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Abstract: Pseudokinases are a member of the kinase superfamily that lack one or more of the canonical
residues required for catalysis. Protein pseudokinases are widely distributed across species and are
present in proteins that perform a great diversity of roles in the cell. They represent approximately
10% to 40% of the kinome of a multicellular organism. In the human, the pseudokinase subfamily
consists of approximately 60 unique proteins. Despite their lack of one or more of the amino acid
residues typically required for the productive interaction with ATP and metal ions, which is essential
for the phosphorylation of specific substrates, pseudokinases are important functional molecules
that can act as dynamic scaffolds, competitors, or modulators of protein—protein interactions. Indeed,
pseudokinase misfunctions occur in diverse diseases and represent a new therapeutic window for the
development of innovative therapeutic approaches. In this contribution, we describe the structural
features of pseudokinases that are used as the basis of their classification; analyse the interactome
space of human pseudokinases and discuss their potential as suitable drug targets for the treatment
of various diseases, including metabolic, neurological, autoimmune, and cell proliferation disorders.

Keywords: pseudokinases; signal transduction; cancer therapy; tyrosine/serine/threonine
phosphorylation; new drug targets; interactome

1. Introduction

Pseudokinases represent approximately 10% to 40% of the kinome of a multicellular organism [1-4].
Systematic analysis of the human genome has revealed that approximately one-tenth of all protein
kinases are predicted to be catalytically inactive and therefore signalling occurs through other
mechanisms. Pseudokinases are not restricted to multicellular organisms [5,6] and form part of the
bigger pseudoenzyme superfamily [7-9].

So far, the picture that is emerging is that pseudokinases, like their catalytically active counterparts,
play pivotal roles in cellular signalling systems as mediators of protein interactions, often involving
allosteric regulation of interaction partners, including bona fide protein kinases; the control of
subcellular localisation and trafficking; and the assembly of larger macromolecular complexes.
Moreover, pseudokinases are often dysregulated in a variety of diseases ranging from developmental,
metabolic and neurological disorders to cancer and autoimmune diseases [10-15]. Although important
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insights into pseudokinase function remain to be established, the fact that several clinically approved
kinase inhibitors pharmacologically regulate the noncatalytic functions of active kinases, suggests that
similar properties may be exploited in pseudokinases associated with human malignancies [16-20].

Independent crystal structures of pseudokinases have revealed that even though they do not
retain canonical motifs found in bona fide catalytically active kinases, they are able to adopt local
conformational transitions that resemble those present in the former class. Features emerge the
possibility of designing new small molecules that could be of therapeutic value by selectively inducing
non-functional conformations in pseudokinases. At the same time, the catalytic deficiencies of
pseudokinases make these proteins a powerful toolbox for the study of mechanisms of allosteric
regulation [21-23].

In this contribution, we show the structural features that are used to classify pseudokinases
and discuss the interactome space of human pseudokinases and the promise they represent for the
treatment of human diseases, including cancer.

2. Types of Pseudokinases Proteins

Pseudokinases have the same overall kinase domain fold. Namely, an N-terminal lobe, composed
of five -sheets, that is connected to the C-terminal lobe via a flexible hinge region. The catalytic
site is located at the lobes interface. However, pseudokinases are proteins that lack one or more key
conserved catalytic residues present in active kinases [5,7] (Figure 1).

Glycine-rich loop (

Catalyticloop
Polypeptide binding

Figure 1. General structure of a kinase protein domain with key structural motifs.

This includes the lysine residue known to position ATP during phosphoryl transfer, which
forms the canonical 33-lys/aC-Glu salt-bridge interaction within the VAIK (Val-Ala-Ile-Lys) motif;
the aspartic acid in the catalytic loop, known as the catalytic residue within the HRD (His-Arg-Asp)
motif; and the aspartic acid in the activation loop, which binds the divalent cations within the DFG
(Asp-Phe-Gly) motif (Figure 2). The N-lobe is highly conserved across the kinome [24-26] whereas the
C-lobe presents an open surface that facilitates protein/protein interactions [27]. Pseudokinases can
adopt conformations that recapitulate features of either the “on” or “off” state of catalytically active
protein kinases, and in many cases, these conformations are critical for their physiological roles.
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Figure 2. (A) the pseudoactive site of human complex ATP-MLKL pseudokinase structure (PDB:5knj),
(B) secondary structure and amino acid sequence alignment of the catalytic motif of protein kinase A
and the MLKL pseudokinase domain. (*) Residues known to mediate catalysis.

The VAIK motif is located in the 33 strand of the N-lobe, which positions the catalytic lysine to
coordinate the « and 3 phosphates of ATP. The HRD-XX-X motif is required for catalysis. This motif is
mapped onto the catalytic loop. The aspartate residue in this motif serves as the catalytic base during
ATP hydrolysis, and its substitution results in a catalytically inactive kinase. Several pseudokinases
carry HRD mutations or are missing this motif entirely, including HER3, integrin-linked protein kinase
(ILK) and Mixed Lineage Kinase Domain-Like (MLKL). Other sequence alterations in pseudokinases
include substitutions in the glycine-rich loop located in the N-lobe. The glycine-rich loop usually
conforms to the consensus sequence GXGXXG in active kinases. The absence of side chains in the
glycine residues allows for close contact of the glycine-rich loop with the adenosine ring of ATP,
which enables nucleotide binding and proper positioning of ATP for catalysis. In pseudokinases, the
glycines are often replaced by larger amino acids, frequently negatively charged, that interfere with
ATP binding.

Conformational changes within the activation loop are sometimes accompanied by the motions
of the N-lobe located DFG motif. In the active conformation, the aspartate points into the active
site and coordinates a Mg?* ion that interacts with the p-phosphate and y-phosphate of the ATP
molecule. In the inactive conformational state, the aspartate rotates ~180° away from the active site.
Many pseudokinases lack this motif entirely while others carry mutations in their DFG motifs.

Pseudokinases can be classified on the basis of whether or not they can retain the capacity to
interact with nucleotides and/or divalent cations [28,29]. The key structural feature of such classification
is discussed as follows:

(a) pseudokinases do not bind nucleotides or cations. The pseudokinases Tribl (pdb: 5cek,
5cem, 6dc0), VRK3 (pdb: 2jll), ROR2 (pdb: 3zzw, 4gt4), Pragmin (pdb: 5ve6, 6ewx) and MviN (pdb:
3otv) proteins belong to this group. The crystal structures of these proteins present highly distorted
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nucleotide binding sites that indicate the absence of a well-defined catalytic pocket. Nevertheless,
the pseudo-active site could potentially be able to accommodate non-conventional ligands [30].
In the human, three Tribbles (TRIB) homologs have been identified: Trib1, Trib2 and Trib3 [31-33].
These pseudokinases play important functions in lipoprotein metabolism, immune response and cellular
differentiation and proliferation and are organised as an N-terminal PEST region, a pseudokinase
domain with an atypical DFG metal-binding motif and a C-terminal binding region.

(b) Pseudokinases bind nucleotides in the absence of cations. This group includes the
pseudokinases Strada (pdb: 2wtk, 3gni), MLKL (pdb: 4btf, 4m67, 4m68, 4m69, 4mwi, 5knj, 5kol),
FAM20A (pdb: 5wrr, 5wrs, 5yh2, 5yh3), CASK (pdb: 3c0g, 3c0H, 3c0l, 3mrf, 3mfs, 3tac), Ulk4 and
Trib2/3 [34-36]. With the exception of FAM20A, this class of pseudokinases lacks the aspartate residue
found in the DFG motifs of active kinases (Figure 2). For example, the X-ray crystal structure of
the human MLKL pseudokinase reported by Murphy and co-workers (Figure 3D) was revealed as
monomeric protein that lacks two of the three catalytic residues [36]. Nevertheless, native MLKL is
able to bind ATP, ADP, GTP, and AMP-PNP in vitro in the absence of divalent ions with an affinity
for ATP. The addition of divalent ions drastically decreases the affinity for nucleotide substrates [36].
Furthermore, MLKL illustrates the versatility of a pseudokinase domain, which acts as a molecular
switch, as a suppressor of the 4HB executioner domain [37], and as a protein interaction domain to
recruit downstream effectors, such as the Cdc37-Hsp90 [38].

Figure 3. Comparison of the 3D structure of (A) Cdk2 kinase (PDB ID 1QMZ); and representatives
pseudokinases (B) Strad«, (PDB ID 2WTK); (C) Tribl (PDB ID 5CEM); and (D) MLKL (PDB ID 4BTE).
In the human, BubR1 seems to function as a pseudokinase. However, the recently reported crystal
structure of BubR1 from the fruit fly (Panel E, PDB ID 6JKM) revealed a bona fide protein kinase domain.
In each structure, highlighted in colour is the N-terminal lobe (salmon); the alpha-helix (purple) and
the activation loop (marine). In the Cdk2 (A) and BubR1 (E) structures, magnesium ions are shown in
sphere representation.
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In the noncatalytic pseudokinase Stradc, also known as Liver Kinase B1 (LKB1), the pseudo-active
site lacks the three catalytic residues (K residue in the VAIK motif, D residue in the HRD motif
and a D residue in the DFG motif). Nevertheless, Strad« still binds ATP in an orientation similar
to that observed in bona fide protein kinases such as Cdk2 (Figure 3A), including the coordination
of the nucleotide by a lysine/tyrosine amino acid residue [34] (Figure 3B). In stark contrast, other
pseudokinases such as vaccinia-related kinase 3 (VRK3) appear to have lost the ability to bind ATP [30].

(c) pseudokinases bind cations but not nucleotides. Only the proteins ROP2 (pdb: 2w1z, 3dzo)
and PEAK1 (pdb: 6bhc) have been described to bind divalent cations but not nucleotides [39,40].
The crystal structures of both proteins revealed a highly occluded binding site with the DFG and
YRDLKPEN motifs clearly visible and the cation binding residues are located in a region of low
structural complexity.

(d) pseudokinases bind nucleotides and cations. This group includes the proteins ADCK3 (pdb:
4ped); BSKS8 (pdb:4192, 4193, 4194); HER3 (pdb:3kex, 3lmg, 4otw, 4riw, 4rix, 4riy); HSER, ILK (pdb:
3kmu, 3kmw, 3rep, 6mib); IRAK2, KSR1, KSR2 (pdb: 2y4l, 5kkr); PAN3 (pdb: 4bwk, 4bwx, 4bwp,
4cyl, 4cyj, 4czy, 4xx7); RNase L (pdb: 4oav, 40au, 40lp, 40l0); ROP5B (pdb: 3q5z, 3960, 41v5); STKLD1,
Tyk2jh2 (pdb: 3zon, 4oli, 4wov, 5tkd); and Jak1-2 (pdb: 4100, 4101, 4fvp, 4fvq, 4fvr, 514n, 5usz, 5uto,
and 5utl-6). Most of these proteins have an intact DFG motif and present kinase activity slightly lower
than that of active kinases.

The pseudokinase HER3, a member of the epidermal EGFR family of receptor tyrosine kinases,
lacks the canonical catalytic Asp residue although its able to bind tightly to ATP. Ligand-induced
heterodimerisation of HER3 with EGFR and HER2 modulates activation of the PI3K/AKT signalling
pathway [41,42].

The JAK kinases family (JAK1, JAK2, Jak3 and TYK2) contains a FERM domain, a SH2-like domain
and a pseudokinase (JH2) domain adjacent to a C-terminal tyrosine-kinase domain (JH1) (Figure 4) [43].
JAK2 is able to autophosphorylate the residues Ser523 and Tyr570 [44] and residue substitutions in the
nucleotide binding site prevent autophosphorylation of both residues.

Nt—  Ferm |—EHED JH2 JH1 Ct

Figure 4. Domain organisation of JAKs pseudokinases.

In addition to JAK?2, the JAK family of nonreceptor tyrosine kinases consists of JAK1, JAK3 and
TYK2 [45], which share seven regions of sequence termed Janus homology (JH) domains. JH1 consists
of a conventional tyrosine kinase domain that becomes activated upon stimulation of type I/Il cytokine
receptors, and mediates a variety of biological processes including hematopoiesis and immune response
regulation [46]. The JH2 domain lacks the catalytic Asp residue of the HRD motif but still appears to
regulate Jak2 signalling through ATP binding and/or weak catalytic activity [44]. The tyrosine kinase
domain of all JAKs is suppressed on co-expression with the pseudokinase domain, either independently
or in tandem. Mutations causing activation of the tyrosine kinase domain occur in haematological
malignancies [47], whereas loss-of-function mutations have been identified in immune deficiencies [48].
Despite these advances, the precise molecular mechanism by which the JAK pseudokinase domains
suppress the activity of the tyrosine kinase domain remains to be established. In addition to Janus
kinases, one pseudokinase that regulates other classes of enzymes is vaccinia-related kinase 3 (VRK3),
which is known to allosterically regulate the Erk phosphatase DUSP3/VHR [49].

The pseudokinases KSR1 (RAS1) and KSR2 (RAS2) act as scaffolding proteins that organise the
assembly of a Raf-MEK-ERK complex, which drives oncogenesis [50-52]. KSR1 and 2 are also important
regulators of central metabolic pathways and the immune system [53,54]. KSR2 disease-associated
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mutations disrupt KSR2-mediated signalling via the Raf-MEK-ERK pathway and have been implicated
in obesity, insulin resistance and impaired cellular fuel oxidation [55]. While IRAK1 and IRAK4 are
bona fide protein kinases, IRAK2 and IRAKS3 are classified as pseudokinases. IRAK2 is a positive
regulator of NF-«kB pro-inflammatory signalling by promoting TRAF6 polyubiquitylation [56,57] and
mutations within the pseudokinase domain can either enhance or suppress the magnitude of this
signalling response. IRAK3 binds to and antagonises other IRAK family members, acting as a switch
to initiate suppression of the inflammatory response implicating NF-«B signalling [56,58,59].

3. Mechanism of Action

The catalytic mechanism of bona fide protein kinases is highly conserved across the tree of life
and involves the following steps: (a) nucleotide binding to the active site of the protein, (b) the transfer
of the y-phosphate of the nucleotide to a hydroxyl group of the Ser, Thr, or Tyr residues of the protein
and (d) the release of ADP from the active site of the phosphorylated protein (Figure 5).
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Figure 5. General catalytic mechanism of catalytically active protein kinases. The relative position of
the conserved motifs VAIK, YRDLKPEN and DFG is indicated.

In contrast, pseudokinases can employ different modes of action: (a) modulating the activity of
kinases by serving as dimerisation partners, thereby inhibiting or accelerating kinase activity perhaps
through an allosteric transition, (b) competition for substrates of protein kinases, (c) spatial anchor to
trap a substrate into particular subcellular location and (d) as a signalling hub that mediates interactions
with components of different signalling pathways, or with multiple components of a linear signalling
cascade [11] (Figure 6).
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Figure 6. Modes of action of pseudokinases; (a) dimerisation (b) competitor (c¢) anchor and
(d) signal integrator.

4. Pseudokinases and Subcellular Localisation

4.1. Transmembrane Pseudokinases

Nearly 25% of the pseudokinases reported to date contain a functional transmembrane domain.
Of these, the homodimeric receptor guanylyl cyclases (RGCs) constitute the largest subgroup, in which
the pseudokinase domain occupies the cytoplasmic segment located between the transmembrane
domain and a functional guanylyl cyclase domain [60]. The pseudokinase domains associate with
each other following ligand binding, which in turn activate the guanylyl cyclase domains probably
through an allosteric mechanism [61].

4.2. Nuclear Pseudokinases

The pseudokinase nuclear receptor-binding protein 1 (NRBP1) functions as adaptor and contains
a putative Src homology 2 and nuclear receptor-binding domains, as well as sequences that drive
protein nuclear import and export [62]. Also in the nucleus resides the Tribbles pseudokinase (TRIB)
protein family, whose functions have been described in Section 2. At least in mitosis, the pseudokinase
Budding uninhibited by benzimidazoles related 1 (BubR1), functions as a pseudokinase that plays
important roles in chromosome segregation but also has been reported to play important functions in
DNA repair, ciliogenesis and neuron differentiation [63]. BubR1 together with Budding uninhibited
by benzimidazoles 3 (Bub3), Mitotic arrest deficient 2 (Mad2) and Cdc20 assemble to form the
Mitotic Checkpoint Complex (MCC), an assembly that regulates the E3 ubiquitin ligase activity of
the Anaphase Promoting Complex/Cyclosome (APC/C) [64,65]. BubR1 also functions as a mechano
sensor between kinetochores and microtubules [66,67]. Five main regions can be identified in the
BubR1 polypeptide chain: (i) two units of the KEN box motif located in the N-terminal region, and one
putative destruction box (D-box) motif located in the C-terminal region; (ii) a N-terminal fragment that
is organised as a triple-tandem arrangement of the tetratricopeptide repeat (TPR) motif that contributes
to the kinetochore localisation of BubR1; (iii) an intermediate, non-conserved region of low structural
complexity that is required for the binding to Bub3; (iv) a region harbouring a Cdc20 binding site;
and (v) a C-terminal region that contains a serine/threonine kinase domain.

In the human, BubR1 has been reported to function as a pseudokinase [68]. However, at least in
the fruit fly the BubR1 kinase domain is catalytically active and phosphorylates the kinetochore protein
CENP-E [69]. The phosphorylation of this protein by BubR1 is required for spindle microtubules
transition from lateral association to end-on capture. The fact that BubR1 seems to act as a pseudokinase
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in some species and as a catalytically proficient enzyme in others exemplifies the current challenges in
the identification and characterisation of pseudokinases. Other important nuclear pseudokinases are
the transformation/transcription domain-associated protein (TRRAP), which functions as a scaffold
platform for the assembly of the histone acetyltransferase complex [70-74] and Trib1, which induces
nuclear retention of COP1, a highly conserved ubiquitin ligase that regulates diverse cellular processes
in plants and metazoans [75].

4.3. Cytoplasmic Pseudokinases

Other pseudokinases are involved in intracellular signalling hubs predominantly in the cytoplasm
such as Titin (TTN), a protein firstly characterised as a member of muscle fibre sarcomeres.
The N-terminal kinase-like domain of TTN interacts with the zinc finger protein Nbrl, and mutations
within the pseudokinase domain that interrupt this interaction are linked to hereditary muscle
disease [76]. The TTN pseudokinase domain also recruits the E3 ligases Murfl and Murf2 [77], and is
also proposed to act as a mechanosensor, similar to BubR1 [78]. Another cytoplasmic pseudokinase of
particular interest is SCY1-like (SCYLs), which has been implicated in the regulation of intracellular
trafficking [79].

5. Pseudokinases and Disease

The use of the bioinformatics resource ProKino (Protein Kinase Ontology Browser) [80] allowed
us to map 55 of the human pseudokinases to genes from the open targets project revealing the
most enriched disease association to be neurodegenerative disease (p-value = 2e — 9). The most
strongly associated gene with this was TBCK. Given the tractability of pseudokinases as drug targets,
TBCK appears to be a good drug target that, to the best of our knowledge, remains to be actively
pursued. Further, bioinformatics analysis of the 55 human pseudokinases mentioned above indicates
that the pathway with the most PKs in the open targets resource is that mediated by Interleukins
(p-value = 0.000078).

Although many pseudokinases show a concentration of mutations in the C-terminal subdomain
such as Trib1l (Figure 7), other kinases have enrichments at positions other than the kinase domain.
One dramatic case is WNK Lysine Deficient Protein Kinase 2 (WNK2) with 38 mutations mapped onto
position 1838. The WNK family of Ser/Thr pseudokinases comprises the proteins WNK1 to WNK4 [81]
and lacks the conserved (33 lysine assumed to be indispensable for nucleotide binding and stabilisation
of the active kinase conformation [82]. Despite this, WNK can regulate diverse intracellular substrates
in a phosphorylation-dependent fashion in a process that involves a novel mechanism of catalysis.
Namely, the terminal residue in the glycine-rich loop (often a Gly in kinases) is conserved as a Lys
residue in WNKs and this residue provides the compensatory charge that is required for productive
ATP binding [81]. Neuronal WNK isoforms are associated with hereditary neuropathy and glioma [82].
WNKSs are also associated with the control of blood pressure through regulation of SPAK [83,84].
In brief, examples of pseudokinase mutations that lead to impairment of function can be mapped onto
the kinase and other adjacent domains and across higher organisms. In the human, such mutations
occur in genes encoding for proteins with important roles in metabolic and cell signalling pathways
and are associated with metabolic, neurological, autoimmune, and cell proliferation disorders.
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Figure 7. Trib1 is an example of a pseudokinase that contains subregions recurrently mutated. Analysis
based on the cosmic 3D Mutation bioinformatics resource.

6. Pseudokinases Protein—Protein Interaction Analysis

Interaction analyses indicate that pseudokinases have great potential for drug innovations. Taking
the full network from IntAct EBI in the spoke model, it can be seen that pseudokinases form one main
connected component. Classifying genes strongly implicated in cancer and other diseases facilitated
the identification of a large number of links between pseudokinases and their interacting partners
(show as orange links in Figure 8). In the network, colours of nodes represent pseudokinases from
the same family except for the red nodes, which indicates proteins that link two or more different
pseudokinases. Colouring the nodes in this way reveals that some pseudokinases from the same
family share common interaction partners. This interactor sharing is particularly the case for the TK
family members where both TYK2 and JAK1 and ERBB3 and PTK? share a large number of interactors,
suggesting co-regulation between these pseudokinases. It is possible to zoom in on the network and to
select only those interactions where both genes are disease-associated and either already confirmed as
druggable or with strong potential for druggability as designated by the HPA (Human Protein Atlas,
31 July 2019). Gold edges are indicative of potential for druggable interaction therapeutic intervention
because one or both of the partners is a known disease gene.
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Figure 8. Above, the human pseudokinase interactome. The colours represent family classes. Protein

kinase linking nodes are shown in red whereas diamonds indicate HPA genes that are strongly

implicated in cancer. Gold edges indicate a potentially therapeutic interaction to target where one
of the genes is a cancer or disease gene. Below, a highly druggable sub-network where all nodes are
disease-associated genes and have an FDA (Food and Drug Administration) drug or a high potential
for druggability as defined by the Human Protein Atlas (HPA) datasets.
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To understand better which regions of the pseudokinases were responsible for physical interactions,
we extracted interaction features from Intact restricted to feature lengths <20. Results in 9 of the
17 pseudokinases showed interaction features that overlap with the kinase domain in its interactors,
indicating that interactions through the kinase domain are often important. Conversely, non-PK
regions look equally important because only 4 of the 17 kinases always interacted through the
pseudokinase domain.

Pseudokinases with residual or total lack of catalytic activity can still carry out important roles in
cell signalling involving pseudo-active sites, allosteric transitions driven by nucleotide binding, and/or
direct modulation of binding surfaces topology. Because some promiscuous inhibitors that target
the ATP-binding site of bona fide protein kinases can bind the equivalent site in pseudokinases [36],
the features of the kinase inhibitors can inform the development of new small size drugs to target
pseudokinases. The computational protein—protein interaction analyses described in this contribution
together with recent approaches in drug discovery, such as the targeting of specific protein—protein
interfaces with small size compounds [85-87], further support the view that pseudokinases offer great
potential for drug innovations.

7. Pseudokinases as Drug Targets

Because the vast repertoires of functions exerted by pseudokinases represent a new window
to develop innovative strategies for therapeutic intervention to treat human diseases that constitute
important yet unmet clinical needs [13-15,88-90], we mapped pseudokinases to opentargets to visualise
their ability to be targeted by small size drugs or antibodies. We carried out an analysis of their
druggability in open targets, which showed that a number of pseudokinases can be potential targets of
different drug molecule types (e.g., antibody/small molecule) with the Janus kinases representing the
most actively pursued targets (Table 1). Our bioinformatics analyses (Figure 9) strongly suggest that
pseudokinases have great potential for drug development and revealed that the top diseases targeted
are rheumatoid arthritis (five drugs) followed by neoplasm (four drugs). These findings are in good
agreement with recent reports by others, which showed that the unique conformations of Tribbles
pseudokinases make these proteins good drug targets to treat human acute megakaryocytic leukemia
caused by a gain-of-function mutation [91]; that inhibitors of WNK such as WNK463 have potential
use in the clinic as antihypertensive drugs [92]; and that a new generation of TYK2 pseudokinase
ligands currently in clinical trials may be effective for the treatment of autoimmune diseases [93,94].
An exciting new development in drug discovery is the use of artificial intelligence (Al) to speed up
the process and reduce costs by facilitating the rapid identification of drug-like compounds. A recent
example of the promise of Al to accelerate the development of new drugs is the identification of
potent inhibitors of the Discoidin domain receptor 1 (DDR1) tyrosine kinase using machine learning
techniques [95]. It can be anticipated that a similar approach will be used to identify pseudokinase
inhibitors, including drugs that interfere with specific protein—protein interactions.

Table 1. Existing status for pseudokinases in clinical trials as reported in the open targets database.

Target Max Phase Molecula Type  Drugs
JAK2 Phase I1I Small molecule 5
ERBB3 Phase II Antibody 4
JAK3 Phase II Small molecule 4
JAK1 Phase II Small molecule 3
JAK2 Phase I Small molecule 3
JAK1 Phase I1I Small molecule 3
JAK2 Phase II Small molecule 3
JAK2 Phase IV Small molecule 2
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Table 1. Cont.

12 of 17

Target Max Phase Molecula Type  Drugs
ERBB3 Phase IV Small molecule 2
GUCY2C Phase IV protein 2
ERBB3 Phase I Antibody 2
EPHB6 Phase IV Small molecule 1
JAK1 Phase IV Small molecule 1
ERBB3 Phase III Small molecule 1
ERBB3 Phase III Antibody 1
ERBB3 Phase II Small molecule 1
NPR1 Phase IV protein 1
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Figure 9. Pseudokinases mapped to opentargets tractability for both small size drug compounds

and antibodies.

8. Conclusions

Pseudokinases are a subset of the protein kinase superfamily that present inactivating mutations
in critical catalytic motifs but signal primarily through noncatalytic mechanisms. Systematic analysis of
the human genome has revealed that circa one-tenth of all protein kinases correspond to pseudokinases.
These proteins play central roles in the cell and the loss of their regulation can lead to a variety of
diseases. Our succinct analysis of the pseudokinase interactome revealed that TYK?2, JAK1, ERBB3,
and PTK7 pseudokinases share a large number of interactors, suggesting that they are subjected
to co-regulation. Several clinically approved kinase inhibitors have been shown to influence the
noncatalytic functions of active kinases, providing expectation that similar properties in pseudokinases
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could be pharmacologically regulated. Recent advances in drug discovery assisted by the use of
artificial intelligence approaches may pave the way for the rapid identification of potent pseudokinase
inhibitors. Taken these advances together, it can be anticipated that in the coming years pseudokinases
are likely to become mainstream drug targets for the treatment of diverse malignancies.
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