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Abstract

The MAPK pathways are an enduring area of interest due to their essential roles in cell processes. 

Increased expression and activity can lead to a multitude of diseases, sparking research efforts in 

developing inhibitors against these kinases. Though great strides have been made in developing 

MEK1/2 inhibitors, there is a notable lack of chemical probes for MEK3–7, given their central role 

in stimuli response, cell growth, and development. This review summarizes the progress that has 

been made on developing small molecule probes for MEK3–7, the specific disease states in which 

they have been studied, and their potential to become novel therapeutics.
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1. Introduction

Mitogen-activated protein kinase (MAPK) pathways are highly conserved cascades that 

interface extracellular stimuli with the molecular machinery necessary for multiple cell 

processes.1–3 The various classes of MAP kinases are separated into three tiers, with 

MAP3K phosphorylating and activating downstream MAP2K (also known as MEK), which 

subsequently phosphorylates and activates MAPK (Figure 1A). Since the discovery of the 

first MAPK pathway, known canonically as the ‘classical MAPK pathway’, and its 

associated implications in various diseases, several enzymes along the pathway have become 

targets for novel therapeutics. MEK1 and MEK2 in particular have been extensively 

researched, with small molecules being heavily studied in clinical settings.4–7 This focused 

research has resulted in significant success to date, including three FDA-approved drugs for 

use individually or in combination with other therapeutics as cancer therapy (1–3).7–10 

However, there has been less effort on developing small molecule inhibitors of the rest of the 

MEK family. Given that the MAPK pathways as a whole are involved in essential cellular 

processes, it comes as no surprise that MEK3–7 are also implicated in many disease states.
1–2 The progress made thus far has begun to pave the way for additional advances in probe 

development and understanding of the MAPK pathways. In this review, we document the 

recent advances in the development of small molecule inhibitors against ‘non-classical’ 

MEKs and highlight their future potential to aid in elucidating the role of these kinases in 

prominent and relevant global health issues and diseases.

2. MEK3/6

Two of the three MEKs within the p38 pathway, MEK3 and MEK6, are involved in cell 

cycle arrest and have been implicated in inflammatory diseases such as rheumatoid arthritis, 

psoriasis, and Crohn’s disease11–16, as well as various cancers17–19, Alzheimer’s20–21 and 

cardiovascular dysfunction22–23. Despite the myriad of disease states related to MEK3/6, 

few small molecule probes have been developed thus far, limiting further investigation of 

their roles in each disease.

3-aminopicolinamide and imidazolopyridine inhibitors:

Using a fragment-based drug discovery strategy, Swann and coworkers discovered 

picolinamide- and imidazolopyridine-derived compounds 4 and 5, both with IC50 values of 4 

nM against MEK3.24 5 in particular contains a unique isothiazole ring not commonly seen in 

small molecule inhibitors. Subsequent selectivity panels of these compounds against MAPK 

kinases downstream of MEK3 as well as MEK1/2 showed high preference for MEK3 and 

MEK6. 4 had less than 9-fold selectivity for MEK3 over MEK6 while maintaining >100-

fold selectivity over all other kinases in the panel. Conversely, 5 had 12-fold selectivity for 

MEK3 over MEK6, but did not fully avoid all off-target binding against the other kinases in 

the panel.

Notably, the selectivity of 5 for MEK3 over MEK1 dropped to 86-fold, while selectivity 

over TAK1 dropped to 23-fold. However, subjection of both compounds to human leukemic 

monocyte U937 cells revealed attenuation of potency. Quantification using an enzyme-

linked immunosorbent assay (ELISA) revealed dose-dependent inhibitory activity, with IC50 
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values of 2.7 μM and 0.73 μM for 4 and 5, respectively. This study represents the 

development of the first potent and selective MEK3/6 inhibitors and the beginnings of a 

potential highly potent and solely selective inhibitor of MEK3.

Gossypetin:

The flavonoid gossypetin (6) is isolated from the flowers and calyx of Hibiscus sabdariffa 
(roselle), and has been shown to have potential antioxidant, antibacterial, and anticancer 

activity.25–28 Gossypetin was first discovered by Kim and coworkers due to its selective 

inhibition of p38 phosphorylation in esophageal cancer cells.29 Subsequent in vitro assays 

by the authors confirmed that gossypetin inhibits MEK3/6 and not AKT1 (protein kinase B), 

extracellular signal-regulated kinase-2 (ERK2), p38, or epidermal growth factor receptor 

(EGFR). Cellular studies on human esophageal squamous cell carcinoma (ESCC) lines 

(KYSE30, KYSE410, KYSE450, KYSE510) revealed additionally consequential effects on 

the cell cycle, growth, and apoptosis. Gossypetin was found to inhibit growth of ESCC lines 

in a dose-dependent manner, inhibiting all growth at 10 μM after 48 hours of incubation. 

Additionally, high ratios of dead to live cells were observed with gossypetin-treated cultures. 

Further investigation revealed that pro-apoptotic markers (cleaved caspase 3, 7, BAX, and 

cytochrome c) were strongly induced, while anti-apoptotic markers (BCL2 and BCL-XL) 

were reduced at increasing doses, suggesting direct influence of gossypetin on apoptosis. 

Administration of gossypetin upon synchronization and release of the cell cycle showed a 

reduced S Phase and induced G2 phase cell cycle arrest after 48 hours of incubation. 

Additionally, cell cycle marker protein CDKN1B showed increased expression upon 

treatment.

Following these in-depth cellular studies, the authors investigated the effects of gossypetin in 
vivo. Employing patient-derived xenograft (PDX) models, patient-derived esophageal tumor 

tissues were inoculated into immunodeficient mice. After oral administration of gossypetin 

five times a week over the course of 21 days, tumor growth was decreased by over 60%. 

Additionally, expression of tumor proliferation marker Ki67 was significantly decreased, 

and there were no toxic effects on other tissues. However, gossypetin affects a number of 

biological markers other than MEK3/6, as shown in this report, increasing the chances that 

gossypetin may have other off-target effects not studied here, directly or through multiple 

potential metabolites or conjugates that are often formed in vivo by such polyphenolic 

species. Nevertheless, this study further elucidated the role of MEK3/6 in ESCC and added 

validation to MEK3/6 as a therapeutic target for this disease state.

Ethacrynic acid:

Interaction determination using unpurified proteins (IDUP) is a method developed by Liu 

and coworkers to find small molecule-protein interactions by amplifying DNA sequences 

that encode for target and DNA-linked ligand pairs.30 As proof-of-concept, by using a 

library of DNA-linked small molecules against a mixture of proteins in unpurified lysate, 

they discovered that ethacrynic acid (7) was a MEK6 inhibitor.31 Ethacrynic acid was 

confirmed as a hit and evaluated to have an IC50 value of 4.5 μM in subsequent in vitro 
assays. Additionally, since ethacrynic acid contains a conjugate acceptor, the possibility of it 

forming a covalent adduct with the C38 residue was investigated. Non-electrophilic analogs 
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of ethacrynic acid showed >30-fold decrease in potency, and a C38A mutation resulted in a 

3.3-fold loss in potency. Mass spectrometry analysis confirmed covalent engagement. 

Through the IDUP method and an additional in vitro MEK family screening panel, 

ethacrynic acid was determined to be about 3-fold more selective for MEK6 over both 

MEK3 and MEK4, 9-fold more selective over MEK2, and 12-fold more selective over 

MEK1. The ability of ethacrynic acid to inhibit MEK6 selectively over MEK5 or MEK7 was 

not evaluated.

Given that the inhibition of MEK6 is unrelated to the current uses of ethacrynic acid,32 

further development of ethacrynic acid or derivatives could provide a more potent and 

selective MEK6 probe to investigate the role of MEK6 in various diseases. Additionally, the 

site of alkylation is Cys38, a non-active site location, and is unique among the MEK family. 

Little is known about the function of that protein area, and a selective probe developed from 

ethacrynic acid could be used to investigate not only the role of MEK6, but the individual 

functions of specific regions within the structure of MEK6. In addition to the application of 

IDUP, this study provides the first example of a modestly selective MEK6 inhibitor.

3. MEK4/MEK7

As part of the stress-activated JNK/p38 signaling pathway, MEK4 and MEK7 have attracted 

great interest due to the myriad of diseases associated with them, with cancer being 

particularly prevalent.33 MEK7 exclusively activates JNK, while MEK4 activates both JNK 

and p38.1–3, 6, 16, 33 MEK4 and MEK7 have also been implicated in heart disease as well as 

neurological damage when upregulated in certain cases.34–37

7, 3’, 4’-Trihydroxyisoflavone (THIF):

Daidzein (8) is a naturally occurring isoflavone found in soy foods and other various beans, 

legumes and sprouts.38 Dong and coworkers investigated the effects of THIF (9), a major 

metabolite of daidzein, on ultraviolet B (UVB)-induced skin cancer.39 First, daidzein and 

THIF were tested against COX-2 activity in JB6 P+ (murine skin) cells. Previous studies 

have shown that COX-2, an enzyme that normally mediates conversion from arachidonic 

acid to prostaglandin, is overexpressed in skin upon UVB irradiation, and is therefore 

predicted to play a role in propagating skin cancer.40 However, while THIF showed activity 

against COX-2, daidzein was ineffective, even up to 60 μM. Daidzein and THIF were then 

tested against NF-κb since COX-2 is regulated by NF-κb.41 Again, THIF was observed to be 

more effective. Additionally, in murine models, it has been demonstrated that UVB activates 

the p38 and JNK pathways, leading to the development of skin cancer.42 The authors used 

JB6 P+ cells to investigate the effects THIF on these pathways. It was found that JNK and 

p38 phosphorylation were inhibited, but ERK, MEK3, MEK5, MEK6, and Cot 

phosphorylation were not affected and further investigation into upstream kinases revealed 

ATP-competitive inhibition of MEK4 and Cot. To confirm that this inhibition also occurs in 
vivo, mice with UVB-induced skin cancer were topically treated with THIF. COX-2 

expression and phosphorylation of p38, JNK, and NF-κb were attenuated post-treatment. 

Additionally, daidzein remained ineffective against the cancer, and MEK4 and Cot inhibition 
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was confirmed. This report highlights the potential use of MEK4 inhibitors in further 

studying the effects of UVB-induced skin cancer.

HWY336:

Protoberberine alkaloids have exhibited activity against human cancer cell lines as well as 

anti-tumor activity in vivo.43–44 Based on this precedent, Song and coworkers investigated 

the effects of a protoberberine alkaloid derivative against MEK4 and MEK7 and screened a 

library of derivatives based on this core against a panel of kinases in the MEK and MAPK 

families.45

HWY336 (10) was identified as a selective inhibitor of MEK4 and MEK7 using an in vitro 
kinase assay, and evaluated to have an IC50 value of 6 μM against MEK4 and 10 μM against 

MEK7. To validate this result, sorbitol-treated human embryonic kidney 293T (HEK293T) 

cells were treated with HWY336 at various doses. After incubation for 3 hours, treatment 

with 9 μM HWY336 led to reduced phospho-JNK (p-JNK), while treatment at 12 μM 

resulted in the complete disappearance of p-JNK. These results, coupled with binding 

affinity and wash experiments suggesting that HWY336 binds directly to MEK4, indicates 

that HWY336 is both a MEK4 and MEK7 inhibitor. Further experiments showing 

phosphorylation inhibition of MEK4 could indicate additional upstream inhibition, but 

selectivity for MEK4 or MEK7 over related kinases was not tested. While not singularly 

selective, this report was the first to develop a class of compounds for inhibition of MEK4/

MEK7. The existing activity of HWY336 hinted at the potential for developing selective 

compounds against MEK4 or MEK7.

Genistein:

Genistein (11) is an isoflavone that was originally isolated from soybeans.46 Consumption of 

foods with high levels of genistein has been previously associated with decreased prostate 

cancer metastasis and mortality from prostate cancer.47–48 Genistein has also been shown to 

inhibit matrix metalloproteinase-2 (MMP-2) expression and cell invasion.49–50 In human 

prostate cancer cells, Bergan and coworkers previously established that genistein treatment 

blocks activation of p38, as well as MAP kinase-activated protein kinase 2 (MAPKAPK2) 

and heat shock protein 27 (HSP27), which are all downstream of the p38 pathway.49, 51 

However, the exact pharmacological mechanism of genistein was unknown. In further 

investigations with prostate cancer cells, Bergan and coworkers found that genistein directly 

inhibited MEK4 with an IC50 value of 400 nM.52 Additionally, a structurally-activated form 

of MEK4 (MEK4-EE) exhibited greatly increased p38 phosphorylation and MMP-2 

expression. However, genistein treatment did not affect levels of phospho-MEK4 (p-MEK4). 

Cells lacking MEK4 expression did not respond to genistein treatment, supporting the 

hypothesis that genistein directly inhibits MEK4. It is worth noting that activity against 

MEK3 was not investigated, and therefore the mode of action of genistein has not been 

localized to one pathway. Additionally, Xu and coworkers identified that genistein affects 

the MEK5/ERK5 pathway in MBA-MB-231 breast cancer cells through induction of 

apoptosis.53 However, based on Phase II clinical trials conducted with genistein in this 

report as well as subsequent studies on long-term consumption of genistein, MEK4 appears 

to be a promising pharmaceutical target for metastatic prostate cancer.54
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3-Arylindazoles:

Leveraging a 50,000-compound library screen, our laboratory identified 3-arylindazole 12 as 

a novel inhibitor of MEK4 with an IC50 value of 190 nM.55 12 was first vetted for 

aggregation and then subjected to a TR-FRET assay to determine if 12 was bound to the 

active site of MEK4. Upon confirmation that 12 was indeed binding to the active site, an 

ATP titration was performed to confirm the binding mode of 12, where it was observed that 

the potency of the inhibitor decreased with increasing ATP concentration. Fluorescence 

thermal shift (FTS) assays determined that 12 increased the melting point of three different 

constructs of MEK4 (full length, inactive kinase domain, and MEK4-EE phosphomimetic 

mutant), indicating that 12 stabilized MEK4 with no preference for the active or inactive 

form. Further SAR studies were then conducted on 12 using the functional and selectivity-

profiling platform previously developed by our laboratory.56–57 13 was discovered in the 

SAR study with an IC50 value of 41 nM. Once it was determined that 13 was selective for 

MEK4 over the other MEK family members, 12 and 13 were both subjected to a kinome-

wide screening panel (including the seven MEK family members). The original hit 12 was 

found to inhibit 5 out of the 57 kinases tested at >35% inhibition. The SAR-discovered lead, 

13, was found to inhibit 12 out of the 57 kinases. However, the authors note that both 

compounds were tested at 10 μM and fully inhibited MEK4. Since 13 is 3- to 4-fold more 

potent than 12, it is possible that 13 would more selective at a concentration that gives equal 

MEK4 inhibition. 13 is the first report of a potent and selective MEK4 inhibitor and holds 

potential for further modifications that could improve its performance in cells and in vivo.

Prenylated quinolinecarboxylic acids (PQA):

Prior to discovering PQAs, Homma and coworkers reported Ppc-1 (14) as a mitochondrial 

oxygen consumption enhancer.58 The authors noticed that Ppc-1 also exhibited 

neuroprotectant properties against glutamate-induced cell death in hippocampal cultures, so 

other PQA derivatives were tested against hippocampal cultures. PQA-11 (15) was identified 

as the most potent neuroprotectant of the derivatives tested, with an IC50 value of 127 nM.59 

Because JNK and MEK4 are involved in the cell death pathway through activation of 

caspase-3,34, 60 the phosphorylation state of these enzymes post-treatment with PQA-11 was 

examined. Human neuroblastoma SH-SY5Y cells were treated with N-methyl-4-

phenylpyridium (MPP+) to activate the pathway. When treated with PQA-11, 

phosphorylation of MEK4 and JNK, were suppressed, and cell death was attenuated. Similar 

results were seen when the SH-SY5Y cells were instead treated with aggregated Aβ-

peptides, a different inducer of neuron death. To further study inhibition of the pathway by 

PQA-11, PQA-11 binding was probed by the quartz crystal microbalance (QCM) method. 

PQA-11 was immobilized on a gold surface, and when inactive MEK4 was added, the 

frequency of gold self-oscillation decreased in a dose-dependent manner. No response was 

seen with active MEK4 or an upstream kinase, LRRK2, confirming PQA-11 binding with 

inactive MEK4. Knockdown of MEK4 also revealed suppression of caspase-3. Lastly, 

PQA-11 was administered to mice previously treated with 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP). Using tyrosine hydroxylase-positive neurons as a marker for 

dopaminergic neurons, the number of neurons observed was reduced with MPTP treatment 

and restored with subsequent PQA-11 treatment for two weeks. This report brings to light 
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the effects of MEK4 inhibition on neurons, which could be further explored in the context of 

neurodegenerative diseases.

Paeoniflorin:

Xu and coworkers reported paeoniflorin (16), the active ingredient of the natural herbal 

medicine Paeonia lactiflora Pall61, as a neuroprotectant against tributyltin chloride-induced 

apoptosis in hypothalamic neurons.62 Treatment with tributyltin alone resulted in a 43% 

increase in apoptosis. Conversely, pre-incubation of cells with paeoniflorin followed by 

treatment with tributyltin saw a 22–34% dose-dependent decrease in apoptosis from the 

initial increase. During these experiments, there was also a marked dose-dependent decrease 

in MMP levels. The authors then examined the neuroprotective mechanism, where they saw 

that tributyltin chloride treatment significantly increases levels of p-JNK. Pre-incubation 

with paeoniflorin followed by the same tributyltin chloride treatment significantly decreased 

p-JNK levels from the initial increase. While this report does not confirm engagement of 

paeoniflorin with MEK4, it does additionally highlight the role of MEK4 and the proceeding 

pathway in neurodegenerative states.

Growth Arrest and DNA damage-inducible 45β (GADD45β-I):

GADD45β-I is a small length peptide that was designed by Borsello and coworkers by 

optimizing the minimal essential domains of interaction with MEK7.63 Based on the 

interacting domains of GADD45β and MEK7,64 GADD45β-I includes a transactivator of 

transcription (TAT) peptide for membrane permeability, the crucial portions of the 

GADD45β peptide, and a spacer peptide to improve solubility. Overactivation of N-methyl-

D-aspartic acid (NMDA) receptors causes excitotoxity, which in turn activates the JNK 

pathway.65 NMDA and GADD45β-I treatments did not impact MEK4 activity, but the 

authors demonstrated that GADD45β-I suppresses NMDA activation of MEK7. GADD45β-

I exhibited no toxicity against cultured neurons, but fully protected them from NMDA-

induced excitotoxicity at 5 μM. After pre-treatment with NMDA for 12 hours, 56% of the 

neurons were protected. GADD45β-I was then administered in two in vivo stroke-inducing 

models. In the middle cerebral artery occlusion (MCAo) model, MEK7 was activated after 

the stroke was induced. Pre-treatment with GADD45β-I prior to the induced stroke resulted 

in a 43% reduction in tissue death. Six- and twelve-hour post-treatments produced 42% and 

8% decreases in tissue death respectively, indicating that twelve hours is beyond the 

therapeutic window of GADD45β-I. Additionally, the significant decrease in tissue death 

was maintained for a week following the induced stroke, where pre-treatment with 

GADD45β-I reduced the final tissue death volume by about half. This data was reproduced 

in the thromboembolic model. To probe the mechanism of action further, the levels of 

phosphorylated MEK7 (p-MEK7) and p-JNK were analyzed. MCAo increased levels of p-

MEK7 and p-JNK, while GADD45β-I treatment showed a decrease in p-MEK7 and p-JNK, 

which was maintained six hours after the induced stroke. MEK4 basal activity was modestly 

increased upon treatment with GADD45β-I, further indicating that GADD45β-I affects the 

MEK7 pathway without disturbing MEK4 activity.

In addition to reducing stroke-related tissue death, Liu and coworkers investigated the effect 

of GADD45β-I treatment on endoplasmic reticulum (ER) stress-induced cytotoxicity in 
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neuronal HT22 cells.66 Tunicamycin (TM) treatments were used to induce ER stress, and 

cell viability was significantly reduced 24 hours after treatment. This was partially prevented 

by 5 μM GADD45β-I treatment. Using a fluorescent ER probe, they were able to observe 

increased ER cytotoxicity after TM treatment, and decreased ER cytotoxicity upon a follow-

up treatment of GADD45β-I. These two reports together demonstrate the importance of 

MEK7 inhibition in alleviating stress-related neurocytotoxicity.

5Z-7-Oxozeaenol (5Z7O):

Upon successful co-crystallization and determination of the inhibitor-protein complex, 

Kinoshita and coworkers observed 5Z7O (17) covalently bound to MEK7.67 Further 

investigation of the mechanism of action of 5Z70 revealed that the electrophilic moiety on 

5Z7O was required for potency. Additionally, through mutation experiments, it was 

discovered that 5Z7O was covalently bound to Cys218, a cysteine that is uniquely present in 

MEK7. However, 5Z7O has an IC50 value of 1.3 μM against MEK7 in vitro, and is not 

selective over MEK1, ERK2, and TAK1. These findings showcase the potential of 5Z7O 

derivatives to serve as highly potent and selective MEK7 inhibitors in addition to providing a 

clearer picture of other non-covalent interactions within the binding pocket.

Indazole-based arylacylamides:

Following an in silico screen of nearly 118,000 acrylamide compounds against MEK7 using 

their developed software DOCKovalent68, London and coworkers selected the ten best 

compounds for synthesis. Of the ten compounds, MKK7-COV-1 (18) was the most potent at 

11 nM.69 Through a series of substitutions, analogs MKK7-COV-2 through 4 (19–21) were 

discovered to have IC50 values of 6, 5, and 14 nM respectively. Time course studies 

additionally showed extremely fast binding kinetics of 20 at various concentrations. 

Optimized compounds 19 and 20 were then subjected to studies in HEK293 cells. After 

activation of the pathway by sorbitol, the optimized compounds were found to have EC50 

values of 2.1 and 1.3 μM respectively for reducing levels of p-JNK. Biological replicates in 

3T3 and Beas2B cells showed similar results. At higher concentrations of 10 μM, varied 

responses were seen in levels of phospho-ERK (p-ERK) and phospho-p38 (p-p38). Higher 

concentrations of 20 resulted complete inhibition of p-p38, while higher concentrations of 

19 resulted in lowered levels of p-ERK in addition to complete inhibition of p-p38. On-

target activity was validated through MEK7 and MEK4/7 double knockouts, where 

treatment with 18–21 resulted in no change. Additionally, kinome-wide selectivity (panel of 

76 kinases) was assessed for 19 and 20 at a concentration of 1 μM. 19 inhibited aurora 

kinase B, LRRK2, JAK3 and MEK4 at >75% inhibition, while 20 inhibited aurora kinase B, 

LRRK2, FTL3 and MEK4 at >75% inhibition. Additionally, both lead compounds were 

weak inhibitors of MEK4 at concentrations of 4.1 and 7.8 –M. Follow-up in vitro assays 

showed that 21, while having a slightly lower potency against MEK7, showed no detectable 

inhibition of MEK4 up to 10 –M. Proteome-wide selectivity was also assessed by labeling 

MEK7 with slightly modified inhibitor 22 outfitted with an alkyne. With this modified 

inhibitor, the authors were able to selectively label MEK7 at a concentration of 2 μM. 

Higher concentrations started to show off-target effects, but MEK7 was still the predominant 

target at 5 μM. A co-crystal structure of MEK7 with 20 confirmed the covalent binding 

Kwong and Scheidt Page 8

Bioorg Med Chem Lett. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanism. These covalent inhibitors represent the first reported selective and potent MEK7 

inhibitors, which opens up many possibilities for further application. These probes can be 

utilized to further elucidate the functions of MEK7 and the downstream kinases, as well as 

in in vivo applications to examine the role of MEK7 in implicated disease states.

Pyrazolopyrimidine-based acrylamides:

Inspired by a previously discovered epidermal growth factor receptor (EGFR) inhibitor (23) 

with moderate activity against MEK7,70 Rauh and coworkers reported a class of 

pyrazolopyrimidine covalent inhibitors against MEK7.71 After some derivatization work, 24 
was discovered, with an IC50 value of 10 nM. The modification made to access 24 also 

greatly increased selectivity for MEK7 over EGFR compared to the other explored 

inhibitors. Additionally, at a concentration of 1 μM, 24 was exceptionally selective against a 

panel of kinases, only showing over 50% inhibition for seven out of 320 kinases. Covalent 

engagement was confirmed by mass spectrometry studies as well as X-ray crystallography. 

At a concentration of 1 μM in dorsal root ganglion (DRG) cells, formation of p-JNK was 

completely inhibited. This report continues to build upon developing highly potent and 

selective MEK7 covalent inhibitors, taking advantage of the cysteine within the active site 

that is unique within the MEK family.

1,4-napthoquinones:

Prior to exploration of the 1,4-napthoquinone MEK7 inhibitors, Cdc25B inhibitor 

NSC95397 (25) was also observed to be a weak MEK7 inhibitor.72 Based on the scaffold of 

25, Quinn and coworkers designed a small molecule library of both natural and synthetic 

compounds to be tested against MEK7.73 All natural derivatives were weak inhibitors or 

inactive against MEK7, while synthetic compounds 26–28 were the most active inhibitors of 

the library. The most potent compound was 26 with an IC50 value of 230 nM- however, with 

the exception of 28, all other compounds that were active against MEK7 were also equally 

potent against Cdc25A and Cdc25B. Compound 28, while less effective with an IC50 of 1.9 

μM, was 17-fold more selective over Cdc25A and 12-fold more selective over Cdc25B. 

Additionally, compounds 26–28 had low to no activity against MEK4 and displayed 

moderate to strong cytotoxic activity against a cancer cell line panel. While these 

compounds hit both isoforms of Cdc25 as well as MEK7, they are selective over MEK4 and 

appear to be potent against cancer cells. This report showcases a new class of compounds 

that have excellent potential to be developed into potent and selective cell permeable MEK7 

inhibitors, as well the anti-cancer properties that these compounds can have.

4. MEK5

MEK5 has been demonstrated to be the sole activator of ERK5.1, 3, 6, 16, 33 However, this 

selective substrate activation does not preclude its role in various diseases. MEK5 has been 

implicated in cardiovascular development,74–75 neuronal survival,76–77 and a myriad of 

cancers.78–80 Of particular interest is the elevated expression of MEK5 present in a large 

portion of breast cancer tumors analyzed.81 Like MEK3/6, only a few MEK5 inhibitors have 

been developed to date.
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BIX02188 and BIX02189:

In 2008, Snow and coworkers reported the identification of the first MEK5 inhibitors.82 

Indolinone-6-carboxamide compounds BIX02188 (29) and BIX02189 (30) were found to 

inhibit MEK5 with IC50 values of 4.3 nM and 1.5 nM, respectively. The compounds were 

subsequently screened against a panel of closely related kinases (MEK1, MEK2, ERK1, 

ERK5, JNK2, TGFβR1, EGFR, STK16). Both compounds were extremely selective for 

MEK5 over all other kinases, with the exception of ERK5 and TGFβR1. BIX02189 

maintained 810-fold selectivity over ERK5 and 1800-fold selectivity over TGFβR1, while 

BIX02189 maintained approximately 60-fold selectivity over ERK5 and 580-fold selectivity 

over TGFβR1. In a more extensive kinase panel study, both inhibitors showed greater than 

100-fold selectivity for MEK5 for 85 out of the 87 kinases in the panel at a concentration of 

3 or 10 μM. To investigate the downstream effects of MEK5 inhibition on ERK5 

phosphorylation, HeLa cells were incubated with inhibitor for 90 minutes, followed by 

MEK5/ERK5 pathway activation by sorbitol treatment. Immunoblotting of the resulting cell 

lysate showed dose-dependent inhibition of phospho-ERK5. At 10 μM, neither BIX02188 

nor BIX02189 affected phosphorylation of ERK1/2, JNK1/2, or p38. However, inhibition of 

transcriptional activation of MEF2C, a downstream MEK5/ERK5 substrate, was observed. 

Further investigation of these compounds using a luciferase-based activity assay showed 

single digit or sub-micromolar IC50 values in both HeLa and HEK293 cells, highlighting the 

potential of these inhibitors as effective chemical probes. Rönnstrand and coworkers 

employed BIX02188 to determine the role of MEK5 in leukemia development and 

discovered that MEK5 may represent an alternative target against Fms-like tyrosine kinase-3 

internal tandem duplication (FLT3-ITD) positive leukemia.83

Benzimidazole-based inhibitors:

While attempting to develop CDK5 inhibitors, Cavanaugh and coworkers screened their 

compound library for activity against MEK5, since CDK5 and MEK5 are both serine/

threonine kinases.80, 84 After preliminary testing, their novel benzimidazole scaffold was 

instead used as a screening platform for developing novel MEK5 inhibitors. Compounds 

were screened by western blot analysis of MEK5-mediated ERK5 phosphorylation in 

HEK293 cells. The MEK5/ERK5 pathway was activated by a 30-minute treatment with 

epidermal growth factor (EGF), then treated with inhibitor at a final concentration of 10 μM. 

In their first study, they identified 31 as a novel MEK5 inhibitor, which was inactive against 

CDK5.85 However, they found only slight selectivity for ERK5 phosphorylation over 

ERK1/2 phosphorylation. A subsequent SAR study expanded on 31 and identified four more 

novel MEK5 inhibitors.86 32–35 displayed interesting activity, showing either moderate 

inhibition of ERK5 phosphorylation with high selectivity over ERK1/2 phosphorylation, or 

activation of ERK1/2 phosphorylation. It is worth noting that these compounds did not 

inhibit MEK1/2. Additionally, the low-affinity of these compounds to the ATP-site of MEK5 

suggests another mode of action. It is unclear whether or not these compounds exhibit off-

target effects, but preliminary NCI 60-cell line screens show selective growth inhibition of 

the MCF-7 cell line. Further studies with these chemical probes could deconvolute the role 

of MEK5 and ERK5 phosphorylation inhibition in selectively stopping MCF-7 growth, in 

addition to roles that MEK5 may play in other disease states.

Kwong and Scheidt Page 10

Bioorg Med Chem Lett. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Anthranilic acid-based inhibitors:

Continuing their exploration of MEK5 inhibitors, Cavanaugh and coworkers examined 

anthranilic acid-based inhibitors, drawing inspiration from MEK1/2 inhibitor 

PD325901.87–88 Starting with a N,N-diphenylaniline core, a homology model of MEK5 was 

used to examine potential variations of the scaffold. Four main areas of the chosen scaffold 

were altered to tune for MEK5 selectivity and potency. The resulting 24 compounds were 

screened at an initial concentration of 10 μM against EGF triple-negative breast cancer 

MDA-MB-231 cells. The most potent and selective of the compounds against MEK5 was 

36, invoking an 82% decrease in pERK5 while promoting a moderate increase (~20%) in 

phospho-ERK1/2 (p-ERK1/2) normalized against DMSO treatment. To further validate 

MEK5 as a target for stopping tumor growth, severe combined immune deficient (SCID), 

beige, female mice with MDA-MB-231/matrigel xenografts were treated with compound 37, 

one of their first compounds to display significant MEK5 inhibition. With treatment over 31 

days, tumor volume was significantly lower than that of the DMSO treatment, suggesting 

that the role of MEK5 in tumorigenesis is significant and that these anthranilic acid-based 

inhibitors could be used to further probe the role of MEK5 in propagating triple-negative 

breast cancer.

5. Conclusions

Research and activity around the ‘non-classical’ MEKs has grown extensively in the past 

several years. Natural products, in silico modeling, existing drug molecule scaffolds, 

fragment libraries, and high throughput screens have all aided in the advancement of many 

of the reported compounds above. However, there are still advances yet to be made, 

especially given that there are inherent challenges when targeting MEKs, such as cellular 

potency and selectivity.

Surveying the MEK family, it is readily apparent that each MEK family member is involved 

in various high impact and prevalent diseases. Cancers, neurological diseases, inflammation, 

and cardiovascular diseases are all affected by the ‘non-classical’ MEKs. Some studies have 

even built precedence for developing a combination therapeutic using existing MEK1/2 

inhibitors with a ‘non-classical’ MEK inhibitor.89 This strategy would of course necessitate 

further progress towards developing ‘non-classical’ inhibitors, but could indeed be a 

promising avenue to develop the next novel treatment. However, it is more pressing to first 

develop highly selective ‘non-classical’ MEK inhibitors. With more selective and potent 

inhibitors, the scientific community would be able to gain a better understanding of each 

MEK pathway, both independently and synergistically. Each new compound discovery aids 

in unraveling the role of these MEKs in cellular processes as well as their respective disease 

states. With this better understanding comes more efficient and effective inhibitor 

development, in turn greatly increasing the chances that a novel therapeutic agent targeting 

‘non-classical’ MEKs will become a reality.
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Figure 1. 
A) Simplified overview of the MAPK Pathway B) FDA-approved MEK inhibitors
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Figure 2. 
MEK3/6 inhibitors
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Figure 3. 
MEK4 inhibitors

Kwong and Scheidt Page 19

Bioorg Med Chem Lett. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
MEK7 inhibitors
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Figure 5. 
MEK5 inhibitors
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