficial for mutations causing congenital diseases (the RASopathies), 
dabrafenib may reduce fibrosis in hypertensive heart disease and RAF paradox inducers may provide temporary 
benefit in promoting cardiomyocyte hypertrophy and function in a terminally failing heart. B, The effects on the heart 
of new classes of inhibitors targeting the ERK1/2 cascade are difficult to predict. Whereas covalent modifiers of 
specific oncogenic mutations may be benign since heart cells should not carry these mutations [e.g. RAS inhibitors 
that target KRAS(G12C)], other inhibitors that block the pathway completely (e. g. pan-RAF inhibitors or RAF 
paradox breakers, new MEK inhibitors and ERK1/2 inhibitors) may be expected to have similar effects as the current 
MEK1/2 inhibitors. However, new classes of inhibitor such as PROTACs that cause degradation of the target protein 
via the proteasome may cause additional cellular stresses and the consequences for the heart remain to be established.
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inhibitors with respect to inhibiting ERK1/2 signalling. However, the consequences may differ for isoform-
selective inhibitors such as PLX8394, a paradox-breaker which prevents homodimerization of BRAF or 
heterodimerisation of BRAF with RAF1, but which still permits RAF1 homodimer signalling [115]. In 
addition to RAF and MEK1/2, there are efforts to develop inhibitors for ERK1/2 themselves (Table 3; 
Supplementary Table S3). The first of these in clinical trials, ulixertinib, carries a low risk of QT prolongation 
[116], and the current trials all exclude any significant cardiovascular disease. However, ERK1/2 are the only 
known substrates of MEK1/2, so on-target effects of ERK1/2 inhibitors may be expected to have similar 
consequences for the heart as on-target effects of MEK inhibitors.

There is considerable excitement about the development of PROTACs for enzyme degradation [45], as 
discussed above. The likely effects of PROTAC drugs as a whole, irrespective of their protein target, on 
cardiomyocytes and the heart are impossible to predict. Proteostasis is vital for the heart and disruption of the 
system is associated with increase oxidative stress and development of cardiomyopathies [117,118]. Whilst 
they may not have any significant effect on the heart and cardiomyocytes, PROTAC drugs have the potential 
to overload and stress the system. Our preliminary data suggest this may well be the case, with activation of 
stress-responsive MAPKs, the c-Jun N-terminal kinases (JNKS; Clerk et al. unpublished data). This stress 
will be additional to the intended consequences of disrupting the signalling pathway. Furthermore, loss of 
individual proteins will alter protein stoichiometry, an important factor in intercellular signalling in non-
cancerous cells. For example, RAF kinases exist in large, preformed complexes in cardiomyocytes [68], so 
loss of BRAF is likely to alter the RAF kinase complement in those complexes, potentially altering the 
signalling profiles in these cells.

As a final comment, just as cancer research evolves to find new methods for treating cancer, the cancers 
themselves also evolve with resistance to RAS, BRAF and MEK inhibitors, often a result of rewiring of 
signalling pathways and activation of parallel systems [119]. This leads to consideration of therapeutic 
combinations of other drugs with ERK1/2 cascade inhibitors such as immune checkpoint inhibitors [120]. 
The consequences of these combinations for the heart remain to be seen.

Supplementary Materials: The following supporting information can be downloaded at: https://www. sciltp. com/
journals/ijddp/2024/2/375/s1, Table S1: Active clinical trials of ERK1/2 cascade inhibitors with approval for clinical use; 
Table S2: Active clinical trials of RAS inhibitors; Table S3: Active clinical trials of inhibitors for RAF, MEK1/2 and 
ERK1/2.

Author Contributions: A. C. initiated the project and drafted the manuscript; P. H. S. assisted with drafting the 
manuscript; S.U.A. and S.J.S. gathered the data on the inhibitors for inclusion in the Tables.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sung, H.; Ferlay, J.; Siegel, R. L. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 incancers 185 countries. CA Cancer J Clin. 2021, 71, 209–249, https://doi.org/10.3322/
caac.21660.

2. Savarese, G.; Becher, P.M.; Lund, L.H. et al. Global burden of heart failure: A comprehensive and updated review of 
epidemiology. Cardiovasc Res. 2023, 118, 3272–3287, https://doi.org/10.1093/cvr/cvac013.

3. Xia, X.; Gong, C.; Zhang, Y. et al. The history and development of HER2 inhibitors. Pharmaceuticals (Basel). 2023, 
16, 1450, https://doi.org/10.3390/ph16101450.

4. Bozkurt, B.; Coats, A.J.S.; Tsutsui, H. et al. Universal definition and classification of heart failure: a report of the 
Heart Failure Society of America, Heart Failure Association of the European Society of Cardiology, Japanese Heart 
Failure Society and Writing Committee of the Universal Definition of Heart Failure: Endorsed by the Canadian Heart 
Failure Society, Heart Failure Association of India, Cardiac Society of Australia and New Zealand, and Chinese 
Heart Failure Association. Eur J Heart Fail. 2021, 23, 352–380, https://doi.org/10.1002/ejhf.2115.

5. Herrmann, J. Adverse cardiac effects of cancer therapies: cardiotoxicity and arrhythmia. Nat Rev Cardiol. 2020, 17, 
474–502, https://doi.org/10.1038/s41569-020-0348-1.

6. Samuel, Y.; Babu, A.; Karagkouni, F. et al. Cardiac toxicities in oncology: elucidating the dark box in the era of 
precision medicine. Curr Issues Mol Biol. 2023, 45, 8337–8358, https://doi.org/10.3390/cimb45100526.

7. Faithfull, S. and Greenfield, D. Cancer survivor late-effects, chronic health problems after cancer treatment: what’s 
the evidence from population and registry data and where are the gaps? Curr Opin Support Palliat Care. 2024, 18, 
55–64, https://doi.org/10.1097/SPC.0000000000000692.



14 of 19

IJDDP 2024, 3(2), 100006. https://doi.org/10.53941/ijddp.2024.100006

8. Muhandiramge, J.; Zalcberg, J.R.; van Londen, G.J. et al. Cardiovascular disease in adult cancer survivors: a review 
of current evidence, strategies for prevention and management, and future directions for cardio-oncology. Curr 
Oncol Rep. 2022, 24, 1579–1592, https://doi.org/10.1007/s11912-022-01309-w.

9. Lyon, A. R.; Lopez-Fernandez, T.; Couch, L. S. et al. 2022 ESC Guidelines on cardio-oncology developed in 
collaboration with the European Hematology Association (EHA), the European Society for Therapeutic Radiology 
and Oncology (ESTRO) and the International Cardio-Oncology Society (IC-OS). Eur Heart J. 2022, 43, 4229–4361, 
https://doi.org/10.1093/eurheartj/ehac244.

10. Ullah, R.; Yin, Q.; Snell, A.H. et al. RAF-MEK-ERK pathway in cancer evolution and treatment. Semin Cancer Biol. 
2022, 85, 123–154, https://doi.org/10.1016/j.semcancer.2021.05.010.

11. Martin-Vega, A. and Cobb, M.H. Navigating the ERK1/2 MAPK cascade. Biomolecules. 2023, 13, 1555, https://doi.
org/doi:10.3390/biom13101555.

12. Catalanotti, F.; Reyes, G.; Jesenberger, V. et al. A Mek1-Mek2 heterodimer determines the strength and duration of 
the Erk signal. Nat Struct Mol Biol. 2009, 16, 294–303, https://doi.org/10.1038/nsmb.1564.

13. Scardaci, R.; Berlinska, E.; Scaparone, P. et al. Novel RAF-directed approaches to overcome current clinical limits 
and block the RAS/RAF node. Mol Oncol. 2024, Online ahead of print https://doi.org/10.1002/1878-0261.13605.

14. Durrant, D.E. and Morrison, D.K. Targeting the Raf kinases in human cancer: the Raf dimer dilemma. Br J Cancer. 
2018, 118, 3–8, https://doi.org/10.1038/bjc.2017.399.

15. Matallanas, D.; Birtwistle, M.; Romano, D. et al. Raf family kinases: old dogs have learned new tricks. Genes 
Cancer. 2011, 2, 232–260, https://doi.org/10.1177/1947601911407323.

16. Nolan, A. A.; Aboud, N. K.; Kolch, W. et al. Hidden targets in RAF signalling pathways to block oncogenic RAS 
signalling. Genes (Basel). 2021, 12, 553, https://doi.org/doi:10.3390/genes12040553.

17. Rebocho, A.P. and Marais, R. ARAF acts as a scaffold to stabilize BRAF:CRAF heterodimers. Oncogene. 2012, 32, 
3207–3212, https://doi.org/doi:10.1038/onc.2012.330.

18. Sun, H.; Charles, C.H.; Lau, L.F. et al. MKP-1 (3CH134), an immediate early gene product, is a dual specificity 
phosphatase that dephosphorylates MAP kinase in vivo. Cell. 1993, 75, 487–493, https://doi.org/10.1016/0092-8674
(93)90383-2.

19. Kidger, A.M. and Keyse, S.M. The regulation of oncogenic Ras/ERK signalling by dual-specificity mitogen activated 
protein kinase phosphatases (MKPs). Semin Cell Dev Biol. 2016, 50, 125–132, https://doi. org/10.1016/j. semcdb.
2016.01.009.

20. Sugden, P. H.; Markou, T.; Fuller, S. J. et al. Monophosphothreonyl extracellular signal-regulated kinases 1 and 2 
(ERK1/2) are formed endogenously in intact cardiac myocytes and are enzymically active. Cell Signal. 2011, 23, 
468–477, https://doi.org/10.1016/j.cellsig.2010.10.024.

21. Baltanas, F.C.; Zarich, N.; Rojas-Cabaneros, J.M. et al. SOS GEFs in health and disease. Biochim Biophys Acta Rev 
Cancer. 2020, 1874, 188445, https://doi.org/10.1016/j.bbcan.2020.188445.

22. Dougherty, M. K.; Muller, J.; Ritt, D. A. et al. Regulation of Raf-1 by direct feedback phosphorylation. Mol Cell. 
2005, 17, 215–224, https://doi.org/doi.org/10.1016/j.molcel.2004.11.055.

23. Onitilo, A. A.; Engel, J. M.; Greenlee, R. T. et al. Breast cancer subtypes based on ER/PR and Her2 expression: 
comparison of clinicopathologic features and survival. Clin Med Res. 2009, 7, 4–13, https://doi.org/doi:10.3121/cmr.
2009.825.

24. Song, Y.; Zhao, M.; Zhang, H. et al. Double-edged roles of protein tyrosine phosphatase SHP2 in cancer and its 
inhibitors in clinical trials. Pharmacol Ther. 2021, 230, 107966, https://doi. org/doi: 10.1016/j. pharmthera. 2021.
107966.

25. Weiss, R.A. A perspective on the early days of RAS research. Cancer Metastasis Rev. 2020, 39, 1023–1028, https://
doi.org/10.1007/s10555-020-09919-1.

26. Prior, I.A.; Lewis, P.D. and Mattos, C. A comprehensive survey of Ras mutations in cancer. Cancer Res. 2012, 72, 
2457–2467, https://doi.org/10.1158/0008-5472.CAN-11-2612.

27. Molina-Arcas, M. and Downward, J. Exploiting the therapeutic implications of KRAS inhibition on tumor immunity. 
Cancer Cell. 2024, 42, 338–357, https://doi.org/10.1016/j.ccell.2024.02.012.

28. Davies, H.; Bignell, G.R.; Cox, C. et al. Mutations of the BRAF gene in human cancer. Nature. 2002, 417, 906–907, 
https://doi.org/doi:10.1038/nature00766.

29. Roring, M. and Brummer, T. Aberrant B-Raf signaling in human cancer - 10 years from bench to bedside. Crit Rev 
Oncog. 2012, 17, 97–121, https://doi.org/10.1615/critrevoncog.v17.i1.70.

30. Bollag, G.; Hirth, P.; Tsai, J. et al. Clinical efficacy of a RAF inhibitor needs broad target blockade in BRAF-mutant 
melanoma. Nature. 2010, 467, 596–599, https://doi.org/doi:10.1038/nature09454.

31. Rheault, T.R.; Stellwagen, J.C.; Adjabeng, G.M. et al. Discovery of dabrafenib: a selective inhibitor of Raf kinases 
with antitumor activity against B-Raf-driven tumors. ACS Med Chem Lett. 2013, 4, 358–362, https://doi.org/doi:10.
1021/ml4000063.

32. Koelblinger, P.; Thuerigen, O. and Dummer, R. Development of encorafenib for BRAF-mutated advanced 
melanoma. Curr Opin Oncol. 2018, 30, 125–133, https://doi.org/10.1097/CCO.0000000000000426.

33. Delord, J. P.; Robert, C.; Nyakas, M. et al. Phase I dose-escalation and -expansion study of the BRAF inhibitor 
encorafenib (LGX818) in metastatic BRAF-mutant melanoma. Clin Cancer Res. 2017, 23, 5339–5348, https://doi.
org/10.1158/1078-0432.CCR-16-2923.

34. Wu, J. H.; Cohen, D. N.; Rady, P. L. et al. BRAF inhibitor-associated cutaneous squamous cell carcinoma: new 
mechanistic insight, emerging evidence for viral involvement and perspectives on clinical management. Br J 



15 of 19

IJDDP 2024, 3(2), 100006. https://doi.org/10.53941/ijddp.2024.100006

Dermatol. 2017, 177, 914–923, https://doi.org/10.1111/bjd.15348.
35. Davies, S.P.; Reddy, H.; Caivano, M. et al. Specificity and mechanism of action of some commonly used protein 

kinase inhibitors. Biochem J. 2000, 351, 95–105, https://doi.org/10.1042/0264-6021:3510095.
36. Wright, C.J. and McCormack, P.L. Trametinib: first global approval. Drugs. 2013, 73, 1245–1254, https://doi.org/10.

1007/s40265-013-0096-1.
37. Odogwu, L.; Mathieu, L.; Blumenthal, G. et al. FDA approval summary: dabrafenib and trametinib for the treatment 

of metastatic non-small cell lung cancers harboring BRAF V600E mutations. Oncologist. 2018, 23, 740–745, https://
doi.org/10.1634/theoncologist.2017-0642.

38. Cabanillas, M. E.; Ryder, M. and Jimenez, C. Targeted therapy for advanced thyroid cancer: kinase inhibitors and 
beyond. Endocr Rev. 2019, 40, 1573–1604, https://doi.org/10.1210/er.2019-00007.

39. Hanrahan, A.J.; Chen, Z.; Rosen, N. et al. BRAF - a tumour-agnostic drug target with lineage-specific dependencies. 
Nat Rev Clin Oncol. 2024, 21, 224–247, https://doi.org/10.1038/s41571-023-00852-0.

40. Barbato, M.I.; Nashed, J.; Bradford, D. et al. FDA approval summary: dabrafenib in combination with trametinib for 
BRAFV600E mutation-positive low-grade glioma. Clin Cancer Res. 2024, 30, 263 – 268, https://doi. org/10.1158/
1078-0432.CCR-23-1503.

41. Diamond, E. L.; Durham, B.; Dogan, A. et al. Phase 2 trial of single-agent cobimetinib for adults with histiocytic 
neoplasms. Blood. 2023, 142, 1812, https://doi.org/10.1182/blood-2023-187508.

42. Oneal, P.A.; Kwitkowski, V.; Luo, L. et al. FDA approval summary: Vemurafenib for the treatment of patients with 
Erdheim-Chester disease with the BRAFV600 Mutation. Oncologist. 2018, 23, 1520–1524, https://doi.org/10.1634/
theoncologist.2018-0295.

43. Stinchcombe, T.E. Encorafenib and binimetinib: a new treatment option for BRAF(V600E) -mutant non-small-cell 
lung cancer. J Clin Oncol. 2023, 41, 3679–3681, https://doi.org/10.1200/JCO.23.00983.

44. Solares, I.; Vinal, D.; Morales-Conejo, M. et al. Novel molecular targeted therapies for patients with neurofibromatosis 
type 1 with inoperable plexiform neurofibromas: a comprehensive review. ESMO Open. 2021, 6, 100223, https://doi.
org/10.1016/j.esmoop.2021.100223.

45. Hajjo, R.; Sabbah, D. A.; Bardaweel, S. K. et al. Targeting the EGFR/RAS/RAF signaling pathway in anticancer 
research: a recent update on inhibitor design and clinical trials (2020–2023). Expert Opin Ther Pat. 2024, 12, 1–19, 
https://doi.org/doi:10.1080/13543776.2024.2327307.

46. Bond, M.J.; Chu, L.; Nalawansha, D.A. et al. Targeted degradation of oncogenic KRAS(G12C) by VHL-recruiting 
PROTACs. ACS Cent Sci. 2020, 6, 1367–1375, https://doi.org/10.1021/acscentsci.0c00411.

47. Posternak, G.; Tang, X.; Maisonneuve, P. et al. Functional characterization of a PROTAC directed against BRAF 
mutant V600E. Nat Chem Biol. 2020, 16, 1170–1178, https://doi.org/10.1038/s41589-020-0609-7.

48. Alabi, S.; Jaime-Figueroa, S.; Yao, Z. et al. Mutant-selective degradation by BRAF-targeting PROTACs. Nat 
Commun. 2021, 12, 920, https://doi.org/10.1038/s41467-021-21159-7.

49. Sowa, M. E.; Kreger, B.; Baddour, J. et al. Preclinical evaluation of CFT1946 as a selective degrader of mutant 
BRAF for the treatment of BRAF driven cancers. Cancer Res. 2022, 82 2158, https://doi.org/doi.org/10.1158/1538-
7445.AM2022-2158.

50. Hu, J.; Wei, J.; Yim, H. et al. Potent and selective mitogen-activated protein kinase kinase 1/2 (MEK1/2) 
heterobifunctional small-molecule degraders. J Med Chem. 2020, 63, 15883 – 15905, https://doi. org/10.1021/acs.
jmedchem.0c01609.

51. Vollmer, S.; Cunoosamy, D.; Lv, H. et al. (2020Design), synthesis, and biological evaluation of MEK PROTACs. J 
Med Chem. 63, 157–162, https://doi.org/10.1021/acs.jmedchem.9b00810.

52. Noblejas-Lopez, M. D. M.; Tebar-Garcia, D.; Lopez-Rosa, R. et al. TACkling cancer by targeting selective protein 
degradation. Pharmaceutics. 2023, 15, 2442, https://doi.org/10.3390/pharmaceutics15102442.

53. Dorn, G.W.; II, Robbins, J. and Sugden, P.H. Phenotyping hypertrophy: eschew obfuscation. Circ Res. 2003, 92, 1171
–1175, https://doi.org/10.1161/01.RES.0000077012.11088.BC.

54. Martin, T.G.; Juarros, M.A. and Leinwand, L.A. Regression of cardiac hypertrophy in health and disease: mechanisms 
and therapeutic potential. Nat Rev Cardiol. 2023, 20, 347–363, https://doi.org/10.1038/s41569-022-00806-6.

55. Soonpaa, M. H.; Zebrowski, D. C.; Platt, C. et al. Cardiomyocyte cell-cycle activity during preadolescence. Cell. 
2015, 163, 781–782, https://doi.org/10.1016/j.cell.2015.10.037.

56. Alkass, K.; Panula, J.; Westman, M. et al. No evidence for cardiomyocyte number expansion in preadolescent mice. 
Cell. 2015, 163, 1026–1036, https://doi.org/10.1016/j.cell.2015.10.035.

57. Zhou, P. and Pu, W.T. Recounting cardiac cellular composition. Circ Res. 2016, 118, 368–370, https://doi.org/10.
1161/CIRCRESAHA.116.308139.

58. Bishop, S.P.; Zhou, Y.; Nakada, Y. et al. Changes in cardiomyocyte cell cycle and hypertrophic growth during fetal to 
adult in mammals. J Am Heart Assoc. 2021, 10, e017839, https://doi.org/10.1161/JAHA.120.017839.

59. Soonpaa, M. H.; Reuter, S. P.; Castelluccio, P. F. et al. Musings on intrinsic cardiomyocyte cell cycle activity and 
myocardial regeneration. J Mol Cell Cardiol. 2023, 182, 86–91, https://doi.org/10.1016/j.yjmcc.2023.07.007.

60. Zhang, J.; Liu, D.; Zhang, M. et al. Programmed necrosis in cardiomyocytes: mitochondria, death receptors and 
beyond. Br J Pharmacol. 2019, 176, 4319–4339, https://doi.org/10.1111/bph.14363.

61. Gogiraju, R.; Bochenek, M.L. and Schafer, K. Angiogenic endothelial cell signaling in cardiac hypertrophy and heart 
failure. Front Cardiovasc Med. 2019, 6, 20, https://doi.org/10.3389/fcvm.2019.00020.

62. Suthahar, N.; Meijers, W.C.; Sillje, H.H.W. et al. From inflammation to fibrosis-molecular and cellular mechanisms 
of myocardial tissue remodelling and perspectives on differential treatment opportunities. Curr Heart Fail Rep. 



16 of 19

IJDDP 2024, 3(2), 100006. https://doi.org/10.53941/ijddp.2024.100006

2017, 14, 235–250, https://doi.org/10.1007/s11897-017-0343-y.
63. Bogoyevitch, M.A.; Glennon, P.E. and Sugden, P.H. Endothelin-1, phorbol esters and phenylephrine stimulate MAP 

kinase activities in ventricular cardiomyocytes. FEBS Lett. 1993, 317, 271–275, https://doi.org/doi:10.1016/0014-
5793(93)81291-7.

64. Rose, B.A.; Force, T. and Wang, Y. Mitogen-activated protein kinase signaling in the heart: angels versus demons in 
a heart-breaking tale. Physiol Rev. 2010, 90, 1507–1546, https://doi.org/10.1152/physrev.00054.2009.

65. Kehat, I. and Molkentin, J.D. Extracellular signal-regulated kinase 1/2 (ERK1/2) signaling in cardiac hypertrophy. 
Ann N Y Acad Sci. 2010, 1188, 96–102, https://doi.org/10.1111/j.1749-6632.2009.05088.x.

66. Chiloeches, A.; Paterson, H.F.; Marais, R. et al. Regulation of Ras.GTP loading and Ras-Raf association in neonatal 
rat ventricular myocytes by G protein-coupled receptor agonists and phorbol ester. Activation of the ERK cascade by 
phorbol ester is mediated by Ras. J Biol Chem. 1999, 274, 19762–19770, https://doi.org/DOI:10.1074/jbc.274.28.
19762.

67. Clerk, A.; Aggeli, I.K.S.; Stathopoulou, K. et al. Peptide growth factors signal differentially through protein kinase C 
to extracellular signal-regulated kinases in neonatal cardiomyocytes. Cell Signal. 2006, 18, 225–235, https://doi.org/
doi:10.1016/j.cellsig.2005.04.005.

68. Clerk, A.; Meijles, D. N.; Hardyman, M. A. et al. Cardiomyocyte BRAF and type 1 RAF inhibitors promote 
cardiomyocyte and cardiac hypertrophy in mice in vivo. Biochem J. 2022, 479, 401–424, https://doi. org/10.1042/
BCJ20210615.

69. Amirak, E.; Fuller, S.J.; Sugden, P.H. et al. p90 ribosomalS6 kinases play a significant role in early gene regulation 
in the cardiomyocyte response to Gq protein-coupled receptor stimuli, endothelin-1 and alpha1-adrenergic receptor 
agonists. Biochem J. 2013, 450, 351–363, https://doi.org/doi:10.1042/BJ20121371.

70. Bogoyevitch, M. A.; Marshall, C. J. and Sugden, P. H. Hypertrophic agonists stimulate the activities of the protein 
kinases c-Raf and A-Raf in cultured ventricular myocytes. J Biol Chem. 1995, 270, 26303–26310, https://doi.org/10.
1074/jbc.270.44.26303.

71. Barnier, J. V.; Papin, C.; Eychäne, A. et al. The mouse B-raf  gene encodes multiple protein isoforms with tissue-
specific expression. J Biol Chem. 1995, 270, 23381–23389, https://doi-org/10.1074/jbc.270.40.23381.

72. Fuller, S.J.; Osborne, S.A.; Leonard, S.J. et al. Cardiac protein kinases: the cardiomyocyte kinome and differential 
kinase expression in human failing hearts. Cardiovasc Res. 2015, 108, 87–98, https://doi.org/10.1093/cvr/cvv210.

73. Alharbi, H.O.; Hardyman, M.A.; Cull, J.J. et al. Cardiomyocyte BRAF is a key signalling intermediate in cardiac 
hypertrophy in mice. Clin Sci (Lond). 2022, 136, 1661–1681, https://doi.org/10.1042/CS20220607.

74. Mutlak, M. and Kehat, I. Extracellular signal-regulated kinases 1/2 as regulators of cardiac hypertrophy. Front 
Pharmacol. 2015, 6, 149, https://doi.org/10.3389/fphar.2015.00149.

75. Thum, T.; Gross, C.; Fiedler, J. et al. MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase 
signalling in fibroblasts. Nature. 2008, 456, 980–984, https://doi.org/10.1038/nature07511.

76. Schafer, S.; Viswanathan, S.; Widjaja, A.A. et al. IL-11 is a crucial determinant of cardiovascular fibrosis. Nature. 
2017, 552, 110–115, https://doi.org/10.1038/nature24676.

77. Sweeney, M.; O’Fee, K.; Villanueva-Hayes, C. et al. Cardiomyocyte-restricted expression of IL11 causes cardiac 
fibrosis, inflammation, and dysfunction. Int J Mol Sci. 2023, 24, 12989, https://doi.org/10.3390/ijms241612989.

78. Cook, S.A. Understanding interleukin 11 as a disease gene and therapeutic target. Biochem J. 2023, 480, 1987–2008, 
https://doi.org/10.1042/BCJ20220160.

79. Bueno, O. F.; De Windt, L. J.; Tymitz, K. M. et al. The MEK1-ERK1/2 signaling pathway promotes compensated 
cardiac hypertrophy in transgenic mice. EMBO J. 2000, 19, 6341–6350, https://doi.org/10.1093/emboj/19.23.6341.

80. Harris, I.S.; Zhang, S.; Treskov, I. et al. Raf-1 kinase is required for cardiac hypertrophy and cardiomyocyte survival 
in response to pressure overload. Circulation. 2004, 110, 718–723, https://doi.org/DOI:10.1161/01.CIR.0000138190.
50127.6A.

81. Yamaguchi, O.; Watanabe, T.; Nishida, K. et al. Cardiac-specific disruption of the c-raf-1 gene induces cardiac 
dysfunction and apoptosis. J Clin Invest. 2004, 114, 937–943, https://doi.org/DOI:10.1172/JCI20317.

82. Talha, K.M.; Anker, S.D. and Butler, J. SGLT-2 inhibitors in heart failure: a review of current evidence. Int J Heart 
Fail. 2023, 5, 82–90, https://doi.org/10.36628/ijhf.2022.0030.

83. Hilal, N.; Chen, Z.; Chen, M.H. et al. RASopathies and cardiac manifestations. Front Cardiovasc Med. 2023, 10, 
1176828, https://doi.org/10.3389/fcvm.2023.1176828.

84. Hebron, K.E.; Hernandez, E.R. and Yohe, M.E. The RASopathies: from pathogenetics to therapeutics. Dis Model 
Mech. 2022, 15, dmm049107, https://doi.org/10.1242/dmm.049107.

85. Chaput, D. and Andelfinger, G. Small molecule inhibition for RASopathy-associated hypertrophic cardiomyopathy: 
Clinical application of a basic concept. Can J Cardiol. 2024, S0828–282X(24), 00185-00185 https://doi.org/10.1016/
j.cjca.2024.02.020.

86. Hernandez-Porras, I. and Guerra, C. Modeling RASopathies with Genetically Modified Mouse Models. Methods Mol 
Biol. 2017, 1487, 379–408, https://doi.org/10.1007/978-1-4939-6424-6_28.

87. Jordan, E.J. and Kelly, C.M. Vemurafenib for the treatment of melanoma. Expert Opin Pharmacother 2012, 13, 2533
–2543, https://doi.org/DOI:10.1517/14656566.2012.737780.

88. Mincu, R. I.; Mahabadi, A. A.; Michel, L. et al. Cardiovascular adverse events associated with BRAF and MEK 
inhibitors: a systematic review and meta-analysis. JAMA Netw Open. 2019, 2, e198890, https://doi. org/10.1001/
jamanetworkopen.2019.8890.

89. Guha, A.; Jain, P.; Fradley, M. G. et al. Cardiovascular adverse events associated with BRAF versus BRAF/MEK 



17 of 19

IJDDP 2024, 3(2), 100006. https://doi.org/10.53941/ijddp.2024.100006

inhibitor: Cross-sectional and longitudinal analysis using two large national registries. Cancer Med. 2021, 10, 3862–
3872, https://doi.org/10.1002/cam4.3938.

90. Kim, P.Y.; Irizarry-Caro, J.A.; Ramesh, T. et al. How to diagnose and manage QT prolongation in cancer patients. 
JACC CardioOncol. 2021, 3, 145–149, https://doi.org/10.1016/j.jaccao.2021.01.002.

91. Flaherty, L.; Hamid, O.; Linette, G. et al. (2014single-arm) A, open-label, expanded access study of vemurafenib in 
patients with metastatic melanoma in the United States. Cancer J. 20, 18 – 24, https://doi. org/10.1097/PPO.
0000000000000024.

92. Kloth, J. S.; Pagani, A.; Verboom, M. C. et al. Incidence and relevance of QTc-interval prolongation caused by 
tyrosine kinase inhibitors. Br J Cancer. 2015, 112, 1011–1016, https://doi.org/10.1038/bjc.2015.82.

93. Larkin, J.; Del Vecchio, M.; Ascierto, P. A. et al. Vemurafenib in patients with BRAF(V600) mutated metastatic 
melanoma: an open-label, multicentre, safety study. Lancet Oncol. 2014, 15, 436–444, https://doi.org/10.1016/S1470-
2045(14)70051-8.

94. Glen, C.; Tan, Y. Y.; Waterston, A. et al. Mechanistic and clinical overview cardiovascular toxicity of BRAF and 
MEK inhibitors: JACC: cardiooncology state-of-the-art review. JACC CardioOncol. 2022, 4, 1–18, https://doi.org/10.
1016/j.jaccao.2022.01.096.

95. Nebot, N.; Arkenau, H.T.; Infante, J.R. et al. Evaluation of the effect of dabrafenib and metabolites on QTc interval 
in patients with BRAF V600-mutant tumours. Br J Clin Pharmacol. 2018, 84, 764–775, https://doi.org/10.1111/bcp.
13488.

96. Piha-Paul, S.A.; Nagpal, S.; Weise, A.M. et al. A phase 1, multicenter, open-label study of a new BRAF inhibitor 
ABM-1310 in adult patients (pts) with BRAFv600-mutated solid tumors. J Clin Oncol. 2023, 41, 3098, https://doi.
org/doi.org/10.1200/JCO.2023.41.16_suppl.3098.

97. Meijles, D.N.; Cull, J.J.; Cooper, S.T.E. et al. The anti-cancer drug dabrafenib is not cardiotoxic and inhibits cardiac 
remodelling and fibrosis in a murine model of hypertension. Clin Sci (Lond). 2021, 135, 1631–1647, https://doi.org/
10.1042/CS20210192.

98. Lorentzen, H.F. Targeted therapy for malignant melanoma. Curr Opin Pharmacol. 2019, 46, 116–121, https://doi.org/
10.1016/j.coph.2019.05.010.

99. Abdel-Rahman, O.; ElHalawani, H. and Ahmed, H. Risk of selected cardiovascular toxicities in patients with cancer 
treated with MEK inhibitors: a comparative systematic review and meta-analysis. J Glob Oncol. 2015, 1, 73–82, 
https://doi.org/doi:10.1200/JGO.2015.000802.

100. Banks, M.; Crowell, K.; Proctor, A. et al. Cardiovascular effects of the MEK inhibitor, trametinib: a case report, 
literature review, and consideration of mechanism. Cardiovasc Toxicol. 2017, 17, 487–493, https://doi. org/doi:10.
1007/s12012-017-9425-z.

101. Bronte, E.; Bronte, G.; Novo, G. et al. Cardiotoxicity mechanisms of the combination of BRAF-inhibitors and MEK-
inhibitors. Pharmacol Ther. 2018, 192, 65–73, https://doi.org/doi:10.1016/j.pharmthera.2018.06.017.

102. Beck, T. C.; Arhontoulis, D. C.; Morningstar, J. E. et al. Cellular and molecular mechanisms of MEK1 inhibitor-
induced cardiotoxicity. JACC Cardio Oncol. 2022, 4, 535–548, https://doi.org/10.1016/j.jaccao.2022.07.009.

103. Watanabe, T.; Otsu, K.; Takeda, T. et al. Apoptosis signal-regulating kinase 1 is involved not only in apoptosis but 
also in non-apoptotic cardiomyocyte death. Biochem Biophys Res Commun. 2005, 333, 562–567, https://doi.org/doi:
10.1016/j.bbrc.2005.05.151.

104. Ogier, J.M.; Nayagam, B.A. and Lockhart, P.J. ASK1 inhibition: a therapeutic strategy with multi-system benefits. J 
Mol Med (Berl). 2020, 98, 335–348, https://doi.org/10.1007/s00109-020-01878-y.

105. Rosenkranz, S.; Feldman, J.; McLaughlin, V. V. et al. Selonsertib in adults with pulmonary arterial hypertension 
(ARROW): a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Respir Med. 2022, 10, 35–46, https://
doi.org/10.1016/S2213-2600(21)00032-1.

106. Harrison, S. A.; Wong, V. W.; Okanoue, T. et al. Selonsertib for patients with bridging fibrosis or compensated 
cirrhosis due to NASH: Results from randomized phase III STELLAR trials. J Hepatol. 2020, 73, 26–39, https://doi.
org/10.1016/j.jhep.2020.02.027.

107. Meijles, D.N.; Cull, J.J.; Markou, T. et al. Redox regulation of cardiac ASK1 (Apoptosis Signal-Regulating Kinase 1) 
controls p38-MAPK (mitogen-activated protein kinase) and orchestrates cardiac remodeling to hypertension. 
Hypertension. 2020, 76, 1208–1218, https://doi.org/10.1161/HYPERTENSIONAHA.119.14556.

108. Li, J.X.; Feng, J.M.; Wang, Y. et al. The B-Raf(V600E) inhibitor dabrafenib selectively inhibits RIP3 and alleviates 
acetaminophen-induced liver injury. Cell Death. Dis. 2014, 5, e1278, https://doi.org/doi:10.1038/cddis.2014.241.

109. Andelfinger, G.; Marquis, C.; Raboisson, M.J. et al. Hypertrophic cardiomyopathy in Noonan Syndrome treated by 
MEK-inhibition. J Am Coll Cardiol. 2019, 73, 2237–2239, https://doi.org/10.1016/j.jacc.2019.01.066.

110. Leegaard, A.; Gregersen, P.A.; Nielsen, T.O. et al. Succesful MEK-inhibition of severe hypertrophic cardiomyopathy 
in RIT1-related Noonan Syndrome. Eur J Med Genet. 2022, 65, 104630, https://doi.org/10.1016/j.ejmg.2022.104630.

111. Mussa, A.; Carli, D.; Giorgio, E. et al. MEK inhibition in a newborn with RAF1-associated Noonan Syndrome 
ameliorates hypertrophic cardiomyopathy but is insufficient to revert pulmonary vascular disease. Genes (Basel). 
2021, 13, 6, https://doi.org/10.3390/genes13010006.

112. Lioncino, M.; Fusco, A.; Monda, E. et al. Severe lymphatic disorder and multifocal atrial tachycardia treated with 
trametinib in a patient with Noonan Syndrome and SOS1 mutation. Genes (Basel). 2022, 13, 1503, https://doi.org/10.
3390/genes13091503.

113. Janne, P.A.; Riely, G. J.; Gadgeel, S.M. et al. Adagrasib in non-small-cell lung cancer Hhrboring a KRAS(G12C) 
mutation. N Engl J Med. 2022, 387, 120–131, https://doi.org/10.1056/NEJMoa2204619.



18 of 19

IJDDP 2024, 3(2), 100006. https://doi.org/10.53941/ijddp.2024.100006

114. Skoulidis, F.; Li, B.T.; Dy, G.K. et al. Sotorasib for lung cancers with KRAS p.G12C mutation. N Engl J Med. 2021, 
384, 2371–2381, https://doi.org/10.1056/NEJMoa2103695.

115. Yao, Z.; Gao, Y.; Su, W. et al. RAF inhibitor PLX8394 selectively disrupts BRAF dimers and RAS-independent 
BRAF-mutant-driven signaling. Nat Med. 2019, 25, 284–291, https://doi.org/10.1038/s41591-018-0274-5.

116. Mendzelevski, B.; Ferber, G.; Janku, F. et al. Effect of ulixertinib, novel ERKa1/2 inhibitor, on the QT/QTc interval 
in patients with advanced solid tumor malignancies. Cancer Chemother Pharmacol. 2018, 81, 1129–1141, https://doi.
org/10.1007/s00280-018-3564-1.

117. Gilda, J.E. and Gomes, A.V. Proteasome dysfu nction in cardiomyopathies. J Physiol. 2017, 595, 4051–4071, https://
doi.org/10.1113/JP273607.

118. Qiu, M.; Chen, J.; Li, X. et al. Intersection of the ubiquitin-proteasome system with oxidative stress in cardiovascular 
disease. Int J Mol Sci. 2022, 23, 12197, https://doi.org/10.3390/ijms232012197.

119. Kun, E.; Tsang, Y. T. M.; Ng, C. W. et al. MEK inhibitor resistance mechanisms and recent developments in 
combination trials. Cancer Treat Rev. 2021, 92, 102137, https://doi.org/10.1016/j.ctrv.2020.102137.

120. Morante, M.; Pandiella, A.; Crespo, P. et al. Immune checkpoint inhibitors and RAS-ERK pathway-targeted drugs as 
combined therapy for the treatment of melanoma. Biomolecules. 2022, 12, 1562, https://doi. org/10.3390/
biom12111562.

121. Canon, J.; Rex, K.; Saiki, A.Y. et al. The clinical KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity. 
Nature. 2019, 575, 217–223, https://doi.org/10.1038/s41586-019-1694-1.

122. Hallin, J.; Engstrom, L. D.; Hargis, L. et al. The KRAS(G12C) inhibitor MRTX849 provides insight toward 
therapeutic susceptibility of KRAS-mutant cancers in mouse models and patients. Cancer Discov. 2020, 10, 54–71, 
https://doi.org/10.1158/2159-8290.CD-19-1167.

123. Menzies, A.M. and Long, G.V. Dabrafenib and trametinib, alone and in combination for BRAF-mutant metastatic 
melanoma. Clin Cancer Res. 2014, 20, 2035–2043, https://doi.org/10.1158/1078-0432.CCR-13-2054.

124. Nitulescu, G.M.; Stancov, G.; Seremet, O.C. et al. The importance of the pyrazole scaffold in the design of protein 
kinases inhibitors as targeted anticancer therapies. Molecules. 2023, 28, 5359, https://doi. org/10.3390/
molecules28145359.

125. Gilmartin, A. G.; Bleam, M. R.; Groy, A. et al. GSK1120212 (JTP-74057) is an inhibitor of MEK activity and 
activation with favorable pharmacokinetic properties for sustained in vivo pathway inhibition. Clin. Cancer Res. 
2011, 17, 989–1000, https://doi.org/10.1158/1078-0432.CCR-10-2200.

126. Rice, K. D.; Aay, N.; Anand, N. K. et al. Novel carboxamide-based allosteric MEK inhibitors: discovery and 
optimization efforts toward XL518 (GDC-0973). ACS Med Chem Lett. 2012, 3, 416–421, https://doi.org/10.1021/
ml300049d.

127. Narayan, R.S.; Gasol, A.; Slangen, P.L.G. et al. Identification of MEK162 as a radiosensitizer for the treatment of 
glioblastoma. Mol Cancer Ther. 2018, 17, 347–354, https://doi.org/10.1158/1535-7163.MCT-17-0480.

128. Meng, L.; Chan, E.W.; Ng, C. et al. Assessment of KRAS G12C target engagement by a covalent inhibitor in tumor 
biopsies using an ultra-sensitive immunoaffinity 2D-LC-MS/MS approach. Anal Chem. 2022, 94, 12927 – 12933, 
https://doi.org/10.1021/acs.analchem.2c03146.

129. Shi, Z.; Weng, J.; Niu, H. et al. D-1553: A novel KRAS(G12C) inhibitor with potent and selective cellular and in 
vivo antitumor activity. Cancer Sci. 2023, 114, 2951–2960, https://doi.org/10.1111/cas.15829.

130. Weiss, A.; Lorthiois, E.; Barys, L. et al. (2022 Discovery), characterizationpreclinical, and early clinical activity of 
JDQ443, structurally novela, potent, and selective covalent oral inhibitor of KRASG12C. Cancer Discov. 12, 1500–
1517, https://doi.org/10.1158/2159-8290.CD-22-0158.

131. Wang, X.; Allen, S.; Blake, J.F. et al. Identification of MRTX1133, noncovalenta, potent, and KRAS(Gselective12D) 
inhibitor. J Med Chem. 2022, 65, 3123–3133, https://doi.org/10.1021/acs.jmedchem.1c01688.

132. Schulze, C.J.; Seamon, K.J.; Zhao, Y. et al. Chemical remodeling of a cellular chaperone to target the active state of 
mutant KRAS. Science. 2023, 381, 794–799, https://doi.org/10.1126/science.adg9652.

133. Chen, Y.K.; Kanouni, T.; Arnold, L.D. et al. The discovery of exarafenib (KIN-2787): overcoming the challenges of 
pan-RAF kinase inhibition. J Med Chem. 2024, 67, 1747–1757, https://doi.org/10.1021/acs.jmedchem.3c01830.

134. Tkacik, E.; Li, K.; Gonzalez-Del, Pino G. et al. Structure and RAF family kinase isoform selectivity of type II RAF 
inhibitors tovorafenib and naporafenib. J Biol Chem. 2023, 299, 104634, https://doi.org/10.1016/j.jbc.2023.104634.

135. Tang, Z.; Yuan, X.; Du, R. et al. (2015BGB-283), a novel RAF kinase and EGFR inhibitor, displays potent antitumor 
activity in BRAF-mutated colorectal cancers. Mol Cancer Ther. 14, 2187–2197, https://doi.org/10.1158/1535-7163.
MCT-15-0262.

136. Yen, I.; Shanahan, F.; Lee, J. et al. ARAF mutations confer resistance to the RAF inhibitor belvarafenib in 
melanoma. Nature. 2021, 594, 418–423, https://doi.org/10.1038/s41586-021-03515-1.

137. Waizenegger, I. C.; Baum, A.; Steurer, S. et al. A novel RAF kinase inhibitor with DFG-out-binding mode: high 
efficacy in BRAF-mutant tumor xenograft models in the absence of normal tissue hyperproliferation. Mol Cancer 
Ther. 2016, 15, 354–365, https://doi.org/10.1158/1535-7163.MCT-15-0617.

138. McKean, M.; Spira, A.I.; Rosen, E. et al. A phase 1/2 study of CFT1946, novela, bifunctional degradation activating 
compound (BIDAC) degrader, of mutant BRAFV600 as monotherapy and in combination with trametinib, in mutant 
BRAFV600 solid tumors. J Clin Oncol. 2023, 41, 3163, https://doi.org/10.1200/JCO.2023.41.16_suppl.TPS31.

139. Bouhana, K.; Anderson, D.; DeWolf, W. et al. Nonclinical development of PF-07284890 (ARRY-461), potenta, brain-
penetrant, small molecule inhibitor of BRAF V600-mutation-driven tumors in vitro and in vivo. Cancer Res. 2021, 
81, 1473, https://doi.org/10.1158/1538-7445.AM2021-1473.



19 of 19

IJDDP 2024, 3(2), 100006. https://doi.org/10.53941/ijddp.2024.100006

140. Beck, J.T.T.; McKean, M.; Gadgeel, S.M. et al. A phase 1, open-label, dose escalation and dose expansion study to 
evaluate the safety, tolerability, pharmacokinetics, and antitumor activity of PF-07799933 (ARRY-440) as a single 
agent and in combination therapy in participants 16 years and older with advanced solid tumors with BRAF 
alterations. J Clin Oncol. 2023, 41, 3164 https://doi.org/doi:10.1200/JCO.2023.41.16_suppl.TPS3164.

141. Kim, K.; Kong, S.Y.; Fulciniti, M. et al. Blockade of the MEK/ERK signalling cascade by AS703026, novel selective 
MEKa1/2 inhibitor, induces pleiotropic anti-myeloma activity in vitro and in vivo. Br J Haematol. 2010, 149, 537–
549, https://doi.org/10.1111/j.1365-2141.2010.08127.x.

142. Thompson, N. and Lyons, J. Recent progress in targeting the Raf/MEK/ERK pathway with inhibitors in cancer drug 
discovery. Curr Opin Pharmacol. 2005, 5, 350–356, https://doi.org/10.1016/j.coph.2005.04.007.

143. Babiker, H.M.; Byron, S.A.; Hendricks, W.P.D. et al. E6201, anintravenous MEK1 inhibitor, achieves an exceptional 
response in BRAF V600E-mutated metastatic malignant melanoma with brain metastases. Invest New Drugs. 2019, 
37, 636–645, https://doi.org/10.1007/s10637-018-0668-8.

144. Liu, Y.; Cheng, Y.; Huang, G. et al. Preclinical characterization of tunlametinib, novela, potent, and inhibitorselective 
MEK. Front Pharmacol. 2023, 14, 1271268, https://doi.org/10.3389/fphar.2023.1271268.

145. Ishii, N.; Harada, N.; Joseph, E.W. et al. Enhanced inhibition of ERK signaling by a novel allosteric MEK inhibitor, 
CH5126766, that suppresses feedback reactivation of RAF activity. Cancer Res. 2013, 73, 4050–4060, https://doi.org/
10.1158/0008-5472.CAN-12-3937.

146. Germann, U. A.; Furey, B. F.; Markland, W. et al. Targeting the MAPK signaling pathway in cancer: promising 
preclinical activity with the novel selective ERK1/2 inhibitor BVD-523 (ulixertinib). Mol Cancer Ther. 2017, 16, 
2351–2363, https://doi.org/10.1158/1535-7163.MCT-17-0456.

147. Bhagwat, S. V.; McMillen, W. T.; Cai, S. et al. ERK inhibitorLY3214996 ERK pathway-driven cancerstargets: a 
therapeutic approach Toward Precision Medicine. Mol Cancer Ther. 2020, 19, 325–336, https://doi.org/10.1158/1535-
7163.MCT-19-0183.

148. Portelinha, A.; Thompson, S.; Smith, R.A. et al. ASN007 is a selective ERK1/2 inhibitor with preferential activity 
against RAS-and RAF-mutant tumors. Cell Rep Med. 2021, 2, 100350, https://doi.org/10.1016/j.xcrm.2021.100350.

149. Munck, J. M.; Berdini, V.; Bevan, L. et al. ASTX029, novel dual-mechanism ERK inhibitora, modulates both the 
phosphorylation and catalytic activity of ERK. Mol Cancer Ther. 2021, 20, 1757–1768, https://doi.org/10.1158/1535-
7163.MCT-20-0909.


