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Impaired kinase signalling leads to various diseases, including cancer. At
the same time, kinases make up the majority of the druggable genome and
targeting kinase activity has proven to be a successful first-line therapy for
many cancers. Among the best-studied kinases are the mitogen-activated
protein kinases (MAPKSs), which regulate cell proliferation, differentiation,
motility, and survival. However, the MAPK family also contains the atypi-
cal members ERK3 (MAPK6), ERK4 (MAPK4), ERK7/ERKS
(MAPK15), and NLK that are functionally and structurally different from
their conventional family members and have long been neglected. Never-
theless, in recent years, important roles in carcinogenesis, actin cytoskele-
ton regulation and the immune system have been discovered, underlining
the physiological importance of atypical MAPKs and the need to better
understand their functions. This review highlights the distinctive features of
the atypical MAPKs and summarizes the evidence on their regulation,
physiological roles, and potential targeting strategies for cancer therapies.

Introduction

Cells routinely transduce extracellular chemical and
physical signals into various adaptive intracellular
responses. Mitogen-activated protein (MAP) kinase
cascades are highly conserved signalling modules that
play an important part in this process. The classical
MAP kinase cascade is organized into three sequen-
tially acting kinases [1]: a MAP kinase kinase kinase
(MAPKKK) activates a MAP kinase kinase (MAPKK

Abbreviations

or MEK), which finally activates the effector MAP
kinase that phosphorylates in turn a wide variety of
substrates, including transcription factors, protein
kinases, cytoskeleton-associated proteins, and others,
present in various subcellular compartments. As the
name suggests, the first MAPKs discovered played an
important role in regulating proliferation and mitosis
by responding to extracellular mitogens [2]. However,

AR, androgen receptor; ARP2/3, actin-related protein; BCR-Abl, breakpoint cluster region Abelson; BRCA, breast invasive carcinoma; C/EBP,
CCAAT/enhancer-binding protein; C34, conserved in ERK3 and ERK4; CESC, cervical squamous cell carcinoma; CML, chronic myeloid
leukaemia; COAD, colon adenocarcinoma; DGK, diacylglycerol kinase; ERK, extracellular signal-regulated kinases; ERa, estrogen receptor
alpha; FBXW?7, F-box and WD repeat domain-containing 7; FOXO1, forkhead box protein O1; FOXP3, forkhead box protein P3; GRa,
glucocorticoid receptor alpha; HNSC, head and neck squamous cell carcinoma; HPV, human papillomavirus; IL-8, interleukin-8; JNK, c-Jun
amino (N)-terminal kinase; LUSC, lung squamous cell carcinoma; MAPK, mitogen-activated protein kinase; MAPKAPK5, MK5,
MAPK-activated protein kinase 5; NFxB, nuclear factor kappa B; NLK, Nemo-like kinase; NSCLC, non-small-cell lung cancer; PAAD,
pancreatic adenocarcinoma; PAK1, group | p21-activated kinase; PCNA, proliferating cell nuclear antigen; PROTAC, proteolysis targeting
chimeras; RAC1, Ras-related C3 botulinum toxin substrate 1; SRC-3, steroid receptor coactivator 3; STUB1, STIP1 homology and U
box-containing protein 1; TAK1, TGF-beta activated kinase 1; TGFB, transforming growth factor beta; THCA, thyroid carcinoma; TNBC,

triple-negative breast cancer.
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Fig. 1. Atypical MAPK domains, ATP-binding and phosphorylation sites, and functional motifs. Atypical MAP kinases’ gene names and
UniProt IDs are listed, along with the protein kinase and other domains. The SEG, TEY, and TQE motifs of ERK3/4, ERK7/8 and NLK
respectively contain the activating phosphorylation sites. ERK3 and ERK4 contain the C34 (shortened form of ‘Conserved in ERK3 and
ERK4') domains that harbour the FHIEDE or FRIEDE motif respectively in the C-terminal region. A conserved ATP-binding site (Lysine, K) is
present in each member in their respective kinase domains. ERK7/8 contains multiple PXXXP motifs in the C-terminal region that regulate
chromatin-binding and interaction with PCNA, as well as a Nuclear Localization Sequence (NLS) enabling its translocation into the nucleus
upon various stimulations. ERK7/8 also contains two C-terminal LXXLL motives and a LC3-interacting region (LIR) that enable binding with
ERRa and interactions with LC3 respectively. The diagram was drawn using coordinates and information retrieved from the Uniprot

database.

it was later discovered that MAP kinases including the
atypical MAPKs, regulate a wide range of cellular
functions in response to various stimuli.

Efficient and accurate signalling through MAPK
modules relies on scaffold proteins and docking inter-
actions achieved through the common docking (CD)
domain of MAPKSs [3-5]. Within the same cell, several
distinct MAPK modules may control diverse cellular
processes, such as cell proliferation, differentiation,
survival, and immune responses. The mammalian
2family of MAPKSs consists of 14 members (10 con-
ventional and 4 atypical MAPKSs) that define seven
distinct MAP kinase pathways. The conventional
MAPKSs comprise extracellular signal-regulated kinases
(ERK) 1/2, c-Jun amino (N)-terminal kinase (JNK)
1/2/3, p38a/B/y/d, and ERKS, which are well studied
for their physiological roles, regulation, and substrate
specificity [6—10]. In contrast, the atypical MAPKs
ERK3 (MAPK6), ERK4 (MAPK4), ERK7/ERKS
(MAPK15) and Nemo-like kinase (NLK), which differ
both functionally and structurally from the classical
MAPKSs, have long been overlooked by researchers.
Like their conventional family members, atypical
MAPKSs are protein Ser/Thr kinases, however, they
are neither organized into classical three-tiered kinase
cascades nor do they necessarily possess the

characteristic Thr-X-Tyr motif in their activation loop.
Instead of two phosphorylation sites, their activation
motifs often have only one phospho-acceptor site, such
as the SEG motif in ERK3 and ERK4. In addition,
atypical MAPKs which have been discovered based on
their sequence homology to conventional MAPKSs are
characterized by unique structures of their C-terminal
tails [2].

Recent discoveries have unveiled exciting cellular
functions and critical (patho-)physiological roles of
several members of this family branch, often involving
kinase-independent mechanisms of action. In the fol-
lowing, we highlight the structural features and pecu-
liarities of atypical MAPKs and discuss how they
enable their physiological functions but also contribute
to disease and therapy resistance, particularly related
to cancer.

Structural features of atypical MAPKs

Similar to classical MAPKs, all atypical MAPKs con-
tain a Ser/Thr kinase domain with a conserved
ATP-binding site and the motifs SEG (ERK3/4), TEY
(ERK7/8) or TQE (NLK), which contain the activat-
ing phosphorylation site(s) [11] (Figs 1-3). The kinase
domains are N- and C-terminally flanked by regions
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Fig. 2. ERK3 structure, binding sites and druggability. (A) ERK3 protein structure, complete with the loops and tails, as predicted by Alphafold
(Alphafold ID: AF-Q16659-F1, Uniprot: Q16659). The FHIEDE motif (332-337) that interacts with MK5 is highlighted and annotated. (B) ERK3
X-ray structure in the PDB (ID: 6YKY), docked with Triazolo[4,5-dlpyrimidin-5-amine (Compound 18) published by Gradler et al. [45], showing
multiple functional domains including the key phosphorylation site (189, S), ATP-binding site (49, D) and the nucleotide-binding site (26-34,
LGCGGNGLYV). Elkhadragy et al. [44] reported the C-terminal tail's involvement in cell invasion and motility. Given that the experimentally
validated ERK3 PDB structures exclude the C-terminal region, the structure predicted by Alphafold currently is the only interpretation of
secondary structural elements in this region. It is noteworthy that while certain secondary structure elements in this region, such as a-helices,
have a high pLDDT score (above 50), the C-terminal region’s pLDDT score falls below 50. This suggests that the C-terminal is likely to be
flexible and unstructured, potentially interacting within the grooves of ERK3's binding or signalling partners, including Septin 7. Furthermore,
the Alphafold structure allows for interpretation of the spatial relationship of the FHIEDE motif with adjacent side chains or other structural
elements. In addition, Alphafold 3 [111] could be used to predict the binding pockets of molecules that target ERK3. Due to low Alphafold
pLDDT scores in the disordered regions, any structural analysis should involve caution to avoid misinterpretation. Structures in PDB format
were downloaded from the Alphafold and PDB databases for (A) and (B) respectively. pymoL v2.5.0 (Schroedinger, Inc., NYC, New York, NY,
USA) was used to visualize and annotate the functional domains/motifs using the information from the Uniprot database.

of different lengths and functions. ERK3 and ERK4 ERK7/8 (MAPKI15) contains multiple PXXXP
contain the C34 (Conserved in ERK3 and ERK4) motifs in the C-terminal region (Fig. 1) that regulate

domains that harbour the FHIEDE or FRIEDE
motif, respectively, in the C-terminal region (Figs 1
and 2A). These motifs enable the interaction with their
substrates and the ubiquitin E3-ligase F-box and WD
repeat domain-containing 7 (FBXW?7), which mediates
ERK3 ubiquitination and degradation [12].

chromatin-binding and interaction with PCNA, as
well as a Nuclear Localization Sequence (NLS)
enabling its translocation into the nucleus upon vari-
ous stimulations. NLK contains an Ala-His-Glu-rich
region (AHQr) at the N-terminal end (Fig. 1) that
binds to ZIPK (Zipper-interacting protein Kkinase),
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(A) ERK3 (Q16659)

halting or reducing the repression of Wnt/B-catenin
signalling [13].

ERK3 (MAPKG6)

ERK3, the best studied atypical MAPK, is ubiquitously
expressed in all tissues. Known physiological substrates
include the protein kinase MKS5 (MAPK-activated
protein kinase 5, MAPKAPKSY) [14-16], microtubule-
associated protein (MAP2) [17,18], tyrosyl DNA
phosphodiesterase 2 (TDP2) [19], steroid receptor coac-
tivator 3 (SRC-3) [20], septin-7 [21], supervillin (SVIL)
[22], diacylglycerol kinase DGKC [23], ARP3 [24], and
AKT [25]. Of these, MKS5 is the most commonly used
substrate to determine ERK3 activity, in vitro and in
vivo. MKS5, a serine/threonine kinase with known func-
tions in actin remodelling and cell migration forms a
complex with ERK3 via the FHIEDE motif of ERK3,
leading to MKS5 phosphorylation and subsequent
activation at Thr-182 [26]. In resting cells, ERK3 is con-
stitutively phosphorylated at Ser-189 within the SEG
motif (Fig. 2B), but due to N-terminal ubiquitination
and proteasomal degradation, ERK3 is an unstable pro-
tein with a half-life of only 30 min [27,28].
De-ubiquitination by USP20 was shown to stabilize
ERK3 resulting in actin cytoskeleton remodelling and
enhanced cell migration [29]. Thus, ERK3 levels likely
reflect its activity. In addition, group I p2l-activated
kinases (PAKs) involved in actin cytoskeleton regulation

K. Dahm et al.

(B) ERK4 (P31152)

Fig. 3. Structures of atypical MAPKs as
predicted by Alphafold. (A) ERK3, (B) ERK4,
(C) ERK7/8, and (D) NLK. The structures
were inherently refined by the secondary
structural  features of MAPK crystal
structure of ERK3 (PDB ID: 6YKY). The
atypical MAPKs are characterized by the C-
terminal, disordered, tail-like regions and the
presence of a single residue in the
activation loop that can be phosphorylated.
The experimental PDB structures lack the
C-terminal  regions  whose  functional
significance is still under extensive
research. The 3D structure images were
downloaded directly from the Alphafold
database.

mediate Ser-189 phosphorylation in response to RACI
activation [30], and Ser-189 phosphorylation was also
increased upon KRAS overexpression [31]. Despite
recent progress, the regulation and physiological roles of
ERK3 remain poorly understood, hinting towards partly
contradictory, cell type- and tissue-specific functions in
cell proliferation and migration [20,31-35], chemoresis-
tance [19], differentiation [36,37], insulin secretion [17],
and lipolysis [38]. For example, it was shown that
RhoGTPase activation, which is decreased upon ERK3-
depletion, was partially rescued upon EGF stimulation
in primary cell types (HMECsS) but not in cancer-derived
cells (MDA-MB231) [24]. Similarly, in the context of
LPS stimulation, ERK3 was described to be destabilized
in primary cells (HCPECs) but shows increased stability
in tumourigenic cells (HT-29) [36].

ERK3 in cancer

The expression of ERK3 is known to be upregulated
in several human cancers: Non-small-cell lung carci-
noma (NSCLC) [31,34,35,39], breast cancer [40], gas-
tric cancer [41] and melanoma [42.43]. Additionally,
our analysis of TCGA derived patient data showed
particularly high transcription levels of ERK3 in squa-
mous cell carcinomas CESC, HNSC and LUSC
(Fig. 4A). Notably, LUSC is one of the most common
types of NSCLC, next to large-cell carcinomas and
adenocarcinomas [31].
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In NSCLC, oncogenic KRAS was found to stabilize
the ERK3 protein and enhance phosphorylation at
Ser-189 across all tumour stages. ERK3 depletion
markedly decreased oncogenic growth of KRAS-
mediated anchorage-independent growth of NSCLC
cells in vitro and in mice [31]. In addition, the effect of
ERK3 on NSCLC cell growth was shown to be
kinase-dependent. The reintroduction of ERK3 wild
type into ERK3-depleted immortalized lung epithelial
(SALEB-KRAS) cells rescued the reduced growth,
whereas the reintroduction of an ERK3 kinase dead
mutant did not show this effect. Thus, ERK3 as a pro-
tein or its kinase activity could be a potential thera-
peutic target in the treatment of KRAS-driven
tumours. TCGA-derived patient data show that ERK3
is upregulated in tumours regardless of the KRAS (or
EGFR) mutation status suggesting complex relation-
ships and multi-layered roles for ERK3. As of now,
there are only a few known regulators of ERK3, and
the mechanisms by which KRAS upregulates or stabi-
lizes ERK3 remain largely elusive. ERK3 was also
found to promote migration and invasiveness of both
KRAS-mutated and KRAS-wild-type NSCLC cells by
phosphorylating steroid receptor coactivator 3 (SRC-
3), a bona fide oncogene [20]. Another target of ERK3
in NSCLC cell lines is the phosphodiesterase TDP2,
which was activated when phosphorylated by ERK3.
This upregulated TDP2-mediated DNA damage
response and desensitized lung cancer cells to Top2
inhibitor-induced growth inhibition [19].

Recently, ERK3 has been implicated in the regula-
tion of the epithelial secretome in response to lipopoly-
saccharide (LPS) [36]. Interestingly, the kinase activity
of ERK3 is not required in this process. ERK3 was
rather found to physically interact with c-Jun to regu-
late the activity of the transcription factor AP-1 and
thus mRNA levels of several chemotactic factors
including CXCL8/IL-8, a prime modulator of epithe-
lial immune responses. ERK3-mediated IL-8 secretion
was critical for the chemotaxis of leukocytes to the
epithelium in vitro and in vivo [36]. Remarkably, LPS
stimulation has different effects on the ERK3 protein
levels in oncogenic and primary epithelial cells:
whereas ERK3 protein levels in primary (HCPEC)
cells decreases over time, they remain at a high level in
tumourigenic cells (HT-29). Indeed, in addition to a
role in epithelial immune defence, this ERK3-IL-8 axis
could also be important for carcinogenesis. It has been
shown that breast cancer cells (MDA-MB231), whose
migration and metastatic potential is enhanced by IL-
8, have a significantly reduced potential to form metas-
tases in mice when ERK3 was depleted [36].

Atypical MAPKs

ERKS3 in cancer cell migration

Recent findings suggest that ERK3 can modulate cell
motility in a multitude of ways to promote cancer
cell migration and invasion. ERK3’s C34 domain
binds two downstream modulators of cancer -cell
motility: the cytoskeletal protein septin 7 [21,44] and
the diacylglycerol kinase DGK( [23], allowing their
phosphorylation by ERK3. In addition, ERK3 was
found to directly interact with and regulate two key
molecules in actin cytoskeleton regulation: ARP3 and
the RhoGTPase CDC42 [24]. In vitro, ERK3 acted
both as a direct guanine nucleotide exchange factor
(GEF) for CDC42 and as a nucleation-promoting fac-
tor of ARP2/3-dependent actin polymerization, and
silencing of ERK3 in cells prevented both basal and
EGF-dependent CDC42 activation, filopodia forma-
tion and epithelial cell migration. Interestingly,
although the ERK3 kinase activity was necessary for
the formation of actin-rich protrusions in mammalian
cells (e.g. primary mammalian epithelial HMEC, or
cancer-derived MDA-MB-231 cells) and ERK3 directly
bound to the ARP2/3 complex, phosphorylating
ARP3 at Ser-418, the kinase activity of ERK3 was dis-
pensable for the F-actin accumulation in HMEC cells.
This suggests that ERK3’s kinase activity may play a
crucial role in bundling and/or branching rapidly poly-
merizing actin filaments, rather than in actin polymeri-
zation itself [24]. This example also shows how kinase-
dependent and -independent functions of atypical
MAPKSs can intertwine.

ERK3 as anticancer drug target

Targeting ERK3 in cancer could involve the inhibition
of its kinase domain, thereby modulating the phos-
phorylation of downstream effectors, and/or the C-
terminal region containing the C34 domain and the
FHIEDE motif, thereby interfering with protein—
protein interactions. Furthermore, inhibition of the
kinase activity might lead to degradation of the pro-
tein as well. In any case, the specific activities and
physiological functions of ERK3 and their implica-
tions for safety/toxicity upon ERK3 inhibition should
be considered as it will affect substrates that may be
essential for physiological functions, like its role in the
regulation of actin dynamics upon growth factor stim-
ulation or cell cycle regulation via supervillin phos-
phorylation during cytokinesis [22]. However, as still
little is known about the physiological role of ERK3,
it is currently difficult to predict the effects of its inhi-
bition. Moreover, since ERK3 and ERK4 share high
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Atypical MAPKs

Fig. 4. Gene expression of atypical MAPKs in various tumour and normal samples: (A) ERK3, (B) ERK4, (C) ERK7/8 and (D) NLK. By
analysing the TCGA RNA-Seq data (normalized RNA counts), it is possible to identify the types of cancer for which certain atypical MAPKs
could be a promising drug target. Normalized gene expression counts were obtained from the UALCAN portal. UALCAN utilizes the ‘Primary
Solid Tumour’ and ‘Solid Tissue Normal" gene counts in TCGA for each cancer [112]. Normal and tumour samples have the suffixes -N and
-T respectively. Tumour study abbreviations are available from the TCGA Genomic Data Commons data portal (https://gdc.cancer.gov/
resources-tcga-users/tcga-code-tables/tcga-study-abbreviations) [113]. BRCA, breast invasive carcinoma; CESC, cervical squamous cell carci-
noma; COAD, colon adenocarcinoma; HNSC, head and neck squamous cell carcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancre-

atic adenocarcinoma; THCA, thyroid carcinoma.

sequence homology, any small molecule inhibitor may
lead to full or partial inhibition of both kinases.

A first series of recently developed ERK3 kinase
inhibitors, which target the ATP-binding pocket,
exhibited excellent kinase selectivity and high potency
to inhibit MKS5 phosphorylation in vitro and in cells
[45]. Stable protein structures with some of these com-
pounds docked with the ERK3’s PDB structure hinted
towards comprehensive effects on MKS5 phosphoryla-
tion and the auto-phosphorylation of ERK3 and sug-
gest a potential structural impact on the FHIEDE
motif, i.e., substrate binding. Efficient inhibitors that
specifically bind to the C-terminal part and disrupt the
C34 domain’s binding with multiple partners, such as
ZIPK or septin-7 [23,44,46], are yet to be developed.
However, the C-terminal region of ERK3’s protein
structure is inherently unstable (Fig. 3A) (binding to
its partners enhances stability), making conventional
structure-based approaches in inhibitor development
challenging.

ERK4 (MAPK4)

Due to similar genomic organization and high amino
acid identity, ERK4 is considered as a paralog of
ERK3 and the two kinases can form functional hetero-
dimers [15]. Major differences are mainly present in
the C-terminal extensions of the proteins (Fig. 3A,B).
Moreover, while ERK3 is ubiquitously expressed,
ERK4 mRNA expression is restricted to the brain
(highest expression), colon, eye, heart, kidney, lung,
ovary, pancreas, placenta, prostate, and skin. Like
ERK3, ERK4 is activated through phosphorylation by
PAKs (PAKI1-3), and MAP2 and MKS5 are down-
stream targets. Both contain the FRIEDE motif
(FHIEDE sequence in ERK3, Fig. 1), which facilitates
the interaction with MKS5. ERK4 and MKS5 phosphor-
ylate and activate each other iteratively. Binding to
MKS5 markedly increases the phosphorylation of
ERK4 at Ser-186, but this is independent of the kinase
activity of MKS5 [47]. Thus, the interaction between
MKS and ERK4 may increase the kinase activity of
ERK4 and autophosphorylation [48] and/or prevents

its dephosphorylation by phosphatases such as the
MAP kinase phosphatase DUSP2 [49].

Genetic ablation of ERK4 had no effect on morphol-
ogy or physiology of the mice; however, targeted inacti-
vation may lead to depression-associated behaviour in
forced swimming test [50,51]. ERK4 interacts with mul-
tiple proteins and pathways, including protein folding
and processing, cilium assembly, HSP90 chaperone
cycle, ERBB2 signalling, and others [52]. Direct key
interactions from STRING [53] and IntAct databases
[54] include PAK 1-3 (P21 activated kinases 1-3), RACI1
(Ras-related C3 botulinum toxin substrate 1), ELACI
(Zinc phosphodiesterase ELAC protein 1), HSPBI,
HSP90AA1/HSP90AB1  (heat shock  protein/90
alpha/beta family members), IRAKI1 (interleukin 1
Receptor-Associated Kinase 1), ERC1 (ELKS/RABG6-
Interacting/CAST Family Member 1), PRKDC, and
RAD23B amongst others. PRKDC is one of the most
widely mutated proteins (7.82%) in lung/colon adeno-
carcinoma, breast invasive ductal adenocarcinoma, mel-
anoma, endometrial adenocarcinoma, etc. [55].
RAD?23B is implicated in breast cancer progression and
its interaction with ERK4 may be of importance, either
as a biomarker for predicting treatment response or as a
potential target. The development of specific ERK4
inhibitors has not been in the focus of researchers so far,
however, given its high similarity to ERK3 it can be
expected that inhibitors targeting ERK3 will also—at
least partially—inhibit ERK4.

ERK7/ERK8 (MAPK15)

MAP K15 was identified first in rats (ERK7) and later
in humans (ERKS) [56,57]. ERK7 and 8 have an over-
all sequence identity of 69%, with 82% and 53% iden-
tity between their kinase domain and the C-terminal
regions, respectively. Despite differences observed in
early studies, ERK7 (rat and mouse) and ERKS
(human) are true homologues, so the name for all
three species has been changed to ERK7/8 (HGNC
gene symbol: MAPK15) [58,59].

The activating TEY motif of ERKS8 contains two
phosphorylation sites (T175 and Y177) [60], but an
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upstream activating kinase has not yet been discovered
[59,61]. Mutation of either Thr-175 or Tyr-177 to ala-
nine or mutation of the ATP-binding lysine (Lys-42)
results in loss of kinase activity of ERKS8 although the
other site remains phosphorylated [56,60]. Ubiquitina-
tion was hypothesized to regulate ERKS turnover [62].
The N-terminal 20 amino acids of rat ERK7/8 are nec-
essary and sufficient for proteasomal degradation;
however, the enzymes involved and the ubiquitylation
site(s) in MAPK15 are still unknown.

ERKS&’s physiological roles vary in different cell
types [59] and are associated with its localization in
various cellular compartments, including the cytoplasm
[63,64], cilium basal body [63], autophagosome [64],
the Golgi apparatus [65], and the nucleus [66—68]. It
can act as a proto-oncogene or tumour Suppressor,
promote cell proliferation and transformation, stimu-
late autophagy, and regulate ciliogenesis, transcription,
and protein secretion [59]. Moreover, Groehler and
Lannigan [66] demonstrated ERKS, which is active in
primary mammary cells but inactivated in breast can-
cer cell lines, interacts with Proliferating Cell Nuclear
Antigen (PCNA), thereby preventing its degradation
und supporting correct transfer of genetic information.

Regulation of the nuclear receptor superfamily
by ERK8

ERKS8 was found to regulate transcription mediated
by several members of the nuclear hormone receptor
family, including estrogen receptor alpha (ERa) [69],
androgen receptor (AR) [70], glucocorticoid receptor
alpha (GRa) [70], and estrogen-related receptor alpha
(ERRa) [67]. ERa plays a critical role in breast and
endometrial cancer, where loss of ERa has been shown
to lead to aggressive tumours and poor clinical out-
comes. ERKS protein levels are decreased in breast
cancer, and it was shown that this correlates with
increased expression of ERa and tumour progression
in breast cancer cell lines [69]. ERK8 enhances ubiqui-
tination and proteasomal degradation of hormone-
bound ERa in a kinase-dependent manner [69]. It is
assumed that hormone binding leads to a conforma-
tional change in the ligand-binding domain of ERai,
which is subsequently ubiquitinated. Although the deg-
radation of ERa was dependent on ERKS kinase
activity, phosphorylation of ERa did not play a role
in the process. Instead, ERK8 may target a component
of the ubiquitin machinery or an ERa-interacting pro-
tein to facilitate ERa ubiquitination.

Rossi et al. [67] reported a direct interaction
between ERRa and ERKS via two LXXLL motifs
(Fig. 1) in the C-terminal domain of ERKS in vitro

K. Dahm et al.

using the yeast two-hybrid assay and in breast cancer
cells. ERRa is an orphan transcription factor that is
constitutively active in the absence of ligands and
strongly expressed in breast cancer. Its overexpression
is associated with poor prognosis in triple-negative
breast cancer (TNBC). The interaction with ERKS
induces the translocation of ERRa to the cytoplasm
and, consequently, the inhibition of its transcriptional
activity.

ERKS8 in tumour progression

The proto-oncogene c-Jun is involved in tumour devel-
opment and progression of various cancers [71]. As a
transcription factor, c-Jun is a part of the activator
protein-1 complex and is involved in several cellular
activities, including proliferation, transformation, and
apoptosis [72]. Its activity and stability depend on the
phosphorylation of two serine residues, Ser-63 and
Ser-73. MAPK15 has been shown to phosphorylate c-
Jun at these sites in colon cancer [73], osteosarcoma
[74], and gastric cancer [75]. Knockdown of ERKS
blocked c-Jun phosphorylation [73-75] and decreased
metastasis in osteosarcoma in vitro and in vivo [74]. In
gastric cancer, ERKS8 knockdown resulted in cell cycle
arrest and consequently reduced cell proliferation [75].
Furthermore, ERKS8 was found to be overexpressed in
carcinoma tissue of gastric cancer patients [75], as well
as in metastasized osteosarcoma patients [74]. All three
studies indicate that ERKS8 promotes the development
and proliferation of each cancer type and in addition
promotes metastasis in osteosarcomas.

In chronic myeloid leukaemia (CML), ERKS8 has
been shown to play a role in the induction of autop-
hagy by the oncogenic fusion protein BCR-ABLI1 [76].
BCR-ABLI is a constitutively active tyrosine kinase
which activates various signalling pathways and which
has been shown to be sufficient for leukaemia develop-
ment [77]. This leads to altered cell function, including
increased proliferation and decreased apoptosis. BCR-
ABL1 has been shown to interact with and activate
ERKS8 in CML cell lines, resulting in ERKS re-
localizing BCR-ABL1 to autophagic vesicles and
inducing autophagy [76]. This appears to be the key
process for BCR-ABLI-induced development of leu-
kaemia, as well as for inhibition of apoptosis in
leukaemia cells after drug treatment. Silencing ERKS
expression or using ERKS inhibitors suppressed prolif-
eration and transformation induced by BCR-ABLI in
vitro. In addition, shRNA-mediated knockdown of
ERKS lead to decreased tumour formation in mice.
These results indicate an interesting approach in CML
therapy and present ERKS8 as a novel drug target.
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ERK8 and ciliogenesis

Cilia are microtubule-based structures that mediate cel-
lular motility, transmit environmental stimuli, and con-
trol various signalling pathways, including oncogenic
Hedgehog signalling. Studies have shown that ERKS is
required for the formation of motile and primary cilia
[78-80]. The underlying mechanisms are not yet clear,
but ERKS, localized at the distal end of the basal body,
appears to be responsible for the correct localization of
ciliary proteins [78,80]. Inhibition of ERKS kinase
activity disrupted ciliogenesis and inhibited Hedgehog
signalling in medulloblastoma, one of the few cancers
that forms cilia and in which Hedgehog signalling is
often active in humans. Therefore, the inhibition of
ERKS lead to a reduction in the population of cancer
stem cells and made the tumour less malignant [80].

Nemo-like kinase

Nemo-like kinase is activated by autophosphorylation
of Thr-298 within its TQE motif and needs to homodi-
merize for intermolecular autophosphorylation, kinase
activation and nuclear localization [57,69,81]. Muta-
tion of Lys-167 abrogates its kinase activity (Fig. 1).
NLK is best known for its negative regulation of Wnt/
B-catenin signalling [82,83]. It phosphorylates and
binds to the transcription factor TCF/LEFI and
inhibits the B-catenin-TCF/LEF1 complex from inter-
acting with DNA. Often, NLK functions downstream
of the TGF-beta activated kinase 1 (TAKI1), which
can be activated by TGF-B, Wnt, and interleukin-6
(IL-6) [84-87]. Furthermore, its ability to phosphory-
late transcription factors and cofactors plays a role in
various other signalling pathways, including Notch
[88], p53 [89], NF«B [83], FOXO1 [90], STAT3 [84],
and CCAAT/enhancer-binding proteins (C/EBPs) [91].

Nemo-like kinase is upregulated in several types of can-
cers (Fig. 4) and predicts poor prognosis [92]. It is consid-
ered as a tumour suppressor [93-95] or an oncogene
[96,97], respectively, depending on the context. For exam-
ple, in human breast cancer cells, NLK has been reported
to inhibit apoptosis by associating with heat shock pro-
tein [98], while in NSCLC, NLK has been shown to
inhibit cancer progression and metastasis [99,100].

Atypical MAPKs in immune cell
signalling

A fundamental question in oncology is how tumour cells
escape destruction by cytotoxic immune cells. Two atypi-
cal MAPKs, ERK3 and NLK, are involved in the signal
transduction in immune cells relevant in this context.

Atypical MAPKs

ERK3 is expressed in thymocyte differentiation and plays
a role in double-positive (DP) thymocytes undergoing
positive selection [101,102]. This function of ERK3 is
dependent on its kinase activity [101]. ERK3 was also
shown to be involved in TCR-induced activation of
mature T cells [103]: While ERK3 is not expressed in rest-
ing T cells, TCR stimulation leads to ERK1/2-dependent
transcription of ERK3 in both CD4" and CD8" T cells
[103], and ERK3-deficient T cells exhibit decreased prolif-
eration and impaired cytokine production upon TCR
stimulation. The molecular mechanism of action of
ERK3 is not yet known, but may depend on MK, which
is induced simultaneously. Both CD4" and CD8" T cells
are considered important anti-tumour cells. It should be
noted, however, that a differently engineered ERK3
knockout mouse did not show abnormal T cell develop-
ment, reduction of thymocyte numbers, or altered T cell
selection [104]. Thus, it is possible that inhibiting ERK3
might be compensated by alternative pathways in
immune signalling.

The TAKI-NLK signalling pathway regulates the
phosphorylation of FOXP3 in regulatory T (Trgg)
cells [105], which promote tumour progression by sup-
pressing effective antitumour immunity. FOXP3 is a
transcriptional regulator crucial for Trgg cell develop-
ment and functional maintenance. Fleskens ez al.
reported that stimulation of TCR-mediated signalling
can induce the TAKI-NLK pathway and sustain
FOXP3 transcriptional activity by stabilizing the pro-
tein levels and preventing the association and degrada-
tion by STUBI E3-ubiquitin protein ligase, thereby
maintaining Trgg cell suppressive function [94].

Nemo-like kinase depletion promotes antiviral cyto-
kine production and decreases viral replication. NLK
phosphorylates MAVS (mitochondrial antiviral signal-
ling protein), which is essential for antiviral immunity
[106]. NLK’s phosphorylation of MAVS at multiple
sites on mitochondria or peroxisomes enables its deg-
radation. The TRIM25-RIG-I-MAVS axis has been
shown to be important for eliciting antiviral immune
response against HPV (human papilloma virus) and
therefore HPV-induced cervical or oropharyngeal can-
cers [107]. NLK inhibition could be an option for eli-
citing the required immune response against HPV
infection, especially following cervical cancer screening
programs that detect HPV-positivity at CIN1 (cervical
intraepithelial neoplasia, stage 1) or earlier stages.

Bioinformatic analysis single-cell RNA
sequencing data of T cells

The roles of atypical MAPKSs in immune cell signalling
have been studied almost exclusively in mice. In order
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A) T cells expressing atypical MAPKs (B) T cells expressing atypical MAPKs

T cell status: activated (8 samples) vs. resting (8 samples) T cells: 12 colorectal cancer samples
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Fig. 5. Expression of atypical MAPKs in human T cells (percentage of T cells). (A) Szabo et al. [108] used single-cell RNA-seq of over
50 000 resting and activated T cells from lungs, lymph nodes, bone marrow and blood, and analysed their functional responses following
stimulation. They compared scRNA-seq profiles of tumour-associated T cells to their dataset and studied activated CD8" compared to CD4"
T cell states within multiple tumour types. T cells were isolated, sorted, and sequenced from eight normal and eight stimulated samples of
multiple tissues (lung, bone marrow and blood). For the shown plot, we extracted the atypical MAPKs associated with resting and activated
cells. (B) We used the data from Zhang et al. [109] to show the expression of atypical MAPKs in the T cells of 12 colorectal cancer
samples. The percentage of ERK3-expressing T cells is higher than for other atypical MAPKs. Stimulated samples have a higher percentage
of ERK3- and NLK-expressing T cells than the respective unstimulated samples. A similar pattern is observed in cancer samples. In the
context of immuno-oncology and check point inhibitor therapy, the datasets such as these would further the understanding of immune

response in cancer.

to ascertain the expression of atypical MAPKs in
T cell activation and TCR signalling in humans, we
performed bioinformatic analysis of single-cell RNA
sequencing data published by two studies downloaded
from Gene Expression omnibus (GEO) under acces-
sion numbers GSE126030 [108] and GSE108989 [109].
Szabo et al. analysed the heterogeneity of T cells from
multiple tissues (over 50 000 cells), including lungs,
lymph nodes, bone marrow and blood, and their func-
tional responses upon TCR stimulation using Human
CD3/CD28 T Cell Activator (STEMCELL Technolo-
gies). Zhang et al. analysed the transcriptomes of
11 138 single T cells using STARTRAC (single T cell
analysis by RNA sequencing and TCR tracking).

In our bioinformatic analysis, we calculated the per-
centage of resting and stimulated T cells (of 8 resting
and 8 stimulated samples) that express atypical
MAPKSs, as well as the percentage of atypical MAPK-
expressing T cells isolated from 12 colorectal cancer
samples (Fig. 5). We observed that the percentage of
ERK3/MAPKG6-expressing T cells was significantly
higher in stimulated than in resting T cells (Fig. 5A).
In addition, in both resting and activated T cells the
percentage of T cells expressing ERK3 was higher than
of T cells expressing any other atypical MAPKs, sug-
gesting that ERK3 plays the most important role in
T cell function among the atypical MAPKs. Only

NLK showed the same pattern as ERK3, though per-
centages of NLK-expressing T cells are significantly
lower than for ERK3 in both resting and stimulated
T cells (Fig. 5A). Moreover, the percentage of T cells
expressing ERK4 (MAPK4) and ERK7/8 (MAPK15)
was low in both resting and stimulated T cells and any
difference is negligible.

In T cells isolated from colorectal cancer, we have a
similar pattern: The percentage of T cells expressing
ERK3/MAPK6 and NLK is higher than the percent-
age of T cells expressing ERK4 (MAPK4) and ERK7/
8 (MAPK15) (Fig. 5B). As the cancer samples are
treatment naive, it is likely that the observed expres-
sion is triggered by the cancer itself, and it remains to
be investigated whether this is the cause or the effect
of the T cell response or TCR activation. Our observa-
tion also aligns with the expression patterns of ERK3
and ERK4 in mice, and the known involvement of
NLK in the activation of regulatory T cells [94].

Summary and outlook

Although the studies are still limited, it is becoming
increasingly clear that atypical MAPKs play crucial
yet complex roles in cancer development, progression,
and metastasis, and have great potential as drug tar-
gets. For the development of effective and efficient
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targeting strategies, however, further studies are
needed to fully define their tissue- and cell type-specific
roles in health and disease. Also, discerning their
kinase-dependent and -independent functions in these
contexts will be crucial. While conventional targeting
strategies have focused primarily on inhibition of
kinase activity by small molecule inhibitors, future tar-
geting approaches will also include inhibitors of
protein—protein  interactions to target kinase-
independent functions while allowing kinase-dependent
functions to continue. In addition, proteolysis target-
ing chimeras (PROTACs) are promising tools that
gain momentum in discovery and pre-clinical phases
[110]. Rather than acting as a classic inhibitor, PRO-
TACs work by inducing selective proteolysis to perma-
nently eliminate specific proteins. The approach has
several pharmacological advantages and would target
simultaneously kinase-dependent and -independent
activities of atypical MAPKs. Overall, atypical MAP
kinases are a promising and emerging area of research
and although they have been identified for some time
now their physio- and patho-physiological significance
needs further studies. The role of these atypical
MAPKSs in the onco-immune interface needs special
attention as one may not want to dampen immune
response(s) by targeting an essential kinase in an
oncology setting. On the other hand further studies in
this direction could also enable researchers to target
atypical MAPKs in treating immune disorders. The
large-scale multiomic profiling of patients with cancer
and immune disorders sheds some light into the
deregulated kinome especially on atypical MAPKs
which led to the development of first generation inhibi-
tors. Kinase inhibitors have been very successful in
treating cancers, especially when combined with classi-
cal chemo and/or immune therapeutic drugs. Targeting
atypical MAPK perhaps in combinations may be the
next step.
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