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Abstract

Protein kinases are the second most sought-after G-protein coupled receptors as drug targets 

because of their overexpression, mutations, and dysregulated catalytic activities in various 

pathological conditions. Till 2019, 48 protein kinase inhibitors have received FDA approval for the 

treatment of multiple illnesses, of which the majority of them are indicated for different 

malignancies. One of the attractive sub-group of protein kinases that has attracted attention for 

drug development is the family members of MAPKs that are recognized to play significant roles in 

different cancers. Several inhibitors have been developed against various MAPK members; 

however, none of them as monotherapy has shown sustainable efficacy. One of the MAPK 

members, called Mixed Lineage Kinase 3 (MLK3), has attracted considerable attention due to its 

role in inflammation and neurodegenerative diseases; however, its role in cancer is an emerging 

area that needs more investigation. Recent advances have shown that MLK3 plays a role in cancer 

cell survival, migration, drug resistance, cell death, and tumor immunity. This review describes 

how MLK3 regulates different MAPK pathways, cancer cell growth and survival, apoptosis, and 

host’s immunity. We also discuss how MLK3 inhibitors can potentially be used along with 

immunotherapy for different malignancies.
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host immunity, MLK3 has emerged as a potential therapeutic target in cancer therapy. MLK3, 

mixed lineage kinase 3.
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1. Introduction

Cancer is a global health concern affecting millions of people worldwide (Bray, et al., 2018). 

Even though with considerable progress made over the last ten years, a total of 9.6 million 

cancer patients died in the year 2018, signifying that still, new strides have to be made to 

control the fatality from malignant diseases (Bray, et al., 2018). Despite global efforts to 

control cancer-associated mortality, only a 1.5% improvement in death rate over the last ten 

years has been achieved (Siegel, Miller, & Jemal, 2020). Several promising pre-clinical and 

clinical studies for cancer therapeutics have raised hope for cancer patients. Still, most of 

these drugs have either been unsuccessful in clinical setup or failed to show long term 

efficacy due to drug resistance. Several factors have been attributed leading to drug 

resistance in cancer including genetic and epigenetic factors, metabolic abnormalities, and 

immunological dysfunctions (Jardim, Groves, Breitfeld, & Kurzrock, 2017; Jo, et al., 2018; 

Warren, Cartmell, Garrett-Mayer, Salloum, & Cummings, 2019). It is proposed that to 

overcome drug resistance in cancer patients; it will be more useful to identify the 

dysregulated molecule(s) and devise the strategy to target the specific molecule (i.e., targeted 

therapy) to achieve maximum efficacy (Gotwals, et al., 2017). The targeted therapy is 

defined as a foundation of precision medicine, where specific molecule(s) is targeted in a 

certain type of cancer (Bedard, Hyman, Davids, & Siu, 2020; Valerio, et al., 2017).

The protein kinases are the second most targeted group after G-protein coupled receptors 

(GPCRs), and several of their inhibitors are in clinical use for various diseases, including 

cancer (Bhullar, et al., 2018; Sriram & Insel, 2018). The mitogen-activated protein kinases 

(MAPKs) is a subgroup of protein kinase family, essential for a broad range of biological 

functions including tumorigenesis, tumor growth, progression, and survival (Maroufi, et al., 

2020; Z. Zhou, et al., 2020). The MAPK members are also involved in the regulation of 
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innate and adaptive immunity (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, 

Sinha, et al., 2020; Mercer, et al., 2020). Therefore, MAPK family members have been 

targeted in various cancers for therapeutic intervention. However, similar to other 

chemotherapeutic drugs, resistance is a significant problem with MAPKs targeting drugs 

also (Lu, et al., 2017).

The MAPK pathways signaling are relayed in a sequential manner where mitogen-activated 

protein kinase kinase kinase kinase (MAP4K) is first activated in response to specific 

activation signal(s) and transmit the signals sequentially to mitogen-activated protein kinase 

kinase kinase (MAP3K), mitogen-activated protein kinase kinase (MAP2K), and finally to 

MAPK, leading to biological response(s) (Crawley, et al., 2017). Mixed lineage kinases 

(MLKs) are a MAP3K sub-family and act upstream regulators of MAP2Ks and MAPKs 

(Rana, et al., 1996; Tibbles, et al., 1996). The MLK members possess signature sequences of 

both serine/threonine and tyrosine kinases within their catalytic domains. Based on the 

presence of protein domains, MLK subfamily is divided into three subgroups: MLK, dual 

leucine zipper kinase (DLK), and ZAK groups (Brancho, et al., 2005). The MLK group 

members are MLK1 (i.e. MAP3K9), MLK2 (i.e. MAP3K10), MLK3 (i.e. MAP3K11), and 

MLK4 (i.e. MAP3K21), and share similarities in their structural domains (Dorow, Devereux, 

Dietzsch, & De Kretser, 1993; Dorow, et al., 1995; Ing, Leung, Heng, Tsui, & Lassam, 

1994; Kashuba, et al., 2011; Katoh, Hirai, Sugimura, & Terada, 1995; Rana, et al., 1996). 

The protein domains of MLK1, MLK2, MLK3, and MLK4 consist, a Src homology 3 (SH3) 

domain, a catalytic domain, two leucine zipper (LZ) domains connected with a spacer, a 

basic domain, a Cdc42- and Rac-interactive binding (CRIB) domain, and a proline-rich (PR) 

motif (Burbelo, Drechsel, & Hall, 1995; Hirai, et al., 1997; Katoh, et al., 1995). Figure 1A 

shows a schematic representation of the protein domains of MLK sub-group members. The 

MLK1 has been reported to play a regulatory role in the pancreas’ beta-cell maturation and 

embryonic development and is associated with neuroblastoma’s pathogenesis (DeAizpurua, 

Cram, Naselli, Devereux, & Dorow, 1997; Durkin, et al., 2004; Tivnan, et al., 2011). The 

MLK2 is reported to regulate the JNK pathway and is associated with Parkinson’s disease 

(Dorow, et al., 1995; Katoh, et al., 1995; Nagao & Hayashi, 2009; Pedraza, et al., 2009; 

Zhong & Kyriakis, 2007). The MLK4 is present in two isoforms, MLK4 alpha (MLK4α) 

and MLK4 beta (MLK4β). The MLK4 is present in two isoforms, MLK4 alpha (MLK4α) 

and MLK4 beta (MLK4β). The MLK4 negatively regulates toll-like receptor 4 (TLR4) 

signaling pathways and associated with diseases like glioblastoma, breast cancer, and 

hepatocellular carcinoma (Bardelli, et al., 2003; Kim, et al., 2016; Li, Zuo, Wang, & Hu, 

2019; Marusiak, et al., 2019; Seit-Nebi, Cheng, Xu, & Han, 2012) (Figure 1B). Among 

various members of MLKs, MLK3 is the most studied member for its regulatory role in 

MAPKs activation, neurological disorders, and malignant diseases (Das, et al., 2019; Das, et 

al., 2015; Lin, et al., 2017; Rattanasinchai, Llewellyn, Conrad, & Gallo, 2017). The MLK3 

activates MAP2K family members, MKK4 and MKK7 and their downstream MAPK 

members, c-Jun N-terminal kinase (JNK), p38 MAPK and extracellular signal-regulated 

kinase (ERK) leading to various biological function (Chadee & Kyriakis, 2004a; Rana, et al., 

1996; Tibbles, et al., 1996). The MLK3 regulates a broad range of cellular functions, 

including protein trafficking, protein scaffolding, cytoskeleton rearrangement, ion transport, 

and endocytosis (Amako, et al., 2013; Handley, et al., 2007; Willoughby, Perkins, Collins, & 
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Whitmarsh, 2003; H. Zhang, et al., 2004). In cancer cells, MLK3 plays an essential role in 

cancer cell proliferation, migration, invasion, survival, and apoptosis (Das, et al., 2019; 

Rangasamy, et al., 2012; Rattanasinchai, et al., 2017). The MLK3 is also reported to induce 

apoptosis in cancer cells in a contextual manner; however, in certain cancer cell types, 

MLK3 expression and activity are associated with apoptosis resistance. In HER2+ breast 

cancer cell lines and tumors, the diminished MLK3 expression and kinase activity is 

associated with Herceptin (i.e., Trastuzumab) resistant (Das, et al., 2015). Recently, we have 

reported that MLK3 kinase activity regulates adaptive immune systems, including activation, 

effector function, and survival of immune cells (Kumar, Singh, Viswakarma, Sondarva, Nair, 

Sethupathi, Sinha, et al., 2020). The MLK3 beside regulating peripheral immune cells also 

regulates tumor-infiltrating cytotoxic T cell (CTL) effector’s function and survival (Kumar, 

Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020; Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). Considering the paradoxical 

role of MLK3 on cancer cells and host immunity, the inhibitors targeting MLK3 could 

induce anti-tumor effects and promote host immunity. In this review, we discuss the journey 

of MLK3 from its discovery to present, highlight regulation of MAPKs by MLK3, and its 

impact on cellular functions. This review also discusses the regulatory role of MLK3 in 

cancer cell growth, survival, and apoptosis resistance. We also describe the recently 

discovered regulatory function of MLK3 in innate and adaptive immunity, specifically its 

role in T cell activation, effector function, and survival. Moreover, we also discuss the 

potential of repurposing the MLK3 inhibitors/agonists in targeting the tumor cells and plan 

to use in cancer immunotherapy.

2. MLK3 journey from its discovery to present

On a comprehensive annotation, the MLK3 journey (from 1994 to 2020) can be separated 

into three significant advancements (Figure 2). The MLK3, also known as SPRK, PTK1, and 

MAP3K11, was cloned in 1994 from the human megakaryocytic cell line, CMK11–5 (Gallo, 

et al., 1994). However, the physiological role of MLK3 was not known until 1996 when it 

was demonstrated that the MLK3 functions as MAP3K in the JNK pathway (Rana, et al., 

1996; Tibbles, et al., 1996). Furthermore, the function of MLK3 was demonstrated in 

neuronal apoptosis and a small molecule inhibitor of MLK, CEP-1347 was used that 

prevented neuronal apoptosis (Maroney, et al., 2001). Of late, MLK3 has been implicated as 

a potential target in several cancers, including breast, ovarian and colorectal cancer (Das, et 

al., 2019; Rattanasinchai, et al., 2017; Schroyer, Stimes, Abi Saab, & Chadee, 2018). In this 

section, we will briefly describe some of the significant findings on MLK3 from 1994 up to 

the present.

2.1. 1994 to 2000: MLK3 as an activator of MAPKs

The MLK3 was reported for the first time in 1994, in three different research articles 

describing MLK3, as a novel kinase member with putative signature sequences of both 

Serine/Threonine and Tyrosine kinases within its kinase domain (Ezoe, Lee, Strunk, & 

Spritz, 1994; Gallo, et al., 1994; Ing, et al., 1994). The sequence analyses of MLK3 also 

showed that it contains a well-defined Src homology 3 (SH3) and leucine zipper protein 

domains (Ing, et al., 1994). The protein domains are evolutionarily conserved regions 
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associated with the functional activity of a given protein. Like other MLK subfamily 

members, MLK3 also contains multiple interacting domains, including a SH3, two LZs 

connected with a spacer, a basic domain, a CRIB domain, and a PR region (Burbelo, et al., 

1995; Hirai, et al., 1997; Katoh, et al., 1995). The SH3 domain is located at the N-terminus, 

whereas as the PR region is located at the C-terminus (Figure 1A). The catalytic domain of 

MLK3 is present, just after the SH3 domain. The CRIB motif of MLK3 interacts with Cdc42 

and is reported to induce Cdc42-mediated activation of MLK3 (Bock, Vacratsis, Qamirani, 

& Gallo, 2000). It is also reported that the SH3 domain plays a role in the auto-inhibition of 

MLK3 via interacting with the proline containing sequences, which is present between LZ 

and CRIB domain of MLK3 (Du, Bock, Schachter, Chao, & Gallo, 2005). After that, in in 
vitro binding assays, it was demonstrated that MLK3 binds with small G-proteins, Ras-

related C3 botulinum toxin substrate 1 (Rac1) and cell division cycle 42 (Cdc42) via a CRIB 

domain (Burbelo, et al., 1995). Further study showed that MLK3/SPRK is a potent activator 

of MAP2K members including SEK1 (i.e., MKK4), MKK3 and MKK6; and SEK1/MKK4 

activation by MLK3 potently activates stress-activated protein kinase (SAPK/JNK) and 

modestly the p38MAPK (Rana, et al., 1996; Tibbles, et al., 1996). Further study 

demonstrated that the binding of Rac1 and Cdc42, with MLK3, was necessary for MLK3-

directed activation of the JNK-c-Jun signaling axis (Teramoto, et al., 1996). Later, it was 

shown that MLK3 dimerization via tandem leucine zippers (LZ) was one of the mechanisms 

of MLK3 activation (Leung & Lassam, 1998). However, this report was never confirmed by 

others, and therefore it is still not clear whether dimerization via LZ indeed has any role in 

MLK3 activation? The role of MLK3 has also been reported in guanine-nucleotide exchange 

protein (C3G)-mediated JNK1 activation. The study showed that the co-transfection of 

MLK3 kinase-deficient and C3G plasmid in HEK-293T cells decreased the C3G-mediated 

JNK1 activation (Tanaka & Hanafusa, 1998). Interestingly, a mechanistic study conducted in 

HeLa cells showed that MLK3 kinase activation loop is necessary for its activation and 

downstream signaling (Leung & Lassam, 2001). These results highlight some of the major 

findings, specifically defining MLK3 as MAP3K member and its regulatory role on JNK 

activation and other MAPKs.

2.2. 2001 to 2009: MLK3 in neurological disorders

The functional role of MLK3 has been well documented in neurodegenerative diseases, 

including Parkinson’s disease, Alzheimer’s disease, and acquired immunodeficiency 

syndrome (AIDS) associated dementia (Bodner, et al., 2002; Trotter, et al., 2002). The role 

of MLK3 was shown in neuronal cell death mediated via JNK activation (Mota, Reeder, 

Chernoff, & Bazenet, 2001; Z. Xu, Maroney, Dobrzanski, Kukekov, & Greene, 2001). The 

MLK3 inhibition using CEP-1347 (KT7515) suppressed the MLK3-JNK axis and finally 

attenuated neuronal apoptosis (Maroney, et al., 2001). Further study demonstrated the role of 

MLK3 in human immunodeficiency virus type 1 (HIV-1) protein gp120IIIB-induced 

neuronal cell death. The gp120IIIB-induced neuronal cell death is associated with AIDS-

associated dementia. Interestingly, pharmacological inhibition of MLK3 by CEP-1347 

attenuated gp120IIIB-induced neuronal cell death that ultimately resulted in improved 

disease conditions (Bodner, et al., 2002). Further study suggested that HIV-1 proteins, Tat, 

and gp120 can activate MLK3 kinase activity in primary neurons, and Tat- and gp120- 

mediated activation of MLK3 was associated with neurotoxicity (Sui, et al., 2006). The role 
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of MLK3 has also been reported in dopaminergic neurons cell death. The dopaminergic 

neurons release neurotransmitters, dopamine, which is necessary for the number of 

functions, including body movement. Therefore, lack of dopamine synthesis due to 

dopaminergic neuronal loss leads to a health condition called Parkinson’s disease (PD) (Wu, 

et al., 2020). A study carried out in the animal model of PD showed that the neurotoxin 6-

hydroxydopamine (6OHDA) was able to activate MLK3 downstream JNK-c-Jun axis and 

the inhibition by pan-MLK inhibitor attenuated c-Jun activation and dopaminergic neuronal 

loss (Ganguly, et al., 2004). The potassium ions play an essential role in neurotransmission, 

and any disturbance in potassium ions flux is known to have significant effects on neuronal 

excitability (Sibille, Dao Duc, Holcman, & Rouach, 2015). The MLK3 has been implicated 

in potassium ions-induced neuronal cell death. A study conducted in the rat model showed 

that MLK3 plays an important role in low potassium ion-induced apoptosis in rat cerebellar 

granule neurons. The mechanistic study revealed that low potassium promotes MLK3-

MKK7-JNK pathway activation and neuronal apoptosis (Trotter, et al., 2002). The Serine/

Threonine protein kinase, glycogen synthase kinase 3 beta (GSK3β) is reported to play an 

essential role in several neurological pathologies (F. Zhang, M. Gannon, et al., 2020). 

Interestingly, the GSK3β has been reported to act as an upstream activator of MLK3, 

suggesting that targeting MLK3 might be helpful to block GSK3β-induced neurological 

disorders (R. Mishra, et al., 2007). These results highlight some of the significant findings 

related to the role of MLK3 in neurodegenerative diseases from 2001 to 2009.

2.3. 2010 onward: MLK3 in malignancies

Although some initial studies defining the role of MLK3 in cancer were reported before 

2010, however, majority of research articles in this area accelerated from the year 2010 

(Kraus, Levy, Hanoch, Naor, & Seger, 2004). Since 2010, the role of MLK3 was defined in 

several cancers, including breast, ovarian, liver, and colorectal cancers. The gene mutations 

in MAPK members are implicated in oncogenesis. The mutations in MLK3 were reported in 

gastrointestinal carcinomas with microsatellite instability (MSI) (Velho, et al., 2010). These 

mutations in MLK3 were associated with mismatch repair deficiency. Interestingly, 

heterozygous somatic and tumor-specific MLK3 mutations were reported in 14.4% primary 

gastrointestinal tumors, and most of these mutations caused cell transformation and 

tumorigenesis in animals (Velho, et al., 2010). The role of MLK3 in metastasis and cell 

migration via the induction of matrix metalloproteinases (MMPs) was reported in gastric 

and ovarian cancer (Zhan, et al., 2012). The MMPs are known to promote cancer cell 

migration and metastasis. The mechanistic study showed that gastric cancer cells treated 

with amidated gastrin induced MLK3 kinase activity and its downstream JNK1/c-Jun axis, 

leading to activation of MMP7 and increased cancer cell migration (Mishra, 

Senthivinayagam, Rangasamy, Sondarva, & Rana, 2010). Similar to migration, the invasion 

is another oncogenic property of a cancer cell for its expansion to the adjacent area (Ritch, 

Brandhagen, Goyeneche, & Telleria, 2019). The MLK3 plays a regulatory role in the 

invasion of cancer cells. The mechanistic analysis showed that oxidative stress in colon 

cancer cells induces activation of ERK1/2 and MLK3. The activation of MLK3 and ERK1/2 

is associated with B-Raf activation, which ultimately increases the invasion potential of 

cancer cells (Schroyer, et al., 2018). Like migration and invasion, the cancer cells also 

possess the property of rapid and uncontrolled cellular proliferation. The MLK3 is reported 
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to regulate cancer cell proliferation and cell cycle. The crosstalk between MLK3 and micro 

RNA (miRNA) was also reported in esophageal and liver cancers (Byrnes, et al., 2016; F. 

Zhang, Y. Zhu, et al., 2020). In esophageal cancer cells, down-regulation of miR-199–5p 

induced MLK3-mediated cellular proliferation whereas, in liver cancer cells, miR-520b and 

MLK3 axis regulates cancer cell migration (Byrnes, et al., 2016; F. Zhang, Y. Zhu, et al., 

2020). The majority of studies published in breast cancer showed that MLK3 plays a crucial 

role in cell survival, migration, and proliferation (Das, et al., 2019; Rattanasinchai, et al., 

2017; Schroyer, et al., 2018). In human epidermal growth factor receptor 2 positive (HER2+) 

breast cancer cells, MLK3 kinase activity was downregulated due to HER2 amplification 

and provides survival advantage to breast cancer cells (Das, et al., 2015). In estrogen 

receptor positive (ER+) breast cancer cells, MLK3 kinase activity was downregulated by 

estrogen and also provides cancer cell survival (Rangasamy, et al., 2010; Viswakarma, et al., 

2017). Recently, in triple negative breast cancer cells (TNBC), p21-activated kinase 1 

(PAK1) was identified as a downstream target of MLK3, and importantly, MLK3 was able to 

activate PAK1 and TNBC tumorigenesis (Das, et al., 2019). Recently MLK3 has also been 

shown to regulate immune cells, including T cells (Kumar, Singh, Viswakarma, Sondarva, 

Nair, Sethupathi, Sinha, et al., 2020). It is reported that MLK3 inhibits T cell activation and 

effector function, and prevent cluster of differentiation 70 (CD70)-mediated apoptosis in 

CD8+ T cells (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020; 

Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). In these very 

recent reports, authors demonstrated that combined inhibition of MLK3 (by URMC-099) 

and CD70 (by anti-CD70 monoclonal antibody) was able to significantly reduce TNBC 

tumor burden in a pre-clinical animal model (Kumar, Singh, Viswakarma, Sondarva, Nair, 

Sethupathi, Dorman, et al., 2020). The MLK3 that acts as a potent activator of JNK and 

shown to promote neurodegeneration, has now emerged as an essential player in cancer and 

host immunity.

3. Role of MLK3 in cellular physiology

The MLK3 regulates several cellular physiology, including protein scaffolding, cytoskeleton 

rearrangement, ion transport, and phagocytosis (Amako, et al., 2013; Marker, Tremblay, 

Puccini, Barbieri, Gantz Marker, et al., 2013; Teramoto, et al., 1996).

3.1. Protein trafficking and scaffolding

Protein trafficking is an essential physiological process required for the transfer of proteins 

to different cellular organelles or extracellular milieu (Tan, et al., 2020). The protein 

scaffolding is a cellular process where two or more proteins from a complex to deliver and 

amplify specific cellular signaling (Greenwald, Redden, Dodge-Kafka, & Saucerman, 2014). 

The MLK3 involvement in protein scaffolding was demonstrated by its association with heat 

shock protein 90 (Hsp90). The MLK3 forms a complex with Hsp90, and its kinase-specific 

co-chaperone, p50 (cdc37) through the MLK3 catalytic domain in an activity-independent 

manner (H. Zhang, et al., 2004). The JNK-interacting protein (JIP) is an important player in 

JNK-mediated signaling (Willoughby, et al., 2003). The MLK3 binds with JIP-1 and JIP-2 

scaffolds and was reported to be necessary for JNK activation, suggesting that protein 

scaffolding plays an important role in MLK3 directed activation of JNK (Willoughby, et al., 
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2003). The cytoplasmic filamentous proteins are a key component of the cytoskeleton, and 

modulation of these proteins are associated with cytoskeleton rearrangement (Sanghvi-Shah 

& Weber, 2017). The chemotherapeutics agents-mediated cytoskeletal rearrangement is vital 

for the downstream anti-tumor responses, including apoptosis in cancer cells (Al Absi, et al., 

2018). It was reported that MLK3 modulates the rearrangement of cytoplasmic microtubules 

during the cell cycle (Swenson, Winkler, & Means, 2003). The MLK3 phosphorylation and 

activation were seen during the G2/M phase of the cell cycle, and this activation was 

associated with cytoplasmic microtubules rearrangement. Microtubule rearrangement is 

crucial for cell cycle progression, and thus, MLK3-mediated cytoskeleton rearrangement is 

considered necessary for cell cycle progression (Swenson, et al., 2003). These studies 

showed the important role of MLK3 in cell signaling via protein scaffolding and cell cycle 

progression via cytoskeleton rearrangement.

3.2. Potassium ion transport

The “ion transporters” which regulates the movement of ions in the cells are the crucial 

biological process for the proper functioning of cells (Duhm, Gobel, & Beck, 1983; Hahn, et 

al., 2017; Zou, et al., 2018). The movement of ions through channels is bi-directional. The 

movement can transpire either inward or outward within the cell or between the cells (Ke, 

Timin, & Stary-Weinzinger, 2014; Muramatsu, Kumamoto, & Fujiwara, 1978). The ion 

channels play a significant role in the proper transport of different ions for diverse cellular 

activities, including neuronal function and apoptosis. Interestingly, MLK3 was reported in 

regulating the potassium ion (K+) channel (Amako, et al., 2013). The K channel, Kv2.1 

present in neuron cells, regulates cellular function like neuronal excitation and apoptosis. 

The MLK3 increases Kv2.1 channel activity and, thus, potassium channel function (Amako, 

et al., 2013). The role of MLK3 in K-channel was described in the response of oxidative 

stress (Mankouri, et al., 2009). The MLK3 was reported to be activated by oxidative stress, 

and that, in turn, activated downstream target, p38MAPK. In this report, they showed that 

activated p38MAPK phosphorylates transient receptor potential (TRP) V1 at the C-terminus 

on Serine 800 (S800) residue. The insertion of phosphorylated channels was seen on the 

plasma membrane, leading to the efflux of K ion (K+). The outward K+ flux induced 

apoptosis in cells infected with the hepatitis C virus (HCV) (Mankouri, et al., 2009). The 

role of MLK3 in regulating ion channels is limited and more study can undoubtedly provide 

new information about the roles of MLK3 in regulating other than K+ ion channel.

3.3. Phagocytosis

The endocytosis is a cellular process where materials are transported inside the cells via a 

membranous vesicle. The endocytosis includes two processes, phagocytosis, and pinocytosis 

(Chambers & Thompson, 1976; Marinovic, et al., 2019). Pinocytosis is a process where cells 

intake liquids, whereas, in phagocytosis, cells engulf solid substances (Chambers & 

Thompson, 1976; Dima, Assadpour, Dima, & Jafari, 2020). The MLK3 is reported to 

regulate phagocytosis in microglia and macrophages (Mφ) (Marker, Tremblay, Puccini, 

Barbieri, Gantz Marker, et al., 2013; Tomita, Kabashima, et al., 2017; Tomita, Kohli, et al., 

2017). In a mouse microglia cell line, BV-2, Tat (a neurotoxic HIV-1 protein) exposure 

increased the phagocytosis. However, inhibition of MLK3 by using its pharmacological 

inhibitor, URMC-099, decreased Tat-induced phagocytosis. Furthermore, MLK3 inhibition 
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reduced the release of the inflammatory cytokines by microglia in response to Tat treatment. 

Most importantly, the MLK3 inhibition protected neurites loss by attenuating microglial 

phagocytosis (Marker, Tremblay, Puccini, Barbieri, Gantz Marker, et al., 2013). The role of 

MLK3 in the regulation of microglial phagocytic capacity was also explored in a mouse 

model of Alzheimer’s disease. The MLK3 inhibitor, URMC-099, increased the expression 

of scavenger receptors, including cluster of differentiation 36 (CD36) and the cluster of 

differentiation 47 (CD47) in mouse microglia. The scavenger receptor expression is directly 

associated with microglial phagocytosis potential, suggesting that MLK3 inhibition could 

promote microglial phagocytosis in a mouse model of Alzheimer’s disease (Dong, et al., 

2016). Apart from microglial phagocytosis, MLK3 was also implicated in phagocytosis in 

Mφ. In the liver, the Mφ with phagocytosis features was directly correlated with the 

expression of macrophage galactose-specific lectin (Mac-2) (Idrissova, et al., 2015). The 

C57BL/6 mice fed with a diet high in saturated fats, fructose, and cholesterol (i.e., FFC) 

showed increased Mac-2 immuno-positive area in the liver; however, mice fed with FFC and 

treated with URMC-099 demonstrated diminished Mac-2 immuno-positive area in the liver 

(Tomita, Kohli, et al., 2017). These results suggest that MLK3 plays a regulatory role during 

phagocytosis in microglial and Mφ cells.

3.4. ROS generation and mitochondrial function

Reactive oxygen species (ROS) are chemically reactive chemical species comprising 

oxygen. The cellular ROS are formed as a natural derivative of the normal metabolism of 

oxygen and have critical roles in cell signaling and homeostasis. However, under 

environmental stress, ROS levels can increase dramatically and may result in significant 

damage to cell structure (McCarthy, Somayajulu, Sikorska, Borowy-Borowski, & Pandey, 

2004; Roux, et al., 2019). The ROS are recognized to regulate MAPK signaling and thus 

influence various cellular functions (Y. Liu, et al., 2020). The MAPK members, JNK and 

ERK are regulated by ROS both in the healthy or neoplastic cells (Changchien, et al., 2019; 

B. Liu, et al., 2020). It was reported that low ROS activates ERK, however high ROS 

promotes MLK3-mediated JNK activation suggesting that MLK3 could play a differential 

regulatory role, depending on cellular ROS levels (Lee, Hwang, Shin, Kwon, & Cho, 2014). 

In the human prostate cancer cell line, PC-3 treated with genipin, a product derived from 

Gardenia jasminoides; it was shown that ROS acts as an upstream regulator of MLK3. The 

genipin treated PC-3 cells showed increased MLK3 phosphorylation/activation, which was 

associated with alteration in mitochondrial membrane potential and release of cytochrome c 

that ultimately triggered apoptosis in the PC-3 cells (Hong & Kim, 2007). In pancreatic beta 

cells, the MLK3 activation by cytokine, IL-1β induced apoptosis by modulating the integrity 

of the mitochondrial membrane. The MLK3 stabilized TRB3, a pseudokinase, and altered 

Bax conformation, and increased its permeability through the outer mitochondrial membrane 

(Humphrey, et al., 2010). In summary, these results suggest an intricate role of MLK3 in 

ROS signaling and mitochondrial functions in cellular homeostasis.

4. Role of MLK3 in cancer cell growth, survival, and apoptosis

The MLK3 is overexpressed in several malignancies, including breast, cervical, and 

melanomas, and regulates cancer cell growth and survival (J. Chen, Miller, & Gallo, 2010; 
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Ma, Cheng, & Zeng, 2019). The MLK3 protein expression in human breast cancer cell lines, 

MCF-7, T47D, SK-BR-3, and MDA-MB-231 were found significantly higher than MLK3 

protein expression in non-tumorigenic epithelial cell lines, 184B5, and MCF10A (J. Chen, et 

al., 2010). In cervical cancer cell lines, HeLa and SiHa, MLK3 gene (i.e., MAP3K11) 

expression were higher than healthy cervical epithelial squamous cells (Ma, et al., 2019). In 

human melanoma cell lines, A375, Me1 Ho, Me1 Ju, and Me1 Im, the MLK3 gene and 

protein expression were more compared to normal immortalized epidermal melanocyte (J. 

Zhang, et al., 2014). In glioblastoma cell lines, LN229, LN18, and A172, the protein 

expression of MLK3 were upregulated in comparison to normal human astrocytes (Misek, et 

al., 2017). To understand the clinical relevance of MLK3 in various cancers, we analyzed 

MLK3 gene expression in tumor sections from bladder, brain, ovarian, breast, and colorectal 

cancer patients using publicly available datasets (the cancer genome atlas, TCGA) using 

Oncomine Platform. (Thermo Fisher, Ann Arbor, MI). Indeed, the MLK3 gene is 

overexpressed in bladder, brain, ovarian, and breast cancer; however, in colorectal cancer, 

MLK3 gene expression is downregulated (Figure 3). The TCGA dataset analyses suggest a 

differential MLK3 gene expression in various malignancies, and perhaps there might be 

functional heterogeneity of MLK3 in different cancers. In breast cancer subtypes, 

differential MLK3 activity has been reported in triple negative (i.e., ER−/PR−/HER2−) and 

HER2 positive (ER−/PR−/HER2+) breast cancer. The Immunohistochemical analyses in 

human breast tumors showed that MLK3 activity is less in HER2+ tumors in comparison to 

TNBC (Das, et al., 2015). Furthermore, the protein expression and activity of MLK3 

decreases with increase in disease stage of HER2+ breast cancer (Das, et al., 2015). The 

MLK3 plays an important role in regulation of cancer cell proliferation, migration, 

apoptosis, and apoptosis resistance. Emerging studies also suggest that MLK3 function is 

important for host immunity, tumor microenvironment (TME) and tumor infiltrating 

lymphocytes (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020; 

Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020).

4.1. Cellular proliferation

Cellular proliferation is a vital biological phenomenon required for cell growth and survival. 

In normal and healthy cells, cellular proliferation is a controlled phenomenon; however, in 

cancer cells, it is abnormal and uncontrolled (Gong, Yang, Wang, Wang, & Zhang, 2020). 

The MAPKs are known to play a crucial role in the regulation of cellular proliferation in 

various cancer (G. R. Zhou, Huang, Sun, & Zhang, 2020). Being upstream regulator of 

MAPK members, MLK3 has also been demonstrated a critical role in the regulation of 

cancer cell proliferation (Chadee & Kyriakis, 2004a; Rangasamy, et al., 2012). The MLK3 is 

known to regulate B-Raf activation and ERK-mediated cellular proliferation (Chadee & 

Kyriakis, 2004a). In human melanoma cell lines, miR 125b targets MLK3 to inhibit the JNK 

pathway and regulates cellular proliferation (J. Zhang, et al., 2014). The MLK3 also 

regulates PAK1 mediated cellular proliferation in breast cancer (Das, et al., 2019). Apart 

from breast cancer and melanoma, MLK3 has also been reported to regulate pancreatic, 

colon, lung, and ovarian cancer cell proliferation (Chadee & Kyriakis, 2004a, 2004b; 

Chandana, Leece, Gallo, Madhukar, & Conley, 2010; Zhan, et al., 2011). The MLK3 

inhibition using K252a or genetic ablation using MLK3 specific siRNA in pancreatic cancer 

cells (i.e., MiaPACa-2 and Panc-1) decreased cellular proliferation in a dose-dependent 
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manner (Chandana, et al., 2010). The MLK3 has also been reported to be involved in KRAS 

and neurofibromatosis-1, and −2 (NF-1 and NF-2) mediated cellular proliferation in 

malignant schwannoma cell line, ST88–14 and murine osteosarcoma cell line, F3439, 

respectively (Chadee & Kyriakis, 2004a, 2004b). The mechanistic study showed that the 

genetic ablation of MLK3 attenuates serum-stimulated tumor proliferation in tumors with 

oncogenic KRAS or tumor where NF-1 is functionally inactive or tumor with NF-2 mutation 

(Chadee & Kyriakis, 2004a, 2004b). The NF-2 is a tumor suppressor gene, and a decrease of 

NF-2 is associated with increased tumorigenesis and proliferation in various cancers, 

including breast, hepatic, skin, clear cell renal cell carcinoma, prostate, and colorectal cancer 

(Petrilli & Fernandez-Valle, 2016). Moesin-ezrin-radixin-like protein (Merlin, also known as 

schwannomin) is a protein encoded by the NF-2 gene and associated with MLK3 mediated 

cellular proliferation (Chadee & Kyriakis, 2004a; Petrilli & Fernandez-Valle, 2016). Studies 

using pancreatic, lung, and breast cancer cell lines suggest that Merlin inhibition decreases 

MLK3 activity, MLK3 interaction with Cdc42 and ultimately leads to attenuated cellular 

proliferation (Zhan, et al., 2011). Collectively, MLK3 plays an essential role in the cellular 

proliferation of cancer cells. Since MLK3 is differentially expressed in cancers and 

therefore, an in-depth study is required to explore MLK3 regulated cellular proliferation in 

various cancer.

4.2. Migration and invasion

The intrinsic properties of tumors decide whether a tumor is benign or malignant (M. L. 

Chen, Li, Wei, Qi, & Sun, 2019). The benign tumors are localized at their site of origin and 

usually harmless and lack invading capacity to the neighboring tissues; however, the 

malignant tumors could migrate from its original location to the neighboring tissue or distal 

body parts. The invading process of the malignant tumors to the surrounding cells is known 

as invasion, whereas the journey of the cancer cell to distal locations is known as metastasis. 

The process of invasion and metastasis is critical for the severity of the malignant diseases, 

and interestingly, MLK3 was reported to play a critical role in cancer cell invasion and 

migration (Rattanasinchai, et al., 2017; Schroyer, et al., 2018). It was shown that human 

breast cancer cell lines MCF-7, T74D, SK-BR-3, and MDA-MB-231 overexpressing MLK3 

were associated with increased migratory potential (J. Chen, et al., 2010). The MLK3 has 

recently been reported to activate oncogenic PAK1 via phosphorylation on the Ser204 site. 

The overexpression of phospho-deficient PAK1 (i.e., PAK1 S204A) suppressed the 

migration and invasion of breast cancer cells (Das, et al., 2019). In a comparative study for 

MLK3 expression in primary and metastatic melanoma, the MLK3 gene expression was 

significantly higher in metastatic melanomas compared to primary melanomas. Further 

analysis in human melanoma cell lines suggested that the target of miR 125b, MLK3-cJun 

axis was necessary for cancer cell migration (J. Zhang, et al., 2014). Similarly, in 

glioblastoma cells, MLK3 was reported to play an essential role in cancer cell migration. 

The mechanistic study demonstrated that the epidermal growth factor (EGF)-induced 

migration and invasion of glioblastoma cells were abrogated upon MLK3 inhibition via 

downstream JNK (Misek, et al., 2017). These results suggest that the MLK3-JNK axis is 

crucial for cancer cell migration, and targeting MLK3 might decrease cancer cell metastasis.
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4.3. Apoptosis

The biological process that leads to controlled cell death is known as programmed cell death 

or apoptosis. Programmed cell death can be classified as extrinsic or intrinsic cell death 

mechanisms. In an extrinsic pathway, the death stimuli received by the receptor, like the 

TNFR-1 receptor (i.e., FAS), recruits multi-protein complex, which eventually induces 

caspase-8 activity to promote controlled programmed cell death (Pobezinskaya & Liu, 

2012). During intrinsic apoptosis mechanism, the extrinsic signals are relayed to 

mitochondria and increased pro-apoptotic molecules, Bax and Bak impinge on the 

mitochondria to ultimately induce cell death (Kuwana, et al., 2020). The Bax, and Bak 

oligomerize on the mitochondrial membrane and induce the release of cytochrome c and 

apoptosis-inducing factor (AIF) (Tait & Green, 2013). The released cytochrome c binds with 

apoptotic protease activating factor 1 (APAF1) in cytosol and form apoptosome, which 

ultimately induces caspase 9 activation (M. Zhou, et al., 2015). The caspase-8 and caspase-9 

induce effector caspase-3, leading to apoptosis (McComb, et al., 2019). In cancer cells, 

dysregulated extrinsic and intrinsic apoptosis pathways favor cancer cell survival and 

apoptosis resistance. Importantly, MLK3 was reported to participate both in the extrinsic and 

intrinsic programmed cell death pathways. The role of MLK3 in apoptosis has been reported 

in ER+ and ER−, HER2+ and triple negative breast cancers (Das, et al., 2015; Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020; Rangasamy, et al., 2010). 

The MLK3 activity was significantly higher in ER− compared to ER+ breast tumors, 

suggesting that perhaps MLK3 activity is suppressed by estrogen. Further analysis revealed 

that, indeed, estrogen (via ER) downregulated MLK3 kinase activity through PI3K-AKT 

pathway activation. The inhibition of MLK3 activity by estrogen in ER+ breast cancer was 

associated with decreased apoptosis (Rangasamy, et al., 2010). In HER2+ breast cancer cells, 

MLK3 kinase activity was required for apoptosis induction. A study in HER2+ breast cancer 

cells showed that inhibition of MLK3 kinase activity was due to HER2 activation via HER2-

HER3 hetero-dimerization. Additional analyses suggested that HER2-HER3 heterodimer 

can inhibit MLK3 kinase activity (via PI3K-AKT pathway activation) that ultimately 

suppressed Trastuzumab-induced cell death in HER2+ breast cancer (Das, et al., 2015). 

Recently, combined blockade of MLK3 and CD70 has been reported in murine TNBC, 4T1 

xenografts. It has been seen that combined inhibition of MLK3 by its pharmacological 

inhibitor, URMC-099 and anti-CD70 mab induces intrinsic apoptosis, as evidenced by 

increased Bax and decreased Bcl-2 protein expression in 4T1 tumor (Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020). The role of MAPK family 

members, JNK1/2 are important in cell death. It was reported that JNK-mediated cell death 

is a coordinated process that involves regulatory molecules, including MLK3 and plenty of 

SH3 (POSH). It was observed that endogenous protein expressions of MLK3 and POSH 

were upregulated during JNK-mediated apoptosis (Z. Xu, Kukekov, & Greene, 2005). In 

cervical cancer, the MLK3 gene and protein expressions were higher compared to normal 

cervical epithelial squamous cells. The in vitro studies using HeLa and SiHa cell lines 

showed that knockdown of MLK3 could attenuate survival and induce apoptosis via pro-

apoptotic protein Bax. The Bax is reported to induce intrinsic apoptosis associated with 

mitochondrial dysfunction (Nutt, et al., 2002). Interestingly, targeting MLK3 promoted 

mitochondrial apoptosis in cancer cells. An in vitro study showed that upon MLK3 

knockdown in HeLa and SiHa cells, the protein expression of Bax increased with the 
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parallel decrease in the anti-apoptotic, Bcl 2 protein expression (Ma, et al., 2019). These 

results suggest that MLK3 is involved in mitochondrial apoptosis. The MLK3 role has also 

been explored in etoposide-induced death in the ovarian cancer cell line, SKOV3, and in a 

murine fibroblast cell line, NIH-3T3. The knockdown of MLK3 decreased inhibitor of kappa 

B alpha (IκBα) protein expression and partially suppressed the etoposide-induced cell death. 

The overexpression of MLK3, either kinase dead or kinase active, promoted etoposide-

induced apoptosis in ovarian cancer cells (Cole, et al., 2009). These results suggest that 

MLK3 can mediate pro-apoptotic signals by engaging various signaling pathways in cancer 

cells.

4.4. Apoptosis resistance

The dysregulation in programmed cell death pathways is one of the mechanisms that provide 

a survival advantage to cancer cells (Kitada, Pedersen, Schimmer, & Reed, 2002). The 

apoptosis resistance is the major cause of the failure of several cancer drugs (Mansoori, 

Mohammadi, Davudian, Shirjang, & Baradaran, 2017). It was reported that MLK3 mediates 

the Trastuzumab-induced apoptosis in HER2+ breast cancer cells, and loss of MLK3 lead to 

apoptosis resistance (Das, et al., 2015). Moreover, the MLK3 kinase activity and expression 

were decreased in Trastuzumab resistant HER2+ breast cancer cell lines compared to 

sensitive cell lines. Further analysis showed that HER2 amplification activates the PI3K-

AKT pathway, which inhibits MLK3 kinase activity. In the same study, the second line of 

HER2-directed therapy, lapatinib-induced cell death was also blocked upon MLK3 kinase 

inhibition by PI3K-AKT pathway activation (Das, et al., 2015). Collectively, these studies 

indicate that heterogeneity in MLK3 kinase activity regulation is associated with apoptosis 

resistance in cancer cells. Therefore, further research is essential to explore the in-depth 

mechanism of MLK3-mediated drug resistance in different malignancies.

4.5. Tumor microenvironment (TME)

The efficacy of antineoplastic drugs is regulated by numerous factors, including the tumor 

microenvironment (TME). The TME can be described as a tumors’ local milieu with various 

cellular and non-cellular components (B. Zhang, et al., 2020). The MAPK family members 

are reported to regulate multiple components of TME (Gutjahr, et al., 2018). Our recent 

report suggests that MLK3 does participate in regulating triple negative breast cancer TME 

(Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020). The 

pharmacological inhibition of MLK3 led to hyperactivation in tumor-infiltrating CD8+ T 

cells and increased cytotoxicity. However, MLK3 inhibition decreased the life span of CD8+ 

T cells (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020; 

Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). The analysis of 

tumors from mice treated with a pharmacological inhibitor of MLK3 showed robust protein 

expression of TNF-α within the TME. Further investigations suggested that the increase in 

TNF-α expression was associated with the increased apoptosis in CD8+ T cells (Kumar, 

Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020). The loss of MLK3 

induced CD70-TNF-α mediated cell death in CD8+ T cells and therefore the combined 

inhibition of MLK3 and CD70 was capable of increasing tumor infiltration of cytotoxic T 

cells significantly and decreased the TNF-α expression in tumors (Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020). The functions of MLK3 in 
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TME have just started to unravel, and more future studies should provide information about 

the mechanistic role of MLK3 in TME.

5. The regulatory function of MLK3 in innate and adaptive immunity

The immune system is a complex network of cells, organs, and substances that is required to 

fight against pathogens and other diseases. There are two arms of the immune system, innate 

and adaptive immunity. The innate immunity is an inherited form of immunity that delivers 

rapid and non-specific responses against pathogens. Adaptive immunity is another arm of 

the immune system, mainly associated with antigen-based immune responses. The 

significant components of the adaptive immune system are B and T cells. The MLK3 has 

been reported to play crucial roles in regulating innate and adaptive components of the 

immune system (Figure 4).

5.1. Innate immunity

The major components of innate immunity are Mφ, DCs, mast cells, natural killer (NK) 

cells, basophils, eosinophils, neutrophils, granulocytes, and complement proteins (Gajewski, 

Schreiber, & Fu, 2013). The cells involved in innate immunity, including DCs, Mφ, and 

basophils, possess pattern recognition receptors (PRRs). The PRRs recognize pathogen-

associated molecular patterns (PAMPs) present on pathogens, including bacteria and viruses 

(Pfannkuch, et al., 2019). The interaction between PRRs and PAMPs is crucial for innate 

immunity responses. The detailed functions of MLK3 have been reported in Mφ, DCs, 

monocytes, and neutrophils (Handley, et al., 2007; Polesskaya, et al., 2014; Sui, et al., 2006; 

Tomita, Kohli, et al., 2017).

5.1.1. Macrophage—The Mφs are components of innate immunity involved in several 

immunological functions, including phagocytosis and antigen presentation (Kurynina, et al., 

2018). The MLK3 was reported to regulate Mφ functions in diet-induced nonalcoholic 

steatohepatitis (NASH), a serious health concern worldwide. The MLK3 pharmacological 

inhibitor, URMC-099, was able to decrease Mφ infiltration in the liver of the NASH animal 

model. The MLK3 inhibition suppressed Mφ activation and pro-inflammatory signals in the 

NASH animal model, which ultimately lead to improved disease conditions (Tomita, Kohli, 

et al., 2017). The toll-like receptors (TLRs) play a major role in innate immunity and are 

generally expressed on DCs and Mφ (Grassin-Delyle, et al., 2020). The MLK3 was 

implicated in TLR adaptor protein, MyD88-mediated p38 MAPK signaling. The 

mechanistic study suggests that MLK3 is downstream of MyD88, and an upstream regulator 

MKK3 and p38 that regulate MyD88dependent transcripts stabilization (Sun & Ding, 2006). 

There are very few reports related to role of MLK3 in Mφ. It is expected more reports will 

emerge in future especially defining interrelation between MLK3 and Mφ in malignant 

diseases.

5.1.2. Dendritic cells—Like Mφ, the dendritic cells (DCs) are another component of the 

innate immune system and are involved in various immune functions, including antigen 

presentation to T cells (Medel, et al., 2018). The regulatory functions of MLK3 in DCs are 

reported (Handley, et al., 2007). The MLK members, gene expressions including MLK1, 
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MLK2, MLK3, MLK4, and DLK were determined in DCs where all MLK members’ 

expressions were detected in DCs. The MLK2, MLK3, and DLK proteins were also present 

in DCs (Handley, et al., 2007). The MLK3 phosphorylation was also determined in DCs 

upon treatment with lipopolysaccharide (LPS). The LPS induced MLK3 phosphorylation on 

Thr277 and Ser281 sites, necessary for MLK3 activation (Handley, et al., 2007). The role of 

MLK3 has also been examined in p38α MAPK-regulated JNK activation in DCs upon LPS 

treatment. The mechanistic analyses showed that activities of JNK upstream regulators, 

including TAK1 MKK4 and MKK7 were significantly upregulated in p38α MAPK deficient 

DCs. However, MLK3 activation was not altered due to the loss of p38α MAPK, suggesting 

p38α MAPK is downstream of MLK3 in DCs (Zheng, et al., 2018). These studies indicate 

that MLK3 is present in DCs and plays regulatory roles in a stimulus-dependent DCs 

activation. Since DCs are considered as classical antigen-presenting cells (APCs) and 

therefore, further study is required to understand how MLK3 regulates antigen presentation 

properties of DCs.

5.1.3. Monocytes and neutrophils—The monocytes are another component of innate 

immunity system, which is a leukocyte or white blood cells (WBCs) that participate in the 

immune response against pathogens, including bacteria and viruses (Germic, Frangez, 

Yousefi, & Simon, 2019). The MLK3 is reported to participate in monocyte activation 

during HIV-1 infection. The HIV-1 proteins, Tat, and gp120 activated MLK3 kinase activity, 

leading to monocytes activation and release of inflammatory cytokines (Sui, et al., 2006). 

Similar to monocytes, neutrophils are another WBCs involved in repairing damaged tissue 

and mitigation of infections (Kantari, Pederzoli-Ribeil, & Witko-Sarsat, 2008). It was 

reported that MLK3 inhibition or loss attenuated N-formylmethionyl-leucyl-phenylalanine 

(fMLP)-induced motility in neutrophils in in vitro and in vivo (Polesskaya, et al., 2014). The 

dysregulated motility of neutrophils is a serious problem in several diseases, including 

leukocyte adhesion deficiencies and autosomal dominant, hyper IgE syndrome (Leiding, 

2017). The infiltration of neutrophils in the tumors was reported to promote tumor survival 

and metastasis (Spiegel, et al., 2016), and therefore, targeting MLK3 could provide a novel 

insight on its role in neutrophil migration in cancer.

5.2. Adaptive immunity

The significant components of adaptive immunity are B- and T- lymphocytes. The B and T 

cells recognize a range of antigens to deliver immune responses against pathogens and 

antigens present on cancer cells (Sutti & Albano, 2020). Once an antigen is recognized by B 

cells, the B cells produce antibodies-mediated immune responses; however, antigen 

recognition by T cells lead to immune responses in conjunction with a helper (Th) and 

effector T (Teff) cells. The B cells serve as a defender against micro-organisms in the 

humoral system, like blood and lymphatic fluids (Ferrara, et al., 2018). The B cells are 

originated from bone marrow- or bursa-derived cells. The pre-B cells are converted into 

mature B cells following several developmental stages, regulated by various factors, 

including micro RNA. The miR-125b is reported to regulate the survival of transformed 

precursor B cells, which is mediated by MLK3 (Knackmuss, et al., 2016). Our recent study 

with MLK3 knockout mice showed an increased splenic B cell population compared to wild 

type mice (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020). 
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The B cells are primarily responsible for antibodies production but also acts as classical 

APCs. Since the genetic ablation of MLK3 increased B cell numbers and therefore, the loss 

or inhibition of MLK3 could increase the total numbers of antigen-presenting B cells. 

However, further study is required to understand the in-depth function of MLK3 in B cell 

biology. The T cells are a major component of the adaptive immune system and deliver 

immune responses against pathogens and tumor cells. There are several subsets of T cells, 

including CD4+ and CD8+ T cells, and regulatory T cells (Tregs). The T cells develop into 

the thymus and, upon maturation, are distributed to the peripheral system. The regulatory 

function of MLK3 has recently been established in T cells, where MLK3 negatively 

regulates T cell effector function (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, 

Sinha, et al., 2020). In systemic lupus erythematosus (SLE), MLK3 is reported to regulate 

the infiltration of CD4+ T cells into the kidney, which is essential for the initiation of 

immune reactions against autoantigens (Okamoto, Fujio, Tsuno, Takahashi, & Yamamoto, 

2012). In prenephritic mouse model, the adoptive transfer of MLK3-expressing CD4+ T 

cells accelerates nephritis progression (Okamoto, et al., 2012). The functional roles of 

MLK3 in regulating T cell activation, effector function and survival are discussed in section 

6.

5.3. Cytokines/chemokines

The cytokines are secreted proteins produced by immune cells like helper T cells and Mφ, 

and non-immune cells, including tumor cells. Based on the inflammatory responses by the 

cytokines, they can be classified as pro-inflammatory or anti-inflammatory cytokines. The 

typical examples of pro-inflammatory cytokines are: IL-1β, IL-6, and TNF-α, whereas IL-4, 

IL-13, IL-19, IL-27, and IL-37 are members of anti-inflammatory cytokines (Dong, et al., 

2016; Moideen, et al., 2020). The Zika virus infection is detrimental for human health, and 

interestingly MLK3 is reported to play an essential role in Zika pathogenesis by regulating 

cytokines levels. In the neonatal mouse brain, it has been shown that MLK3 suppresses Zika 

virus replication by increasing cytokines IL-6, IL-8, MCP-1, and TNF-α levels (H. Xu, et 

al., 2019). The MLK3 has been reported to upregulate interferon-gamma (IFNγ) in an 

infection model or upon TCR activation. The stimulation of the IFNγ receptor has been 

correlated with activation of Unc-51-like kinase 1 (ULK1). Interestingly, the ULK1 interacts 

with MLK3, and this interaction promotes activation of MLK3. Upon activation, MLK3 

triggers downstream ERK5-mediated signaling leading to antiviral response (Saleiro, et al., 

2018). In one of our recent studies, we have demonstrated that intracellular IFNγ expression 

was higher in activated CD4+ and CD8+ T cells isolated from MLK3 knockout mice 

(Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). The pro-

inflammatory cytokines TNF-α and IL-1β have been reported to regulate MLK3 kinase 

activation (Humphrey, et al., 2010; Korchnak, Zhan, Aguilar, & Chadee, 2009; 

Sathyanarayana, et al., 2002). The MLK3 has also been reported to regulate anti-

inflammatory cytokine production in amyloid-β stimulated microglia. The inhibition of 

MLK3 by using the pharmacological inhibitor, URMC-099 in amyloid-β stimulated 

microglia upregulated the gene expressions of IL-4 and IL-13 (Dong, et al., 2016). We have 

recently seen that genetic loss of MLK3 in mice increased IL-4, IL-5, and IL-13 levels in the 

serum (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). Similar 

to cytokines, MLK3 is also reported to regulate chemokines. The chemokines are low 
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molecular weight (6–14 kDa) cytokines, which play a crucial role in chemotaxis (Gao, et al., 

2020; Godiska, et al., 1997). Interestingly, MLK3 regulates chemokines CXCL3, CXCL4, 

CXCL8, and CXCL10 and the chemokine receptor CXCR3. Upon TCR activation, genetic 

loss of MLK3 increased the release of CCL3 and CCL4 and surface expression of CXCR3 

on CD8+ T cells (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 

2020). Importantly, CCL3 and CCL4 are known to regulate CD8+ T cell migration 

(Castellino, et al., 2006). The MLK3 mediated regulation of IL-8 (i.e., CXCL8) gene 

expression has been reported in LPS treated Jurkat cells (Zhong & Kyriakis, 2007). Another 

chemokine C-X-C motif chemokine 10 (CXCL10), also known as interferon gamma-

induced protein 10, has also been reported to be regulated by MLK3 in lipotoxic diseases. It 

has been reported that in lipotoxic hepatocytes, MLK3 induces signal transducer and 

activator of transcription 1 (STAT1) phosphorylation, leading to increased expression of 

chemokine, CXCL10 (Tomita, Kabashima, et al., 2017). The recent and past reports suggest 

that MLK3 plays a broad range of regulatory functions in innate and adaptive immunity and 

modulates inflammatory pathways in various diseases.

6. Role of MLK3 in T cell activation, effector function, and survival

The T lymphocytes are one of the significant components of the adaptive immune system. 

The functions of T cells include cytokines production, activation of other immune cells, and 

direct cancer or infected host cells killing (Bracq, et al., 2017; Spranger, Dai, Horton, & 

Gajewski, 2017). Recently, we have reported that MLK3 is present in T cells and regulates T 

cell activation, effector function, and survival (Kumar, Singh, Viswakarma, Sondarva, Nair, 

Sethupathi, Sinha, et al., 2020). In the following subsection, we will discuss role of MLK3 

in T cell development, activation, effector function, survival, and exhaustion.

6.1. T cell development

The T cells originate from hematopoietic stem cells present in the bone marrow (Famili, 

Wiekmeijer, & Staal, 2017). We have recently reported that genetic loss or pharmacological 

inhibition of MLK3 increases the c-Kit+Lin−SCA-1+CD34dim hematopoietic cell population 

in C57BL/6 mice (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 

2020). Some of these hematopoietic cells travel to the thymus via the circulatory system 

(Zlotoff & Bhandoola, 2011). The T cell development in the thymus encompasses several 

phases, including DN1 (CD25−CD44high), DN2 (CD25+CD44high), DN3 (CD25−CD44low) 

and DN4 (CD25−CD44−) (Misslitz, et al., 2004). Interestingly, loss of MLK3 does not affect 

any of these T cell developmental phases in the thymus (Kumar, Singh, Viswakarma, 

Sondarva, Nair, Sethupathi, Dorman, et al., 2020). Neither double-positive (i.e., CD4+CD8+) 

nor CD4 and CD8 single-positive thymocytes is affected due to loss of MLK3 in mice 

(Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020). The recent 

results collectively suggest that MLK3 does regulate hematopoietic stem cell generation; 

however, it does not affect T cell developmental phases in the thymus.

6.2. T cell activation

The mature T cells travel from the thymus to peripheral lymphoid organs and await for 

receiving antigenic signals. Once a T cell recognizes antigen present on APCs, it gets 
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activated and undergoes expansion and effector function. The T cell activation is a 

coordinated process involving primarily three critical steps. As a first step, T cells recognize 

antigens presented on MHC-I of APCs by its TCR. In the second step, co-stimulatory 

molecules like cluster of differentiation 28 (CD28), cluster of differentiation 80 (CD80), and 

the cluster of differentiation 86 (CD86) decrease the threshold of T cell activation (Mikami, 

et al., 2020). The other costimulatory molecules are cluster of differentiation 40 ligands 

(CD40L), inducible T cell costimulator (ICOS), TNF receptor superfamily member 4 

(TNFRSF4 or OX40), and TNFRSF9 (also known as 4–1BB). In addition to costimulatory 

molecules, there are some coinhibitory signaling molecules also expressed on T cells. The 

coinhibitory signaling molecules, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

and programmed cell death protein 1 (PD-1), are reported to increases the threshold of T cell 

activation. The third phase of T cell activation is determined by the presence of cytokines 

milieu that controls the nature of immune responses generated by the activated T cells. T cell 

activation is an important immunological process that regulates T cell proliferation, 

expansion, and effector function. We have reported recently that genetic loss or 

pharmacological inhibition of MLK3 induces T cell activation as determined by upregulated 

expressions of activation markers cluster of differentiation 25 (CD25), the cluster of 

differentiation 38 (CD38) and the cluster of differentiation 69 (CD69) on activated CD4+ 

and CD8+ T cells (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 

2020). The T cell activation, due to genetic loss of MLK3 is associated with increased 

expression of costimulatory molecules CD28 and CD40L on the surface of T cells (Kumar, 

Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). It was also observed 

that the MLK3 knockout mouse treated of LPS or anti-CD3e mab had a higher population of 

activated CD4+ and CD8+ T cells. Furthermore, in a complementary in vitro experiment in 

Jurkat T cells, expressing MLK3, the activation was reduced upon PMA/Ionomycin, or TCR 

mediated activation (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 

2020). These results suggest that loss of MLK3 promotes T cell activation by increasing T 

cell costimulatory molecules. However, further study will be required to appreciate the full 

functions of MLK3 in T cell biology.

6.3. T cell effector function

The T cells perform their effector function, including the release of cytokines and 

cytotoxicity upon activation (Balanca, et al., 2020; Yang, et al., 2020). It is reported that 

cytotoxicity of T cells is regulated via nuclear translocation of nuclear factor of activated T-

cells cytoplasmic 1 (NFATc1) (Klein-Hessling, et al., 2017). Recently, we have reported that 

MLK3 regulates nuclear translocation of NFATc1. The MLK3 binds with and activates cis-

trans isomerase, peptidyl-prolyl isomerase A (Ppia), and increases its cis-trans isomerase 

activity. The activated Ppia binds with phosphorylated NFATc1, and the Ppia-NFATc1 

complex is retained in the cytoplasm. The attenuated NFATc1 nuclear translocation leads to 

decreased IL-2 expression and, thus, down-regulates T cell effector function (Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). Interestingly, genetic loss of 

MLK3 increased NFATc1 nuclear translocation and induced granzyme B protein expression 

in CD8+ T cells, isolated from breast cancer patients (Kumar, Singh, Viswakarma, Sondarva, 

Nair, Sethupathi, Sinha, et al., 2020), suggesting that MLK3 inhibition could increase T cell 

activation in cancer patients. We also observed in a murine model of breast cancer that 
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pharmacological inhibition of MLK3 increased the tumor infiltration of cytotoxic T cells. 

Besides improving the cytotoxic function of T cells, genetic loss of MLK3 in CD8+ T cells 

also increased the chemotaxis as determined by increased release of chemokines, CCL3 and 

CCL4 in TCR activated CD8+ T cells (Kumar, Singh, Viswakarma, Sondarva, Nair, 

Sethupathi, Dorman, et al., 2020). These recent results suggest an exciting role of MLK3 in 

T cell effector function via NFATc1 nuclear translocation and opens-up novel avenues to 

increase T cell cytotoxicity in cancer patients for therapeutic interventions (Figure 5).

6.4. T cell survival or apoptosis

The program cell death is a process where unwanted cells are eliminated from the system in 

a controlled manner. The T cells also go through the process of program cell death; however, 

aberrations in T cell apoptosis are frequent during infections and malignant diseases. The 

MLK3 has recently been reported to regulate CD8+ T cell apoptosis via CD70, both under 

basal and activated conditions (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, 

Dorman, et al., 2020). However, under basal or TCR-activated conditions, the other T cell 

subset, CD4+ T cell apoptosis, is not regulated by MLK3. Moreover, we observed that 

among three CD8+ T cells activated phenotypes (i.e. CD8+CD25+, CD8+CD69+ and 

CD8+CD38+ T cells), the apoptosis in CD8+CD38+ T cell population was more prevalent in 

absences of MLK3. Mechanistic studies suggested that loss of MLK3 increased TNFRSF1a 

expression on CD8+ T cells. The TNFRSF1a is a soluble receptor for TNF-α (Yue, et al., 

2020), and we observed that CD70 regulated MLK3-mediated TNF-α expression in the 

tumor. Therefore the combined inhibition of MLK3 and CD70 showed enhanced cytotoxic T 

cells infiltration leading to an anti-tumor response in TNBC (Kumar, Singh, Viswakarma, 

Sondarva, Nair, Sethupathi, Dorman, et al., 2020). These recent interesting results suggest 

that MLK3 indeed plays a regulatory role in peripheral and tumor-infiltrating T cells 

apoptosis.

7. Regulation of cis-trans isomerase activity by MLK3 in cancer and T 

cells

Protein dynamics are crucial for living cell activities and function. Several proteins’ function 

is regulated via post-translational modifications, like phosphorylation, acetylation, and 

glycosylation, and by foldases catalytic activity (Lin, et al., 2019). One of the foldases 

family members, peptidyl-prolyl cis/trans isomerases (PPIase), regulates the isomerization 

of “cis” to “trans” form of peptide bonds. The PPIases target prolyl bond and linked with 

180° rotation in a polypeptide (Kawagoe, Nakagawa, Kumeta, Ishimori, & Saio, 2018; Lin, 

et al., 2019). The post-translational modification by PPIase is reported to regulate protein 

functions, including the enzymatic activity of the target protein. The peptidyl-prolyl cis-trans 

isomerase NIMA-interacting 1 (Pin1) is reported to regulate breast cancer cell proliferation. 

The peptidyl-prolyl Isomerase A (Ppia) induces nuclear translocation of NFATc1 in T cells 

(Figure 6) (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020; 

Rangasamy, et al., 2012). Interestingly, both Pin1 and Ppia have been reported to be 

regulated by MLK3 (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 

2020; Rangasamy, et al., 2012). The biological functions of various proteins, including 

retinoblastoma protein (Rb), cyclin D1, cyclin E, p27, Cdc25C, and Wee1, are regulated by 
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Pin1 (Cheng & Tse, 2018). The defects in Pin1 function and expression are common in 

malignant diseases, including breast cancer, where Pin1 is reported to be overexpressed 

(Rangasamy, et al., 2012). Interestingly, MLK3 phosphorylates Pin1 at S138 site and 

increases Pin1’s cis-trans isomerase activity. Furthermore, phosphorylated Pin1 translocates 

to the nucleus and participates in transcriptional activities and regulates biological function, 

including cellular proliferation (Rangasamy, et al., 2012). The Pin1 also regulates nuclear 

translocation of nuclear factor of activated T-cells (NFAT) by forming a Pin1-NFAT complex 

in T cells. The WW domain of Pin1 binds with Ser/Pro-rich domains of NFAT, and this 

interaction regulates the nuclear translocation of NFAT (W. F. Liu, Youn, Zhou, Lu, & Liu, 

2001). The immunosuppressive drug, cyclosporine, along with Ppia inhibits TCR-induced 

cellular proliferation in CD4+ T cells (Colgan, Asmal, Yu, & Luban, 2005). The genetic loss 

of Ppia in mice induces IgE-mediated allergic responses and increased Th2 cytokines by 

CD4+ helper T cells. Interestingly, genetic loss of Ppia increased the TCR-mediated 

activation of Th2 cells (Colgan, et al., 2004). The role of MLK3 in regulating Ppia’s 

function in T cells has recently been reported. It has been shown that MLK3 

transcriptionally regulates ppia via AP-1/c-Fos activation. The MLK3 phosphorylates Ppia 

and regulates its cis-trans isomerase activity. Further analyses suggest that Ppia binds with 

cytosolic NFATc1 and restricts the NFATc1 nuclear translocation in T cells, which results in 

decreased T cell effector function (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, 

Sinha, et al., 2020). These results suggest, coordinated action of MLK3 in tumors as well as 

in T cells via regulating PPIase members, Pin1, and Ppia.

8. Future of MLK3 inhibitors in T cell-dependent cancer immunotherapy

The role of MLK3 in various cancers is apparent; primarily, MLK3 is involved in cancer cell 

survival and growth. Similarly, MLK3 has also been studied in host immunity and have 

provided very promising results. Although the immune function of MLK3 is an emerging 

area, however, it is clear that several immune surface molecules are regulated by MLK3, 

including splenic surface molecules CD28 and CD70 (Table 1). So far, MLK3 association 

with T cells costimulatory molecules like CD28, CD40L, and CD70 and co-inhibitory 

molecule CTLA-4 have just been reported (Kumar, Singh, Viswakarma, Sondarva, Nair, 

Sethupathi, Dorman, et al., 2020; Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, 

Sinha, et al., 2020; Kumar, Singh, Viswakarma, Sondarva, Nair, Thatcher, et al., 2020). The 

MLK3 regulates the protein expression of co-stimulatory molecules, CD28 and CD40L, 

which are known to participate in T cell activation. The primary issue with tumor-infiltrating 

T cells is its activation status. Since loss or inhibition of MLK3 promotes T cell activation, 

and therefore, it is conceivable that inhibitors of MLK3 might be useful to enhance T cell 

activation.

8.1. CD28

The CD28 is a T cell co-stimulatory molecule present on the surface of T cells, bone marrow 

stromal cells, plasma cells, eosinophils, and neutrophils (Esensten, Helou, Chopra, Weiss, & 

Bluestone, 2016). The CD28 binds with B7 molecules, and CD28-B7 axis provides co-

stimulatory signals for T cell activation (Esensten, et al., 2016). However, the aberrant 

expression of B7 is associated with decreased immunity against tumors and promote tumor 
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growth (Cai, et al., 2020). The decreased CD28 expression in sentinel lymph nodes is 

reported to be associated with immunosuppression in breast cancer (Schule, Bergkvist, 

Hakansson, Gustafsson, & Hakansson, 2004). Considering the importance of CD28 in tumor 

immunotherapy, CD28 based bispecific activator “TSAxCD28” has been used with a 

checkpoint inhibitor for cancer immunotherapy. Interestingly, the combined treatment of 

TSAxCD28 and PD-1 blockade induced a robust and synergistic anti-tumor response (Waite, 

et al., 2020). We have reported that MLK3 diminishes CD28 expression on CD4+ and CD8+ 

T cells, and therefore pharmacological inhibitor of MLK3 could promote T cells activation 

via increased CD28 expression (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, 

Sinha, et al., 2020).

8.2. CD40L

The CD40L is a costimulatory surface molecule, primarily expressed on activated T cells 

(Deng, et al., 2020). The CD40L receptor, CD40, is a TNF family member present on B 

cells, myeloid cells, and dendritic cells, and the CD40L-CD40 axis regulates T cell 

activation (Piechutta & Berghoff, 2019). Emerging studies suggest that the CD40L-CD40 

axis is very important for T cell-mediated anti-tumor immunity (Vonderheide, 2020). The 

MLK3 plays an important role in CD40L-CD40 axis mediated signaling (Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020; Ramirez, et al., 2010). In brain 

microvascular endothelial cells (BMVECs), treatment with soluble CD40L increases 

phosphorylation and kinase activity of MLK3 and stimulates downstream JNK (Ramirez, et 

al., 2010). Recently, we reported that genetic loss of MLK3 in mice induces splenic CD40L 

expression (Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020). 

Considering the importance of the CD40L-CD40 axis, several agonistic antibodies have 

been formulated, which are under clinical trials (Vonderheide, 2020).

8.3. CD70

The CD70 is another co-stimulatory molecule present on immune and non-immune cells, 

including cancer cells (Inaguma, et al., 2020). In immune cells, CD70 is present on APCs 

and binds with the CD27 receptor, present on T cells. The binding between CD27 and CD70 

induces stimulatory signals to increase T cell activation. The CD70 expression is also 

reported to be upregulated in various cancers, including colorectal, osteosarcoma, and breast 

cancer (Jacobs, et al., 2018; L. Liu, et al., 2018; Pahl, et al., 2015). A paradoxical role of 

CD70 present on tumor cells is reported, where it transmits negative signals to T cells via 

their CD27 that ultimately results in T cell dysfunction. It is believed this could be one of the 

mechanisms by which tumors escape from host immune surveillance (Pahl, et al., 2015). 

The CD70 has also been implicated in tumor and Treg cells survival (Jacobs, et al., 2015). 

The breast cancer cells with overexpression of CD70 is associated with lung specific 

metastasis (L. Liu, et al., 2018). The “ARGX-110,” a CD70 targeting drug, has shown 

promising outcomes in cancers with increased CD70 expression (Aftimos, et al., 2017). We 

have reported recently that genetic loss or the pharmacological inhibitor of MLK3 prompts 

CD70 protein expression on T cells and subsequently promotes apoptosis in CD8+ T cells 

via TNF-α-TNFRSF1a axis. Therefore, combined blockade of MLK3 and CD70 together 

was seen to have anti-tumor immunity in an animal model of TNBC (Kumar, Singh, 

Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020).
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8.4. CTLA-4

The CTLA-4 is one of the co-inhibitory molecules primarily present on activated T cells, 

and its expression is higher on regulatory T cells. The CTLA-4 expression has also been 

reported in several cancers (H. Zhang, et al., 2019). There is a Food and Drug 

Administration (FDA) approved CTLA-4 antagonist, Ipilimumab, which is in clinical use to 

treat melanoma. Limited knowledge is available about MLK3 relation with CTLA-4; 

however, our recent data suggest a paradoxical role of MLK3-CTLA-4 axis in TNBC and 

CD8+ T cells (Kumar, Singh, Viswakarma, Sondarva, Nair, Thatcher, et al., 2020). We have 

observed that pharmacological inhibition of MLK3 increases CTLA-4 protein expression on 

tumor and CD8+ T cells. The increased CTLA4 protein expression due to MLK3 inhibition 

promotes tumor cell proliferation; however, increased CTLA-4 protein expression on CD8+ 

T cells was associated with decreased CD8+ T cells’ proliferation. These observations 

suggest that combined inhibition of MLK3 and CTLA-4 can be harnessed to increase CD8+ 

T cell proliferation and decrease tumor proliferation, desirable for cancer therapy.

9. Repurposing of MLK3 inhibitors/agonists in malignant diseases

The emerging discoveries on the role of MLK3 in cancer and host immune system, have 

raised hope for MLK3 targeted therapy in cancer. Various antagonistic or agonistic 

approaches can be designed to target MLK3 functions in cancer. There are several MLKs/

MLK3 inhibitors, including CEP-1347, CEP-11004, URMC-099, and CLFB-1134, whereas 

we have reported earlier that ceramides and TNF-α are agonists of MLK3 that increase its 

kinase activity.

9.1. MLK3 Inhibitors

In 1997, CEP-1347 was reported as a neurotrophic agent, derived by synthetic modification 

of a natural product hit identified in a phenotypic screen (Kaneko, et al., 1997). Later 

identification of JNK pathway inhibition (Saporito, Brown, Miller, & Carswell, 1999) by 

CEP-1347 was subsequently ascribed to direct inhibition of MLKs (Maroney, et al., 2001). 

CEP-1347 demonstrated anti-apoptotic actions and efficacy in preventing dopaminergic 

neuronal loss in animal models of Parkinson’s disease (PD) (Saporito, et al., 1999), which 

was replicated by derivatives that selectively inhibited MLK1 and MLK3 (Hudkins, et al., 

2008). These observations led to CEP-1347 advancing to clinical trials (PRECEPT trial) as a 

disease-modifying therapeutics in Parkinson’s disease, after proving its safety in a 4 week 

trial in PD patients (Parkinson Study Group, 2007). As in all clinical trials of 

neuroprotective agents in that period (Waldmeier, Bozyczko-Coyne, Williams, & Vaught, 

2006), the trial failed to reach its primary endpoint. It was terminated within three years 

because of no significant improvement compared to the placebo arm (Sweeney & Lewcock, 

2011). Unfortunately, from this study, the direct effect of CEP-1347 administration in 

inhibiting the JNK pathway, and specifically inhibiting MLKs, in human subjects was not 

determined. In 2013, URMC-099 was reported as an MLK3 inhibitor with improved 

pharmacokinetic properties over CEP-1347 and brain bioavailability (Goodfellow, et al., 

2013), with potential use in treating HIV-associated dementia, based, in part, on anti-

inflammatory actions (Marker, Tremblay, Puccini, Barbieri, Marker, et al., 2013). More 

recently, URMC-099 has been reported to have potential in diseases, including Alzheimer’s 
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(Kiyota, et al., 2018) and heart failure (Calamaras, et al., 2019); and in multiple sclerosis 

(Bellizzi, et al., 2018). Since MLKs play a pro-apoptotic function in neurons, we were 

interested to discover any probable functions of MLKs in proliferative disease such as 

cancer, which are discussed above in detail. The K252a, the backbone of the current 

pharmacological inhibitor of MLK3 (i.e., CEP-1347), has shown anti-neoplastic efficacy in 

pancreatic cancer (Chandana, et al., 2010). In vitro study showed that inhibition of MLK3 

using K252a in Panc-1 and MiaPaCa-2 cells decreased cellular proliferation and increased 

apoptosis (Chandana, et al., 2010). The epidermal growth factor receptor (EGFR) is a crucial 

player in pancreatic tumorigenesis and targeted for pancreatic cancer therapy (Ueda, et al., 

2006). It is reported that the therapeutic efficacy of the EGFR inhibitor can be further 

boosted along with inhibition of MLK3 (by K252a) in pancreatic cancer (Chandana, et al., 

2010). The combined anti-tumor efficacy of EGFR and MLK3 inhibition has been tested in 

human pancreatic cancer cells. The results suggest that combined inhibition of MLK3 and 

EGFR decreases AKT phosphorylation and increases poly (ADP-ribose) polymerase 

(PARP) cleavage leading to increased cancer cell apoptosis (Chandana, et al., 2010). The 

positive outcomes due to the combined treatment of MLK3 and EGFR inhibitors suggest 

that MLK3 might be involved in survival and apoptosis resistance in pancreatic cancer cells. 

The apoptosis resistance is one of the properties of cancer stem cells (CSCs) and could lead 

to failure of anticancer regimens. In ovarian cancer, survivin, an anti-apoptotic protein, plays 

a critical role in the apoptosis resistance of CSCs (Ambrosini, Adida, & Altieri, 1997; 

Togashi, et al., 2018). Interestingly, MLK3 plays a role in regulating survivin function 

(Togashi, et al., 2018). A study in ovarian cancer showed that CEP-1347 targets survivin, 

decreases drug resistance, and increases chemotherapeutic agents’ sensitivity in ovarian 

cancer (Togashi, et al., 2018). Similar to ovarian cancer, CEP-1347 treatment also reduces 

differentiation and tumorigenic potential of glioblastoma and pancreatic cancer stem cells 

(Okada, et al., 2017). Most importantly, there was no adverse effect on the growth and 

survival of neural stem cells and normal fibroblasts at clinically relevant doses, suggesting 

that CEP-1347 specifically targets cancer stem cells (Okada, et al., 2017). These findings 

suggest that targeting MLK3 alone or in combination, could have robust anticancer efficacy 

in various malignancies. However, in-depth mechanistic studies for the anticancer efficacy of 

MLK3-targeted therapy in multiple types of malignancies will open a novel direction for 

cancer treatment.

9.2. Agonists

As we learn more about the biological functions of MLK3 in different cancers and immune 

cells, it is becoming more apparent that in some specific types of cancer, the MLK3 agonist 

will be desirable to induce cell death in cancer cells (Figure 2). For instance, in HER2+ 

breast cancer, Trastuzumab activates MLK3 kinase activity to induce cancer cell apoptosis 

(Das, et al., 2015). Therefore, it will be desirable to increase the MLK3 activity in cancers 

where MLK3 kinase activation is necessary to induce cancer cell death. There are two 

reported agonists of MLK3, i.e., ceramide and TNF-α (Sathyanarayana, et al., 2002). The 

TNF-α is a pleiotropic cytokine with multiple functions, including immune modulation and 

cellular survival (Parameswaran & Patial, 2010). Although TNF-α showed anti-tumor 

activity by inducing apoptosis in cancer cells, however the systemic toxicity induced by 

TNF-α is a serious health concern (Montfort, et al., 2019). Therefore it will be undesirable 
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to use TNF-α, where MLK3 activation is necessary for any therapeutic intervention. 

Ceramides, bioactive lipids, which are generated by both chemo- and radiotherapies, play 

critical roles in inducing apoptosis of cancer cells (Herr, Wilhelm, Bohler, Angel, & 

Debatin, 1997). Any cellular process that affects ceramide levels also lowers the efficacy of 

these therapies. For example, ceramide glycosylation through glucosylceramide synthase 

(GCS) allows cellular escape from ceramide-induced programmed cell death, which confers 

cancer cell resistance to cytotoxic anticancer agents leading to a trait called multidrug 

resistance (Lavie, et al., 1997). Since ceramide activates MLK3, and many anti-cancer drugs 

like daunorubicin and Ara-C are known to generate ceramide for causing cytotoxicity 

(Grazide, et al., 2002), it is possible that MLK3 might mediate chemotherapeutic drug-

induced cell death in cancers. Taken together, MLK3 antagonists and agonists have 

enormous possibility in targeted therapy of cancer and warrants further investigations.

10. Conclusions

In summary, the MAP3K family member, MLK3, regulates a broad range of biological 

functions in tumor and host immunity. Chronologically, research on MLK3 could be 

separated into three significant advancements. First, MLK3 was verified as an activator of 

MAP2K family members; second, the pathological function of MLK3 was shown in 

neurodegenerative diseases, and lately, MLK3’s role in cancer immunotherapy has been 

established. It is interesting to note that MLK3 promotes proliferation, migration, invasion, 

and apoptosis in cancer cells; however, in immune cells, especially in T cells, MLK3 

regulates activation, effector function, and survival of immune cells. The paradoxical 

functions of MLK3 in cancer and immune cells make it an attractive target because, 

ultimately, the goal of any anti-neoplastic drug is to induce cell death in cancer cells and 

preferably augment anti-tumor immunity. MLK3 inhibitors meet both the characteristics, 

with only one limitation of parallel activation of the cell death pathway in T cells. However, 

with more understanding of the biology of MLK3 in immune cells, corrective measures can 

be devised to harness the beneficial effects of MLK3 inhibitor in cancer. As an example, we 

identified that MLK3 inhibitor-induced CD-70 to cause cell death in T cells, and upon using 

CD70 inhibitor along with MLK3 inhibitor, the breast cancer tumorigenesis was 

significantly reduced. A new MLK3 selective inhibitor, CLFB-1134, has shown promising 

outcomes in preclinical models of neurological diseases (Kline, et al., 2019). More studies 

are required to understand the role of CLFB-1134 in cancer cells’ survival, apoptosis, and 

immune functions. The past and emerging research on the MLK3 regulatory functions in 

tumor and immune cells suggest that MLK3 and other members of this family warrant an in-

depth study to consider them potential therapeutic targets in cancer immunotherapy.
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APC antigen-presenting cell

CD4 cluster of differentiation 4

CD8 cluster of differentiation 8

CD70 cluster of differentiation 70

CTLA-4 cytotoxic T-lymphocyte-associated protein 4

DC dendritic cell

ER estrogen receptor

ERK extracellular-signal-regulated kinase

HER2 human epidermal growth factor receptor 2

JNK c-Jun N-terminal Kinase

MAP3K mitogen-activated protein kinase kinase kinase

MAP2K mitogen-activated protein kinase kinase

MAPK mitogen-activated protein kinase

MLK3 mixed lineage kinase 3

Mφ macrophage

NFATc1 nuclear factor of activated T-cells, cytoplasmic 1 TNBC triple-
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Figure 1: Conseverd domains of mixed lineage kinases (MLKs) and brief details.
(A) Representative diagram of protein domains of MLK1, MLK2, MLK3 and MLK4. The 

conserved doamins of MLK subgroup consist of a SH3 domain, a catalytic domain, two LZ 

domains connected with a spacer, a basic domain, a CRIB domain, and a proline rich (PR) c-

terminal tail. (B) Reported function of MLK subgroup members. Where: SH3, Src 

homology 3; LZ, leucine zipper; CRIB, Cdc42- and Rac-interactive binding; PR, proline-

rich.
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Figure 2: MLK3 regulatory function: Chronological advancements.
Chronologically, progression made in MLK3 biology can be separated into three major 

advancements. From 1994–2000, MLK3 was established as an activator of MAP2K and 

MAPK family members; then, from 2001–2009, the pathological function of MLK3 was 

established in neurodegenerative diseases. From 2010 onward, MLK3’s role in cancer and 

adaptive immunity, and cancer immunotherapy has been established.
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Figure 3: MLK3 gene (i.e. MAP3K11) expression in solid malignancies.
The MAP3K11 expressions were analyzed in bladder, brain, ovarian, breast, and colorectal 

cancers using the cancer genome atlas (TCGA) with the Oncomine™ Platform (Thermo 

Fisher, Ann Arbor, MI). (A) The MAP3K11 gene expressions in bladder cancer, where 

bladder (n=24), BUC (n=14), IBUC (n=99) and IBUC MV (n=38). (B) The MAP3K11 gene 

expressions in Brain cancer, where brain (n=10), BG (n=542), and G (n=5). (C) The 

MAP3K11 gene expressions in ovarian cancer, where ovary (n=8) and OSC (n=586). (D) 
The MAP3K11 gene expressions in breast cancer, where breast (n=61), IBC (n=76), IDBC 

(n=389), ILBC (n=36) and MLDBC (n=7). (E) The MAP3K11 gene expressions in 

colorectal cancer, where colon (n=19), cecum A (n=24), colon A (n=102), CMA (n=20), RA 
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(n=60) and RMA (n=6). Where, BUC, urothelial bladder carcinoma; IBUC, infiltrating 

bladder urothelial carcinoma; MV, micropapillary variant; MLK3, mixed lineage kinase 3; 

BG, brain glioblastoma; G, glioblastoma; OSC, ovarian serous cystadenocarcinoma; IBC, 

invasive breast carcinoma; IDBC, invasive ductal breast carcinoma; ILBC, invasive lobular 

breast carcinoma; MLDBC, mixed lobular and ductal breast carcinoma; Cecum A, cecum 

adenocarcinoma; Colon A, colon adenocarcinoma; CMA, colon mucinous adenocarcinoma; 

RA, rectal adenocarcinoma; RMA, rectal mucinous adenocarcinoma.
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Figure 4: MLK3 regulation in innate and adaptive immune cells.
The MLK3 contributes in the regulation of various innate immune system functions, 

including dendritic cells, monocytes, neutrophils, and macrophages. In the adaptive immune 

system, MLK3 regulates T cell activation, effector function, and survival. Where, MLK3, 

mixed lineage kinase 3.
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Figure 5: MLK3 mediated regulation of CD8+ T cell cytotoxicity.
Diagram showing the role of MLK3 in CD8+ T cells’ effector functions. The MLK3 

phosphorylates Ppia and activates its PPIase activity. The Ppia binds with NFATc1 and Ppia-

NFATc1 complex retains in the cytosol. The decreased NFATc1 nuclear translocation 

attenuates T cell cytotoxicity. Where, MLK3, mixed lineage kinase 3; NFATc1, nuclear 

factor of activated T cells 1; Ppia, peptidyl-prolyl isomerase A.
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Figure 6: MLK3 regulates PPIase activity in tumor and T cells.
MLK3 phosphorylates Pin1 and Ppia and induce PPIase activities. In breast cancer, MLK3 

phosphorylates Pin1 and increases PPIase activity, and promotes Cdc2 mediated cancer cell 

proliferation. In T cells, MLK3 phosphorylates Ppia and increases PPIase activity and 

attenuates T cell effector function. Where, Cdc2, cell division cycle 2; MLK3, mixed lineage 

kinase 3; Pin1, peptidylprolyl cis/trans isomerase, NIMA-Interacting 1; Ppia, peptidylprolyl 

isomerase A.
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Table 1:

Protein expressions on splenocytes of WT and MLK3−/− mice under basal condition

Surface markers Change in MLK3−/− 

compared to WT 

(Increased) 
a, b

Change in MLK3−/− 

compared to WT 

(Decreased) 
b

Change in MLK3−/− compared to WT (Non-

significant) 
a, b

CD1d ✓

CD11b ✓

CD11c ✓

CD14 ✓

CD25 ✓

CD27 ✓

CD28 ✓

CD38 ✓

CD40 ✓

CD44 ✓

CD68 ✓

CD69 ✓

CD70 ✓

CD80 ✓

CD86 ✓

CD98 ✓

CD127 ✓

CD152 ✓

CD154 ✓

CD197 ✓

CD205 ✓

CD273 ✓

CD274 ✓

CD279 ✓

F4/80 ✓

H-2k
b ✓

Where, CD, cluster of differentiation; MLK3−/−, mixed lineage kinase 3 knockout; WT, wild type. The data compiled from

a
(Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Dorman, et al., 2020) and

b
(Kumar, Singh, Viswakarma, Sondarva, Nair, Sethupathi, Sinha, et al., 2020).
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