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Abstract: In leukemia, resistance to therapy is a major concern for survival. MAPK-interacting kinases (MNKs) have been identified 
as important activators of oncogenic-related signaling and may be mediators of resistance. Recent studies in leukemia models, 
especially acute myeloid leukemia (AML), have focused on targeting MNKs together with other inhibitors or treating chemotherapy- 
resistant cells with MNK inhibitors. The preclinical demonstrations of the efficacy of MNK inhibitors in these combination formats 
would suggest a promising potential for use in clinical trials. Optimizing MNK inhibitors and testing in leukemia models is actively 
being pursued and may have important implications for the future. These studies are furthering the understanding of the mechanisms of 
MNKs in cancer which could translate to clinical studies. 
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Plain Language Summary
Identification and vetting of new targets in cancer medicine is essential for the development of treatments to improve survival of 
patients. MNKs are kinases involved in cancer promoting and cancer cell survival signaling. Preclinical evidence, especially using 
MNK inhibitors in combination with chemotherapy or other targeted therapy, shows promise for future clinical translational studies.

Introduction
With nearly three decades of research, the knowledge base on mitogen-activated protein kinase (MAPK) interacting 
kinases or MNKs and related translational efforts toward the development of MNK inhibitors has come a long way. 
Following the discovery of the eukaryotic translation initiation factor 4E (eIF4E) and its importance in protein translation 
in the 1980s, researchers identified its activation through the MAPK pathway, specifically by phosphorylation of serine 
209 by MNKs.1–3 Subsequently in the early 2000s, a seminal study by Ueda et al demonstrated that both MNK1 and 
MNK2 were dispensable for normal cell growth, while this group and others later showed the significance of MNKs in 
tumorigenesis.4,5 These discoveries suggested that MNKs were potential viable targets in cancer therapy.

Realistically, a single-drug approach is not plausible for most cancer treatments and resistance is a common problem, 
so drug combinations are utilized. Combinations of mammalian target of rapamycin (mTOR) pathway inhibitors with 
MNK inhibitors have been previously identified as a potential therapeutic strategy in leukemia.6 The last few years of 
research surrounding MNK inhibitors had a plethora of studies on dual MNK inhibitors, such as MNK and fms-like 
tyrosine kinase 3 (FLT3) or MNK and proviral integration site for Moloney murine leukemia virus (PIM) kinase 
targeting.7,8 Alternatively, more specific MNK inhibitors, such as tomivosertib, are also being explored and have 
a potential place in combination treatments in efforts to overcome resistance.9 Many groups are still working to develop 
potent and selective MNK inhibitors with desirable pharmacokinetic properties, while others are focusing on under-
standing MNK mechanistic elements. There are only three clinical trials that have been initiated utilizing MNK inhibitors 
in hematological malignancies, but optimized inhibitors and preclinical evidence of combinatorial benefits of MNK 
inhibitors could promote further clinical research.10–12 In this review, we explore the latest updates in pharmacological 
MNK inhibitor research and how this may apply to clinical studies moving forward.
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Acute and Chronic Leukemias
Leukemias are categorized as acute or chronic and based on the underlying white blood cell type, myeloid or 
lymphocytic. In general, acute leukemias have a worse prognosis and are more difficult to treat than chronic as evidenced 
by five-year survival rates for adults.13 The World Health Organization (WHO) 5th edition Haematolymphoid Tumours 
classification report was just released in 2022 with an aim to clarify myeloid neoplasm diagnosis parameters and 
categorization criteria to aid physicians in providing more appropriate treatments. Updates in the report for acute myeloid 
leukemia (AML) incorporate the inclusion of additional mutations, fusions, and rearrangements for defining genetic 
abnormalities, such as KMT2A, MECOM, and NUP98 rearrangements; additionally, the report explained an AML family 
restructure to include two categories of defining by genetic abnormalities and defining by differentiation, which allows 
for diagnosis with genetic abnormalities with less than 20% blasts.14

The standard of care differs amongst the leukemia subtypes. In general, the age and ability of the patient to tolerate 
intensive treatment stratify the approaches of therapy. Chronic lymphocytic leukemia (CLL), as the least aggressive, if 
not progressing, does not require treatment immediately and a watch-and-wait approach is used in most cases based on 
the 2018 guidelines.15,16 However, with a better understanding of the genomic landscape and the discovery of newer 
targeted therapies with fewer side effects, such as Bruton tyrosine kinase (BTK) inhibitors, there is an increasing number 
of clinical trials on early intervention strategies for CLL.17 For acute lymphocytic leukemia (ALL), typical treatment 
starts with chemotherapy regimens of vincristine, dexamethasone, and an anthracycline like doxorubicin, with the 
possible inclusion of cyclophosphamide and pegaspargase and alternating high-dose methotrexate.18 If it is 
a Philadelphia (Ph) chromosome positive case, a tyrosine kinase inhibitor may be included, and in T-ALL, nelarabine 
is sometimes added. In chronic myeloid leukemia (CML), a tyrosine kinase inhibitor such as imatinib or now, more 
commonly, the second-generation drugs dasatinib, nilotinib, or bosutinib, also BCR::ABL1 inhibitors, are used as first- 
line therapy in chronic phase CML since the Ph chromosome formation is a hallmark of CML.19 These tyrosine kinase 
inhibitors have generally been effective for treatment and help prevent progression to the blast phase, but resistance to 
these inhibitors is possible. For AML, which has the worst prognosis, the traditional treatment for favorable-risk patients 
is the 7+3 regimen, which consists of two chemotherapy drugs, cytarabine and an anthracycline (daunorubicin, 
idarubicin), with possible added gemtuzumab ozogamicin.20 However, since this is an intensive treatment regimen, 
elderly patients or patients with comorbidities may not be able to tolerate it and alternative regimens, such as 
a combination of a hypomethylating agent with venetoclax, a B-cell lymphoma 2 (BCL2) inhibitor, are often used. 
Especially with improved profiling techniques, molecular subtypes are even further stratifying treatments. With some of 
the latest drug developments, specific approvals are sought for certain mutations or patient conditions in AML. For 
example, olutasidenib, which targets mutant IDH1, showed clinical activity in a phase I/II trial with and without 
azacytidine and was FDA-approved in December 2022 for relapsed or refractory AML, specifically in patients with an 
IDH1 mutation.21,22 Similarly, midostaurin, a FLT3 inhibitor, was approved in 2017 for newly diagnosed AML patients 
with a FLT3 mutation.23 These targeted therapies can provide added benefits to patients that fit the specific criteria. 
Targeted therapy research, identifying meaningful targets and pursuing the translatability of inhibitors, is prevalent. FDA 
approvals for targeted drugs in the past five years have included, most recently, olutasidenib (2022), glasdegib targeting 
the Hedgehog pathway (2018), venetoclax (2018), ivosedinib targeting IDH1 (2018), and midostaurin (2017).24 

However, as noted by Estey et al, more approvals are not always better, and the fitness of patients and trial randomization 
are amongst aspects that should be more rigorously factored in when determining approval and optimal treatment.24 

Progress in understanding the genomic landscape, resistance tactics, and beneficial combinational targeting is helping 
push the field toward more effective leukemia treatments.

Chemistry of MAPK Interacting Kinases (MNKs)
MNK Pathway
MAPK pathways have been of significant interest in cancer research due to the diversity of functional responses mediated 
by the signaling of this multi-kinase cascade. Further downstream, MNKs are a particularly relevant target in malig-
nancies, due to their vitality in cancer cell signaling but not in normal cell growth and development.4 MNKs are serine/ 
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threonine kinases.25 MNK1 and MNK2 both have α and β isoforms, resulting from alternative splicing where only the α 
isoforms have a MAPK binding domain and a nuclear export sequence.26 Generally, MNK2 has higher basal activity, 
while MNK1 is more inducible by MAPK signaling.27 Both can be phosphorylated by the MAPKs ERK and p38, but not 
JNK; MNK2 has preferential binding for ERK while MNK1 has comparable binding to ERK and p38.1 It should be noted 
that there are negative regulators of MNKs. It has been previously shown that the protein phosphatase 2A depho-
sphorylates and deactivates MNK1.28 Also, p21 activated kinase 2 (PAK2) phosphorylation was found to disturb the 
binding of MNK1 to eukaryotic initiation factor 4G (eIF4G) which is the scaffold protein of the eIF4F complex (eIF4G, 
eIF4E, eIF4A).29 Meanwhile, active MNKs were discovered to bind with mTORC1 and allow for the binding of TELO2 
to the complex which instigates mTORC1 downstream substrate phosphorylation.30 To further add to the mTORC1 
relation to MNKs, a recent study demonstrated phosphorylation of MNK2 at Ser74 by mTORC1.31 The group showed 
that this phosphorylation blocked MNK2 binding to eIF4G, thus inhibiting eIF4E phosphorylation by MNK2. This 
mTORC1-mediated Ser74 phosphorylation is a newly discovered mechanism linking the mTOR and MAPK pathways.

The mRNA 5’ cap-binding protein, eIF4E, the limiting factor of the eIF4F complex, is the most well-known target of 
MNKs and its phosphorylation at serine 209 is used as a readout for MNK activity. Higher phosphorylation of eIF4E correlates 
with worse prognosis in many cancers and appears to be involved in many oncogenic processes, thereby provoking research 
targeting the MNK/eIF4E axis.32 A recent study, specifically in AML, found higher nuclear p-eIF4E in primary patient samples 
was associated with higher tumor burden and worse clinical outcomes.33 Other downstream phosphorylation targets of both 
MNKs have been identified including Sprouty2, a negative feedback regulator of receptor tyrosine kinases that is phosphory-
lated at Ser 112 and 121; and the polypyrimidine tract-binding protein-associated splicing factor (PSF), a DNA/RNA binding 
protein involved in inflammatory cytokine signaling, that is phosphorylated at Ser 8 and 283.34–37 MNK1 specific substrates are 
heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), an AU-rich element binding protein involved in post-transcriptional 
regulation, phosphorylated at Ser 192 and Ser 310/311/312, and cytosolic phospholipase A2 (cPLA2), which regulates release 
of arachidonic acid from glycerophospholipids, phosphorylated at Ser 727 by MNK1.38,39 MNK2 has been shown to 
phosphorylate the cytoskeleton related protein plectin at Ser 4642.40 Additionally, a recent study demonstrated the translation 
function of MNK1 specifically in platelets and megakaryocytes where cPLA2 activity was regulated by MNK1, potentially via 
phosphorylation at serine 505.41 An overview of upstream effectors and downstream targets of MNKs is shown in Figure 1.

MNK Structure and Unique Qualities
MNKs are part of the Ca2+/calmodulin-dependent kinase group based on structure elements despite not being regulated 
by either. MNKs have unique structural features that include three short alpha-helices in the catalytic domain, DFD (Asp- 

Figure 1 Schematic of MNK signaling with the main upstream and downstream proteins and phosphorylation sites identified in the literature. Figure created with 
BioRender. 
Abbreviations: cPLA2, cytosolic phospholipase A2; eIF4E, eukaryotic translation initiation factor 4E; ERK, extracellular signal-regulated kinase; hnRNPA1, heterogeneous 
nuclear ribonucleoprotein A1; MNK, mitogen-activated protein kinase interacting protein kinase; mTORC1, mammalian target of rapamycin complex 1; PP2A, protein 
phosphatase 2A; PSF, polypyrimidine tract-binding protein-associated splicing factor; Spry2, sprouty2.
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Phe-Asp) motifs in the activation loops instead of the usual DFG (Asp-Phe-Gly) motif for other kinases, and an inactive 
DFD-out conformation with Phe192 in the ATP-binding site which blocks ATP from the catalytic site.42 Asp228 of the 
DFD motif stabilizes the DFD-out conformation and is unique to MNKs.43 These structural features can be exploited in 
inhibitor design, especially in targeting the inactive MNK forms. MNK1 and MNK2 have many similarities; the catalytic 
domains share about 70% of the amino acid framework.44 Kinases most comparable in catalytic domain structure would 
be ribosomal s6 kinases (RSKs) which are also phosphorylated by ERK, but not p38.44 The unique qualities have led to 
some hurdles in drug design but that also benefit the development of more specific MNK inhibitors.

MNK Inhibitors
Commercially Available Synthetic Compounds
There are many MNK inhibitors, developed based on different design approaches, with a range of specificity that have 
been used in preclinical evaluations. Some MNK inhibitors are already commercially available for laboratory work and 
are highlighted in Table 1, most of which are type I inhibitors of MNKs. Tomivosertib (eFT508) from eFFECTOR 
therapeutics is perhaps the most commonly used in recent studies due to its high specificity for MNK1 and MNK2.45 The 
investigators optimized 4-aminopyrimidines leading to eFT508 which had inhibition of MNK1 and MNK2 and p-eIF4E 
reduction in the low nanomolar range, high selectivity with only DRAK1 and CLK4 in the off-target kinase profile, and 
efficacy at reducing tumors in three xenograft mouse models. Optimization of bicyclic fragments with an imidazopyr-
idine derivative exhibiting the greatest MNK inhibition and best pharmacokinetic properties is how ETC-206, now 
AUM001, was synthesized.46 ETC-206 showed in vitro potency against CML lines and further reduced tumor size in 
combination with dasatinib in a model of blast crisis CML in mice. Another MNK inhibitor with low nanomolar range 
inhibition of both MNK1 and MNK2 is SEL201, developed by Selvita and reported in 2017.47 The group discovered this 
amino-1H-indazol-1,2-dihydropyridin-2-one derivative that they synthesized starting with 5-bromopyridin-2-ol to be an 

Table 1 Commercially Available Synthetically Derived MNK Inhibitors

Name(s) MNK IC50 (nM Unless Stated) Cancer Clinical Trials 
*Hematological Malignancy

PubChem CID and Reference

Tomivosertib (eFT508) MNK1: 2.4 
MNK2: 1.0

NCT03690141 
NCT02937675* 

NCT03616834 

NCT03258398 
NCT02605083 

NCT03318562 

NCT04261218 
NCT04622007

11859875445

Merestinib (LY2801653) MNK1: 130.0 MNK2: 109.0 NCT03125239* 

NCT03027284 
NCT03292536 

NCT02920996 

NCT02711553 
NCT02745769 

NCT02791334

4460353350

ETC-1907206 (ETC-206, AUM001) MNK1: 64.0 
MNK2: 86.0

NCT03414450* 
NCT05462236

7176636046

SEL201 MNK1: 10.8 

MNK2: 5.4

12905202547

BAY 1143269 MNK1: 40.0 

MNK2: 904.0

NCT02439346 7146841248

CGP57380 MNK1: 2.2 μM 1164442549

Notes: Hematological malignancies: NCT02937675* – lymphoma; NCT03125239* – relapsed or refractory acute myeloid leukemia; NCT03414450* – Ph+ and Ph– acute 
lymphoblastic leukemia, chronic myeloid leukemia Accelerated Phase and Blast Crisis. CID numbers identified from PubChem.108
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ATP-competitive MNK1/2 inhibitor. Bayer identified an amino-substituted imidazopyridazine by way of high-throughput 
screening and further optimized this base to design BAY 1142369 which has inhibition of MNK1 and MNK2, with 
greater activity against MNK1.48 PIM1 was amongst only four other kinases that BAY 1142369 had some inhibitory 
activity against in the selectivity screening. Another MNK inhibitor, CGP57380, is a pyrazolo-pyrimidine that has shown 
specificity for MNK1, but the IC50 of MNK1 and p-eIF4E reduction in cells is in the micromolar range.49 Earlier 
discovered MNK inhibitors were non-specific multi-kinase inhibitors, such as merestinib, which was designed as a type 
II MET inhibitor but had activity against eleven other kinases that included both MNKs.50 Merestinib mostly targets 
tyrosine kinases, with MNKs being the only serine/threonine kinases, which they proposed was because of their DFD-out 
conformation in the inactive form.

Experimental Design of Synthetic Compounds
Despite the existence of commercially available MNK inhibitors, many groups have still been on the hunt for more 
potent and selective inhibitors with the development of new inhibitors over the past five years. One study screened 
a fragment library and optimized compounds with a pyridine-(hetero)arylamide core using structure-guided expansion to 
create selective MNK1/2 inhibitors.51 In general, they found the compounds had greater activity against MNK2 than 
MNK1 with optimized compound 43 having IC50 values of 89 nM and 200 nM, respectively, and a favorable 
pharmacokinetic profile. Fragment based design was utilized by another group that designed MNK inhibitors by starting 
with a benzofuran scaffold and modified it to create 6-hydroxy-4-methoxy-3-methylbenzofuran-7-carboxamide deriva-
tives with top compound 8k having a MNK2 IC50 of 0.27 μM and 41% inhibition of MNK1 at 1 μM.52 Our group at 
Northwestern utilized an in silico mutation-based induced-fit docking method and the MNK1 wild-type crystal structure 
to develop a series of MNK inhibitors that showed activity in the micromolar range against both MNK1 and MNK2 
in vitro and reduction of AML cell progenitor growth.42 Another lab designed MNKi-8e, a 5-(2-(phenylamino)pyrimidin- 
4-yl)thiazole-2(3H)-one derivative, with potent MNK2 inhibition (IC50 = 0.37 μM) and antiapoptotic effects in AML 
cells.53 Jin et al developed 4-((4-fluoro-2-isopropoxyphenyl)amino)-5-methylthieno[2,3-d] pyrimidine derivatives that 
have MNK inhibitory activity with inhibition of p-eIF4E in cells at 0.1 μM and their compound MNK-7g having the most 
promise.54 These investigators had previously designed a MNK inhibitor, MNK-I1, and were using it as a comparison.

One group has gone through various stages of developing MNK inhibitors over the past ten years. They developed 
imidazopyridine and imidazopyrazine derivative type I inhibitors using molecular docking to show stable interactions 
with MNK1 and MNK2 and determined that the importance of MNK inhibitor efficacy was related to the hydrogen bond 
interaction of the inhibitors and the Lys and Ser residues in the MNK catalytic site.55 Subsequently, they identified type II 
inhibitors that showed promise through in silico docking simulations with MNK1 and MNK2 IC50 values below 100 nm 
and generally more potency towards MNK2.56 A majority of MNK inhibitors are type I inhibitors, meaning they are 
ATP-competitive with the active kinase conformation.57 A recent study took an alternative approach in designing a non- 
ATP-competitive MNK inhibitor. Bou-Petit et al designed EB1 which has a 4,6-diaryl-1H-pyrazolo[3,4-b]pyridin- 
3-amine core structure and binds to the inactive MNK1 with an IC50 of 0.69 μM (MNK2 IC50 = 9.4 μM) preventing 
transition to its active state and demonstrated reduction of phosphorylation of Ser209 on eIF4E in various cell lines 
including MV411 AML cells.58 Interestingly, the authors demonstrated that EB1 did not induce upstream activation and 
phosphorylation of MNK1 leading to enhanced binding to eIF4G as did the type I inhibitors tested in comparison. These 
results highlight the potential benefits of a type II inhibitor in that it would not lead to paradoxical target protein 
activation induced by some type I kinase inhibitors which occurs even with catalytic kinase activity inhibition.59 Another 
group designed non-ATP-competitive inhibitors that were 2′H-spiro[cyclohexane-1,3′-imidazo[1,5-a]pyridine]-1′,5′-dione 
derivatives, using tomivosertib as a comparison; their top prospects had nanomolar inhibition of MNK1 and MNK2 and 
showed antiproliferative activity in a variety of cancer cell lines.60 Abdelaziz et al also designed a MNK2 inhibitor, an 
N-phenyl-4-(1H-pyrrol-3-yl)pyrimidin-2-amine derivative, that showed antiproliferative and proapoptotic effects in 
AML cells.61 Another study designed a MNK1 inhibitor that stabilized the DFD-out conformation of the inactive 
protein, blocking its activation with a MNK1 IC50 of 21 nM. The reported crystal structure in the Protein Data Bank 
(5WVD) of the complex of the MNK1 kinase region and the inhibitor could be helpful for future MNK drug design.62 

One group analyzed synthesized ferrocene-containing compounds from a known MNK inhibitor and while the added 
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ferrocene made the compounds comparatively more potent at malignant cell inhibition, it negated their MNK1/2 blocking 
ability.63 Recent work by Halder and Cordeiro led to a multi-targeted in silico screening approach for MNK inhibitors.64 

Exploratory model development such as this one could help in better identifying compounds with MNK inhibitory 
potential.

Natural MNK Inhibitors
Not all MNK inhibitors are synthetic in origin; some natural compounds have been discovered to have MNK targeting 
abilities and some have even been used in cancer clinical trials (Table 2). In general, it is not new to utilize natural 
compounds in cancer drug discovery, with previous reports indicating around 60% of new drugs having been of natural 
origin.65 A recent review highlighted over 20 different natural compounds, mostly in preclinical studies, with various 
antineoplastic effects in leukemia noting the need for therapeutic strategies with less side effects as reasoning for 
continued analysis of natural sources.66 Most abundantly are studies on various flavonoids which have high contents in 
fruits, vegetables, herbs, and other plant foods.67–69 One study analyzed flavones and flavonols to find kinase inhibitors 
with AML and ALL cell inhibitory activity and discovered an O-methylated flavonol, a precursor of fisetin, that inhibited 
MNK2 as well as FLT3, RSK, DYRK2, and JAK2.70 This compound had potent inhibitory effects on AML and ALL cell 
viability, and induced apoptosis and G0/G1 arrest of AML cells. Myricetin has been shown to inhibit CML cell 
viability.71 Additionally, a group found that myricetin targeted imatinib-resistant blast phase CML cells by inhibiting 
activation of eIF4E and demonstrated tumor reduction in a CML-resistant mouse model.72 Chen et al analyzed apigenin, 
hispidulin, and luteolin, also flavonoids, that all showed nanomolar level inhibition of MNK2, and luteolin also had 
MNK1 inhibition.73 Additionally, they showed luteolin and hispidulin reduced AML cell growth, increased markers of 
apoptosis (cleaved caspase 3 and PARP), and arrested cells in sub G1.

Cercosporamide is an antifungal isolated from Cercosporidium henningsii of cassava plants.74 In 2011, it was 
discovered that it has potent MNK inhibitory activity and has been used in subsequent cancer studies.75 Usnic acid 
found in lichens has a similar structure to cercosporamide. A study analyzed usnic acid derivatives with a flavanone 
moiety in leukemia cells and found antiproliferative and antiapoptotic effects while seeing a reduction in phosphorylated 
eIF4E, but it appeared to be MNK pathway related, not MNK protein specific.76

MNK Inhibitors in Preclinical Leukemia Studies
There have been many studies on the activity of MNK inhibitors in AML models. Our group examined the antileukemic 
properties of four different commercially available MNK inhibitors, starting with cercosporamide in 2013 which was 
potent against AML cell lines (U937, MM6) and patient primitive leukemic progenitors while also reducing tumor 
growth in an MV411 xenograft mouse model.77 In subsequent studies, the lab investigated merestinib, demonstrating 
inhibition of AML cell progenitor colony formation and additionally saw efficacy in an MM6 mouse model.78 Later, 
SEL201 was studied, which exhibited antiproliferative and antiapoptotic effects in AML cells.79 Most recently, our group 

Table 2 Commercially Available MNK Inhibitors Found in Natural Sources

Name(s) MNK IC50 Cancer Clinical Trials PubChem CID and Reference

Cercosporamide MNK1: 116.0 nM 

MNK2: 11.0 nM

13137975

Luteolin MNK1: 179.0 nM 
MNK2: 579.0 nM

NCT03288298 528044573

Hispidulin MNK1: 1.2 μM 

MNK2: 252.0 nM

528162873

Apigenin MNK1: 54% inhibited at 10 μM 

MNK2: 308.0 nM

NCT00609310 528044373

Fisetin precursor MNK2: 1.4 μM NCT05595499 
NCT04733534

5281614 (fisetin)70

Note: CID numbers identified from PubChem.108
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tested tomivosertib in the same established AML cell lines and also saw a reduction in cell viability and colony formation 
with the highest potency against MV411, MM6 cells, and KG-1 cells.9 Through these four studies, we have found that 
MNK inhibitors ranging from unselective multi-kinase to very MNK specific all have antineoplastic effects in AML 
models.

Although not as heavily studied as in AML, MNK inhibitors have been analyzed in CML models. ETC-206 has been 
identified as a potential MNK inhibitor for use in blast crisis CML with micromolar IC50 values against 25 hematological 
cell lines including five BCR::ABL1 expressing lines (K562, KCL-22, EM-2, BV-173, JURL-MK1) and enhancement of 
dasatinib tumor reduction in a blast crisis CML xenograft model.46 Another study analyzed blast crisis CML and 
leukemia stem cells which they identified to have self-renewal capabilities through β-catenin activation, and MNK 
inhibitors blocked that activation through eIF4E phosphorylation inhibition in vitro and in vivo.80 Resistance of blast 
crisis CML to tyrosine kinase inhibitors that are typically used for treatment is a major concern so demonstrating a way 
to target resistant populations is essential.

Preclinical Combination Studies Using MNK Inhibitors
Overcoming Therapeutic Resistance
Recent studies have shown that MNK targeting may be of importance in overcoming resistance in solid tumors both in 
targeted therapy related instances such as with anlotinib in lung cancer, as well as in chemotherapy related resistance 
such as with temozolomide in glioblastoma.81,82 Additionally, in gastric cancer, combining tomivosertib with 5-FU or 
paclitaxel showed benefits in vitro and in vivo, indicating a potential for this MNK inhibitor to sensitize gastric cancer 
cells to chemotherapy drugs.83 Similarly, in cervical cancer, combination of cercosporamide with chemotherapy drugs, 
doxorubicin and cisplatin, had increased efficacy in proliferation reduction and apoptosis induction; cercosporamide 
inhibited chemo-resistant cells and phosphorylation of eIF4E at serine 209 was shown to be induced with chemotherapy 
treatment.84 In AML, MNK inhibitors have similarly been shown to sensitize cells to the chemotherapy drug cytarabine. 
We previously reported the activation of the MNK pathway by cytarabine in AML cells and that the combination of the 
MNK inhibitor, CGP57380, or MNK knockdown with cytarabine enhances the inhibition of leukemic progenitor colony 
formation.85 Later studies also demonstrated that cytarabine treatment increases MNK activity in AML cells and that 
there are synergistic effects in AML cells with cytarabine and MNK inhibition (MNKI-8e) or MNK1 and MNK2 
knockdown.86 Another group demonstrated that miR-134 was decreased in drug-resistant AML cells (K562/A02, HL-60/ 
ADM) and that MNKs were a target of miR-134; when miR-134 was overexpressed, thereby blocking MNKs, these cells, 
as well as relapsed AML patient cells, were sensitized to cytarabine.87 Comparatively in CML studies, CML imatinib- 
resistant cells showed higher sensitivity to myricetin, a plant flavonoid, that reduced phosphorylation of eIF4E at serine 
209.72 Similarly, a study showed synergy of CGP57380 with imatinib in inducing apoptosis in Ba/F3 and K562 CML 
cells.88 Dasatinib, another tyrosine kinase inhibitor used in CML, had synergistic antiproliferative effects in CML cells 
when combined with niclosamide, which targets the ERK/MNK/eIF4E axis, further demonstrating the importance of the 
MNK pathway in therapy resistance.89

Combinations with MNK Inhibitors
One of the most common approaches in combinations with MNK inhibitors has been co-targeting with mTOR inhibitors 
due to the reciprocity of these two pro-survival pathways.6 This has been shown to be a potentially promising approach 
for a variety of cancers, including in a recent study that demonstrated extended survival using rapamycin, an mTORC1 
inhibitor, in combination with tomivosertib or MNK1/2 knockout in an APC KRAS mutated colorectal cancer model.90 

In hematological malignancies, a group looking at hematopoietic stem cells found that mTOR deletion lead to increased 
proliferation and protein synthesis through adaptive signaling by way of MNKs, which may explain the resistance of 
leukemia cells to mTOR inhibitors and provides reasoning for combination with MNK inhibition; they found mTOR 
resistant leukemia cells were more sensitive to CGP57380.91 In another study, everolimus, a derivative of rapamycin and 
also an mTORC1 inhibitor, exhibited synergistic inhibitory effects with CGP57380 in T-ALL cell lines.92 Other work in 
myeloid leukemia cells showed that phosphorylation of the translational repressor 4EBP1 increases in MNK inhibitor 
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treated cells and there is an enhancement of antiproliferative effects when the MNK1 and MNK2 inhibitors are combined 
with rapamycin.93 Additionally, a study from our lab showed that SEL201 enhanced the inhibitory effects of rapamycin 
on AML cells.79 Notably, in the same study it was demonstrated that SEL201 also promoted the effects of 5-azacytidine, 
a hypomethylating agent approved for use in AML. Cercosporamide was found to enhance rapamycin antileukemic 
effects in AML cells, while additionally showing synergistic effects with cytarabine both in vitro and in vivo.77 

Tomivosertib showed synergistic effects in viability and colony formation reduction with venetoclax, a BCL2 inhibitor 
approved in CLL and AML in combination with hypomethylating agents or low-dose chemotherapy.9 Combination 
targets as well as dual MNK inhibitors are highlighted in Table 3.

Table 3 Combination and Dual Targeting with MNK Inhibitors in Preclinical Studies

MNK Inhibitor or 
MNK Target

Other Target in 
the Study

Inhibitor of Other 
Target in the Study

Leukemia 
Type

Combination 
Effects

Reference

Combination Niclosamide (Erk/ 

Mnk1/eIF4E)

BCR::ABL1 Dasatinib CML Antiproliferative 

Proapoptotic

[89]

Combination CGP57380 BCR::ABL1 Imatinib CML Antiproliferative 

Proapoptotic 

Cell cycle arrest 
Impaired polysome 

assembly

[88]

Combination eFT508 BCL2 Venetoclax AML ↓ Viability 

↓ Colony formation

[9]

Combination MNKI-4, MNKI-57 mTORC1 Rapamycin CML Antiproliferative 

Proapoptotic 

Cell cycle arrest

[93]

Combination CGP57380 mTORC1 Rapamycin AML ↓ Colony formation [85]

Combination Cercosporamide mTORC1 Rapamycin AML ↓ Colony formation [77]

Combination SEL201 mTORC1 Rapamycin AML ↓ Viability 

↓ Colony formation

[79]

Combination CGP57380 mTORC1 Everolimus T-ALL ↓ Viability 

Proapoptotic

[92]

Combination SEL201 Hypomethylating 

agent

5-Azacytidine AML ↓ Viability 

↓ Colony formation 

Proapoptotic

[79]

Combination Cercosporamide Chemotherapy Cytarabine AML ↓ Colony formation 

↓ Tumor volume

[77]

Combination CGP57380 Chemotherapy Cytarabine AML ↓ Colony formation 

Proapoptotic

[85]

Combination MNKI-8e Chemotherapy Cytarabine AML ↓ Viability 

Proapoptotic

[86]

Dual MNK1&2 BTK AML, CLL Antiproliferative 

Proapoptotic 
Cell cycle arrest

[96]

(Continued)
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Dual MNK and Secondary Kinase Inhibitors
Typically, in designing inhibitors, it is ideal to demonstrate specificity to one target as it shows minimization of potential 
off-target effects and mechanistically, higher confidence that an effect is due to the intended inhibited protein. However, 
in the recent literature surrounding MNKs, several studies are using purposefully designed dual inhibitors. The most 
common dual inhibition with MNK was with PIMs as the secondary kinase target. PIMs are pro-survival short-lived 
oncoproteins and are dependent on cap-dependent translation through the eIF4F complex.94 Han et al designed 
a 4,6-disubstituted pyrido[3,2-d]pyrimidine that had kinase inhibition in the nanomolar range for both MNKs and 
PIM1–3.7 One study used extensive in silico analysis to identify three natural compounds from the ZINC database 
that had high affinity and stable interaction to MNK2 and PIM2 which they suggested as potential therapeutics in 
AML.95 Usnic acid derivatives were demonstrated to reduce p-eIF4E as well as to target pan PIMs in K562 and HL-60 
leukemia cells.76 Although it was not found that MNK was directly inhibited, the reduction to MNK/eIF4E signaling in 
combination with the PIM inhibition by these compounds further shows the efficacy in targeting these two axes. Virtual 
screening and docking analysis techniques identified a compound, K783-0308, with high potency and selectivity against 
MNK2 and FLT3 that was able to inhibit AML cell viability and promote cell cycle arrest.8 Additionally, a BTK/MNK 
inhibitor, QL-X-138, reduced proliferation in CLL and AML established lines and primary patient cells, noting however 
the need to improve the pharmacokinetics of the drug for in vivo studies.96 In a study using CML-derived cells, the 
investigators designed a MNK1/2 and BCR::ABL1 inhibitor with the idea that it would target leukemia stem cells with 
the MNK inhibition and promote cell death by blocking BCR::ABL1, and they demonstrated both in vitro viability and 
in vivo tumor reduction efficacy.97 Another group designed 4,6-disubstituted pyrido[3,2-d]pyrimidine derivatives that 
target both MNK and histone deacetylase (HDAC) which inhibited prostate cancer cell growth and could be tested in 
leukemia cells since HDAC inhibitors are also being explored individually in leukemia.98,99 The effectiveness of these 
dual inhibitors could be related to the links of MNKs to overcoming resistance as mentioned in the previous section.

Clinical Studies Using MNK Inhibitors
There are a few clinical trials for use of MNK inhibitors in hematological malignancies. Tomivosertib, ETC-1907206, 
and merestinib are the three MNK inhibitors that were in US clinical trials. Tomivosertib can be found in eight clinical 
trials with various cancers, with many being in combination studies in advanced cancer state or in combination with 
immunotherapy.100–105 A multicenter hematological malignancy (lymphoma) phase 1 and 2 trial was terminated 
(NCT02937675), but to the best of our knowledge, no further information has been published at this time.10 ETC- 
1907206 (ETC-206), now AUM001, was in a phase 1a/1b trial for Ph+ and Ph– ALL and Accelerated Phase and Blast 

Table 3 (Continued). 

MNK Inhibitor or 
MNK Target

Other Target in 
the Study

Inhibitor of Other 
Target in the Study

Leukemia 
Type

Combination 
Effects

Reference

Dual MNK1&2 PIM1, 2, & 3 AML Antiproliferative 
Proapoptotic 

Cell cycle arrest 

↓ Tumor volume

[7]

Dual MNK2 PIM2 AML 

potential

Only in silico analysis [95]

Dual Reduced p-eIF4E PIM1, 2, & 3 AML, CML Antiproliferative 

Proapoptotic

[76]

Dual MNK2 FLT3 AML ↓ Viability 

Cell cycle arrest

[8]

Dual MNK1&2 BCR::ABL1 CML Antiproliferative 

↓ Tumor volume

[97]
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Crisis CML in combination with chemotherapy drug dasatinib but was withdrawn (NCT03414450).11 For merestinib, the 
relapsed or refractory AML phase 1 clinical trial in combination with LY2874455, an FGFR inhibitor, was completed in 
2020 with 16 patients (NCT03125239).12 They found merestinib was tolerable and one patient achieved complete 
remission on the merestinib monotherapy portion of the study.106 Merestinib is a multi-kinase inhibitor and confirmation 
of its biological activity was based on MET inhibition, so it is unclear as to specific effects of the MNK inhibition.

Conclusions
The current landscape of MNK inhibitor studies is mostly still in the preclinical stage. Only tomivosertib, eFT508, from 
eFFECTOR Therapeutics has an FDA orphan designation for diffuse large B-cell lymphoma.107 However, there is some promise 
for the potential future use of MNK inhibitors in combination studies with other agents. Many of the preclinical studies were done 
in AML models which alludes to a potential for AML clinical trials in the near future. The breadth of mechanistic studies 
implicates the MNK signaling as a targetable pathway due to its activation in resistant states. This raises the potential of unique 
clinical-translational approaches targeting MNKs to overcome resistance to chemotherapy and other antileukemia agents.
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