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activities of forgotten Kinases: PCTAIREs CDKs
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Abstract

In cells, signal transduction heavily relies on the intricate regulation of protein kinases, which provide the
fundamental framework for modulating most signaling pathways. Dysregulation of kinase activity has been
implicated in numerous pathological conditions, particularly in cancer. The druggable nature of most kinases
positions them into a focal point during the process of drug development. However, a significant challenge
persists, as the role and biological function of nearly one third of human kinases remains largely unknown.

Within this diverse landscape, cyclin-dependent kinases (CDKs) emerge as an intriguing molecular subgroup. In
human, this kinase family encompasses 21 members, involved in several key biological processes. Remarkably, 13
of these CDKs belong to the category of understudied kinases, and only 5 having undergone broad investigation
to date. This knowledge gap underscores the pressing need to delve into the study of these kinases, starting with a

comprehensive review of the less-explored ones.

CDK inhibitors, PCTAIREs in cancer

Here, we will focus on the PCTAIRE subfamily of CDKs, which includes CDK16, CDK17, and CDK18, arguably
among the most understudied CDKs members. To contextualize PCTAIREs within the spectrum of human
pathophysiology, we conducted an exhaustive review of the existing literature and examined available databases.
This approach resulted in an articulate depiction of these PCTAIREs, encompassing their expression patterns, 3D
configurations, mechanisms of activation, and potential functions in normal tissues and in cancer.

We propose that this effort offers the possibility of identifying promising areas of future research that extend
from basic research to potential clinical and therapeutic applications.
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Introduction

Cyclin-Dependent Kinases (CDKs) constitute a family of
proteins initially recognized as the principal regulators
of the cell progression through the mitotic cell cycle [1].
However, confining the role of CDKs solely to cell cycle
control is overly simplistic. CDKs play a pivotal role in
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DNA replication, repair, transcription, and numerous
other critical processes by phosphorylating several differ-
ent substrate proteins. Consequently, mutations in their
coding genes disrupt normal cell physiology, contributing
to a wide spectrum of pathologies, from cancer to neural
disorders.

CDKs belong to the CMGC family of Serine/Threo-
nine kinases, which also includes Mitogen-Activated
Protein Kinases (MAPKs), Glycogen Synthase Kinase-3
beta (GSK3p), members of the Dual-specificity Tyrosine-
Regulated Kinase (DYRK) family, and five additional
genes encoding a more distant group of proteins known
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as CDK-like kinases (CDKL) [2]. Over the course of evo-
lution, CDKSs have undergone unexpected divergence and
specialization, with their number increasing from 6 genes
in the yeast genome to 21 genes in the human genome
[3].

The 21 human CDKs are named from CDK1 to CDK20,
with CDK11 encompassing two isoforms, encoded by
two separate genes (CDK11A and CDK11B) [4]. These
CDKs can be classified into three phylogenetic sub-
groups, based on their primary functions: (1) primarily
involved in cell cycle regulation (CDK 1, 2, 3, 4, and 6);
(2) primarily involved in transcription regulation (CDK
7, 8,9, 10, 11, 12 and 13); and (3) atypical CDKs (CDK
5, and 14-20), each of which serves diverse, yet specific,
functions (Fig. 1a) [3]. Among understudied and atypical
kinases, there is the CDKL family, composed of five rela-
tively underexplored human kinases: CDKL1, CDKL2,
CDKL3, CDKL4, and CDKLS5. This family has the highest
sequence similarity to CDKs and CDKLs present a cyclin
binding domain, although there is no evidence of interac-
tion with cyclins. Little is known about CDKL1-4, their
function and role(s) in human biology, whereas CDKL5
has been identified as a regulator of ciliogenesis [4—7].

The kinase domain characterizing CDK family spans
about 250 amino acids and is the most conserved region
among human CDK proteins, with homology ranging
from 40 to 65.5%. Within the kinase domain, the HRD
and DFG motifs are highly conserved and essential for
kinase activation. As their family name implies, CDKs
require an activating partner, classically cyclins, to func-
tion properly [8]. However, also phosphorylation by
CDK-activating kinases (CAKs) on specific threonine/
serine residues (e.g. Thr161 in CDK1 or Thr160 in CDK2)
is required for the activation of some cycle-related CDKs
(such as CDK1, CDK2, CDK4 and CDK®6) and transcrip-
tional CDKs (CDK9, CDK12 and CDK13). In vertebrates,
the active CAK complex is composed of three subunits:
CDK?7, its cyclin partner Cyclin H and the RING finger
protein MAT1. This complex is necessary to phosphor-
ylate a threonine residue (e.g. Thr161 in CDK1) in the
T-loop, which is a critical step to obtain full CDK acti-
vation [9-12]. These residues are likewise faithfully con-
served across human CDXKs. Similarly, tyrosine residues
at the N-terminus of the kinase domain (e.g Tyrl5 in
CDK1), acting as inhibitory phosphorylation sites, are
also highly conserved.

CDKs can also be classified based on the sequence of
their cyclin binding region (Fig. 1b-c). For instance, CDKs
can be divided into PSTAIREs (comprising CDK1-3),
PSSALRE (CDKS5), PFTAIREs (CDK14-15), PCTAIREs
(CDK16-18) and PI(L)STV(I)REs (CDK4-6) (Fig. 1b, c).
It is important to note that the last two residues of the
cyclin-binding region (XXXXXRE, where X represents
any amino acid) are also highly conserved. Looking at the
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phylogenetic trees (Fig. 1a, c), as also reported by others
[3], CDK4 and CDK6 (PI(L)STV(I)RE) equally and very
early diverge from CDK1-3 (PSTAIRE) that are therefore
phylogenetically more similar and better cluster to CDK5
subfamily (i.e., PSSALRE, PFTAIRE and PCTAIRE).

Looking at literature data, it is quite evident that while
cell cycle-related CDKs have been extensively studied,
most of the other CDKs are far less explored (Fig. 1c,
see dot size), suggesting that the study of their roles in
human pathophysiology might still hold some surprise.
Accordingly, many atypical and transcriptional kinases
(ranging from CDK10 to CDK20) are part of the Dark
Kinase database (DKK; https://darkkinome.org), [13] a
consortium focused on gaining a better understanding of
the approximately 160 kinases whose function in human
biology remains poorly understood. DKK aims to provide
data and resources for these understudied kinases to the
research community, reinforcing the importance of elu-
cidating the role and potential therapeutic significance of
understudied kinases in human diseases.

In line with this idea, we have reviewed the available
information on one subfamily of these under-researched
CDKs, the PCTAIREs (CDK16, 17, and 18), offering new
insights into their structure and function and aiming at a
better characterization of their still uncertain role in both
cell biology and cancer.

Sequence homology comparison underscores the
uniqueness of PCTAIREs

PCTAIREs, firstly cloned in 1992 [14, 15], consist of
approximately 500 amino acids in length. In a phyloge-
netic analysis, PCTAIREs are shown to exhibit substan-
tial similarity to the other CDKs, notably 42-46% with
PFTAIREs (CDK14 and 15), 58% with CDK5 and 52—54%
with canonical CDKs (CDKI1, 2, and 3), as illustrated
in Fig. 1c. It is well-established that cyclin binding trig-
gers structural reconfiguration in CDKs, enabling them
to carry out their kinase activity [16-18]. Mutagen-
esis experiments and structural studies have shown that
pan-kinase conserved motifs, like HRD and DFG, are
indispensable for kinase activation [19-21]. As depicted
in the multiple sequence alignment (MSA), HRD and
DFG motifs, along with their encompassing residues,
are highly conserved among all CDKs (Supplementary
Fig. 1).

Furthermore, canonical CDKs require phosphoryla-
tion by CDXK-activating kinases at specific threonine
residues (e.g. CDK1 at Thr161, CDK2 at Thr160) to tran-
sition from an inactive to a fully active state. Notably, in
P(C/F)TAIREs and CDKS5, the corresponding residue is
a serine, indicating the likelihood of similar activation
mechanisms governing the full activation of these CDKs
(Supplementary Fig. 1). This possibility is further sup-
ported by observations that the substitution of threonine
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Fig. 1 Sequence similarities of PCTAIREs with other CDKs. (a) Circular representation of human CDKs and associated annotations. The inner circle de-
picts functional classification of CDKs (cell cycle, transcriptional and atypical). All the remaining circles represent % of similarity among full length CDKs.
Protein sequences were retrieved from Uniprot. Similarity scores were calculated with SeqinR [144] package and visualized with ggtree package [145].
(b) Schematic representation of CDKs generated using the drawProteins package [146]. Annotations were retrieved from UniProt database, last visited
30th November 2023 [147]. While protein kinase domain is well conserved among all CDKs, they diverge considerably in the length of N and C-terminal
extensions. Colours are depicting UniProt annotation of the proteins. In the legend “Required for D-type cyclin interaction (int)” depicts a motif in CDK4
and CDK6 involved in their binding to cyclin D (CCND). (c) Phylogenetic tree of full length CDKs and associated annotations. Phylogenetic tree was con-
structed with MEGA X software [148], visualization/annotation was obtained with ggtree package [145] and Pubmed query was performed with rentrez
package [149], last visited 30th November 2023. Node size indicates the number of articles where CDKs are mentioned. As shown, while CDK1, 2,4 and 6
have all been mentioned more than 7000 times, PCTAIREs have been mentioned only a handful times. Different colours are depicting sub-family specific
cyclin-binding domains. Similarity scores were calculated with SeqinR package [150] and plotted with complex heatmap package [151]

to serine in position 160 of CDK2 does not diminish its  between canonical and non-canonical CDKs. Despite
kinase activity but does impact on its fine-tuning during  high similarity in their kinase domains (Supplementary
cell cycle progression [22]. This finding could represent a  Fig. 2), all PCTAIRE and PFTAIRE proteins diverge quite
significant distinction in the regulation of kinase activity  significantly from each other in their N-terminal regions
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(Fig. 1b and Supplementary Fig. 1). Notwithstanding the
low similarity in N-terminus, a well-conserved Protein
Kinase A (PKA) substrate motif (R-R-X-S) is detected in
PCTAIREs (Supplementary Fig. 1), suggesting the exis-
tence of common post-translational modifications among
PCTAIREs. Indeed, several evidences have shown that
N-termini phosphorylation of PCTAIREs are important
to fine-tune their activity/function [23-28].

PCTAIREs 3D structure analysis

Crystallographic studies and the development of three-
dimensional (3D) structures have proven to be indispens-
able not only to gain a comprehensive understanding
of the kinase function and its possible interactions, but
also for the design of specific pharmacological inhibitors
[29-31]. However, crystal structure data for PCTAIREs
remain scarce. Currently, only the structure of CDK16
has experimentally been studied [32]. Sarah et al. meticu-
lously studied the crystal structure of the CDK16 kinase
domain, revealing its adherence to the classical bi-lobal
architecture, interspersed with short insertions that con-
tribute to the characteristic folding of CDK family [32].
This investigation also illuminated the structural compat-
ibility of CDK16 kinase domain with the cyclin Y/14-3-3
complex. This interaction is believed to be important for
CDK16 kinase activity, and it may be mutually exclu-
sive with the binding of specific CDK16 inhibitors, such
as Dabrafenib and Rebastinib [32]. Noteworthy, pecu-
liarities within the CDK16 structure include a partially
inverted DFG motif and distinctive conformations of
the C-terminal extension and CDK/MAPK motif, shared
between CDKs and MAP kinases. This motif forms an
additional protein-protein interaction surface, unique
to the CDK family. For instance, in CDK2 the CDK/
MAPK domain facilitates its interactions with the CDK-
binding protein CKSI. It has been proposed that CKS1,
by binding to CDK2 in conjunction with the CDK inhibi-
tor p27Kip1, enables the ubiquitination and subsequent
degradation of p27Kip1, thus indirectly regulating CDK2
activity [33, 34]. Since the CDK/MAPK motif is involved
in CDKs activity regulation, the observed structural dif-
ferences likely imply that the surfaces of CDK2 and
CDK16 have evolved to mediate distinct protein-protein
interactions, consequently serving different biological
functions [32].

While the existing structural data support the notion
that CDK16 (and potentially other PCTAIRE kinases) can
interact with cyclins [32], other experimental evidence
suggests that such interaction alone might be insufficient
to trigger full PCTAIRE kinase activity. As elegantly dem-
onstrated by Shetate et al., bacterially expressed cyclin Y
(CCNY) by itself does not activate CDK16 kinase activity
[35]. This observation finds partial support in work from
Hernandez et al., showing that a purified CDK16-CCNY
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complex exhibits only weak ability to phosphorylate MBP
(Myelin Basic Protein) protein [36]. Therefore, unravel-
ing if and how the 3D conformation of PCTAIRE kinases
changes upon cyclin binding and transitions between
active and inactive state, much like what has been
already established for cell cycle CDKs, is of paramount
importance.

Given the absence of a direct comparative analysis,
elucidating the configurational differences between
active and inactive state in CDK16 (and other PCTAIRE
kinases), we undertook a comparative approach by exam-
ining the CDK16 structure in relation to other CDKs. To
this aim we used the structure of those CDKs that have
the highest similarity with PCTAIREs in their kinase
domains and for which both inactive and active 3D con-
formations are available. To achieve this, we utilized the
available structures of CDK5, considered the human
homolog of the yeast Pho85 kinase and a prototype of
the PCTAIRE and PFTAIRE family, which shares 57%
sequence homology with CDK16, as well as the struc-
tures of CDK1 and CDK2, both of which exhibit 52%
sequence homology with CDK16 (Fig. 1c) [3].

In the supplementary information, we present a com-
prehensive description of our 3D structure assignment,
distinguishing between predicted active and inactive
conformations, alignment, and superimposition, related
to structural comparison (Supplementary Figs. 3, 4, 5, 6,
7). This analysis has yielded several interesting findings.
Firstly, CDK16 shares a slightly higher overall structural
similarity with active structures of CDK1, 2 and 5, com-
pared to inactive ones (Supplementary Fig. 3b, c). Then,
specifically, the PCTAIRE domain of CDK16 aligns better
with the active PSTAIRE domain of CDK1, compared to
other structures (CDK1 inactive; CDK2,5 either active/
inactive) (Supplementary Fig. 4c, d inset 1, Supplemen-
tary Fig. 5 inset 1, Supplementary Fig. 6 inset 1). Lastly,
overlapping geometries in the cyclin binding domains of
PCTAIREs (especially between CDK16 and CDK17) were
also observed (Fig. 2 and Supplementary Fig. 7).

Collectively, these structural analyses suggest that
PCTAIREs (especially, CDK16 and 17), may be able to
adopt an active conformation even in the absence of a
specific cyclin or a regulatory binding protein. These
observations also underscore the importance of exam-
ining the structure of a protein as a whole, not limiting
the study to the catalytic domain, for a comprehensive
understanding of the kinase activity regulation. In sup-
port of that, several studies have shown that PCTAIREs
are phosphorylated at their N-terminus [23-25, 27,
28, 26-38], as will be discussed in detail later in the
PCTAIREs interactions and functions paragraph.

Our in-silico findings also stimulate the formulation
of new hypotheses and raise key questions, especially
regarding the molecular mechanisms governing the CDK
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PCTARE
PSTAIRE Motifs
PSSALRE

Fig.2 Structural comparison between PCTAIREs and canonical CDKs.CDK1,5and 16 structures were retrieved from PDB database. [PDB]-ID: CDK1[4Y72_A],
CDK1[4YC6_A], CDK5[4AUA8_A], CDK16[5G6V_A]. CDK17 and CDK18 structures were generated by homology-modelling using SWISS-MODEL [152]. The
italic letter preceding protein name indicates: a_ (active) and i_ (inactive) configuration of the structure. For full description see Supplementary Informa-
tion. All structures were superimposed onto CDK16 structure. Blue dot-line rectangle depicts the cyclin binding domains. As shown cyclin binding do-
main of inactive CDK1 (PSTAIRE) has different 3D coordinates compared to the other structures (active CDK1 (PSTAIRE) and active CDK5 (PSSALRE), inactive
CDK16 and in silico 3D structures, based on homology modelling, of CDK17 and 18 (PCTAIRE)). On the right, zoom-in view of the same cyclin-binding
regions. Notably, all PCTAIREs (CDK16 in inactive state) cyclin-binding motifs have much closer trajectory to the respective motif of active CDK1 (PSTAIRE),
compared to active CDKS5 cyclin-biding motif (PSSALRE). Visualization was obtained with the Chimera software [153]

activity and the extent to which these structural variances
differentiate PCTAIREs from canonical CDKs. Compara-
tive crystallographic studies (active vs. inactive) states of
PCTAIRE:s are likely to provide a clearer and more defini-
tive picture of these aspects and may pave a way to design
novel chemical inhibitors for these proteins.

The role of Cyclin binding to PCTAIREs and its poten-
tial impact on the activation of these kinases remains far
from being a complete picture. Although some evidences
showed that cyclin Y (CCNY) and cyclin YL1 (CCNYL1)
could bind CDK16 and, possibly, regulate its kinase activ-
ity, it is still unclear whether this binding is stable, direct
and/or whether it requires the binding of 14-3-3 protein
to a previously phosphorylated CDK16. The binding with
14-3-3 proteins potentially increases CDK16 basal kinase
activity [27, 35, 39, 40]. Accordingly, the binding between
CCNY or CCNYL1 and CDK16 endogenous proteins
is generally challenging to detect [27, 35, 40]. The data
regarding the possible reported binding of CDK17 with
CCNY, Cables, or cyclin A2 are equally uncertain [24,
41]. Conversely, a cytoplasmic interaction between
cyclin A2 (CCNA2) and CDK18 has been observed at the
endogenous level and this binding is likely important for
CDK18 activation [24]. Collectively, these findings sug-
gest that CDK16 and CDK17, unlike cell cycle CDKs,
might also be activated through still not well defined
non-canonical pathways.

Notably, size exclusion chromatography and gel fil-
tration demonstrated that monomeric PCTAIRE-1
(CDK16) was active as a protein kinase. The activity of
CDK16 detected in this context was comparable to the

one of CDK5 when associated with its activating binding
partner [23]. These findings lend support to the notion
that CDK16 could possess kinase activity independently
from the binding to a regulatory subunit. However, this
experimental approach could not exclude the possibil-
ity that CDK16 interacts with a small protein not exactly
distinguishable by size exclusion chromatography and/or
that it may exhibit significantly enhanced protein kinase
activity upon binding to the proper regulatory subunit.

PCTAIREs inhibitors

Although activation mechanisms of CDK16 and CDK17
remain a subject of ongoing exploration, it is clear that all
PCTAIREs possess inherent kinase activity [24, 42, 43].
The development of specific inhibitors for this CDK fam-
ily could, therefore, greatly contribute to our understand-
ing of their biological functions and potentially offer new
opportunities of clinical application. Yet, our current
knowledge in this area is still very limited and requires
further research efforts.

Significant strides in kinase structural biology have
greatly enhanced our comprehension of various aspects
of kinase biology and expedited drug discovery efforts
[44]. The structural organization of the catalytic domain
in all eukaryotic protein kinases reveals a common bi-
lobal fold, featuring a smaller N-terminal lobe and a
larger C-terminal lobe, connected by a “hinge” ATP binds
to a highly conserved pocket situated deep between the
two lobes and forms hydrogen bonds within the “hinge”
region [44].
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Building upon this foundational knowledge, Vijayan et
al. conducted a study that categorized kinases into two
groups, based on their DFG-out conformational status
and inhibitor selectivity. Group 1 includes kinases with
classical DFG-out conformation, possessing a large allo-
steric pocket that can be targeted by both type I inhibi-
tors (binding in the DFG-in conformation, active kinase
state) and type II inhibitors (binding in the DFG-out
configuration, inactive kinase state) [45]. Group 2, on
the other hand, encompasses kinases with non-classical
DFG-out configurations, which have a smaller alloste-
ric pocket when activated, and can be targeted solely by
type II inhibitors [19]. Experimental evidence shows that
CDK16 can be inhibited by both type I and II inhibitors,
such as Dabrafenib and Rebastinib, respectively [32].

There are not many studies that tried to identify spe-
cific PCTAIREs inhibitors. Research aimed at identifying
a specific and selective CDK14 inhibitor led to the pro-
duction of the compound FM-04-159-2, also referred to
as Pan-TAIRE (CDK14-18), that potently and reversibly
inhibit all PCTAIREs [46]. Recent advancements have led
to the development of optimized N-(1 H-pyrazol-3-yl)
pyrimidin-4-amine moieties that target PCTAIREs with
high potency in the nanomolar range (20-120 nM for
PCTAIREs and 80—-150 nM for PFTAIRES) [47].

An alternative and potentially expedited approach to
identify kinase inhibitors could be represented by drug
repurposing studies. In that regard, pan-kinome study
using 243 clinically approved or investigational kinase
inhibitors to identify novel targets by Klaeger et al.
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offers an excellent resource [48]. Their mass spectrom-
etry-based chemical approach, known as “Kinobead’,
measured the affinity of each inhibitor towards differ-
ent kinases [49]. Notably, their data revealed that most
kinase inhibitors, including CDK inhibitors, have several
additional targets beyond their designated primary ones.

Exploring data from Kinobead [48] for CDKs/
PCTAIREs, we observed that most CDK inhibitors
(CDKi) are pan-CDKi, including CDK16 and CDK17
as targets, and exhibit low “Concentration And Tar-
get Dependent Selectivity (CATDS)” scores (Fig. 3).
Only three compounds show a higher degree of selec-
tivity: BMS-38,702caprs—ogsy for CDK17 and P-276-
00 caprs=0g9) and SB-1317(caprs—es for CDKO.
Interestingly, while CDK9 represents the designated
target for both P-276-00 and SB-1317 [50-55], why
and how BMS-387,032 is highly selective towards
CDK17 is still unclear. Further studies and crystal-
lography analysis of CDK17-BMS-387,032 could pro-
vide valuable insights into how BMS-387,032 can
be repurposed to selectively target CDK17. Of note,
using the same approach (Kinobead), an indepen-
dent group also showed that BMS-387,032 is highly
potent towards CDK17 (CDK17,:5,=90nM vs. desig-
nated targets (CDK9c5,=50nM, CDK7;c5,=170nM
and CDK2;-5,=300nM) in primary Chronic Lympho-
cytic Leukemia (CCL) cell lines [56]. Finally, it has been
recently proposed that certain CDK inhibitors could have
strong affinity for PCTAIRE-family CDKs, particularly
the CDKi-73 for CDK16 and CDK17 [57].

Klaeger et.al,. Science 2017
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In the case of CDK18, a unique scenario emerges. As
easily observed from the heatmap reported in Fig. 3,
while most CDKs could be potentially inhibited by sev-
eral different compounds, CDK18 exhibits limited
engagement with only one compound, PF-3,758,309 (a
PAK4 inhibitor), demonstrating low CATDS score for
CDK18. This observation will likely merit further studies
aiming at understanding why CDK18 behaves so differ-
ently from all other CDKs in term of kinase activity inhi-
bition. By studying the ATP binding domain of CDK18
in comparison to the ones of CDK16, CDK1 and CDK2,
we did not observe significant differences, suggesting that
basal 3D CDK18 protein structure is not the principal
cause of the differences in small molecule binding.

To advance our understanding and facilitate chemi-
cal and pharmacological research, it is crucial to obtain
experimental 3D structures for CDK17 and CDKIS.
Such tools will be instrumental to the development of
protein-specific inhibitors, aiding in the exploration of
both their unique and shared functions. The availability
of X-ray crystal structures would also be fundamental
for computer-aided drug design (CADD) of new peptide
inhibitors, with enhanced specificity. Indeed, ATP-bind-
ing domain inhibitors, which are the most common CDK
competitive inhibitors, do not target only one CDK: for
example, R-Roscovitine inhibits CDK1, CDK2, CDKS5,
CDK?7, and CDKO9 [58]. A deeper understanding of the
structural differences between various CDKs’ ATP bind-
ing sites, which reveal crucial ligand-receptor interac-
tions specific to each CDK, would significantly enhance
the specificity of new small molecules or peptides [59].
These molecules could act as reversible ATP competi-
tors or allosteric inhibitors. Additionally, since CDK
activation and regulation primarily depend on protein-
protein interactions (PPIs), other strategies, informed
by 3D modeling, focus on designing new peptide inhibi-
tors that interfere with PPIs [58, 60, 61]. For example, the
cyclin recognition motif in the CDK-inhibitory protein
p27Kip1 has been used to design and synthesize a series
of cyclic peptides that disrupt the CDK-cyclin interac-
tion. Furthermore, predicting the interaction geometry
between proteins and peptides could be very useful to
design and screen potential peptides capable of binding
the active site of a specific CDK, thereby inhibiting its
catalytic activity [62]. The same is true for the design of a
new class of molecules able to specifically degrade target
proteins, like PROTAC [63]. Alternatively, artificial intel-
ligence-driven tertiary structure prediction models could
be developed to support the proper design of drugs that
target these understudied kinases [64].

PCTAIRE expression in normal human tissues
Since the beginning, studies on PCTAIRE presented
compelling findings that these kinases display distinctive
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expression patterns across diverse tissues. In general,
they were reported to be prominently expressed in differ-
entiated tissues, including brain, testis, post-mitotic neu-
rons, and elongated spermatids, with some differences
among the three different CDKs. Specifically, CDK16 is
more abundant in differentiated tissue but displays a rela-
tively ubiquitous expression profile. Conversely, CDK17
and CDK18 exhibited more limited patterns of expres-
sion, primarily observed in the brain, kidney, testis, and
intestine [14, 15, 42]. An overview of PCTAIREs expres-
sion in different human tissues (retrieved from Geno-
type-Tissue Expression (GTEx) Portal) is reported in
Supplementary Fig. 8.

Being subsequent experimental analyses scarce, we
further explored publicly available databases, such as
https://www.proteinatlas.org/, to corroborate these initial
findings. These analyses confirmed that CDK16 exhibits a
lower degree of tissue specificity, with the highest expres-
sion levels noted in skeletal muscle and brain. CDK17, on
the other hand, appears to be most abundantly expressed
in the brain, lymphoid tissues and reproductive organs,
in both males and females. In contrast, CDK18 expres-
sion appears to be constrained primarily to the brain,
notably in the spinal cord, and enriched in muscular tis-
sues, especially in the heart.

Complementing these observations, single-cell RNA
expression data further confirmed the distinctive expres-
sion profiles of these kinases. CDK18 exhibits high
expression in oligodendrocytes, while CDK17 is promi-
nent in glial, neuronal, lymphoid, and testicular (ger-
minal) cells. CDK16, conversely, presents a widespread
expression pattern across different cell types, with a peak
in well differentiated spermatids.

Pctaire expression and functions in murine tissues
In-depth analysis and comparison of available databases
that annotate RNA and/or protein expression of murine
Pctaire genes, such as those accessible through https://
www.ebi.ac.uk/ebisearch/about or https://www.infor-
matics.jax.org/, have further confirmed a similar expres-
sion pattern in mice. In line with previous observations
[27, 65], Cdkl6, Cdkl7 and Cdkl8 are predominantly
expressed in brain, skeletal muscles, heart and to vary-
ing degrees in other organs/tissues. It is worth noting
that while both Cdk16 and Cdk17 are expressed during
embryonic development, at least from E11 to E18, there
is no data reporting the expression of Cdki8 during
mouse embryogenesis.

The expression patterns of Pctaire kinases in mice well
align with the phenotypes observed in correspondent
knockout models. Mikolcevic et al. generated a condi-
tional knockout (KO) model for Cdki6, revealing that
Cdk16KO mice were born at expected frequencies and
did not exhibit any obvious phenotypic differences from
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control littermates. However, homozygous Cdk16KO
male mice displayed sterility, characterized by impaired
sperm motility, dyskinesia, and various morphologi-
cal abnormalities in sperm, including malformed heads,
cytoplasmic excess, and structural defects in the annulus
region [27].

Also Cdkl7 and Cdki8 KO mice have been gen-
erated, but the results are as yet unpublished [66].
However, detailed information can be found on the Inter-
national Mouse Phenotyping Consortium (IMPC) web-
site (https://www.mousephenotype.org/). In the case of
Cdk18KO mice, the use of CRISPR-CAS9 technology
in the C57BL/6N] strain led to an intragenic deletion,
resulting in early protein truncation. Notably, these mice
did not display any distinctive phenotypic characteristics,
except for a notable increase in circulating creatinine lev-
els, suggesting possible renal dysfunction that warrants
further investigation (https://www.mousephenotype.org/
data/genes/MGI:97518).

Cdk17KO mice were also generated with the CRISPR-
CAS9 technology resulting in the deletion of Cdk17 Exon
4 in the C57BL/6N] strain, that produced a protein trun-
cated after residue 94. These mice exhibit several intrigu-
ing features. Using the Open Field test, a test commonly
used to assess anxiety and exploratory behaviors, it was
reported that heterozygous Cdk17WT/KO female mice
were significantly hyperactive, manifesting increased
movement between locations compared to control.
Homozygous Cdk17KO male mice showed elevated verti-
cal activity, indicating a higher propensity for jumping or
rearing in the same test. It is worth noting that knockout
of Cdk17 gene in mice led to partial preweaning lethal-
ity, particularly evident in female embryos. In particular,
percent of homozygous KO mice at birth dropped from
the expected 25% to only 7.8% (7 out of 90). Among the 7
born pups, only one was female, emphasizing the promi-
nent phenotype in females as opposed to males. A gross
morphology embryo E18.5 phenotypic assay revealed
that 28.6% of analyzed female embryos displayed abnor-
malities (https://www.mousephenotype.org/data/genes/
MGI:97517). These findings suggest that Cdk17 expres-
sion plays a pivotal role in the complete development of
mouse embryos, particularly in females, indicating pos-
sible gender-specific roles.

Early attempts to generate constitutive knockout of
Cdk16 failed, as male murine ES cells lacking Pctaire-1
did not demonstrate germline transmission [23]. This
observation suggests that Cdk16 may be required for the
formation of viable sperm or could be necessary dur-
ing embryogenesis, as partially observed for Cdk17. The
former hypothesis appears more likely and is supported
by the generation of Cdk16 conditional KO models [27].
Furthermore, cyclin Y-like 1 (Ccnyll) KO mice, which
develop normally but exhibit male infertility associated
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with asthenozoospermia (reduced sperm motility) also
supports this hypothesis, as Ccnyll KO led to a sub-
stantial reduction in Cdkl6 expression in the testis,
suggesting its involvement in regulating Cdkl6 pro-
tein stability. Nevertheless, it remains to be determined
whether Ccnyll contributes to the regulation of endog-
enous Cdk16 kinase activity [40].

In summary, in vivo studies in mice provide insights
into the vital roles of Cdk16 and Cdk17 in distinct devel-
opmental phases and organ physiology. These findings
offer intriguing prospects for further investigations into
the underlying molecular mechanisms. The exploration
of gender-specific effects observed in Cdk17KO mice
during embryonic development and neuronal activity, is
particularly relevant and could yield valuable information
regarding protein-protein interactions and PCTAIRE
kinases unique functions.

PCTAIRE interactions and functions

As previously mentioned, PCTAIRE kinases remain a rel-
atively understudied group of kinases, and consequently,
only limited information concerning their molecular
roles and interactions is currently available. Given that
PCTAIREs exhibit high expression in specialized tissues
such as brain, testis, post-mitotic neurons, and elongated
spermatids, much of the research has focused on inves-
tigating their potential contributions to cellular differen-
tiation and specific biological contexts [65]. To enhance
clarity, we will review the existing information in dedi-
cated subheadings for each CDK.

CDK16

The initial indications about CDK16 interaction with
potential regulatory subunits emerged from early obser-
vations indicating that CDK16 kinase activity was lost
when immunoprecipitated from the testis in a high saline
buffer, suggesting that the dissociation of regulatory fac-
tors or protein denaturation could compromise its activ-
ity [65]. Additionally, bacterially expressed CDK16 was
able to induce MBP phosphorylation when mixed with
mammalian cell lysates, indicating a potential require-
ment for specific post-transcriptional modifications or
activators for its kinase activity [65]. Two-hybrid and
immunoprecipitation assays found pll or 14-3-3 as
CDK16 interacting partners in the brain [65, 67]. Never-
theless, the functional implications of these interactions
remain to be fully elucidated. Furthermore, it was shown
that CDK5/p35 complex by phosphorylating CDK16
at serine 95 (Ser95) increases its kinase activity [28].
Through forward genetic analysis in C. elegans, cyclin Y
(CYY-1) was identified as a binding partner for CDK16.
This interaction was found to be necessary for targeting
presynaptic components to the axon, providing an initial
indication of CCNY potential role as a CDK16-activating
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regulatory subunit, at least in overexpressing models
[68]. Subsequent studies further confirmed the binding
of CCNY to CDK16 through two-hybrid screening and
overexpressing cells, emphasizing the importance of this
binding for CDK16 kinase activity [27]. Notably, CCNY
binding to CDK16 occurred at the plasma membrane and
required a region upstream of the kinase domain. This
binding was found to be inhibited by the phosphorylation
of Ser153, a potential PKA phosphorylation site, making
CDK16 the first CDK in which cyclin binding was shown
to be phosphorylation-dependent [27]. Indeed, it was
shown that PKA phosphorylates CDK16 in four different
serine residues, being Ser153 the main phosphorylation
site [23]. Another study showed the interaction between
CDK16 and CCNYL1 and delineated the role of this com-
plex in regulating spermatogenesis [40]. A recent study
showed that AMPK phosphorylates CCNY at Ser326 to
further promote CCNY-CDKI16 interaction and increase
its kinase activity [69]. It is worth noting that, in both
brain and testis, immune-depletion of CCNY does not
affects the expression of CDK16 in protein lysates (and
vice versa). These data suggests that either only a small
portion of CDK16 is bound to CCNY or that this binding
is particularly weak and subject to high variation depend-
ing on the experimental conditions used [39].

Despite our limited understanding of how CDK16
becomes fully active, several convincing experiments
have demonstrated its role in regulating the activity of
differentiated neurons and spermatozoa [23, 27, 36, 40,
43, 68, 70-73].

A handful study also link CDK16 to various type of
neuropsychological disorders, such as learning defi-
ciency, altered social behavior in experimental mod-
els and Alzheimer diseases [74-77]. A quite recent and
intriguing observation links CDK16 to the regulation of
autophagy [69]. In this regard, since CDK16 functions in
vesicular transport and in actin cytoskeleton organiza-
tion are both relevant for autophagy, it is proposed that
CDK16 could be involved in bringing autophagosomes
in close proximity to lysosomes or in balancing the cel-
lular decisions between autophagy and apoptosis [78]. As
such, CDK16, by inducing autophagy, could be associated
with many different diseases, including inflammatory,
neurodegenerative and tumorigenic ones [78]. Finally,
recent evidences report that CDK16 may also regulate
myogenic differentiation, as its overexpression increases
the expression of known myogenesis markers, Myosin
Light Chain (MHC) and Troponin C, whereas its silenc-
ing elicits the opposite effect [79].

CDK17
Even less information is available in literature regarding
the physiological and pathological roles of CDK17.

Page 9 of 20

CDK17 expression is predominantly cytoplasmic/
membranous in normal human tissues, though in cul-
tured cells it may also translocate to the nucleus. CDK17
is highly expressed in terminally differentiated neurons,
particularly those found in hippocampal regions and
olfactory bulbs [42]. Its expression is significantly upregu-
lated in patients with Alzheimer’s disease and Mild Cog-
nitive Impairment [38, 77]. Interestingly, Genome-Wide
Association Study (GWAS) has linked CDK17 to the
glycerophospholipid metabolism pathway [80]. CDK17
expression is strongly correlated with and significantly
inhibits viral infections, in experimental models [81].

Like CDK16, CDK17 kinase activity appears to dimin-
ish when it is immunoprecipitated from rat brains in high
saline conditions [42]. While CDK17 has been shown
to interact with TRAP (Tudor repeat associated with
PCTK2) and Cablesl (Cdk5 and Abl enzyme substrate
1), neither of these interactors could stimulate CDK17
kinase activity in in vitro [41, 82].

Notably, a study employing a library of 354 human
kinases and kinase-related open reading frames that
are activated through membrane recruitment by add-
ing a myristylation signal, identified CDK17, along with
CDK18, as potential inhibitors of the autophagic process
[83].

While the research did not delve deeply into the role of
these two PCTAIRE kinases in autophagy, it strongly sup-
ports the notion that PCTAIRE kinases in general, and
CDK17, in particular, could be involved in the regulation
of vesicle internalization and trafficking in various physi-
ological and pathological contexts, particularly at the
plasma membrane. Nonetheless, a more extensive body
of experimental research will be essential to fully unravel
its roles in physiological and pathological processes.

CDK18

In mature tissues and cell lines, CDK18 predominantly
localizes in the cytoplasm and at the plasma membrane
[73, 74]. In accordance with its expression in adult tis-
sues, the majority of information regarding CDK18
functions pertains to studies in the field of neurology.
A proteomic investigation revealed that treatment with
antidepressants in rats led to an upregulation of CDK18
in the hippocampal regions [84]. Furthermore, transcrip-
tome analyses have shown that CDK18 is upregulated
in the central nucleus of the amygdala following chronic
alcohol consumption [85]. In the context of remyelin-
ation, CDK18 plays a role in oligodendrocyte precursor
cells by directly promoting their differentiation through
the activation of the mitogen-activated protein kinase
ERK pathway [86]. Interestingly, like CDK16 and 17,
altered expression, phosphorylation of CDK18 has been
reported in AD cell line, animal model and patient sam-
ples [38, 77, 87].
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CDK18 was shown to interact with cyclin A2 and dis-
played kinase activity, which is further controlled by PKA
through Ser12 phosphorylation [24]. CDK18 was shown
to undergo vasopressin induced phosphorylation [37,
88, 89], and is involved in plasma membrane localization
of aquaporin-channel (AQP2) [90]. Perturbations in the
vasopressin-AQP2 signaling pathway have been associ-
ated with nephrogenic diabetes insipidus (NDI) [91]. The
observation that CDK18KO mice display altered circu-
lating creatinine levels, possibly indicative of renal dys-
function, somehow supports the link between CDK18
expression and diabetes onset and development, a
hypothesis that might merit future investigation. CDK18
has been also observed to have slightly higher expression
in diabetic pancreatic islets vs. normal islets [92], and
genome-wide association studies have hinted at a pos-
sible link between CDK18 polymorphism and type 2 dia-
betes, particularly in African Americans [93].

Collectively, mounting evidences suggest that
PCTAIREs have diverse functions in differentiated adult
cells, particularly in neuronal ones, in which all three of
these proteins have been implicated in controlling neurite
outgrowth and vesicular trafficking. It is also noteworthy
that PCTAIREs seem to play roles in maintaining the
physiology of organs in the genitourinary system, such
as the kidneys and testes, which typically develop from
the intermediate mesoderm. However, new, more sensi-
tive, and specific methods for identifying and studying
protein-protein interactions [94, 95] are needed to pro-
vide further insights into the interactome of PCTAIRE
kinases, shedding light on how they become fully active
and regulate cellular physiology. With the assistance of
high-throughput technologies and the development of
more relevant in vitro and in vivo models, we anticipate
that a deeper understanding of their roles and potential
interactions, both during embryonic development and in
the pathophysiology of adult organs, will be achieved in
the next future. Supplementary Table 1 summarizes the
most solid observations available on PCTAIRE functions,
known substrates and interactors, providing an immedi-
ate overview on their possible roles.

PCTAIREs and cancer

In spite of the general dearth of knowledge surrounding
the PCTAIRE protein family, it can be said that all infor-
mation gathered so far point to roles in signal transduc-
tion pathways, altogether potentially linked to the onset
and progression of human cancer. Although this topic has
been explored in only a limited number of studies, the
emerging evidence supports the potential participation
of PCTAIREs in the regulation of several critical hall-
marks of cancer, including cell proliferation, DNA repair,
and apoptosis. These burgeoning insights are poised to
serve as the foundation for forthcoming investigations,
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which may then pave the way to innovative therapeutic
strategies. In the following section, we present a con-
cise overview of the expression and mutation patterns of
PCTAIRE proteins in human cancer, along with the avail-
able data on the specific roles of each family member in
different cancer types.

PCTAIRE expression and mutation in human cancers

In order to explore the potential implications of PCTAIRE
CDKs in tumor progression, we initiated a comparative
analysis utilizing the Pan-TCGA dataset [96] (Supple-
mentary Table 2 reports the studies utilized), as depicted
in Fig. 4a. Globally, mutations affecting PCTAIREs have
been observed in a variety of tissues and organs, span-
ning in 19 out of 33 TCGA cohorts, albeit with varying
frequencies. Mutations on PCTAIRE genes mostly do not
overlap, since tumors mutated in one of the three CDKs
are generally not mutated for the other two (Fig. 4a). The
prevalence of mutations in individual PCTAIRE genes is
generally low, typically reaching around 1% for each of
the three genes (Fig. 4a). Notably, among the 216 patients
that carry PCTAIRE mutations, 148 (68.5%) are female
and only 88 are (31.5%) male. In line with these data, the
majority of PCTAIRE mutations are associated with can-
cers of the female reproductive system, such as ovarian
(OV), endometrial (UCEC), and cervical (CESC) cancer.
Conversely, no mutations in any of the PCTAIREs were
identified in cancers of the male reproductive system,
specifically prostate cancer (PRAD) (n=498) and testicu-
lar germ cell tumor (TGCT) (n=134). For non-reproduc-
tive organ and tissue cancers, there were 47 mutations in
female and 88 in male patients.

By conducting an analysis to identify recurrent muta-
tions across the Pan-TCGA datasets [96], we estab-
lished that there are no hotspots for mutation in any of
the PCTAIRE genes, (see lolliplots graphs in Fig. 5). In
the case of CDK16, the most frequently mutated posi-
tions were found at amino acid residues Argl76 and
Met515 (Fig. 5a). CDK17 displayed mutations at Argd74
and Arg504 in three patients (Fig. 5b). Finally, CDK18
mutations were annotated three times at Glu204 and
two times at His293 (Fig. 5¢). Currently, no experimen-
tal studies reported possible functional consequences of
these mutations, thus further evaluations on their pos-
sible roles and pathogenicity are needed. Mutations in
all three PCTAIRE genes were significantly enriched in
the UCEC datasets compared to other studies (»p<0.01)
(Fig. 4b).

Also, it was intriguing to observe the most frequent
type of mutations that were occurring. Frameshift muta-
tions are exceptionally rare in the CDK16, CDK17, and
CDK18 genes across all the studies considered. The same
trend is generally true for nonsense mutations, with the
exception of CDK16 in Adrenocortical Carcinoma (ACC)
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Fig. 4 PCTAIRE mutation/expression analysis in Pan-TCGA datasets. (@) Oncoplot displaying PCTAIREs mutations in Pan-TCGA samples. Mutation and
clinical data for all 33 TCGA studies were downloaded from GDC database [154], processed and visualized using Maftools, evaluating how many patients
resulted mutated in PCTAIREs [155]. To simplify the visualization, only the 19 studies (out of 33), reporting PCTAIRE mutations are shown in the panel.
TMB reports the levels of mutation observed (mutation/megabases). Color codes identify the TCGA studies evaluated and the mutation type identified
for each PCTAIRE subfamily members (missense, nonsense etc.). (b) Graph displaying TCGA studies in which PCTAIREs mutations counts are statistically
significant, compared to other studies. Numbers in bars depict counts of altered samples. (c) Percentage of PCTAIRE alterations (including focal Copy
Number Variations (CNV) and silent mutations) across cancer types. Most frequent genetic alteration of PCTAIREs is amplification, especially in UCEC,
BRCA, OV, UCS and MESO. The most frequent type of mutation in PCTAIRE genes is missense mutation. (d) Graph reporting the mRNA expression levels
of PCTAIREs across different cancer types (see Supplementary Table 2 for TCGA datasets acronyms meaning)

(Fig. 4c). On the contrary, missense mutations were par-
ticularly prevalent compared to other alterations.

Uterine Endometrial carcinomas (UCEC) are the
tumors most frequently mutated in PCTAIREs genes
where ~4% of analyzed samples carried missense muta-
tions for CDK17 ~3% for CDK18 and ~2% for CDK16 of
cases (Fig. 4c).

From transcriptomic studies on different tumor types,
it is evident that PCTAIREs are highly expressed across
the board (Fig. 4d). Notably, nearly in all studies, CDK16
exhibits higher expression levels compared to CDK17
and CDK18. The most prominent CDK16 expression is
observed in renal chromophobe, ovarian and endome-
trial cancer (KICH, OV and UCEC), while the lowest lev-
els were detected in leukemia (LAML). CDK17, on the
other hand, shows its highest expression in Low-Grade
Glioma (LGG) and CDK18 reaches its peak in renal
clear cell carcinoma (KIRC). A more comprehensive

transcriptomic comparison of PCTAIREs in normal
and tumor conditions, using the Pan-TCGA datasets,
is reported in Supplementary Fig. 9. In general, CDK16
is expressed at higher levels in tumors in about 60% of
analyzed datasets, while CDK17 and CDK18 are overex-
pressed in 45% of them. Supplementary Fig. 9 reports the
comparison between normal and cancer tissues for each
tumor type. However, recognizing the biological implica-
tions of these differential expression levels of PCTAIREs
across various tumors remains an uncharted field, in both
basic and translational research.

CDK16

Many studies have suggested a role for CDK16 in driv-
ing cancer cell proliferation through diverse mechanisms.
One such mechanism involves the phosphorylation of
p53 at the S315 residue by CDK16. This phosphorylation
event prevents p53 nuclear localization and, conversely,
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Fig. 5 Pan-TCGA lollipop plots of PCTAIREs. TCGA mutation data was retrieved from GDC database [154]. Lollipop plots for PCTAIREs (a) CDK16, (b) CDK17
and (c) CDK18 are generated with Maftools package [155]. As shown, none of PCTAIREs present hotspot residue/location across cancer types. For CDK16,
mutations in the residues 176 and 515 were observed two times. For CDK17, mutations in the arginine residue Arg504 (R504 in the plot) were observed

in three cases. Lastly, CDK18 residue 204 was mutated in three cases

leads to its degradation. Consequently, by inhibiting p53
activities, CDK16 promotes cell proliferation, survival,
and radio-resistance [97]. Additionally, CDK16 has been
shown to phosphorylate the cell cycle inhibitor p27Kip1
at Ser10, thereby destabilizing it and thereby promoting
cell cycle progression, in transformed cells [98]. In accor-
dance, it was shown that PLCP1-mediated inactivation
of CDK16, results in the rescue of p27Kip1l from CDK16
inhibition and, hence, in the block of cell cycle progres-
sion [99]. A study by Hernandez et al. further revealed
that CDK16, in complex with CCNY, phosphorylates
Protein Regulator of Cytokinesis (PRC1) at Thr481,
inhibiting PRC1 nuclear localization and promoting cell
proliferation [36]. Notably, this phosphorylation is par-
ticularly important during the S-G2/M phases of the

cell cycle and is important for proper spindle formation
in triple negative breast cancer (TNBC) cells [100]. As
a consequence, pharmacological and genetic inhibition
of CDK16 resulted in decreased TNBC cells growth in
both in vitro and in vivo settings. Accordingly, CDK16
was found to be highly expressed in TNBC and its high
expression predicts low patients’ survival [100].

Beyond its role in promoting cell proliferation, CDK16
is involved in regulating both autophagy and apopto-
sis. This dual role might be of particular significance in
cancer biology, as autophagy can have both tumor-pro-
moting and tumor-suppressive functions [101]. It has
been shown that CDK16, in conjunction with CCNY, is
involved in promoting autophagy in an AMPK-depen-
dent manner [69]. Additionally, CDK16 regulates the
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extrinsic apoptosis pathway in prostate and breast can-
cer cell lines, contributing to cancer cell resistance to
TNE-family cytokines, through the stabilization of RIPK1
[102]. Overall, these data support the possibility that
CDK16 contributes to determine the balance between
autophagy and apoptosis thereby driving cancer progres-
sion, as also proposed by others [78].

Accordingly, the reduction of CDK16 mediated by
miR-494 may play a role in reducing the development of
nasopharyngeal carcinoma [103]. Furthermore, in renal
cell carcinoma, Fisetin treatment, a dietary tetrahydroxy-
flavone, was found to decrease the expression of both
CDK16 and CCNY. This reduction was attributed to Fise-
tin’s ability to block the activity of Ten-Eleven Transloca-
tion protein 1 (TET1), thereby reducing proliferation and
increasing apoptosis. It remains to be clarified whether
CDK16 and CCNY act in concert or through distinct
mechanisms [104].

CDK16 also appears to influence cell motility by modu-
lating the JAK2/STAT3 pathway. Mechanistically, CDK16
mRNA acts as a sponge to bind and inactivate miR-
324-5p, inhibiting its tumor-suppressive activity in hepa-
tocellular carcinoma and melanoma cells [105, 106].

In conclusion, the available data support CDK16 as a
potential biomarker for cancer diagnosis and prognosis.
Furthermore, CDK16 may also represent a potential ther-
apeutic target for specific tumor types that currently lack
effective management strategies, as recently proposed
[107]. Of course, more studies are needed to substantiate
its oncogenic and potential therapeutic role(s).

CDK17
Among all PCTAIRE family members, CDK17 is the least
explored in the context of cancer, although some intrigu-
ing findings have already emerged. Bioinformatic analy-
ses have highlighted CDK17 as one of the hub genes in
glioblastoma, where its high expression is associated
with better patient prognosis. This suggests a potential
tumor-suppressive role for CDK17 in brain malignancies
[108]. Furthermore, genetic data from TCGA datasets
show that CDK17 exhibits focal copy number deletions,
missense, and frameshift mutations in low-grade glioma
(LGG) and glioblastoma (GBM), further supporting its
potential as a tumor suppressor in brain cancers (Fig. 4).
However, CDK17 role(s) may differ in other cancer
types. In pre-menopausal breast cancer patients, CDK17
appears to be overexpressed with a gradual increase from
stage II to stage IV. Yet, the need for additional studies
with larger cohorts and diverse technical approaches
is essential to confirm this observation [109]. A recent
multi-omic analysis, spanning over several cancer types,
suggests that CDK17 is generally up-regulated in malig-
nant tumors, associated with activation of epithelial-
mesenchymal transition (EMT) and estrogen receptor
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pathways and with inhibition of apoptosis, cell cycle, and
DNA damage response [110]. These findings seem to
indicate that, with the exception of brain cancers, CDK17
may generally act as an oncoprotein in cancer. Neverthe-
less, experimental studies are required to validate this
hypothesis.

In a study exploring the role of CDKs in the response
to platinum chemotherapy in ovarian cancer CDK17
emerged as one of the CDKs necessary for survival. The
study then primarily focused on CDK6, but the sugges-
tion that CDK17 may play a role in platinum response
certainly calls for further investigation [111].

To gain more insights into CDK17 potential functions
in cancer, its expression levels in different cancer types
were examined. CDK17 exhibits high expression in sev-
eral tumor samples compared to their normal counter-
parts, including cholangiocarcinoma (CHOL), diffuse
large B-cell lymphoma (DLBC), pancreatic adenocarci-
noma (PAAD), and thymoma (THYM) [112].

Using these datasets, we retrieved genes whose expres-
sion were positively correlated with CDK17 expression
(Spearman correlation coefficient>6) [113]. As depicted
in the Venn diagram, 5 genes commonly correlated with
CDK17 expression in all 4 datasets (NEDD1, PPP1R2A,
MED13L, ELK3, QKI) (Supplementary Fig. 10). MED13L
activates transcription for most RNA polymerase II-
dependent genes [114]. ELK3, when phosphorylated by
ERK1/2, acts as a transcriptional activator and is involved
in epithelial-mesenchymal transition, cell adhesion,
migration, and angiogenesis [115]. Interestingly, a posi-
tive correlation between CDK17 and ELK3 expression
has been observed also in neurons after axotomy [116].
NEDD1 ensures proper microtubule nucleation dur-
ing the G2/M transition and is phosphorylated by PLK1
[117]. PPP1R12A is involved in de-phosphorylation of
PLK1, which can lead to mitotic arrest [118]. Finally,
QKI belongs to the STAR family of RNA binding pro-
teins, regulating mRNA splicing, turnover, and stability
and the abundance of circular RNAs, with implications
in epithelial-mesenchymal transition [119, 120]. The
connection between CDK17 and QKI is further sup-
ported by the finding that circular RNA produced at the
CDK17 locus (circCDK17) is overexpressed in cervical
cancer, and it functionally regulates disease progression
[121, 122]. It is important to note that CDK17, ELK3 and
NEDD1 are located within the same chromosomal region
(Chr12 ¢23.1). Therefore, it is important to understand
(1) whether abovementioned co-expression patterns are
merely due to genomic amplification/deletion events, (2)
if MED13L impacts on their expression in a similar man-
ner, due to its transcriptional role (3) last but not least,
whether CDK17 engages with these proteins, to exert any
particular biological function.
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CDK18

Relatively more studies have attempted to address the
role of CDKI18 in cancer progression, compared to
CDK17. Initial indications of CDK18 potential involve-
ment in tumor progression emerged from studies
showing that silencing CDK18 inhibited the growth of
cutaneous T-cell lymphoma cells, suggesting that CDK18
may play a role in promoting their growth [123]. How-
ever, the effects of CDK18 in different cancer types can
vary. For instance, in glioma cell lines, CDK18 expression
was induced by treatment with the p53-derived chime-
ric analog, known as Chimeric Tumor Suppressor (CT-
1). Interestingly, this induction of CDK18 led to growth
arrest and cell death in the glioma cells [124]. This implies
that CDK18 role may be context-dependent, and its
effects on cancer progression can differ based on the spe-
cific type of cancer and microenvironmental conditions.

In another study, CDK18 has been shown to nega-
tively modulate Focal Adhesion Kinase (FAK) activation,
through direct cytoplasmic phosphorylation, using Hela
cells. This suggests that CDK18 may play a role in regu-
lating cell adhesion and migration, processes often asso-
ciated with tumor spreading [125].

CDK18 has also been implicated in maintaining
genome stability and DNA damage response. Depletion
of CDK18 in colorectal cancer cells resulted in increased
DNA damage and stalled replication fork, when exposed
to replicative stress [126]. The induction of replication
stress is largely due to the activation of ATR signaling
pathway [127]. Interestingly, CDK18 also plays a role in
ATR-mediated Homology-Directed Repair (HDR), in
glioblastoma. CDK18 knockdown or ATR inhibition, in
glioblastoma stem-like cells (GSCs), suppressed HRD
and conferred PARPi sensitivity [128]. This suggests that
CDK18 expression could serve as a biomarker for deter-
mining the administration of PARP inhibitor therapy,
especially when other biomarkers of homologous recom-
bination deficiencies are not available.

Similar data have been observed in breast cancer, where
high levels of CDK18 were associated with increased sen-
sitivity to replication stress-inducing chemotherapeutic
agents. High CDK18 protein expression was linked to the
basal subtype of breast cancer and improved patient sur-
vival in estrogen receptor (ER)-negative breast cancers
treated with chemotherapy [129].

CDK18 has been reported to be overexpressed in gas-
tric cancer, where it appears to promote cancer cell
proliferation and reduce T cell tumor infiltration [130].
Finally, transcriptome and proteome analyses of pituitary
adenomas revealed upregulation of CDK18 in gonado-
tropes and null cell adenomas. However, functional data
regarding its role in these tumors are currently lacking
[131].
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Overall, the available data suggest that CDK18 has
multifaceted functions in human cancer and can act
either as oncogene or as tumor suppressor, depending on
the specific tumor type and context. Further research is
needed to fully understand the complexities of CDK18
roles in different cancer types and determine its potential
as a biomarker and/or therapeutic target.

Future perspective and open questions
Here, we have completed a comprehensive review of
the literature and of available databases to summarize
all main features and possible roles of the understudied
PCTAIRE CDKs in normal tissues and in cancer emerges
quite clearly that PCTAIREs research is still in its infancy.
However, as witnessed here and proposed by others
[132], these CDKs hold great promises to expand our
knowledge about organ and cellular physiology and the
pathogenesis of different diseases.

To summarize, we report the key points that stand out
and certainly deserve further consideration:

Structure and activation

The unique structural features and activation mecha-
nisms of CDK16, CDK17, and CDK18, set them apart
from other CDKs. Their N-terminal extensions, dis-
tinct phosphorylation requirements, and activation by
cyclins make them intriguing subjects for future investi-
gation. Understanding the precise mechanisms of their
activation will be essential. In this context it is worth
considering that PCTAIREs evolved from the ancestral
CDKS5, which is quite unique in its activation regulation.
Indeed, CDKS5 could be activated by the association with
p35“Cksa or by its truncated form, p25“Ck521 [133, 134] and
with p39NCK*AL which are not typical cyclin proteins.
Both p35 and p39 are myristoylated and enriched at the
plasma membrane in neurons due to their signal, leading
to consequent membrane recruitment of CDK5 [135].
Interestingly, p25 lacks the myristoylation signal, caus-
ing CDK5 hyperactivation and aberrant cellular local-
ization, suggesting that the kinase activity of CDK5-p35
is regulated through its association with the membrane
[136, 137]. Based on these evidences, it would be prob-
ably necessary to look for a new family of CDKs activat-
ing proteins that differ from classical cyclins for their
localization, regulation and binding domains. Structural
data, mainly from Musacchio lab [138, 139], indicate that
p35 and p25 lack the tandem copies of the cyclin-box fold
(CBF) to bind CDKs and have instead a single CBF-like
motif (CBFL) that is necessary for their interaction with
CDK5. We believe that PCTAIREs could either be acti-
vated by proteins containing a CBFL motif or that they
might have a basal kinase activity even in the absence
of a regulatory subunit. Studying the interactome of
PCTAIREs in different context and cell types, for instance
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by Mass Spectrometry unbiased approaches, could help
in identifying possible regulatory subunits and/or ways of
activation.

Another striking difference between CDK5 and mitotic
CDKs (e.g. CDK1 or CDK?2) is the opposite role of their
phosphorylations. The phosphorylation at Tyrl5 by Abl
is responsible for the stimulation of CDK5 activity, while
phosphorylation of Tyrl5 and Thrl4 by Weel family of
kinases is inhibitory for CDK1 and CDK2. Ser159 phos-
phorylation on CDKS5 is responsible for the inhibition of
its kinase activity, while CDK2 requires the phosphoryla-
tion on a similar a threonine residue (Thr160 in CDK2)
by the CDK-activating kinase (CAK) for its maximal
activation. Accordingly, CDK5 is not phosphorylated
by CAK [138, 140-143]. Overall, these data support the
possibility that also PCTAIRES’ activity is differently reg-
ulated by phosphorylation events and suggest that identi-
fying possible Tyr and/or Ser/Thr kinases able to interact
with and phosphorylate the three PCTAIREs would sup-
port a better understanding of their regulation.

Finally, we want to highlight here that p35 and p25 par-
ticipate in substrate recognition and specificity of CDKS5,
supporting the possibility that, also for PCTAIREs, acti-
vator subunits could contribute to define which are the
preferential substrates. Of course, these substrates could
be extremely diverse considering normal and pathologi-
cal conditions and different subcellular localizations.

Subcellular localization

The distinctive subcellular localization of PCTAIRE CDKs
in the cytoplasm and at the plasma membrane, often in
association with cytoskeletal elements, suggests roles in
vesicular transport, adhesion, and cell motility. The need for
discovery of the exact domains responsible for interactions
with the cytoskeleton warrants further study. Moreover,
the evidences that connect PCTAIREs with the control of
nuclear localization and typical nuclear functions, like cell
proliferation and DNA repair, merit to be better confirmed.
We can speculate that, as evidenced for CDKS5, the asso-
ciation of PCTAIREs to plasma membrane could be driven
by their regulatory subunit. Indeed, CDK5-p35 or CDK5-
P39 complexes are localized at plasma membrane, since
both p35 and p39 are myristoylated [135]. The CDK5-p25
complex is localized in the cytoplasm, since p25, a cleaved
product of p35, does not contain the myristoylation signal.
Membrane localization of CDKS5 is also associated with its
decreased kinase activity. These evidences suggest that, also
for PCTAIREs, subcellular localization could impact on
their activation, substrate specificity and, eventually, their
functions. Generation of better and more specific research
tools (e.g. antibodies, conditional mouse models, CRISPR/
Cas9 mediated cellular knock out, specific inhibitors, etc.)
would be very important to expedite the proper dissection
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of PCTAIREs subcellular localization and function, in nor-
mal and transformed cells.

Neuronal and psychological disorders

Initial research has primarily focused on the role of
PCTAIRE CDKs in terminally differentiated neural cells
and their implications in various neurological and psy-
chological disorders. Expanding these investigations to
include animal models and embryonic development will
provide a more comprehensive understanding.

One really surprising observation was the completely dif-
ferent phenotypes reported for the knock-out of CDK16,
CDK17, CDK18 in mice, ranging from mild defects in spe-
cific tissue/organs to a possible gender specific embryonic
lethality for CDK17. Since these data are still largely unpub-
lished they should be taken with caution. Yet, if confirmed
in more thorough studies, understanding what is the spe-
cific role(s) of CDK17 during embryogenesis and why its
absence is more relevant in females than in males would be
of extreme relevance. The fact that the analyses of human
tumors indicate that PCTAIRE mutations are more com-
mon in female than in males and usually found in cancers
of the female reproductive system, such as ovarian (OV),
endometrial (UCEC), and cervical (CESC) cancer, support
a gender specific role for these CDKs and, especially, for
CDK17.

Interplay in cancer

Recent studies have started to reveal more details on the
alterations and possible roles played by PCTAIRE CDKs
in cancer. They appear to have both overlapping, particu-
larly in cell cycle regulation, apoptosis, and DNA-damage
repair pathways, and distinct functions, overall highlight-
ing the need for further clarification of their individual
contributions and potential crosstalk. Investigating their
roles in autophagy and vesicle transport in different can-
cer settings, particularly those in the genitourinary system,
holds promise. One completely unexplored area is the role
of PCTAIREs during tumor progression and in response
to therapies. Do their expression, mutational status and/or
copy number, change in metastatic compared to primary
tumors or after treatment with specific drugs? If yes, which
could be their role in these settings? Could subclonal altera-
tions in PCTAIREs drive tumor clonal evolution or they
only represent passenger alterations associated with tumor
progression? These questions are of primary relevance,
especially in the context of those tumors, like the ones of the
female reproductive system, probably the most affected by
PCTAIRE alterations. In case some causal correlation will
be found, it could be speculated that their pharmacologi-
cal inhibition could be used to prevent tumor recurrences
or improve the efficacy of standard treatments. Only well
designed translational studies will be able to respond to
these important questions.
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Clinical implications

The possibility of generating specific inhibitors for
PCTAIRE CDKs opens the way for clinical transla-
tion (this manuscript and a briefing by Axtman et al.,)
[132]. These inhibitors could have therapeutic rele-
vance in neurodegenerative diseases, like Alzheimer’s,
and as anticancer agents. This research area represents
a significant opportunity to address unmet medical
needs in both fields. At this regard, it is worth men-
tioning that we do not know how exactly PCTAIREs
could be activated and, consequently, we can only
speculate on how they could be inhibited, based on
analogous studies that addressed this issue mostly in
mitotic CDKs. As mentioned above, it is more than
possible that PCTAIRE kinase activity is regulated in
a completely different manner compared to mitotic
CDKs, raising the doubt that different approaches
should be pursued to specifically target these forgotten
CDKs. We firmly believe that these approaches, aimed
at identifying, developing and optimizing high-quality
drug candidates for novel targets, like PCTAIREs, in
the oncology field, should be based on the integration
of biology, chemistry, and data science, as recently
proposed [64].

In summary, by the completion of this review we have
underscored a great potential of PCTAIRE CDKs, in
advancing our understanding of cell biology, physiol-
ogy, and the pathogenesis of various diseases. By delv-
ing deeper into their structural peculiarities, activation
mechanisms, and roles in normal and disease states, we
may be able to identify unique contexts for future thera-
peutic development and clinical applications.

Abbreviations

Cables1 Cdk5 and Abl enzyme substrate 1

CATDS Concentration And Target Dependent Selectivity
CCNY Cycliny

CCNYL1T  CyclinY-like 1

CDK Cyclin-Dependent Kinase

CT1 Chimeric Tumor Suppressor 1

DKK Dark Kinase database

DYRK Dual-specificity Tyrosine-Regulated Kinase
EMT Epithelial-Mesenchymal Transition

ER Estrogen Receptor

FAK Focal Adhesion Kinase

GSK3pB Glycogen Synthase Kinase-3 beta

GWAS Genome-Wide Association Study

HDR Homology-Directed Repair

IMPC International Mouse Phenotyping Consortium
MAPKs Mitogen-Activated Protein Kinases

MBP Myelin Basic Protein

MSA Multiple Sequence Alignment

PRC1 Protein Regulator of Cytokinesis

TET1 Ten-Eleven Translocation protein 1

TNBC Triple Negative Breast Cancer

TRAP Tudor repeat associated with PCTK2

(Note List of abbreviations for TCGA datasets is retrievable in Supplementary
Table 2)

Page 16 of 20

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512943-024-02043-6.

[ Supplementary Material 1 ]

Acknowledgements

We would like to thank all members of the SCICC lab for fruitful scientific
discussion. We apologize to all colleagues whose work was not discussed or
cited due to space limitations.

Author contributions

JK'and GB collected the related literature and drafted the manuscript; JK, IP, BB
and GB discussed and wrote the manuscript. JK, IP, BB and GB reviewed and
edited the manuscript. JK designed the figures. All authors read and approved
the final manuscript.

Funding

Our work is supported by Ministero della Salute: Ricerca Corrente CRO Aviano
core grant (linea 1) to GB, CO-2018-1236705 to GB, PNRR-MAD-2022-12375663
to GB, RF-2021-12371961 to BB; Ministero dell'Universita ARSO1_00568 to GB;
Associazione ltaliana Ricerca sul Cancro (AIRC): IG 26253 to GB, IG 20061 to BB,
MFAG 28993 to IP; and by CRO Aviano 5%o intramural grant to GB.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Conflict of interest
The authors declare that they have no conflict of interest related to this
manuscript.

Received: 21 February 2024 / Accepted: 12 June 2024
Published online: 29 June 2024

References

1. Nurse PM. Nobel lecture. Cyclin dependent kinases and cell cycle control.
Biosci Rep. 2002,22(5-6):487-99.

2. Varjosalo M, Keskitalo S, VanDrogen A, Nurkkala H, Vichalkovski A, Aebersold
R, et al. The protein Interaction Landscape of the human CMGC Kinase Group.
Cell Rep. 2013;3(4):1306-20.

3. Malumbres M. Cyclin-dependent kinases. Genome Biol. 2014;15(6):122.

4. Malumbres M, Harlow E, Hunt T, Hunter T, Lahti JM, Manning G, et al. Cyclin-
dependent kinases: a family portrait. Nat Cell Biol. 2009;11(11):1275-6.

5. Malumbres M, Barbacid M. Mammalian cyclin-dependent kinases. Trends
Biochem Sci. 2005;30(11):630-41.

6. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S.The protein kinase
complement of the human genome. Science. 2002;298(5600):1912-34.

7. Canning P, Park K, Gongalves J, Li C, Howard CJ, Sharpe TD, et al. CDKL Family
Kinases have evolved distinct structural features and ciliary function. Cell Rep.
2018;22(4):885-94.

8. Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: a changing paradigm.
Nat Rev Cancer. 2009;9(3):153-66.

9. Fisher RP. Secrets of a double agent: CDK7 in cell-cycle control and transcrip-
tion. J Cell Sci. 2005;118(Pt 22):5171-80.

10.  Schachter MM, Fisher RP. The CDK-activating kinase Cdk7: taking yes for an
answer. Cell Cycle Georget Tex. 2013;12(20):3239-40.

11.  Fisher RP.The CDK Network: linking cycles of Cell Division and Gene Expres-
sion. Genes Cancer. 2012;3(11-12):731-8.


https://doi.org/10.1186/s12943-024-02043-6
https://doi.org/10.1186/s12943-024-02043-6

Karimbayli et al. Molecular Cancer

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

(2024) 23:135

Rimel JK, Poss ZC, Erickson B, Maas ZL, Ebmeier CC, Johnson JL, et al. Selective
inhibition of CDK7 reveals high-confidence targets and new models for TFIIH
function in transcription. Genes Dev. 2020;34(21-22):1452-73.

Berginski ME, Moret N, Liu C, Goldfarb D, Sorger PK, Gomez SM. The

dark kinase knowledgebase: an online compendium of knowledge

and experimental results of understudied kinases. Nucleic Acids Res.
2021;49(D1):D529-35.

Meyerson M, Enders GH, Wu CL, Su LK, Gorka C, Nelson C, et al. A family of
human cdc2-related protein kinases. EMBO J. 1992;11(8):2909-17.

OkudaT, Cleveland JL, Downing JR. PCTAIRE-1 and PCTAIRE-3, two members
of a novel cdc2/CDC28-related protein kinase gene family. Oncogene.
1992;7(11):2249-58.

Andzelm ER, Lew J, Taylor S. Bound to activate: conformational consequences
of cyclin binding to CDK2. Structure. 1995;3(11):1135-41.

De Bondt HL, Rosenbilatt J, Jancarik J, Jones HD, Morgan DO, Kim SH. Crystal
structure of cyclin-dependent kinase 2. Nature. 1993;363(6430):595-602.
Jeffrey PD, Russo AA, Polyak K, Gibbs E, Hurwitz J, Massagué J, et al. Mecha-
nism of CDK activation revealed by the structure of a cyclinA-CDK2 complex.
Nature. 1995;376(6538):313-20.

Vijayan RSK, He P, Modi V, Duong-Ly KC, Ma H, Peterson JR, et al. Conforma-
tional analysis of the DFG-out kinase motif and biochemical profiling of
structurally validated type Il inhibitors. J Med Chem. 2015;58(1):466-79.
ModiV, Dunbrack RL. Defining a new nomenclature for the structures of
active and inactive kinases. Proc Natl Acad Sci. 2019;116(14):6818-27.

Kanev GK, de Graaf C, de Esch IJP, Leurs R, Wiirdinger T, Westerman BA, et al.
The Landscape of atypical and eukaryotic protein kinases. Trends Pharmacol
Sci. 201940(11):818-32.

Gu Y, Rosenblatt J, Morgan DO. Cell cycle regulation of CDK2 activity by
phosphorylation of Thr160 and Tyr15. EMBO J. 1992;11(11):3995-4005.
Graeser R, Gannon J, Poon RYC, Dubois T, Aitken A, Hunt T. Regulation of

the CDK-related protein kinase PCTAIRE-1 and its possible role in neurite
outgrowth in Neuro-2A cells. J Cell Sci. 2002;115(17):3479-90.

Matsuda S, Kominato K, Koide-yoshida S, Miyamoto K, Isshiki K, Tsuji A.
PCTAIRE kinase 3/cyclin-dependent kinase 18 is activated through Associa-
tion with cyclin A and/or phosphorylation by protein kinase A. J Biol Chem.
2014,289(26):18387-400. https://doi.org/10.1074/jbcM113.542936

Wissing J, Jansch L, Nimtz M, Dieterich G, Hornberger R, Kéri G, et al. Pro-
teomics analysis of protein kinases by target class-selective prefractionation
and tandem mass spectrometry. Mol Cell Proteom MCP. 2007,6(3):537-47.
Daub H, Olsen JV, Bairlein M, Gnad F, Oppermann FS, Kérner R, et al. Kinase-
selective enrichment enables quantitative phosphoproteomics of the
kinome across the cell cycle. Mol Cell. 2008;31(3):438-48.

Mikolcevic P, Sigl R, Rauch V, Hess MW, Pfaller K, Barisic M, et al. Cyclin-depen-
dent kinase 16/PCTAIRE kinase 1 is activated by cyclin Y and is essential for
spermatogenesis. Mol Cell Biol. 2012;32(4):868-79.

Cheng K, Li Z, Fu WY, Wang JH, Fu AKY, Ip NY. Pctaire1 interacts with p35 and
is a novel substrate for Cdk5/p35. J Biol Chem. 2002;277(35):31988-93.
Wood DJ, Endicott JA. Structural insights into the functional diversity of the
CDK-cyclin family. Open Biol. 2018,8(9).

Klein MA. Cyclin-dependent kinase inhibition: an opportunity to target
protein-protein interactions. Adv Protein Chem Struct Biol. 2020;121:115-41.
ShiZ, Tian L, Qiang T, Li J, Xing Y, Ren X, et al. From structure modification

to Drug Launch: a systematic review of the Ongoing Development of
cyclin-dependent kinase inhibitors for multiple Cancer therapy. J Med Chem.
2022;65(9):6390-418.

Dixon-Clarke SE, Shehata SN, Krojer T, Sharpe TD, von Delft F, Sakamoto K,

et al. Structure and inhibitor specificity of the PCTAIRE-family kinase CDK16.
Biochem J. 2017;474(5):699-713.

Bourne Y, Watson MH, Hickey MJ, Holmes W, Rocque W, Reed Sl et al. Crystal
structure and mutational analysis of the human CDK2 kinase complex with
cell cycle-regulatory protein CksHs1. Cell. 1996,84(6):863-74.

Bartek J, Lukas J. p27 destruction: Cks1 pulls the trigger. Nat Cell Biol.
2001;3(4):£95-98.

Shehata SN, Deak M, Morrice NA, Ohta E, Hunter RW, Kalscheuer VM, et al.
Cyclin Y phosphorylation- and 14-3-3-binding-dependent activation of
PCTAIRE-1/CDK16. Biochem J. 2015;469(3):409-20.

Herndndez-Ortega S, Sénchez-Botet A, Quandt E, Masip N, Gasa L, Verde G,
et al. Phosphoregulation of the oncogenic protein regulator of cytokinesis 1
(PRC1) by the atypical CDK16/CCNY complex. Exp Mol Med. 2019;51(4):1-17.
Hoffert JD, Pisitkun T, Wang G, Shen RF, Knepper MA. Quantitative phospho-
proteomics of vasopressin-sensitive renal cells: regulation of aquaporin-2
phosphorylation at two sites. Proc Natl Acad Sci U S A. 2006;103(18):7159-64.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

Page 17 of 20

Chaput D, Kirouac L, Stevens SM Jr, Padmanabhan J. Potential role of
PCTAIRE-2, PCTAIRE-3 and P-Histone H4 in amyloid precursor protein-depen-
dent Alzheimer pathology. Oncotarget. 2016;7(8):8481-97.

Shehata SN, Hunter RW, Ohta E, Peggie MW, Lou HJ, Sicheri F, et al. Analysis
of substrate specificity and cyclin Y binding of PCTAIRE-1 kinase. Cell Signal.
2012,24(11):2085-94.

ZiZ,Zhang Z,Li Q, An W, Zeng L, Gao D, et al. CCNYL1, but not CCNY,
cooperates with CDK16 to regulate spermatogenesis in mouse. PLoS Genet.
2015;11(8):1-22.

Yamochi T, Nishimoto |, Okuda T, Matsuoka M. ik3-1/Cables is Associated with
trap and Pctaire2. Biochem Biophys Res Commun. 2001;286(5):1045-50.
Hirose T, Tamaru T, | NO, Nagai K, Okada M. PCTAIRE 2, a Cdc2-related serine/
threonine kinase, is predominantly expressed in terminally differentiated
neurons. 1997,488:481-8.

Le Bouffant F, Capdevielle J, Guillemot JC, Sladeczek F. Characterization of
brain PCTAIRE-1 kinase immunoreactivity and its interactions with p11 and
14-3-3 proteins. Eur J Biochem. 1998;257(1):112-20.

Knighton DR, Zheng JH, Ten Eyck LF, Ashford VA, Xuong NH, Taylor SS, et al.
Crystal structure of the catalytic subunit of cyclic adenosine monophos-
phate-dependent protein kinase. Science. 1991;253(5018):407-14.

Liu'Y, Gray NS. Rational design of inhibitors that bind to inactive kinase con-
formations. Nat Chem Biol. 2006;2(7):358-64.

Ferguson FM, Doctor ZM, Ficarro SB, Browne CM, Marto JA, Johnson JL, et al.
Discovery of Covalent CDK14 inhibitors with Pan-TAIRE family specificity. Cell
Chem Biol. 2019,26(6):804-81712.

Amrhein JA, Berger LM, Tjaden A, Krdmer A, Elson L, Tolvanen T et al.
Discovery of 3-Amino-1H-pyrazole-Based Kinase Inhibitors to llluminate the
Understudied PCTAIRE Family. Int J Mol Sci [Internet]. 2022;23(23). https://
www.mdpi.com/1422-0067/23/23/14834.

Klaeger S, Heinzlmeir S, Wilhelm M, Polzer H, Vick B, Koenig PA, et al. The
target landscape of clinical kinase drugs. Science. 2017;358(6367):eaan4368.
Médard G, Pachl F, Ruprecht B, Klaeger S, Heinzimeir S, Helm D, et al. Opti-
mized Chemical Proteomics assay for kinase inhibitor profiling. J Proteome
Res. 2015;14(3):1574-86.

Poulsen A, William A, Blanchard S, Nagaraj H, Williams M, Wang H, et al. Struc-
ture-based design of nitrogen-linked macrocyclic kinase inhibitors leading to
the clinical candidate SB1317/TG02, a potent inhibitor of cyclin dependant
kinases (CDKs), Janus kinase 2 (JAK2), and fms-like tyrosine kinase-3 (FLT3).J
Mol Model. 2013;19(1):119-30.

Shirsath NP, Manohar SM, Joshi KS. P276-00, a cyclin-dependent kinase inhibi-
tor, modulates cell cycle and induces apoptosis in vitro and in vivo in mantle
cell lymphoma cell lines. Mol Cancer. 2012;11(1):77.

Misra RN, Xiao H, yun, Kim KS, Lu S, Han WC, Barbosa SA, et al.
N-(Cycloalkylamino)acyl-2-aminothiazole inhibitors of cyclin-dependent
kinase 2. N-[5-[[[5-(1,1-Dimethylethyl)-2-oxazolylImethylJthio]-2-thiazolyl]-4-
piperidinecarboxamide (BMS-387032), a highly efficacious and selective
Antitumor Agent. J Med Chem. 2004;47(7):1719-28.

Conroy A, Stockett DE, Walker D, Arkin MR, Hoch U, Fox JA, et al. SNS-032 is a
potent and selective CDK 2, 7 and 9 inhibitor that drives target modulation in
patient samples. Cancer Chemother Pharmacol. 2009,64(4):723-32.

Heath EI, Bible K, Martell RE, Adelman DC, Lorusso PM. A phase 1 study of
SNS-032 (formerly BMS-387032), a potent inhibitor of cyclin-dependent
kinases 2, 7 and 9 administered as a single oral dose and weekly infusion

in patients with metastatic refractory solid tumors. Invest New Drugs.
2008;26(1):59-65.

Zeng H,Yang H, Song Y, Fang D, Chen L, Zhao Z, et al. Transcriptional inhibi-
tion by CDK7/9 inhibitor SNS-032 suppresses tumor growth and metastasis
in esophageal squamous cell carcinoma. Cell Death Dis. 2021;12(11):1048.
Kruse U, Pallasch CP, Bantscheff M, Eberhard D, Frenzel L, Ghidelli S, et al.
Chemoproteomics-based kinome profiling and target deconvolution of
clinical multi-kinase inhibitors in primary chronic lymphocytic leukemia cells.
Leukemia. 2011;25(1):89-100.

Wells Cl, Vasta JD, Corona CR, Wilkinson J, Zimprich CA, Ingold MR,

et al. Quantifying CDK inhibitor selectivity in live cells. Nat Commun.
2020;11(1):2743.

Arumugasamy K, Tripathi SK;, Singh P, Singh SK. Protein-protein Interaction for
the De Novo Design of cyclin-dependent kinase peptide inhibitors. Methods
Mol Biol Clifton NJ. 2016;1336:59-66.

Kalra S, Joshi G, Munshi A, Kumar R. Structural insights of cyclin dependent
kinases: implications in design of selective inhibitors. Eur J Med Chem.
2017;142:424-58.


https://doi.org/10.1074/jbc.M113.542936
https://www.mdpi.com/1422-0067/23/23/14834
https://www.mdpi.com/1422-0067/23/23/14834

Karimbayli et al. Molecular Cancer

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2024) 23:135

Cicenas J, Kalyan K, Sorokinas A, Jatulyte A, Valiunas D, Kaupinis A, et al.
Highlights of the latest advances in Research on CDK inhibitors. Cancers.
2014;6(4):2224-42.

Wang L, Wang N, Zhang W, Cheng X, Yan Z, Shao G, et al. Therapeutic pep-
tides: current applications and future directions. Signal Transduct Target Ther.
2022;7(1):48.

Bogoyevitch MA, Barr RK, Ketterman AJ. Peptide inhibitors of protein
kinases-discovery, characterisation and use. Biochim Biophys Acta.
2005;1754(1-2):79-99.

Békés M, Langley DR, Crews CM. PROTAC targeted protein degraders: the
past is prologue. Nat Rev Drug Discov. 2022;21(3):181-200.

Stuart DD, Guzman-Perez A, Brooijmans N, Jackson EL, Kryukov GV, Friedman
AA, et al. Precision Oncology comes of age: Designing Best-in-class small
molecules by integrating two decades of advances in Chemistry, Target Biol-
ogy, and Data Science. Cancer Discov. 2023;13(10):2131-49.

Besset V, Rhee K, Wolgemuth DJ. The cellular distribution and kinase activity
of the Cdk family member Pctaire 1 in the adult mouse brain and testis sug-
gest functions in differentiation. Cell Growth Differ. 1999;10(3):173-81.
Campbell GJ, Hands EL, Van de Pette M. The role of CDKs and CDKIs in Murine
Development. Int J Mol Sci. 2020;21(15).

Sladeczek F, Camonis JH, Burnol AF, Le Bouffant F. The cdk-like protein
PCTAIRE-1 from mouse brain associates with p11 and 14-3-3 proteins. Mol
Gen Genet MGG. 1997;254(5):571-7.

Ou CY, Poon VY, Maeder Cl, Watanabe S, Lehrman EK, Fu AKY, et al. Two
cyclin-dependent kinase pathways are essential for polarized trafficking of
presynaptic components. Cell. 2010;141(5):846-58.

Dohmen M, Krieg S, Agalaridis G, Zhu X, Shehata SN, Pfeiffenberger E, et

al. AMPK-dependent activation of the cyclin Y/CDK16 complex controls
autophagy. Nat Commun. 2020;11(1):1032.

Mokalled MH, Johnson A, Kim Y, Oh J, Olson EN. Myocardin-related transcrip-
tion factors regulate the Cdk5/Pctairel kinase cascade to control neurite
outgrowth, neuronal migration and brain development. Development.
2010;137(14):2365-74.

Palmer KJ, Konkel JE, Stephens DJ. PCTAIRE protein kinases interact directly
with the COPIl complex and modulate secretory cargo transport. J Cell Sci.
2005;118(17):3839 LP - 3847.

Pozuelo Rubio M, Geraghty KM, Wong BHC, Wood NT, Campbell DG, Morrice
N, et al. 14-3-3-affinity purification of over 200 human phosphoproteins
reveals new links to regulation of cellular metabolism, proliferation and traf-
ficking. Biochem J. 2004;379(Pt 2):395-408.

Iwano S, Satou A, Matsumura S, Sugiyama N, Ishihama Y, Toyoshima F. PCTK1
regulates integrin-dependent spindle orientation via protein kinase a regula-
tory subunit KAPO and myosin X. Mol Cell Biol. 2015;35(7):1197-208.

Burger C, Lopez MC, Feller JA, Baker HV, Muzyczka N, Mandel RJ. Changes

in transcription within the CA1 field of the hippocampus are associated
with age-related spatial learning impairments. Neurobiol Learn Mem.
2007,87(1):21-41.

Wu K, Li S, Bodhinathan K, Meyers C, Chen W, Campbell-Thompson M, et

al. Enhanced expression of Pctk1, Tcf12 and Cend1 in hippocampus of rats:
impact on cognitive function, synaptic plasticity and pathology. Neurobiol
Learn Mem. 2012;97(1):69-80.

Song SY, Meng XW, Xia ZY, Liu H, Zhang J, Chen QC et al. Cognitive impair-
ment and transcriptomic profile in hippocampus of young mice after
multiple neonatal exposures to sevoflurane. Vol. 11, Aging. 2019. 8386-8417
p.

Morshed N, Lee MJ, Rodriguez FH, Lauffenburger DA, Mastroeni D, White FM.
Quantitative phosphoproteomics uncovers dysregulated kinase networks in
Alzheimer’s disease. Nat Aging. 2021;1(6):550-65.

Vervoorts J, Neumann D, Lischer B. The CCNY (cyclin Y)-CDK16 kinase
complex: a new regulator of autophagy downstream of AMPK. Autophagy.
2020;16(9):1724-6.

Shimizu K, Uematsu A, Imai Y, Sawasaki T. Pctaire1/Cdk16 promotes

skeletal myogenesis by inducing myoblast migration and fusion. FEBS Lett.
2014,588(17):3030-7.

Demirkan A, van Duijn CM, Ugocsai P, Isaacs A, Pramstaller PP, Liebisch

G, et al. Genome-wide association study identifies novel loci associated

with circulating phospho- and sphingolipid concentrations. PLoS Genet.
2012,8(2):21002490-1002490.

Bai J, Li K, Tang W, Liang Z, Wang X, Feng W, et al. A high-throughput screen
for genes essential for PRRSV infection using a piggybac-based system. Virol-
ogy. 2019;531:19-30.

82.

83.

84.

85.

86.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

105.

Page 18 of 20

Hirose T, Kawabuchi M, Tamaru T, Okumura N, Nagai K, Okada M. Identifica-
tion of tudor repeat associator with PCTAIRE 2 (trap). A novel protein that
interacts with the N-terminal domain of PCTAIRE 2 in rat brain. Eur J Biochem.
2000,267(7):2113-21.

Leonardi M, Perna E, Tronnolone S, Colecchia D, Chiariello M. Activated kinase
screening identifies the IKBKE oncogene as a positive regulator of autophagy.
Autophagy. 2019;15(2):312-26.

Khawaja X, Xu J, Liang JJ, Barrett JE. Proteomic Analysis of Protein Changes
Developing in rat Hippocampus after chronic antidepressant treatment:
implications for depressive disorders and Future therapies. J Neurosci Res.
2004;75(4):451-60.

lancu OD, Colville A, Walter NAR, Darakjian P, Oberbeck DL, Daunais JB, et al.
On the relationships in rhesus macaques between chronic ethanol consump-
tion and the brain transcriptome. Addict Biol. 2018;23(1):196-205.

PanY, Jiang Z, Sun D, Li Z, Pu Y, Wang D, et al. Cyclin-dependent kinase 18
promotes oligodendrocyte Precursor Cell differentiation through activating
the Extracellular Signal-regulated kinase signaling pathway. Neurosci Bull.
2019;35(5):802-14.

Herskovits AZ, Davies P. The regulation of tau phosphorylation by PCTAIRE
3:implications for the pathogenesis of Alzheimer's disease. Neurobiol Dis.
2006;23(2):398-408.

Datta A, Yang CR, Salhadar K, Park E, Chou CL, Raghuram'V, et al. Phosphopro-
teomic identification of vasopressin-regulated protein kinases in collecting
duct cells. Br J Pharmacol. 2021;178(6):1426-44.

Park E, Yang CR, Raghuram V, Deshpande V, Datta A, Poll BG, et al. Data
resource: vasopressin-regulated protein phosphorylation sites in the collect-
ing duct. Am J Physiol Ren Physiol. 2023;324(1):F43-55.

Dema A, Faust D, Lazarow K, Wippich M, Neuenschwander M, Zihlke K et

al. Cyclin-dependent kinase 18 controls trafficking of Aquaporin-2 and its
abundance through Ubiquitin Ligase STUBT, which functions as an AKAP.
Cells. 2020;9(3).

Bockenhauer D, Bichet DG. Pathophysiology, diagnosis and management of
nephrogenic diabetes insipidus. Nat Rev Nephrol. 2015;11(10):576-88.
Taneera J, Fadista J, Ahlgvist E, Zhang M, Wierup N, Renstrém E, et al. Expres-
sion profiling of cell cycle genes in human pancreatic islets with and without
type 2 diabetes. Mol Cell Endocrinol. 2013;375(1-2):35-42.

Keaton JM, Hellwege JN, Ng MCY, Palmer ND, Pankow JS, Fornage M,
GENOME-WIDE INTERACTION WITH SELECTED TYPE 2 DIABETES LOCI
REVEALS NOVEL LOCI FORTYPE 2 DIABETES IN AFRICAN AMERICANS, et al.
Pac Symp Biocomput Pac Symp Biocomput. 2017,22:242-53.

Prescher JA, Bertozzi CR. Chemistry in living systems. Nat Chem Biol.
2005;1(1):13-21.

Parker CG, Pratt MR. Click Chemistry in Proteomic investigations. Cell.
2020;180(4):605-32.

Weinstein JN, Collisson EA, Mills GB, Shaw KRM, Ozenberger BA, Ellrott K,

et al. The Cancer Genome Atlas Pan-cancer analysis project. Nat Genet.
2013;45(10):1113-20.

Xie J, LiY, Jiang K, Hu K, Zhang S, Dong X, et al. CDK16 phosphorylates and
degrades p53 to promote radioresistance and predicts prognosis in lung
cancer. Theranostics. 2018;8(3):650-62.

YanagiT, Krajewska M, Matsuzawa S, ichi, Reed JC. PCTAIRET phosphorylates
p27 and regulates mitosis in cancer cells. Cancer Res. 2014;74(20):5795-807.
Garwain O, Valla K, Scarlata S. Phospholipase CB1 regulates proliferation of
neuronal cells. FASEB J. 2018;32(5):2891-8.

. Li X, LiJ, Xu L, Wei W, Cheng A, Zhang L, et al. CDK16 promotes the progres-

sion and metastasis of triple-negative breast cancer by phosphorylating
PRC1. J Exp Clin Cancer Res CR. 2022;41(1):149.

Janku F, McConkey DJ, Hong DS, Kurzrock R. Autophagy as a target for anti-
cancer therapy. Nat Rev Clin Oncol. 2011;8(9):528-39.

YanagiT, Shi R, Aza-Blanc P, Reed JC, Matsuzawa SI. PCTAIRE1-Knockdown
sensitizes cancer cells to TNF family cytokines. PLoS ONE. 2015;10(3):1-19.
Duan HF, Li XQ, Hu HY, Li YC, Cai Z, Mei XS, et al. Functional elucidation of
miR-494 in the tumorigenesis of nasopharyngeal carcinoma. Tumor Biol.
2015;36(9):6679-89.

. SiY, Liu J, Shen H, Zhang C, Wu Y, Huang Y, et al. Fisetin decreases TET1 activity

and CCNY/CDK16 promoter 5ShmC levels to inhibit the proliferation and inva-
sion of renal cancer stem cell. J Cell Mol Med. 2019;23(2):1095-105.

Zhao JA, Nie W, Dong L, Liu W, Wei W. A curcumin analog GL63 inhibits

the malignant behaviors of hepatocellular carcinoma by inactivating the
JAK2/STAT3 signaling pathway via the circular RNA zinc finger protein 83/
microRNA-324-5p/cyclin-dependent kinase 16 axis. J Gastroenterol Hepatol.
2021,36(10):2967-77.



Karimbayli et al. Molecular Cancer

106.

107.

108.

109.

110.

112

114.

115.

116.

117.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

(2024) 23:135

Zhang C, Lv H, Zhang F, Ji A. LncRNA HCG18 facilitates melanoma
progression by modulating miR-324-5p/CDK16 axis. Am J Trans| Res.
2022;14(2):1246-57.

Wang X, Liu R, Li S, Xia W, Guo H, Yao W, et al. The roles, molecular interac-
tions, and therapeutic value of CDK16 in human cancers. Biomed Pharmaco-
ther Biomedecine Pharmacother. 2023;164:114929.

Liu M, Xu Z,Du Z,Wu B, JinT, Xu K, et al. The identification of key genes

and pathways in Glioma by Bioinformatics Analysis. J Immunol Res.
2017;2017:1278081.

Hussain Qureshi MF, Shah M, Lakhani M, Abubaker ZJ, Mohammad D, Farhan
H, et al. Gene signatures of cyclin-dependent kinases: a comparative study
in naive early and advanced stages of lung metastasis breast cancer among
pre- and post-menopausal women. Genes Cancer. 2021;12:1-11.

Wang P, Xie M, Yang D, Wang F, Chen E. Integrative multi-omics analysis
reveals the landscape of Cyclin-Dependent Kinase (CDK) family genes in pan-
cancer. 2022; http://europepmc.org/abstract/PPR/PPR527446.

. DallAcqua A, Sonego M, Pellizzari |, Pellarin I, Canzonieri V, D’Andrea S, et al.

CDK®6 protects epithelial ovarian cancer from platinum-induced death via
FOXO3 regulation. EMBO Mol Med. 2017;9(10):1415-33.

Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server for
large-scale expression profiling and interactive analysis. Nucleic Acids Res.
201947(W1):W556-60.

. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio

Cancer Genomics Portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012;2(5):401-4.

Luyties O, Taatjes DJ. The mediator kinase module: an interface between cell
signaling and transcription. Trends Biochem Sci. 2022;47(4):314-27.

Vickers ER, Kasza A, Kurnaz IA, Seifert A, Zeef LAH, O'Donnell A, et al. Ternary
Complex factor-serum response factor complex-regulated gene activity is
required for Cellular Proliferation and inhibition of apoptotic cell death. Mol
Cell Biol. 2004;24(23):10340-51.

Kerr N, Pintzas A, Holmes F, Hobson SA, Pope R, Wallace M, et al. The
expression of ELK transcription factors in adult DRG: novel isoforms, anti-
sense transcripts and upregulation by nerve damage. Mol Cell Neurosci.
2010/44(2):165-77.

Zhang X, Chen Q, Feng J, Hou J, Yang F, Liu J, et al. Sequential phosphoryla-
tion of Nedd1 by Cdk1 and PIk1 is required for targeting of the yTuRC to the
centrosome. J Cell Sci. 2009;122(13):2240-51.

. Yamashiro S, Yamakita Y, Totsukawa G, Goto H, Kaibuchi K; Ito M, et al. Myosin

phosphatase-targeting subunit 1 regulates mitosis by antagonizing polo-like
kinase 1. Dev Cell. 2008;14(5):787-97.

De Bruin RG, Van Der Veer EP, Prins J, Lee DH, Dane MJC, Zhang H, et al. The
RNA-binding protein quaking maintains endothelial barrier function and
affects VE-cadherin and B-catenin protein expression. Sci Rep. 2016;6(Novem-
ber 2015):1-11.

Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, et al.

The RNA binding protein quaking regulates formation of circRNAs. Cell.
2015;160(6):1125-34.

Chen R, Liang F, Yan J, Wang Y. CircCDK17 knockdown inhibits tumor pro-
gression and cell glycolysis by downregulaing YWHAZ expression through
sponging mMiR-1294 in cervical cancer. J Ovarian Res. 2022;15(1):24.

Qiu F, Ou D, Tan H, GaoYY, Zi D. The circCDK17/miR-122-5p/ASF 1B axis regu-
lates the progression of cervical cancer. Histol Histopathol. 2023;38(3):359-71.
Sahin B, Fife J, Parmar MB, Valencia-Serna J, Gul-Uludag H, Jiang X, et al. SIRNA
therapy in cutaneous T-cell lymphoma cells using polymeric carriers. Bioma-
terials. 2014;35(34):9382-94.

Naumann U, Huang H, Wolburg H, Wischhusen J, Weit S, Ohgaki H, et al.
PCTAIRE3: a putative mediator of growth arrest and death induced by CTS-1,
a dominant-positive p53-derived synthetic tumor suppressor, in human
malignant glioma cells. Cancer Gene Ther. 2006;13(5):469-78.

Matsuda S, Kawamoto K, Miyamoto K, Tsuji A, Yuasa K. PCTK3/CDK18 regu-
lates cell migration and adhesion by negatively modulating FAK activity. Sci
Rep. 2017;7(November 2016):1-15.

Barone G, Staples CJ, Ganesh A, Patterson KW, Bryne P, Myers KN et al.
Human CDK18 promotes replication stress signaling and genome stability.
2016;44(18):8772-85.

Maréchal A, Zou L. DNA damage sensing by the ATM and ATR kinases. Cold
Spring Harb Perspect Biol. 2013;5(9):1-18.

Ning JF, Stanciu M, Humphrey MR, Gorham J, Wakimoto H, Nishihara R et

al. Myc targeted CDK18 promotes ATR and homologous recombination to
mediate PARP inhibitor resistance in glioblastoma. Nat Commun [Internet].
2019;10(1). https://doi.org/10.1038/541467-019-10993-5.

130.

131

132.

133.

134.

135.

136.

138.

139.

140.

142.

144.

145.

146.

149.
150.

Page 19 of 20

. Barone G, Arora A, Ganesh A, Abdel-Fatah T, Moseley P, Ali R, et al. The

relationship of CDK18 expression in breast cancer to clinicopathological
parameters and therapeutic response. Oncotarget. 2018;9(50):29508-24.

Li P Ge D, Li P, Hu F, Chu J, Chen X; et al. CXXC finger protein 4 inhibits

the CDK18-ERK1/2 axis to suppress the immune escape of gastric cancer
cells with involvement of ELK1/MIR100HG pathway. J Cell Mol Med.
2020;24(17):10151-65.

Taniguchi-Ponciano K, Portocarrero-Ortiz LA, Guinto G, Moreno-Jimenez S,
Gomez-Apo E, Chavez-Macias L, et al. The kinome, cyclins and cyclin-depen-
dent kinases of pituitary adenomas, a look into the gene expression profile
among tumors from different lineages. BMC Med Genomics. 2022;15(1):52.
Axtman A, Drewry D, Wells C. CDK16: the pick of the understudied PCTAIRE
kinases. Nat Rev Drug Discov 2019187489.

Lew J, Huang QQ, Qi Z, Winkfein RJ, Aebersold R, Hunt T, et al. A brain-specific
activator of cyclin-dependent kinase 5. Nature. 1994;371(6496):423-6.

Tsai LH, Delalle I, Caviness V'S, Chae T, Harlow E. p35 is a neural-specific regula-
tory subunit of cyclin-dependent kinase 5. Nature. 1994,371(6496):419-23.
Asada A, Yamamoto N, Gohda M, Saito T, Hayashi N, Hisanaga SI. Myris-
toylation of p39 and p35 is a determinant of cytoplasmic or nuclear
localization of active cyclin-dependent kinase 5 complexes. J Neurochem.
2008;106(3):1325-36.

Sato K, Zhu'YS, Saito T, Yotsumoto K, Asada A, Hasegawa M, et al. Regulation
of membrane association and kinase activity of Cdk5-p35 by phosphoryla-
tion of p35. J Neurosci Res. 2007;85(14):3071-8.

. Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH. Conver-

sion of p35 to p25 deregulates Cdk5 activity and promotes neurodegenera-
tion. Nature. 1999;402(6762):615-22.

Tarricone C, Dhavan R, Peng J, Areces LB, Tsai LH, Musacchio A. Structure and
regulation of the CDK5-p25(nck5a) complex. Mol Cell. 2001,8(3):657-69.
Mapelli M, Musacchio A. The structural perspective on CDK5. Neurosignals.
2003;12(4-5):164-72.

Zhang B, Tan VBC, Lim KM, Tay TE. The activation and inhibition

of cyclin-dependent kinase-5 by phosphorylation. Biochemistry.
2007;46(38):10841-51.

. SasakiY, Cheng C, Uchida Y, Nakajima O, Ohshima T, Yagi T, et al. Fyn and Cdk5

mediate semaphorin-3A signaling, which is involved in regulation of dendrite
orientation in cerebral cortex. Neuron. 2002;35(5):907-20.

Zukerberg LR, Patrick GN, Nikolic M, Humbert S, Wu CL, Lanier LM, et al.
Cables links Cdk5 and c-Abl and facilitates Cdk5 tyrosine phosphorylation,
kinase upregulation, and neurite outgrowth. Neuron. 2000;26(3):633-46.

. Sharma P, Sharma M, Amin ND, Albers RW, Pant HC. Regulation of cyclin-

dependent kinase 5 catalytic activity by phosphorylation. Proc Natl Acad Sci
U S A.1999,96(20):11156-60.

Charif D, Lobry JR. SeqinR 1.0-2: A Contributed Package to the R Project

for Statistical Computing Devoted to Biological Sequences Retrieval and
Analysis. In: Bastolla U, Porto M, Roman HE, Vendruscolo M, editors. Structural
Approaches to Sequence Evolution: Molecules, Networks, Populations
[Internet]. Berlin, Heidelberg: Springer; 2007 [cited 2024 May 15]. pp. 207-32.
https://doi.org/10.1007/978-3-540-35306-5_10.

Yu G. Using ggtree to visualize data on Tree-Like structures. Curr Protoc
Bioinforma. 2020,69(1):€96.

Brennan P. drawProteins: a Bioconductor/R package for reproducible and
programmatic generation of protein schematics [version 1; peer review: 2
approved]. F1000Research. 2018;7(1105).

. Consortium TU. UniProt: a worldwide hub of protein knowledge. Nucleic

Acids Res. 2019:47(D1):D506-15.

. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo-

lutionary genetics analysis across computing platforms. Mol Biol Evol.
2018;35(6):1547-9.

Winter D. rentrez: An R package for the NCBI eUtils API. 2017.

Charif D, Lobry JR. SeqinR 1.0-2: A Contributed Package to the R Project

for Statistical Computing Devoted to Biological Sequences Retrieval and
Analysis. In: Bastolla U, Porto M, Roman HE, Vendruscolo M, editors. Structural
Approaches to Sequence Evolution: Molecules, Networks, Populations [Inter-
net]. Berlin, Heidelberg: Springer Berlin Heidelberg; 2007. pp. 207-32. https://
doi.org/10.1007/978-3-540-35306-5_10.

. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations

in multidimensional genomic data. Bioinformatics. 2016;32(18):2847-9.

. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al.

SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acids Res. 2018;46(W1):W296-303.


http://europepmc.org/abstract/PPR/PPR527446
https://doi.org/10.1038/s41467-019-10993-5
https://doi.org/10.1007/978-3-540-35306-5_10
https://doi.org/10.1007/978-3-540-35306-5_10
https://doi.org/10.1007/978-3-540-35306-5_10

Karimbayli et al. Molecular Cancer (2024) 23:135

153.

154.

155.

Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, et al.

UCSF ChimeraX: Meeting modern challenges in visualization and analysis.

Protein Sci. 2018;27(1):14-25.

Grossman RL, Heath AP, FerrettiV, Varmus HE, Lowy DR, Kibbe WA, et

al. Toward a Shared Vision for Cancer genomic data. N Engl J Med.
2016;375(12):1109-12.

Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient
and comprehensive analysis of somatic variants in cancer. Genome Res.
2018,28(11):1747-56.

Page 20 of 20

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Insights into the structural and functional activities of forgotten Kinases: PCTAIREs CDKs
	﻿Abstract
	﻿Introduction
	﻿Sequence homology comparison underscores the uniqueness of PCTAIREs
	﻿PCTAIREs 3D structure analysis
	﻿PCTAIREs inhibitors
	﻿﻿PCTAIRE﻿ expression in normal human tissues
	﻿﻿Pctaire﻿ expression and functions in murine tissues

	﻿PCTAIRE interactions and functions
	﻿CDK16
	﻿CDK17
	﻿CDK18

	﻿PCTAIREs and cancer
	﻿PCTAIRE expression and mutation in human cancers



