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Abstract: Cyclin-dependent kinases (CDKs) comprise a family of about 20 serine/threo-
nine kinases whose catalytic activity requires a regulatory subunit known as cyclin; these
enzymes play several roles in the cell cycle and transcription. PCTAIRE kinases (PCTK-
s) are a CDK subfamily, characterized by serine to cysteine mutation in the consensus PS-
TAIRE motif,  involved in binding to the cyclin. One member of this class is PCTK3,
which has two isoforms (a and b) and is also known as CDK18. After being activated by
cyclin A2 or phosphorylation at Ser12 by PKA, PCTK3 can perform several functions.
Among these functions, we may highlight the following: modulation of cargo transport
in membrane traffic, p53-responsive gene, regulation of genome integrity. According to
different  studies,  PCTK3  dysfunction  is  related  to  a  wide  range  of  diseases,  such  as
metabolic  diseases,  cerebral  ischemia,  depression,  cancer,  neurological  disorders,  and
Alzheimer's disease. Although this protein participates in different biological events, we
may say that PCTK3 has received far less attention than other CDKs. There are thou-
sands of published articles about other CDKs and less than two hundred articles related
to PCTK3. The main objective of this review is to present the selected published studies
about this protein. Our focus is on PCTK3 particularities compared to other CDKs. Here
we give an overview of the biological functions of PCTK3 and explore its potential as a
target for drug design.

Keywords: CDK18, PCTAIRE 3, DNA replication stress, transcription, cancer, Alzheimer’s disease, PCTK3.

1. INTRODUCTION

Cyclin-dependent  kinases  (CDKs)  (EC  2.7.11.22)
are a family of 20 serine/threonine kinases that act di-
rectly or indirectly on the regulation of  the  cell  cycle
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progression  (CDKs  1-6,  11,  14-18),  transcription  of
DNA  (CDKs  7-10,  12,  13,  19,  20),  and  post-mitotic
events  (CDK5,  CDK18) [1-33].  The CDK family  re-
quires a specific regulatory subunit and/or post-transla-
tional protein modification for full activation [34].

Functional studies indicated that heterodimeric cy-
clin-CDK  complexes  regulate  cell  cycle  progression
[35,  36].  All  CDKs  contain  a  highly  conserved  PS-
TAIRE motif,  which is mandatory for the interaction
with activating proteins, called cyclins [35]. The oscil-
lation  in  the  synthesis  and  degradation  of  cyclins  at-
tached to their respective CDK partners drive the transi-
tion from one cell cycle phase to the next [36].

CDKs can be named numerically or according to a
highly  conserved  amino  acid  sequence  in  the  PS-
TAIRE motif of cdc2, which is the first member of this
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protein kinase family [37].  Until  studies revealed the
association of cyclins to these proteins, they received
names following the sequence of their PSTAIRE mo-
tif:  PCTAIRE 1-3,  PFTAIRE,  PITAIRE,  KKIALRE,
PISSLRE, and the PITSLRE [38].

According  to  sequence  similarities,  phylogenetic
analysis of CDKs reveals that we can study these en-
zymes  in  smaller  groups  or  subfamilies.  We identify
one of these subfamilies by its consensus sequence PC-
TAIRE.  This  subfamily  has  three  members,  the  en-
zymes  CDK16  [39-41],  CDK17,  and  CDK18,  which
are also known as PCTK1, 2, and 3, respectively [42].
The main sequence similarity in this subfamily is a Ser
to  Cys  mutation  in  the  family  consensus  motif  PS-
TAIRE, which is relevant to cyclin binding and, conse-
quently, to CDK activation [43].

The focus here is on PCTK3, a protein that belongs
to the CDK family and has functions beyond the CDK
roles as cell cycle/transcription regulators [44]. PCTK3
is involved in different biological events, especially in
brain cells, which implies that several diseases may be
associated  with  dysfunction  of  its  regular  activities.
Since its discovery in 1992 [37], we may say that we
have  few  publications  about  PCTK3.  While  other
CDKs received  attention  in  the  last  decades,  there  is
still a lot to know about PCTK3. Therefore, this article
aims  to  review the  research  about  PCTK3.  We sum-
marize  the  current  knowledge  of  PCTK3  structure,
functions, and relation to diseases. We also emphasize
its potential as a target in drug development.

2. PRIMARY STRUCTURE, SUBUNIT COMPO-
SITION & STRUCTURE OF THE PCTAIRE
PROTEINS

The main feature of the CDK subfamily PCTK is
the  replacement  of  the  serine  residue  by  one  of  cys-
teine in the PSTAIRE motif, which is conserved in the
first  characterized  CDKs.  One  study  suggested  that
this replacement could prevent the binding of PCTKs
to cyclins or provide a unique binding site for another
co-factor [43]. Another study showed that we activate
PCTKs through protein kinase A (PKA) and the bind-
ing of cyclin A2 [45].

PCTK genes are conserved in eukaryotes, from Dic-
tyostelium slime fungi, parasitic trypanosomes, and ne-
matode  worms  to  fish,  birds,  reptiles,  and  mammals
[37, 43, 45-48]. In upper eukaryotes, three PCTK kinas-
es  have  been  described,  called  PCTK1,  PCTK2,  and
PCTK3  [43].  PCTK1,  PCTK2  and  PCTK3  human
genes are located on chromosome X (Xp11.3-p11.23)
on  chromosome  12  (12q23.1),  and  chromosome  1
(1q31  -  q32),  respectively  [43,  49].

By 2009, we had two isoforms for both PCTK1 and
PCTK3,  while  for  PCTK2,  we  found  only  one  [43].
Currently, we know three PCTK1 isoforms (1, 2, and
3),  two  PCTK2 isoforms  (1  and  2),  and  two  PCTK3
isoforms (a and b);  their  sequence information is  de-
posited into NCBI databases and available at the web-
site  (https://www.ncbi.nlm.nih.gov/).  Fig.  (1)  shows
size similarities and differences in the amino acid se-
quences of PCTKs.

Fig.  (1).  Scheme  of  human  PCTKs  isoforms.  PCTK1  has
three isoforms: the smaller one is isoform 1, which contains
496 amino acid residues; isoforms 2 and 3 have 6 and 74 ex-
tra residues in the N-terminal end, which results in a total
number of 502 and 570 residues, respectively. Both PCTK2
isoforms (1 and 2) have the same number of amino acid resi-
dues, 523 each, but they differ in the last 11 residues of the
C-terminal end. PCTK3 has two isoforms (a and b) that dif-
fer in size: isoform b has 474 residues, and isoform a has 30
extra residues inside the sequence, containing 504 residues
overall. (A higher resolution/colour version of this figure is
available in the electronic copy of the article).

The kinase domain of human PCTKs proteins has a
relatively  high  sequence  identity  with  the  kinase  do-
main  of  human  CDK2.  For  PCTK  1,  the  identity  is
53%, for PCTK 2 is 51%, and for PCTK3 is 52% [37,
43, 47]. All PCTKs contain the VALK motif in subdo-
main II, which directs ATP to the active site. The HRD
motif  in  subdomain  VIb  shows  the  aspartic  acid  in-
volved in phosphotransfer. The DFG motif is responsi-
ble for coordinating the Mg2+  ion and ATP in subdo-
main VII [43].

Of all  human PCTKs, only PCTK1 has its crystal
structure partially solved and deposited in the Protein
Data  Bank  (PDB)  [50-52].  There  are  two  structures
(PDB IDs: 5G6V and 3MTL) containing the same se-
quence, which corresponds to the kinase domain. This
domain is conserved in its three isoforms and excludes
part of the N-terminal end.

https://www.ncbi.nlm.nih.gov/
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Fig. (2). PCTK3 model created from PCTK1 structure (PDB ID: 5G6V) as a template, using the program MODELLER, and
alignment of PCTKs 1 and 3 kinase domain sequences. The main differences between the sequences of these two proteins are
located in the C-terminal region (highlighted in a light blue box). Important conserved regions are the PCTAIRE helix (high-
lighted in the gray box), the VALK motif in subdomain II (yellow box), the HRD motif in subdomain VIb (green box), and
the DFG motif in subdomain VII (orange box). (A higher resolution / colour version of this figure is available in the electron-
ic copy of the article).

A sequence alignment of the PCTK1 crystal struc-
ture  (PDB  ID:  5G6V)  and  PCTK3  isoforms  reveals
that  the  kinase  domain  is  the  only  region  in  PCTK3
that we can model using the PCTK1 data as a template.
Homology modeling using the program MODELLER
[53-55] was able to generate a model for PCTK3 using
PCTK1  as  a  template.  Analysis  of  the  PCTK3  se-
quence indicated differences in the C-terminal end. On
the  other  hand,  the  region  near  the  ATP binding  site
shows good agreement (Fig. 2) between sequences of
the model and template.

One characteristic  that  differentiates  PCTKs from
the other CDKs is the Ser to Cys mutation in the CDKs
consensus motif PSTAIRE, as depicted in Fig. (3), in
which  PCTK3  isoforms  and  CDK2  are  compared.
From Fig. (3), it can also be observed that CDK2 is es-
sentially  composed  of  the  kinase  domain,  while  PC-
TKs present N- and C-terminal domains in addition to
the  kinase  domain,  being  the  N-terminal  longer  than
the C-terminal one [56, 57].

During evolution, PCTKs in different organisms di-
verged in size. The first appearance of an N-terminal
domain  on  these  proteins  occurs  in  organisms  of  the
phylum Platyhelminthes. The conservation of this do-
main in all higher organisms and its absence in PCTKs
of lower organisms correlates with the phylum Platy-
helminthes  being  the  first  to  have  a  centralized  and
complex  nervous  system  [43].  This  conservation  in
higher organisms suggests a role in the regulation and
coordination of the central nervous system.

PCTKs  expression  pattern  varies  in  an  organism:
PCTK1  is  widely  expressed  in  mammalian  tissues,
while PCTK3 is expressed in many but not all tissues.
We find PCTK2 mostly in the brain and lung. They are
relatively more abundant in post-mitotic cells. This re-
sult  suggests  that  these proteins  may also have func-
tions that are not related to the cell cycle [43, 45]. Al-
so, post-mitotic neurons express these proteins. These
observations indicate that they have specific functions
in this type of cell. However, the biological functions
of PCTKs in the brain are not elucidated yet [43].

Fig. (3). Comparison of size among PCTK3 isoforms and CDK2. The Ser to Cys mutation that characterizes the PCTK subfam-
ily is highlighted in red. (A higher resolution / colour version of this figure is available in the electronic copy of the article)

PCTK3      LETYVKLDKLGEGTYATVFKGRSKLTENLVALKEIRLEHEEGAPCTAIREVSLLKNLKHA 60

PCTK1      METYIKLDKLGEGTYATVYKGKSKLTDNLVALKEIRLEHEEGAPCTAIREVSLLKDLKHA 60

:***:*************:**:****:****************************:****

PCTK3      NIVTLHDLIHTDRSLTLVFEYLDSDLKQYLDHCGNLMSMHNVKIFMFQLLRGLAYCHHRK 120

PCTK1      NIVTLHDIIHTEKSLTLVFEYLDKDLKQYLDDCGNIINMHNVKLFLFQLLRGLAYCHRQK 120

*******:***::**********.*******.***::.*****:*:***********::*

PCTK3      ILHRDLKPQNLLINERGELKLADFGLARAKSVPTKTYSNEVVTLWYRPPDVLLGSTEYST 180

PCTK1      VLHRDLKPQNLLINERGELKLADFGLARAKSIPTKTYDNEVVTLWYRPPDILLGSTDYST 180

:******************************:*****.************:*****:***

PCTK3      PIDMWGVGCIHYEMATGRPLFPGSTVKEELHLIFRLLGTPTEETWPGVTAFSEFRTYSFP 240

PCTK1      QIDMWGVGCIFYEMATGRPLFPGSTVEEQLHFIFRILGTPTEETWPGILSNEEFKTYNYP 240

*********.***************:*:**:***:***********: : .**:**.:*

PCTK3      CYLPQPLINHAPRLDTDGIHLLSSLLLYESKSRMSAEAALSHSYFRSLGERVHQLEDTAS 300

PCTK1      KYRAEALLSHAPRLDSDGADLLTKLLQFEGRNRISAEDAMKHPFFLSLGERIHKLPDTTS 300

*  : *:.******:** .**:.** :*.:.*:*** *:.* :* *****:*:* **:*

PCTK3      IFSLKEIQLQKDPGYRGLAFQQPGRGKNRRQSIF 334

PCTK1      IFALKEIQLQKEASLRSAHHHHHH---------- 324

**:********: . *.  .::            



Overview of PCTK3/CDK18 Current Medicinal Chemistry, 2021, Vol. 28, No. 33   6849

3. PCTK3 PCTAIRE INHIBITORS
The well-recognized role of CDKs in cancer pathol-

ogy makes them attractive targets for inhibitors [58].
We can classify CDK inhibitors as broad-range inhibi-
tors  (such  as  Flavopiridol,  Olomoucine,  Roscovitine,
Kenpaullone, SNS-032, AT7519, AG-024322, R547),
specific  inhibitors  (such  as  Fascaplysin,  Ryuvidine,
Purvalanol A, NU2058, BML-259, SU 9516, Palboci-
clib, Riviciclib hydrochloride), and third-generation in-
hibitors (such as CR8#13 and Dinaciclib) (Fig. 4) [59].

ATP-competitive  compounds  constitute  the  most
studied CDK inhibitor class, being by far the most nu-

merous. These molecules can bind partially or totally
to the ATP-binding pocket [4, 58]; however, most of
them are not highly selective (an example is Roscovi-
tine, which inhibits CDKs 1, 2, 5, and 7 successfully,
but is a weak inhibitor for CDKs 4 and 6) [59].

Among  CDK  inhibitors,  those  focused  on  inhibi-
tion of CDK4 and 6 showed anticancer efficiency. Th-
ese drugs used with aromatase inhibitor Letrozole can
treat estrogen-receptor-positive breast cancer [60]. Pal-
bociclib was the first CDK inhibitor approved by the
US Food and Drug Administration (FDA) in February
2015; in the following years, the agency also approved

Fig. (4). Chemical structures of identified CDK inhibitors.
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the compounds Ribociclib and Abemaciclib. These ap-
provals are significant achievements, but the search for
other  specific  inhibitors,  especially  for  the  other
CDKs,  needs  to  continue  [58].

Studies about PCTKs inhibitors are recent and lack
information.  PCTK1 (CDK16)  is  the  only  PCTAIRE
with an available  crystal  structure,  and it  is  the most
studied within the subfamily. Dixon-Clarke et al. [41]
found out  that,  among the compounds tested for  PC-
TK1 inhibition, the most potent were Dabrafenib and
Rebastinib. They also observed that the conformational
plasticity found in the PCTK subfamily allows the pro-

tein binding to type I and type II non-specific kinase in-
hibitors (Indirubin E804 and Rebastinib, respectively)
[41], as shown in Fig. (5A and 5B).

All CDKs have a conserved activation loop (repre-
sented in blue in Fig. (5A) and green in Fig. (5B)) that
contains the motif DFG (Asp-Phe-Gly). This region is
a  common  regulatory  motif  in  kinases  and  is  also
known as the magnesium positioning loop because the
DFG aspartate  coordinates  one  of  the  two  Mg2+  ions
[61]. These ions are essential for ATP binding in the ac-
tive site.

Fig. (5). (A). Structure of the PCTK1 kinase domain solved in complex with Indirubin E804 (PDB code: 3MTL). (B) Structure
of the PCTK1 kinase domain solved in complex with Rebastinib (PDB code: 5G6V). In gray, PCTK1 crystal structure; in yel-
low, Indirubin E804 (type I inhibitor) molecular structure; in red, Rebastinib (type II inhibitor) molecular structure; in orange,
PCTK1 αC helix; in pink, CDK/MAPK insertion; in blue: DFG-in binding conformation; in green: DFG-out binding conforma-
tion. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

(A)

Phe 305 Asp 304

Indirubin E804

(B)

Rebastinib

Phe 305

Asp 304
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When the protein is in its active conformation, the
phenylalanine  residue  in  the  DFG  motif  (Phe305  in
Fig. (5)) is between residues from the C and N-lobes;
these residues’ orientations create a hydrophobic pock-
et  that  is  called  “DFG-in”  conformation  (Fig.  5A).
However, when this Phe residue moves its side chain
out  of  the  hydrophobic  pocket,  the  DFG  aspartate
(Asp304 in Fig. (5)) also re-orientates, leading to a dis-
ruption in the Mg2+ coordination, and in some cases to
a steric blockage of the ATP binding site; in these con-
ditions, the protein kinase is inactive and in a “DFG-
out” conformation (Fig. 5B) [61]. Type I kinase inhibi-
tors compete directly for the ATP binding site and bind
to the “DFG-in” conformation (represented in blue in
Fig. 5A), in which PCTK1 is in its active form. Type II
inhibitors bind to the “DFG-out” conformation (repre-
sented in green in Fig. 5B), in which the protein is in
its inactive form [41].

The plasticity found in PCTK1 was associated with
several factors, such as the interaction between the PC-
TKs and its corresponding cyclins facilitated by a ‘PC-
TAIRE’ sequence motif in the kinase αC helix that is
conserved in this subfamily but diverges from the clas-
sical ‘PSTAIRE’ motif found in CDK2. Besides it, PC-
TKs present a partially inverted DFG motif and a CD-
K/MAPK insert in its C-lobe (represented in pink, in
Fig. (5)) [41]. These structural features and the chemi-
cal scaffolds provide information for the development
of more selective PCTK inhibitors.

Ning  et  al.  [62]  reported  that  PARP  inhibitors
(PARPi) could treat glioblastoma (GBM). In this treat-
ment  method,  Myc  amplification  in  patient-derived
glioblastoma stem-like cells (GSCs) leads to transcrip-
tional repression of PTCK3, which is  responsible for
promoting homologous recombination (HR) and PAR-
Pi resistance by facilitating ATR activation in its DNA
Damage Response signaling pathway. These research-
ers  verified  that  PCTK3  knockdown  suppressed  HR
and  conferred  PARPi  sensitivity  to  GSCs,  showing
that PCTK3 is a promising therapeutic target for drug
design [62].

Li et al. observed that overexpression of the CXXC
finger  protein  4  (CXXC4)  suppresses  gastric  cancer
cell proliferation and promotes T cell activation by neg-
atively  regulating  PCTK3  in  the  CXXC4/ELK1/
MIR100HG pathway [63]. The results reported by th-
ese two research teams show that  PCTKs repression,
mediated by other protein overexpression, is a promis-
ing  approach  for  the  treatment  and  an  option  for  the
use of PCTKs selective inhibitors.

4. CATALYTIC ACTIVATION OF PCTK3
Studying PCTK3, Matsuda et al. [45] identified the

interaction of this protein with cyclins E1 and A2. In
vitro assays tested the kinase activity using protein reti-
noblastoma as a substrate; the results showed that PC-
TK3 was activated only by cyclin A2 and not by cyclin
E1 and that cytoplasmatic PCTK3 was able to regulate
cyclin A2 stability. Analyzing the primary sequence, it
was verified that PCTK3 contained four putative PKA
phosphorylation  sites,  of  which  Ser12,  Ser66,  and
Ser109 were phosphorylated by PKA in experiments in
vivo and in vitro. Phosphorylation at Ser12 by PKA sig-
nificantly increased the activity of PCTK3 even in the
absence of cyclin A2, and in the presence of the cyclin,
its  activity  was  comparable  to  CDK2  [45].  Fig.  (6)
shows the two processes by which PCTK3 can be acti-
vated.

Fig. (6). Scheme of PCTK3 activation by cyclin A2 binding
(1) and by PKA phosphorylation at Ser12 (2).

5. PCTK3 EXPRESSION
Analyzing  the  tissue  distribution  of  the  two  main

transcripts,  PCTK3 isoforms  a  and  b,  in  12  different
brain regions (frontal lobe, temporal lobe, cerebellum,
hippocampus, substantia nigra, caudate nucleus, amyg-
dala, thalamus, hypothalamus, pons, medulla, and spi-
nal  cord),  PCTK3 isoform a  was  expressed in  all  re-
gions analyzed, while PCTK3b was found in some re-
gions: substantia nigra, thalamus, spinal cord, caudate
nucleus, frontal lobe, and cerebellum. Furthermore, PC-
TK3a  expression  was  always  dominant,  when  both
were  expressed  [47].

Although  PCTKs  1,  2,  and  3  transcripts  are  de-
tectable  in  all  areas  of  the  brain,  PCTKs 1 and 2 are
more expressed in the olfactory bulb and hippocampus
[64] while PCTK3 is predominant in the spinal cord,
substantia nigra, and thalamus [47]. Besides being pre-
sent  in  the  brain,  the  highest  PCTK3 mRNA expres-
sion was detected in the heart. PCTK3 protein was also
detectable in the testis [64]. Another study determined
the CDKs expression profile in the human retina and
found  PCTK3  maximum  expression  in  the  inner  nu-
clear layer [65].

Regarding the heterologous expression of PCTK3,
Palmer et al. [66] reported that they were unable to pro-
duce sufficient  quantities  of  PCTK3 for  their  experi-
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ments because the protein was extremely susceptible to
proteolysis and was rapidly degraded after expression
in Escherichia coli.  Herskovits and Davies were suc-
cessful at expressing PCTK3 by transient transfection
in Chinese hamster ovary cells; however, after PCTK3
immunoprecipitation and activity assays in vitro, they
observed  that  the  protein  is  obtained  in  an  inactive
form,  even using  different  conditions  of  expression/-
cell host, lysis and substrates [48].

6. PCTK3 ACTIVITIES & FUNCTIONS

6.1. Membrane Traffic
Studying the COPII complex, necessary for the ex-

port  of  secretory  cargo  from the  endoplasmic  reticu-
lum, Palmer et al. [67] verified that PCTK3 interacts di-
rectly with COPII and modulates secretory cargo trans-
port.  The  recruitment  of  COPII  to  the  membrane  re-
quires ATP, which can be blocked by a protein kinase
inhibitor. Using two-hybrid screening, immunoprecipi-
tation, and direct binding, the researchers observed that
PCTK1 and PCTK3 interact with the Sec23p subunit
of COPII. Sec23p and PCTK3 were co-immunoprecipi-
tated from mammalian cell lysates, and it was verified
that the central region of PCTK3 is the one involved in
their  interaction.  The  researchers  also  demonstrated
that inhibition of PCTK3 activity, using a kinase-dead
mutant, or specific depletion of this protein by RNAi,
dramatically impacts the function and organization of
the early secretory pathway [67].

6.2. p53 Responsive Gene
p53 is a nuclear transcription factor that regulates

the expression of genes involved in growth inhibition,
DNA repair, and apoptosis [68]. p53 gene is a classical
tumor  suppressor  because  more  than  50%  of  human
cancers have mutated p53 with loss of function [69].

Naumann et  al.  [68] identified PCTK3 as a novel
p53  responsive  gene.  Recombinant  adenoviral
genomes encoding CTS-1 (a p53-derived synthetic tu-
mor suppressor), PCTK3, and other proteins were trans-
fected into a p53 mutant glioma cell line, and the ex-
pression of the transgenes induced by CTS-1 was con-
firmed by RT-PCR or immunoblot. Through flow cyto-
metric analysis and viability assays, the researchers ver-
ified that the expression of PCTK3 mediated by CTS-1
induces  glioma  cell  death  and  strongly  inhibits  cell
growth  [68].

6.3. Tau Phosphorylation
Herskovitz and Davies observed the increased PC-

TK3 expression in post-mortem brain tissue of human

patients  with  Alzheimer's  disease  (AD)  and  that  co-
transfection  of  PCTK3  and  Tau  in  CHO  cells  led  to
Tau hyperphosphorylation [48]. The study showed that
PCTK3 stimulates  phosphorylation of  Tau at  Thr231
and Ser235,  and these  residues  are  modified  early  in
the  AD  pathogenesis  process.  The  Tau  protein  is
known to stabilize the abundant microtubules in neu-
rons and when defective,  can lead to dementia  states
like AD. Another important histological characteristic
of AD is the accumulation of paired helical filaments,
in which the abnormally phosphorylated Tau protein is
observed. The study of paired helical filaments isolat-
ed  from  AD  brain  tissue  detected  a  concentrated
amount of PCTK3, suggesting an essential role of this
protein in AD [48].

Also, previous studies have identified PCTK3 as a
binding partner of 14-3-3 proteins [70]. This family of
proteins has been localized in neurofibrillary tangles in
the AD brain [71], reinforcing the importance of study-
ing PCTK3 in AD.

6.4. Regulator of Genome Stability
The  DNA  Damage  Response  (DDR)  factor  ATR

(Ataxia Telangiectasia and Rad3-related kinase) regu-
lates cellular responses to replication stress to control
the intra-S-phase checkpoint, lesion repair, and latent
origin firing. ATR is activated in response to a variety
of DNA lesions that lead to the formation of single-s-
trand  (ss)  DNA,  and  its  activity  requires  forming  a
heterodimer  with  its  partner  ATR-interacting  protein
(ATRIP).  The  heterodimer  ATR-ATRIP  depends  on
nucleofilaments  formed  between  the  replication  pro-
tein A heterodimer (RPA) and ssDNA for DNA bind-
ing.  Upon  ATR-ATRIP  binding  to  ssDNA-RPA,  the
DNA-damage-specific  9-1-1  complex  (Rad9-Rad1-
HUS1 clamp) binds at junctions between ssDNA and
double-strand (ds) DNA with the RPA-facilitated aid
of  the  clamp loader  complex  Rad17-RFC.  The  9-1-1
subunit  Rad9  is  phosphorylated  on  Ser387,  enabling
TOPBP1 (DNA topoisomerase 2-binding protein 1) as-
sociation  with  ATR  and  ATR  full  activation.  Then,
Chk1 is phosphorylated by ATR at Ser317 and Ser345,
enabling a  series  of  events:  later  origin  firing inhibi-
tion, replication slowdown and fork stabilization, intra
S-phase arrest, and G2/M arrest [72].

In  2016,  studying  the  mechanisms  that  cause
genome  instability,  Barone  et  al.  [73]  identified  PC-
TK3 as a regulator of genome integrity. They verified
the  interaction  of  PCTK3  with  Rad9,  Rad17,  and
TOPBP1  in  the  replication  stress  signaling  mediated
by the DDR factor ATR. PCTK3 promotes phosphory-
lation of Rad9, but the scientists could not determine if
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PCTK3 does that directly or indirectly. Cells with PC-
TK3  deficiency  present  a  reduction  in  chromat-
in-bound  Rad17  and  Rad9  in  response  to  replication
stress;  consequently,  chromosomal abnormalities and
an increase in endogenous DNA damage are observed.
In this  study,  it  was also found that  cells  depleted of
PCTK3 exhibit delayed replication fork kinetics and ac-
cumulate at the beginning of the S-phase [73]. Fig. (7)
shows a model of the replication stress signaling path-
way mediated by ATR.

6.5. Control of the Actin Cytoskeleton Dynamics
Another important role of PCTK3 is in controlling

actin cytoskeleton dynamics [74]. The actin cytoskele-
ton is important for several cellular events, such as cy-
tokinesis, cell migration, and adhesion, and its exten-
sion  and  retraction  are  regulated  by  several  proteins
[74].

Matsuda  et  al.  [45]  showed  that  PCTK3  knock-
down in HEK293T cells promoted the phosphorylation

of cofilin (a protein that acts in actin filament depoly-
merization)  and  led  to  the  accumulation  of  polymer-
ized actin in peripheral areas.  They also verified that
the  overexpression  of  PCTK3 mutant  suppressed  co-
filin phosphorylation [45].

In 2017, Matsuda et al. [74] reported that PCTK3
knockdown increased the phosphorylation of cofilin at
Ser312 and led to increased cell motility and kinase ac-
tivity associated with Rho, a member of the Rho GT-
Pase family that regulates actin dynamics.

Furthermore,  they  determined  that  PCTK3  regu-
lates cell migration, controlling the dynamics between
RhoA and Rac1 activities. It was also found that FAK
(focal  adhesion  kinase)  phosphorylation  was  sup-
pressed by PCTK3, showing that PCTK3 reduces cell
adhesion  and  migration  via  inactivation  of  the
RhoA/ROCK pathway. PCTK3 also suppressed the in-
teraction  between  FAK  and  focal  adhesion  proteins
such  as  paxillin,  integrins,  and  vinculin  [74].

Fig. (7). Model of the ATR signaling cascade. The RPA recognizes ssDNA, formed as a result of a DNA lesion, and recruits
the heterodimer ATR-ATRIP. With the aid of the Rad17-RFC complex, the 9-1-1 complex binds at junctions between ssDNA
and dsDNA. PCTK3 interacts with Rad17 and Rad9 (a unit of the 9-1-1 complex) and promotes optimal Rad9 phosphoryla-
tion. Rad9 activation leads to TopBP1 binding and ATR full activation. Then, Chk1 is activated in a reaction stimulated by
claspin binding to Chk1, and by the 9-1-1 complex, the protein RHINO (Rad9, Rad1, Hus1 interacting nuclear orphan), and
other factors, and leads to a series of events that slow origin firing, induce cell cycle arrest, as well as stabilize and restart
stalled replication forks. (A higher resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (8). Model of the regulation of FAK/RhoA/ROCK sig-
naling pathway by PCTK3. Clusters of integrin-actin cross-
linking  promote  FAK  activation  and  phosphorylation  at
Tyr397, resulting in binding of cellular Src through its SH2-
domain. FAK also interacts with adhesion proteins, such as
paxillin,  forming  focal  adhesion  complexes,  and  regulates
actin polymerization by controlling the balance of Rho GT-
Pases (such as Rac1 and RhoA). GTP-bound RhoA activates
the protein ROCK (Rho-associated kinase), which leads to
MLC and cofilin phosphorylation, and consequently, to the
reorganization of  the  actin  cytoskeleton.  PCTK3 regulates
this signaling pathway via regulation of FAK activity: it sup-
presses the attachment-induced phosphorylation of FAK at
Tyr397 and the interaction between FAK and focal adhesion
proteins,  leading  to  RhoA/ROCK  inactivation  and  conse-
quently reducing cell migration and adhesion. (A higher reso-
lution/colour version of this figure is available in the elec-
tronic copy of the article).

PCTK3 knockdown increased  the  MLC (Myosin-
Light-Chain  Kinase)  phosphorylation  at  Thr18  and
Ser19, which enhanced cell motility due to the promo-
tion of actomyosin contractility in cells. In studies with
HeLa cells,  the overexpression of PCTK3 resulted in
filopodia formation in the early stages of cell adhesion.
In  summary,  the  regulatory  role  of  PCTK3  in  cell
motility  was  identified.  Mechanisms  of  cell  motility

are associated with various physiological phenomena,
including metastasis, and their complete understanding
can help to overcome the malignant progression of tu-
mors (Fig. 8) [74].

6.6. Interaction with Phospholipase Cβ 1 (PLCβ1)
Scarlata et al. [75] found that PCTK3 binds to PL-

Cβ1 when cells are arrested in the G2/M phase. In this
study, it was discovered that, in addition to the classic
function of relaying extracellular sensory information
to  generate  intracellular  calcium  signals,  phospholi-
pase Cβ 1 (PLCβ) regulates PC12 cell differentiation.
Analyzing  this  mechanism,  the  researchers  verified
that PLCβ binds mainly PCTK1, but another popula-
tion  of  PLCβ complexes  interacted  with  PCTK3 and
cyclin B1 [75].

6.7.  Differentiation  of  Oligodendrocyte  Precursor
Cells (OPC)

Pan et al. [76] analyzed RNA sequencing data from
different  neural  cells.  They found out  that  PCTK3 is
highly expressed in oligodendrocytes, cells responsible
for forming and maintaining myelin sheaths in axons.
While other CDKs have no cell-type specificity, it was
verified that PCTK3 is mainly expressed in differentiat-
ed oligodendrocytes, and the expression of this protein
is upregulated during myelination and remyelination in
a lysophosphatidylcholine induced model. In vitro as-
says  showed  that  PCTK3  promotes  oligodendrocyte
precursor cells (OPC) differentiation by regulating the
RAS/MEK/ERK  signaling  pathway,  without  signifi-
cantly affecting cell proliferation and apoptosis. Over-
expression of PCTK3 greatly increases ERK1/2 activa-
tion, whereas its depletion causes the opposite effect.
The  effect  of  PCTK3  overexpression  on  ERK1/2  is
blocked when MEK1/2 is inhibited. However, the up-
stream effectors of PCTK3 and this protein mechanism
of action are still unclear (Fig. 9) [76].

6.8. Regulation of the Aquaporin-2 (AQP2) Water
Channel

PCTK3 has been reported to control the trafficking
of Aquaporin-2 (AQP2). The tight control of the abun-
dance and localization of AQP2 contributes to the tun-
ing of body water homeostasis. The AQP2 water chan-
nel  is  regulated by the hormone arginine-vasopressin
(AVP),  which  facilitates  water  reabsorption  in  cells.
When AVP binds to vasopressin V2 receptors (V2R),
cAMP synthesis is stimulated and activates protein ki-
nase A (PKA) to signal the accumulation of AQP2 in
the plasma membrane of the cells and facilitate water
reabsorption  from  primary  urine. PCTK3  is required
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Fig. (9). Regulation of the Ras signaling cascade by PCTK3 in oligodendrocyte precursor cells (OPC). A growth factor bind-
ing to a receptor tyrosine kinase (RTK) induces RTK’s cytosolic domain’s autophosphorylation. The protein Grb2 binds to the
RTK’s phosphor-Tyr-containing peptide segment and simultaneously binds to the protein Sos. Then, Sos exchanges GDP for
GTP in the protein Ras, activating this protein to bind Raf and initiate a kinase cascade. Raf phosphorylates MEK, which in
turn phosphorylates ERK, which then can phosphorylate other kinases and transcription factors in the nucleus. Protein phospha-
tases are responsible for recycling these kinases for another cascade cycle. Therefore, through the regulation of this signaling
cascade,  gene  expression,  cell  growth,  and  cell  differentiation  are  modulated  [78].  In  OCP,  PCTK3 positively  influences
ERK1/2 phosphorylation and cell differentiation; when PCTK3 is overexpressed, the phosphorylation levels of ERK1/2 are sig-
nificantly increased, whereas PCTK3 depletion promotes the opposite effect. The upstream effectors of PCTK3 and its mech-
anism of action are still unclear [70]. (A higher resolution / colour version of this figure is available in the electronic copy of
the article).

Fig. (10). Model of the regulation of AQP2 by PCTK3, PKA, and STUB1 (E3 ubiquitin ligase and AKAP). When cAMP lev-
els are low in resting renal principal cells, PKA remains inactive, and AQP2 is retained in cytoplasmatic storage vesicles and
maintained polyubiquitinated and phosphorylated (at Ser261) by STUB1 and PCTK3, respectively. After an increase in cAMP
concentration, PKA is activated and phosphorylates PCTK3, which activates protein phosphatases (PPs) that dephosphorylate
AQP2. The decrease of AQP2 phosphorylation and polyubiquitination facilitates the trafficking of AQP2-bearing vesicles to
the plasma membrane; once incorporated into the membrane, AQP2 promotes water reabsorption from primary urine and ad-
justs  body water  homeostasis.  (A higher  resolution/colour  version  of  this  figure  is  available  in  the  electronic  copy  of  the
article).
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for  the  cAMP-induced  redistribution  of  AQP2  (Fig.
10): it phosphorylates AQP2 at Ser261 and this phos-
phorylation is associated with ubiquitination of AQP2.
PCTK3 knockdown reduces phosphorylation, and as a
consequence, there is a decrease in AQP2 ubiquitina-
tion. The control of AQP2 abundance occurs through
ubiquitin ligase STUB1, which functions as an A-ki-
nase  anchoring  protein  (AKAP)  binding  PKA  to  the
protein complex and joining PCTK3 and AQP2 [77].

6.9. Other Important Functions of PCTK3
In 2014, screening several endogenous targets led

Sahin et al. [79] to identify PCTK3 as a viable target
to inhibit cell growth using siRNA.

Öhlinger et al. [80] cited the role of PCTK3 in cell
cycle control of chromosomal replication and its poten-
tial in salvage pathways of pyrimidine ribonucleotides.

Also  in  2019,  PCTK3  was  identified  as  an  APP
modifier  in  transgenic  Drosophila  and  its  human ho-
mologs.  The  initial  characteristic  of  Alzheimer's  dis-
ease is the accumulation of amyloid β (Aβ) and destabi-
lizing the Amyloid β-precursor protein (APP) is one of
the therapeutic strategies for this disease [81].

Wang et al. [82], researching molecular events asso-
ciated with chronic cerebral hypoperfusion, studied the
global  expression  of  proteins  in  the  hippocampus  of
rats and identified PCTK3 in the physiological process
of chronic cerebral ischemia.

7. DISEASES RELATED TO PCTK3
As previously seen, PCTK3 is not a major driver of

the cell cycle; however, it adjusts to critical cell cycle
moments  to  ensure  proper  control  at  the  checkpoint
and prevent mistakes that can occur during DNA repli-
cation [36].

Recent studies [36] have detected PCTK3 as a nov-
el important regulator of genome stability. PCTK3 de-
pletion increases endogenous DNA damage and chro-
mosomal abnormalities as a result of replication stress
[73]. The deregulation of PCTK3 activity may support
the development of several diseases including cancer
and Alzheimer's Disease [83, 84].

The main diseases related to PCTK3 deregulation
are summarized in Fig. (11).

Fig.  (11).  Scheme of  the  main  diseases  related  to  PCTK3
deregulation.

7.1. Cancer
The  high  prevalence  of  CDK  dysfunction  and/or

overexpression in human cancers is related to the con-
trol of cell proliferation [34]. Due to the cellular func-
tions of PCTK3, exemplified by the tight regulation of
ATR-mediated  signaling  in  response  to  replication
stress [73], this protein became a new anti-cancer drug
target.

The abnormal proliferation of diseases such as can-
cer is the result of a compromised cell cycle, in addi-
tion to pro-mutagenic lesions [73]. For correct genome
replication  and  precise  transmission  to  subsequent
cells occur, the ATR-mediated signaling cascade must
be tightly regulated [73].

The activation of oncogenes is the result of high re-
plication stress, exemplified in a large proportion of hu-
man cancers [85]. Through the signaling of ATR-medi-
ated replication stress, the presence of PCTK3 is essen-
tial to avoid genome instability and the accumulation
of DNA damage. PCTK3 is responsible for the reten-
tion of RAD17 and RAD9 in the chromatin, a process
that is one of the main regulators of replication stress
signaling [86].

Previous studies have reported the potential role of
PCTK3 in the biology of cancer. Overexpression of PC-
TK3 was detected in about 20% of invasive breast car-
cinomas, 12% of metastatic prostate cancers, and 5%
of serous ovarian cancer (cBioPortal), which demons-
trates PCTK3 function as a cancer inducer [83, 87].

Other  studies  demonstrate  the  importance  of  PC-
TK3 in glioblastoma (GBM), a type of adult primary
brain  cancer,  characterized  by  high  malignancy  and
lethality. In GBM stem-like cells (GSCs), PCTK3 al-
lows ATR activation and homologous recombination
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(HR), making cells refractory to PARP (poly(ADP-ri-
bose)  polymerase)  inhibitors.  PCTK3  knockdown  in
GSCs results in suppressed HR and makes these cells
sensitive to PARP inhibitors [62].

7.2. Metabolic Disorders
Regardless of the type of diabetes mellitus, this dis-

ease is characterized by a decline in B cell mass [88].
Patients with type 1 diabetes mellitus have an almost
total loss of pancreatic beta cells, while patients with
type 2 diabetes have a partial loss [89, 90].

Several studies suggest that the self-replication pro-
cess maintains the pancreatic B cell mass in adult mam-
mals [91-93]. The factors related to the control and reg-
ulation of B cell mass are not clearly understood yet;
however, it is known that most cell cycle proteins are
usually more associated with maintaining the number
of adult B cells [88].

Taneera et al. investigated the CDKs expression pat-
terns in human pancreatic islets, with and without type
2 diabetes (T2D). High expression of PCTK3 in diabet-
ic  islets  was  demonstrated  by  microarray  and  qRT-
PCR. These results suggest that the differential expres-
sion  of  CDKs  genes  among  islets  from  diabetic  and
non-diabetic  donors  is  related to  B cell  proliferation,
similarly in humans and other animals [88]. The infor-
mation obtained in these studies may be useful to the
development  of  an  innovative  treatment  for  diabetes
that focuses on the proliferation of human B cells.

Dema et al. [77] performed a siRNA screening for
genes related to 719 kinases and analyzed the effect of
knockdown on water channel aquaporin-2 (AQP2) by
high-content  imaging  and  biochemical  approaches.
The result of this screening showed 13 genes highly ca-
pable  of  this  function,  including  PCTK3.  Through
phosphorylation at Ser261 and ubiquitination mediated
by STUB1, PCTK3 can control AQP2. Many diseases,
such  as  liver  cirrhosis  and  diabetes  insipidus,  which
are associated with unregulated AQP2, can be favored
by controlling this protein complex [77].

7.3. Neurological Diseases
In the central nervous system, CDKs act in certain

processes.  Both  CDK5  and  CDK14  interfere  in  the
PI3K/AKT/mTOR signaling pathway but  have oppo-
site roles in differentiating oligodendrocyte precursor
cells (OPC): while CDK5 promotes this process, CD-
K14 inhibits it [94, 95]. In addition to acting in these
processes, these proteins are highly expressed in sever-
al neural cells [95]. PCTK3 expression was identified
in myelinated oligodendrocytes, which strongly corre-
lates with OPC differentiation [76].

7.3.1. Depression
A brief discussion on the role of PCTK3 related to

depression was addressed in the study by Khawaja et
al. [96]. The researchers performed proteomic analyses
of hippocampal proteins and found that PCTK3 is up-
regulated in rats administered with venlafaxine and flu-
oxetine, two drugs frequently used in the treatment of
depression in humans. The upregulation of PCTK3 con-
tributed to the long-term maturation, extension of neuri-
tis, and integration of developing granular cells within
the existing hippocampal circuitry [96, 97].

Genome-wide association studies (GWAS) have re-
vealed  that  major  psychiatric  disorders  share  many
common  alleles  with  small  additive  effects  on  risk
[95]. Akula et al. [98] performed deep RNA sequenc-
ing of the human postmortem subgenual anterior cingu-
late cortex, a region linked to mental illness in the lim-
bic circuits. Gene expression analyses of samples from
200 individuals diagnosed with bipolar disorder, schi-
zophrenia, or major depression and controls were ana-
lyzed. High genetic expression of PCTK3 was found in
samples from patients with schizophrenia and depres-
sion, indicating the relationship of this protein with th-
ese diseases.

7.3.2. Alzheimer’s Disease
Most neurodegenerative diseases are caused by in-

soluble aggregates of normal cellular proteins, such as
Alzheimer's  Disease  (AD),  Parkinson's  disease,  and
amyotrophic  lateral  sclerosis  [81].

AD is caused by a lesion in the extracellular amy-
loid plaque, in which aggregated Aβ peptide accumu-
lates before the onset of disease symptoms, represent-
ed by dementia, memory deficits, and executive func-
tion [99]. The amyloid β (Aβ) peptide accumulated in
AD can be composed of oligomeric structures without
structural definition, or it can become truncated, pyrog-
lutinated,  and  phosphorylated  [100].  The  β-secretase
and γ-secretase enzymes are responsible for the cleav-
age  of  the  amyloid  precursor  protein  (APP)  forming
the Aβ peptide [101]. The formation of different APP
fragments,  each  with  different  cellular  functions,
makes it difficult to determine how each metabolite in-
fluences AD [99].

The  role  of  CDKs  in  AD  is  related  to  abnormal
phosphorylation in lesions of the neurofibrillary tangle,
the biochemical event that correlates most clinically to
the disease pathology [102].

Judge et al. [103] reported a marked expression of
cell  cycle  regulatory  proteins,  along  with  increased
APP phosphorylation at  Thr668,  in mouse models of
AD.
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Chaput et al.  [104] carried out a study with B103
rat neuroblastoma cells that are null for or expressing
the  APP-695  (B103-695)  isoform.  The  researchers
found out that APP expression promotes signaling path-
ways  that  can  be  related  to  neuronal  degeneration
caused  by  the  cell  cycle,  verified  in  AD  [104].

The  vicious  cycle  of  neurodegeneration  in  AD  is
caused by the induction of entry into the neuronal cell
cycle  by  Aβ;  which  favors  the  APP  phosphorylation
process and β-secretase-mediated proteolysis, favoring
the formation of more Aβ [99].

PCTK3 expression increased slightly in transgenic
PS/APP  mice.  PCTKs  2  and  3  were  located  in  the
dense amyloid plaques, through immunostaining analy-
ses of the Tg-AD mouse brain slices, which indicates
the participation of these proteins in the AD [99].

Marked levels of PCTK3 in the temporal cortex of
brains with AD were also identified by researchers Her-
skovits and Davies (2006) [48]. These data indicate the

indirect involvement of PCTK3 in the phosphorylation
of Tau at residues T231 and S235, and in the promo-
tion of AD.

Although further studies are needed to fully unders-
tand  the  development  of  AD  neurodegeneration  and
pathology, based on the results of Chaput et al. [99], it
is possible to verify the relevance of increased expres-
sion  or  post-modification  changes  of  PCTK3  in  the
pathogenesis of AD.

7.3.3. Demyelinating Diseases
Demyelinating diseases occur in the brain or spinal

cord due to inflammation in the myelin sheath of the
nerves. Demyelination is characterized by the destruc-
tion of normal myelin with elective preservation of ax-
ons. Myelin inflammation can be secondary to another
cause (vaccine, infection, or environmental factors), or
autoimmune processes, impairing the conduction of sig-
nals on the affected nerves [105].

Table 1. List of activities of PCKT3 and how they are linked to diseases.

Activity Relationship with Diseases Refs.

Binding partner with 14-3-3 protein family 14-3-3 binding partner has been localized in neurofibrillary tangles in Alzheimer’s
Disease (AD) brain.

[65,
66]

Modulation of cargo transport in membrane
traffic

PCTK3 depletion by RNAi led to changes in the function and organization of the ear-
ly secretory pathway. [62]

PCTK3 was identified as a novel p53 respon-
sive gene capable of inducing cell cycle arrest

and cell death

The p53 protein acts in controlling cell division and death. p53 gene is considered a
tumor suppressor gene, therefore mutations in its DNA sequence can cause cells to
grow and spread. More than 50% of human cancers have mutations that lead to loss

of p53 function.

[63,
64]

PCTK3 indirectly stimulates phosphorylation
of Tau at Thr231 and Ser235

Tau protein is known to stabilize the abundant microtubules in neurons and when de-
fective, can lead to dementia states like AD. The study of paired helical filaments,

isolated from brain tissues of patients with AD, detected a high concentration of PC-
TK3. Thr231 and Ser235 sites are residues that are modified early in the AD pathoge-

nesis process.

[48]

Genome integrity regulator, through interac-
tion with RAD9, RAD17, and TOPBP1.

The depletion of PCKT3 causes chromosomal abnormalities and an increase in en-
dogenous DNA damage. [67]

Regulation of cell migration and adhesion,
controlling the dynamics between the activi-

ties of RhoA, Rac1, and ROCK proteins.

PCTK3 knockdown increased the phosphorylation of cofilin at Ser312 and led to an
increase in cell motility and kinase activity associated with Rho. Cellular motility

mechanisms are associated with various physiological phenomena including metasta-
sis in malignant cancers.

[68]

PCTK3 promotes oligodendrocyte precursor
cells (OPC) differentiation.

PCTK3 was mainly expressed in differentiated oligodendrocytes. Differentiation of
OPCs is related to demyelinating diseases. [70]

PCTK3 was identified as an APP modifier in
transgenic Drosophila and its human ho-

mologs.

Most neurodegenerative diseases are caused by insoluble aggregates of normal cellu-
lar proteins, such as AD, Parkinson's disease, and amyotrophic lateral sclerosis. [74]

PCTK3 is required for the cAMP-induced re-
distribution of AQP2. PCTK3 phosphorylates

Ser261 of the AQP2

PCTK3 can control AQP2. Many diseases such as liver cirrhosis and diabetes insipi-
dus, which are associated with unregulated AQP2, can be favored by controlling this

protein complex.
[71]
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Demyelinating diseases impair sensation, locomo-
tion, cognition, and other functions, depending on the
areas  and  nerves  involved.  They  include,  among
others,  multiple  sclerosis  (MS),  optic  neuromyelitis
(Dévic's disease), acute disseminated encephalomyeli-
tis (ADEM), and acute hemorrhagic leukoencephalopa-
thy (AHL) [105].

Expression  analyses  showed  the  deregulation  of
genes associated with inflammation, cell death, DNA
damage, and DNA repair, p53 function, and genes asso-
ciated with tissue repair, RNA metabolism, and regula-
tion of transcription or translation [77].

Abnormal myelination and remyelination processes
are associated with the differentiation of OPCs. Guo et
al. verified through RNA sequencing a high expression
of PCTK3 in oligodendrocytes.  PCTK3 is  highly ex-
pressed  in  specific  regions,  such  as  the  heart,  spinal
cord, and brain, which make this protein a potential tar-
get for drug development related to demyelinating dis-
eases [77].

7.3.4. Cerebral Ischemia
Cerebral ischemia (CI) is among the leading causes

of death and sequelae worldwide.  CI is  the most fre-
quent  type of  stroke,  and has  two classifications:  the
first is focal ischemia, in which a clot obstructs a ves-
sel and reduces the passage of blood to the brain, caus-
ing the death of cells in that region; the second is glob-
al ischemia, in which the entire irrigation is compro-
mised, causing potentially more severe damage [106].

CI causes delayed neuronal death in the hippocam-
pal CA1 region [107]. The hippocampus region is ne-
cessary  for  memory  and  is  susceptible  to  ischemi-
a-reperfusion  [107].  Occasionally  cognitive  deficits
and delayed neuronal death are often a consequence of
CI; processes that are closely related to neural plastici-
ty in the hippocampus CA1 region [108].

Wang et al. [109] evaluated the expression of pro-
teins in the hippocampus region of rats, after treatment
with Xiao-Xu-Ming (XXM) extract with two vessel oc-
clusions (2-VO). Through unmarked quantitative pro-
teomics  techniques,  the  molecular  events  associated
with chronic cerebral hypoperfusion and XXM extract
modulation were investigated. The results showed that
52 proteins were expressed differentially, which are as-
sociated with various molecular functions and biologi-
cal processes, including PCTK3.

The  main  activities  of  PCTK3  discovered  so  far
and their relationships with several diseases are sum-
marized in Table 1.

CONCLUSION
Although a growing interest in CDKs has emerged

since the discovery of their roles in the cell cycle and
transcription, the PCTAIRE family has not been exten-
sively studied to date, and PCTK3 is the least investi-
gated among these family members.  It  is  known that
PCTK3 has two isoforms, is expressed in many tissues
(especially in the brain and heart), and can be fully acti-
vated either by binding to a cyclin or by PKA phospho-
rylation (a feature that is not common in the CDK fami-
ly).

Different from most of the other CDKs, PCTK3 is
involved in several  biological  events in the brain.  Its
deregulation  is  directly  related  to  many  neurological
diseases, such as depression, Alzheimer’s disease, de-
myelinating  diseases,  and  cerebral  ischemia.  There-
fore, special attention should be given to this protein as
a potential target for drugs in treating these diseases.

The studies mentioned in this review demonstrate
how diverse  are  PCTK3 activities  and  their  relations
with diseases. However, even though these researches
show very relevant information, there is still a lot to in-
vestigate  about  the  PCTK3  structure,  its  biophysi-
cal/biochemical aspects, how this enzyme acts and is
recruited for biological events. From a more in-depth
knowledge about PCTK3, it will be easier to develop
new  methods  for  early  diagnosis  and/or  therapies  in
which  control  of  PCTK3  activity  results  in  a  better
treatment for the related diseases.

LIST OF ABBREVIATIONS

14-3-3 = Proteins Located in the 14th Frac-
tion  Eluting  from  a  DEAE-cellu-
lose Column and in Position 3.3 on
a Starch Electrophoresis Gel

9-1-1 = Heterotrimeric Rad9-Rad1-HUS1
AD = Alzheimer’s Disease
ADP = Adenosine Diphosphate
AKAP = A-kinase Anchoring Protein
APP = Amyloid β-precursor Protein
AQP2 = Aquaporin-2
ATP = Adenosine Triphosphate
ATR = Ataxia Telangiectasia and Rad3-re-

lated Kinase
ATRIP = ATR-interacting Protein
AVP = Arginine-vasopressin
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cAMP = Cyclic Adenosine Monophosphate
cdc2 = Cell Division Cycle Protein 2
CDC25A = Cell  Division  Cycle  25  Homolog

A
CDC25C = Cell Division cycle 25 Homolog C
CDK = Cyclin-dependent Kinase
Chk1 = Checkpoint Kinase 1
CHO = Chinese Hamster Ovary
COPII Com-
plex

= Coat Protein Complex II

CTS-1 = p53-derived Synthetic Tumor Sup-
pressor

CXXC4 = CXXC Finger Protein 4
DDR = DNA Damage Response (DDR)
DNA = Deoxyribonucleic Acid
dsDNA = Double Strand DNA
ELK1 = ETS Domain-containing Protein-1
ERK = Extracellular  Signal-regulated  Ki-

nases
FAK = Focal Adhesion Kinase
FDA = Food and Drug Administration
GBM = Glioblastoma
GDP = Guanosine-5'-diphosphate
GSC = Glioblastoma Stem-like Cells
GTP = Guanosine-5'-triphosphate
HR = Homologous Recombination
MAPK = Mitogen-Activated Protein Kinase
MEK = Mitogen-activated  Protein  Kinase

Kinase
MLC = Myosin-Light-Chain Kinase
mRNA = Messenger RNA
OPC = Oligodendrocyte Precursor Cells
p53 = Tumor Protein p53
PARP = Poly(ADP-ribose) Polymerase
PARPi = PARP Inhibitors
PCR = Polymerase Chain Reaction
PCTK1 = PCTAIRE 1

PCTK2 = PCTAIRE 2
PCTK3 = PCTAIRE 3
PCTKs = PCTAIRE Kinases
PDB = Protein Data Bank
PKA = Protein Kinase A
PLCβ1 = phospholipase Cβ 1
qRT-PCR = Real-time  Quantitative  Reverse

Transcription  PCR
RAC1 = Ras-related  C3  Botulinum  Toxin

Substrate  1
Rad proteins = “Radiation-repair” Proteins
Raf kinase = “Rapidly  Accelerated  Fibrosarco-

ma”  Kinase
RFC = Replication Factor C
RHINO = Rad9, Rad1, Hus1 Interacting Nu-

clear Orphan
RhoA = Ras Homolog Family Member A
RNA = Ribonucleic Acid
RNAi = RNA Interference
ROCK = Rho-associated Kinase
RPA = Replication Protein A
RTK = Receptor Tyrosine Kinase
RT-PCR = Reverse  Transcription-Polymerase

Chain Reaction
SH2-domain = Src Homology 2 Domain
siRNA = Small Interfering RNA
Sos Protein
Family

= “Son of Sevenless” Protein Family

ssDNA = Single-strand DNA
STUB1 = STIP1 Homology and U-Box Con-

taining Protein 1
T2D = Type 2 Diabetes
Tau = T Protein
TOPBP1 = DNA  Topoisomerase  2-binding

Protein  1
V2R = V2 Receptors

CONSENT FOR PUBLICATION
Not applicable.



Overview of PCTK3/CDK18 Current Medicinal Chemistry, 2021, Vol. 28, No. 33   6861

FUNDING
This study has been financed in part by the Coorde-

nação de Aperfeiçoamento de Pessoal de Nível Superi-
or - Brasil (CAPES) - Finance Code 001.

CONFLICT OF INTEREST
Walter Figueira de Azevedo Jr. is a researcher for

CNPq (Brazil) and is serving as Section Editor for the
journal Current Medicinal Chemistry.

ACKNOWLEDGEMENTS
The authors acknowledge the assistance of the re-

viewers for this work, who helped them in many ways
through  their  enlightening  comments  and  valuable
suggestions.  Without  their  contributions,  this  manu-
script would not be possible.

REFERENCES

Meijer, L. Chemical inhibitors of cyclin-dependent kinas-[1]
es. Prog. Cell Cycle Res., 1995, 1, 351-363.
http://dx.doi.org/10.1007/978-1-4615-1809-9_29  PMID:
9552377
Kim, S.H.; Schulze-Gahmen, U.; Brandsen, J.; de Azevedo[2]
Júnior, W.F. Structural basis for chemical inhibition of CD-
K2. Prog. Cell Cycle Res., 1996, 2, 137-145.
http://dx.doi.org/10.1007/978-1-4615-5873-6_14  PMID:
9552391
De Azevedo, W.F. Jr.; Mueller-Dieckmann, H.J.; Schulze-[3]
Gahmen, U.; Worland, P.J.; Sausville, E.; Kim, S.H. Struc-
tural basis for specificity and potency of a flavonoid inhibi-
tor of human CDK2, a cell cycle kinase. Proc. Natl. Acad.
Sci. USA, 1996, 93(7), 2735-2740.
http://dx.doi.org/10.1073/pnas.93.7.2735 PMID: 8610110
De Azevedo, W.F. Jr.;  Leclerc,  S.;  Meijer,  L.;  Havlicek,[4]
L.; Strnad, M.; Kim, S.H. Inhibition of cyclin-dependent ki-
nases by purine analogues: crystal structure of human cdk2
complexed  with  roscovitine.  Eur.  J.  Biochem.,  1997,
243(1-2),  518-526.
http://dx.doi.org/10.1111/j.1432-1033.1997.0518a.x
PMID: 9030780
de Azevedo, W.F. Jr.; Canduri, F.; da Silveira, N.J. Structu-[5]
ral  basis  for  inhibition  of  cyclin-dependent  kinase  9  by
flavopiridol.  Biochem.  Biophys.  Res.  Commun.,  2002,
293(1),  566-571.
http://dx.doi.org/10.1016/S0006-291X(02)00266-8  PMID:
12054639
Canduri, F.; Uchoa, H.B.; de Azevedo, W.F. Jr. Molecular[6]
models of cyclin-dependent kinase 1 complexed with in-
hibitors. Biochem. Biophys. Res. Commun., 2004, 324(2),
661-666.
http://dx.doi.org/10.1016/j.bbrc.2004.09.109  PMID:
15474478
Filgueira de Azevedo, W. Jr.;  Gaspar,  R.T.;  Canduri,  F.;[7]
Camera, J.C.Jr.; Freitas da Silveira, N.J. Molecular model
of cyclin-dependent kinase 5 complexed with roscovitine.
Biochem.  Biophys.  Res.  Commun.,  2002,  297(5),
1154-1158.
http://dx.doi.org/10.1016/S0006-291X(02)02352-5  PMID:
12372407
Blagden, S.; de Bono, J. Drugging cell cycle kinases in can-[8]

cer therapy. Curr. Drug Targets, 2005, 6(3), 325-335.
http://dx.doi.org/10.2174/1389450053765824  PMID:
15857291
Canduri, F.; de Azevedo, W.F. Jr. Structural basis for inter-[9]
action of inhibitors with cyclin-dependent kinase 2. Curr.
Comput. Aided Drug Des, 2005, 1(1), 53-64.
http://dx.doi.org/10.2174/1573409052952233
Krystof,  V.;  Cankar,  P.;  Frysová,  I.;  Slouka,  J.;  Konto-[10]
pidis, G.; Dzubák, P.; Hajdúch, M.; Srovnal, J.; de Azeve-
do, W.F. Jr.; Orság, M.; Paprskárová, M.; Rolcík, J.; Látr,
A.;  Fischer,  P.M.;  Strnad,  M.  4-arylazo-3,5-diami-
no-1H-pyrazole CDK inhibitors: SAR study, crystal struc-
ture  in  complex  with  CDK2,  selectivity,  and  cellular  ef-
fects. J. Med. Chem., 2006, 49(22), 6500-6509.
http://dx.doi.org/10.1021/jm0605740 PMID: 17064068
Canduri,  F.;  Perez,  P.C.;  Caceres,  R.A.;  de  Azevedo,[11]
W.F.Jr  CDK9  a  potential  target  for  drug  development.
Med. Chem., 2008, 4(3), 210-218.
http://dx.doi.org/10.2174/157340608784325205  PMID:
18473913
Krystof, V.; Uldrijan, S. Cyclin-dependent kinase inhibi-[12]
tors as anticancer drugs. Curr. Drug Targets, 2010, 11(3),
291-302.
http://dx.doi.org/10.2174/138945010790711950  PMID:
20210754
Rizzolio,  F.;  Tuccinardi,  T.;  Caligiuri,  I.;  Lucchetti,  C.;[13]
Giordano, A. CDK inhibitors:  from the bench to clinical
trials. Curr. Drug Targets, 2010, 11(3), 279-290.
http://dx.doi.org/10.2174/138945010790711978  PMID:
20210753
Cirillo, D.; Pentimalli, F.; Giordano, A. Peptides or small[14]
molecules? Different approaches to develop more effective
CDK  inhibitors.  Curr.  Med.  Chem.,  2011,  18(19),
2854-2866.
http://dx.doi.org/10.2174/092986711796150496  PMID:
21651493
Németh, G.; Varga, Z.; Greff, Z.; Bencze, G.; Sipos, A.;[15]
Szántai-Kis,  C.;  Baska,  F.;  Gyuris,  A.;  Kelemenics,  K.;
Szathmáry, Z.; Minárovits, J.; Kéri, G.; Orfi, L. Novel, se-
lective CDK9 inhibitors for the treatment of HIV infection.
Curr. Med. Chem., 2011, 18(3), 342-358.
http://dx.doi.org/10.2174/092986711794839188  PMID:
21143121
DiPippo,  A.J.;  Patel,  N.K.;  Barnett,  C.M.  Cyclin-depen-[16]
dent  kinase inhibitors  for  the  treatment  of  breast  cancer:
past, present, and future. Pharmacotherapy, 2016,  36(6),
652-667.
http://dx.doi.org/10.1002/phar.1756 PMID: 27087139
de Ávila, M.B.; Xavier, M.M.; Pintro, V.O.; de Azevedo,[17]
W.F. Jr. Supervised machine learning techniques to predict
binding  affinity.  A  study  for  cyclin-dependent  kinase  2.
Biochem.  Biophys.  Res.  Commun.,  2017,  494(1-2),
305-310.
http://dx.doi.org/10.1016/j.bbrc.2017.10.035  PMID:
29017921
Zajac, M.; Muszalska, I.; Jelinska, A. New Molecular Tar-[18]
gets of Anticancer Therapy - Current Status and Perspec-
tives. Curr. Med. Chem., 2016, 23(37), 4176-4220.
http://dx.doi.org/10.2174/0929867323666160814002150
PMID: 27528054
Levin, N.M.B.; Pintro, V.O.; de Ávila, M.B.; de Mattos,[19]
B.B.; De Azevedo, W.F. Jr. Understanding the structural
basis for inhibition of cyclin-dependent kinases. New pie-
ces  in  the  molecular  puzzle.  Curr.  Drug  Targets,  2017,
18(9), 1104-1111.

http://dx.doi.org/10.1007/978-1-4615-1809-9_29
http://www.ncbi.nlm.nih.gov/pubmed/9552377
http://dx.doi.org/10.1007/978-1-4615-5873-6_14
http://www.ncbi.nlm.nih.gov/pubmed/9552391
http://dx.doi.org/10.1073/pnas.93.7.2735
http://www.ncbi.nlm.nih.gov/pubmed/8610110
http://dx.doi.org/10.1111/j.1432-1033.1997.0518a.x
http://www.ncbi.nlm.nih.gov/pubmed/9030780
http://dx.doi.org/10.1016/S0006-291X(02)00266-8
http://www.ncbi.nlm.nih.gov/pubmed/12054639
http://dx.doi.org/10.1016/j.bbrc.2004.09.109
http://www.ncbi.nlm.nih.gov/pubmed/15474478
http://dx.doi.org/10.1016/S0006-291X(02)02352-5
http://www.ncbi.nlm.nih.gov/pubmed/12372407
http://dx.doi.org/10.2174/1389450053765824
http://www.ncbi.nlm.nih.gov/pubmed/15857291
http://dx.doi.org/10.2174/1573409052952233
http://dx.doi.org/10.1021/jm0605740
http://www.ncbi.nlm.nih.gov/pubmed/17064068
http://dx.doi.org/10.2174/157340608784325205
http://www.ncbi.nlm.nih.gov/pubmed/18473913
http://dx.doi.org/10.2174/138945010790711950
http://www.ncbi.nlm.nih.gov/pubmed/20210754
http://dx.doi.org/10.2174/138945010790711978
http://www.ncbi.nlm.nih.gov/pubmed/20210753
http://dx.doi.org/10.2174/092986711796150496
http://www.ncbi.nlm.nih.gov/pubmed/21651493
http://dx.doi.org/10.2174/092986711794839188
http://www.ncbi.nlm.nih.gov/pubmed/21143121
http://dx.doi.org/10.1002/phar.1756
http://www.ncbi.nlm.nih.gov/pubmed/27087139
http://dx.doi.org/10.1016/j.bbrc.2017.10.035
http://www.ncbi.nlm.nih.gov/pubmed/29017921
http://dx.doi.org/10.2174/0929867323666160814002150
http://www.ncbi.nlm.nih.gov/pubmed/27528054


6862   Current Medicinal Chemistry, 2021, Vol. 28, No. 33 de Oliveira Pepino et al.

http://dx.doi.org/10.2174/1389450118666161116130155
PMID: 27848884
Levin,  N.M.B.;  Pintro,  V.O.;  Bitencourt-Ferreira,  G.;  de[20]
Mattos, B.B.; de Castro Silvério, A.; de Azevedo, W.F. Jr.
Development of CDK-targeted scoring functions for predic-
tion of binding affinity. Biophys. Chem., 2018, 235, 1-8.
http://dx.doi.org/10.1016/j.bpc.2018.01.004  PMID:
29407904
Dos Santos Paparidis, N.F.; Canduri, F. The emerging pic-[21]
ture of CDK11: genetic, functional and medicinal aspects.
Curr. Med. Chem., 2018, 25(8), 880-888.
http://dx.doi.org/10.2174/0929867324666170815102036
PMID: 28814241
Bacon, C.W.; D’Orso, I. CDK9: a signaling hub for tran-[22]
scriptional control. Transcription, 2019, 10(2), 57-75.
http://dx.doi.org/10.1080/21541264.2018.1523668  PMID:
30227759
Volkart,  P.A.;  Bitencourt-Ferreira,  G.;  Souto,  A.A.;  de[23]
Azevedo, W.F. Cyclin-dependent kinase 2 in cellular senes-
cence  and  cancer.  A  structural  and  functional  review.
Curr.  Drug  Targets,  2019,  20(7),  716-726.
http://dx.doi.org/10.2174/1389450120666181204165344
PMID: 30516105
Ding, L.; Cao, J.; Lin, W.; Chen, H.; Xiong, X.; Ao, H.;[24]
Yu, M.; Lin, J.; Cui, Q. The roles of cyclin-dependent ki-
nases in cell-cycle progression and therapeutic strategies in
human breast cancer. Int. J. Mol. Sci., 2020, 21(6), 1960.
http://dx.doi.org/10.3390/ijms21061960 PMID: 32183020
Bitencourt-Ferreira, G.; da Silva, A.D.; de Azevedo, W.F.[25]
Jr. Application of machine learning techniques to predict
binding affinity for drug targets. A study of cyclin-depen-
dent kinase 2. Curr. Med. Chem., 2021, 28(2), 253-265.
http://dx.doi.org/10.2174/2213275912666191102162959
PMID: 31729287
de Melo Gagliato, D.; C Buzaid, A.; Perez-Garcia, J.M.;[26]
Llombart, A.; Cortes, J. CDK4/6 inhibitors in hormone re-
ceptor-positive  metastatic  breast  cancer:  current  practice
and knowledge. Cancers (Basel), 2020, 12(9), 2480.
http://dx.doi.org/10.3390/cancers12092480  PMID:
32882980
Emadi, F.; Teo, T.; Rahaman, M.H.; Wang, S. CDK12: a[27]
potential therapeutic target in cancer. Drug Discov. Today,
2020, 25(12), 2257-2267.
http://dx.doi.org/10.1016/j.drudis.2020.09.035  PMID:
33038524
Gao, X.; Leone, G.W.; Wang, H. Cyclin D-CDK4/6 func-[28]
tions in cancer. Adv. Cancer Res., 2020, 148, 147-169.
http://dx.doi.org/10.1016/bs.acr.2020.02.002  PMID:
32723562
Kalous,  J.;  Jansová,  D.;  Šušor,  A.  Role  of  cyclin-depen-[29]
dent  kinase  1  in  translational  regulation in  the  M-Phase.
Cells, 2020, 9(7), 1568.
http://dx.doi.org/10.3390/cells9071568 PMID: 32605021
Piezzo, M.; Cocco, S.; Caputo, R.; Cianniello, D.; Gioia,[30]
G.D.;  Lauro,  V.D.;  Fusco,  G.;  Martinelli,  C.;  Nuzzo,  F.;
Pensabene, M.; De Laurentiis, M. Targeting cell cycle in
breast cancer: CDK4/6 inhibitors. Int. J. Mol. Sci., 2020,
21(18), 6479.
http://dx.doi.org/10.3390/ijms21186479 PMID: 32899866
Rubin, S.M.; Sage, J.; Skotheim, J.M. Integrating Old and[31]
New Paradigms of G1/S Control. Mol. Cell, 2020, 80(2),
183-192.
http://dx.doi.org/10.1016/j.molcel.2020.08.020  PMID:
32946743
Sundar,  V.;  Vimal,  S.;  Sai  Mithlesh,  M.S.;  Dutta,  A.;[32]

Tamizhselvi, R.; Manickam, V. Transcriptional cyclin-de-
pendent  kinases  as  the  mediators  of  inflammation-a  re-
view. Gene, 2021, 769, 145200.
http://dx.doi.org/10.1016/j.gene.2020.145200  PMID:
33031895
Yang,  Y.;  Luo,  J.;  Chen,  X.;  Yang,  Z.;  Mei,  X.;  Ma,  J.;[33]
Zhang,  Z.;  Guo,  X.;  Yu,  X.  CDK4/6  inhibitors:  a  novel
strategy for tumor radiosensitization. J. Exp. Clin. Cancer
Res., 2020, 39(1), 188.
http://dx.doi.org/10.1186/s13046-020-01693-w  PMID:
32933570
Malumbres, M.; Barbacid, M. Mammalian cyclin-depen-[34]
dent kinases. Trends Biochem. Sci., 2005, 30(11), 630-641.
http://dx.doi.org/10.1016/j.tibs.2005.09.005  PMID:
16236519
Jeffrey, P.D.; Russo, A.A.; Polyak, K.; Gibbs, E.; Hurwitz,[35]
J.; Massagué, J.; Pavletich, N.P. Mechanism of CDK acti-
vation revealed by the structure of a cyclinA-CDK2 com-
plex. Nature, 1995, 376(6538), 313-320.
http://dx.doi.org/10.1038/376313a0 PMID: 7630397
Braams, E.; D’Angiolella, V. Keeping CDK18 in balance[36]
to prevent DNA replication stress in breast cancer. Onco-
target, 2018, 9(102), 37610-37611.
http://dx.doi.org/10.18632/oncotarget.26517  PMID:
30701016
Meyerson, M.; Enders, G.H.; Wu, C.L.; Su, L.K.; Gorka,[37]
C.; Nelson, C.; Harlow, E.; Tsai, L.H. A family of human
cdc2-related  protein  kinases.  EMBO  J.,  1992,  11(8),
2909-2917.
http://dx.doi.org/10.1002/j.1460-2075.1992.tb05360.x
PMID: 1639063
Newton, A.C.; Johnson, J.E. Protein kinase C: a paradigm[38]
for regulation of protein function by two membrane-target-
ing  modules.  Biochim.  Biophys.  Acta,  1998,  1376(2),
155-172.
http://dx.doi.org/10.1016/S0304-4157(98)00003-3  PMID:
9748550
Mikolcevic, P.; Rainer, J.; Geley, S. Orphan kinases turn[39]
eccentric: a new class of cyclin Y-activated, membrane-tar-
geted CDKs. Cell Cycle, 2012, 11(20), 3758-3768.
http://dx.doi.org/10.4161/cc.21592 PMID: 22895054
Yanagi, T.; Matsuzawa, S. PCTAIRE1/PCTK1/CDK16: a[40]
new oncotarget? Cell Cycle, 2015, 14(4), 463-464.
http://dx.doi.org/10.1080/15384101.2015.1006539  PMID:
25590439
Dixon-Clarke,  S.E.;  Shehata,  S.N.;  Krojer,  T.;  Sharpe,[41]
T.D.; von Delft, F.; Sakamoto, K.; Bullock, A.N. Structure
and  inhibitor  specificity  of  the  PCTAIRE-family  kinase
CDK16. Biochem. J., 2017, 474(5), 699-713.
http://dx.doi.org/10.1042/BCJ20160941 PMID: 28057719
de Azevedo, W.F. Jr. Opinion paper: targeting multiple cy-[42]
clin-dependent kinases (CDKs): a new strategy for molecu-
lar docking studies. Curr. Drug Targets, 2016, 17(1), 2.
http://dx.doi.org/10.2174/138945011701151217100907
PMID: 26687602
Cole,  A.R.  PCTK  proteins:  the  forgotten  brain  kinases?[43]
Neurosignals, 2009, 17(4), 288-297.
http://dx.doi.org/10.1159/000231895 PMID: 19816065
Shi, H.; Zhang, C.J.; Chen, G.Y.; Yao, S.Q. Cell-based pro-[44]
teome  profiling  of  potential  dasatinib  targets  by  use  of
affinity-based  probes.  J.  Am.  Chem.  Soc.,  2012,  134(6),
3001-3014.
http://dx.doi.org/10.1021/ja208518u PMID: 22242683
Matsuda, S.; Kominato, K.; Koide-Yoshida, S.; Miyamoto,[45]
K.; Isshiki, K.; Tsuji, A.; Yuasa, K. PCTAIRE kinase 3/cy-

http://dx.doi.org/10.2174/1389450118666161116130155
http://www.ncbi.nlm.nih.gov/pubmed/27848884
http://dx.doi.org/10.1016/j.bpc.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29407904
http://dx.doi.org/10.2174/0929867324666170815102036
http://www.ncbi.nlm.nih.gov/pubmed/28814241
http://dx.doi.org/10.1080/21541264.2018.1523668
http://www.ncbi.nlm.nih.gov/pubmed/30227759
http://dx.doi.org/10.2174/1389450120666181204165344
http://www.ncbi.nlm.nih.gov/pubmed/30516105
http://dx.doi.org/10.3390/ijms21061960
http://www.ncbi.nlm.nih.gov/pubmed/32183020
http://dx.doi.org/10.2174/2213275912666191102162959
http://www.ncbi.nlm.nih.gov/pubmed/31729287
http://dx.doi.org/10.3390/cancers12092480
http://www.ncbi.nlm.nih.gov/pubmed/32882980
http://dx.doi.org/10.1016/j.drudis.2020.09.035
http://www.ncbi.nlm.nih.gov/pubmed/33038524
http://dx.doi.org/10.1016/bs.acr.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32723562
http://dx.doi.org/10.3390/cells9071568
http://www.ncbi.nlm.nih.gov/pubmed/32605021
http://dx.doi.org/10.3390/ijms21186479
http://www.ncbi.nlm.nih.gov/pubmed/32899866
http://dx.doi.org/10.1016/j.molcel.2020.08.020
http://www.ncbi.nlm.nih.gov/pubmed/32946743
http://dx.doi.org/10.1016/j.gene.2020.145200
http://www.ncbi.nlm.nih.gov/pubmed/33031895
http://dx.doi.org/10.1186/s13046-020-01693-w
http://www.ncbi.nlm.nih.gov/pubmed/32933570
http://dx.doi.org/10.1016/j.tibs.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16236519
http://dx.doi.org/10.1038/376313a0
http://www.ncbi.nlm.nih.gov/pubmed/7630397
http://dx.doi.org/10.18632/oncotarget.26517
http://www.ncbi.nlm.nih.gov/pubmed/30701016
http://dx.doi.org/10.1002/j.1460-2075.1992.tb05360.x
http://www.ncbi.nlm.nih.gov/pubmed/1639063
http://dx.doi.org/10.1016/S0304-4157(98)00003-3
http://www.ncbi.nlm.nih.gov/pubmed/9748550
http://dx.doi.org/10.4161/cc.21592
http://www.ncbi.nlm.nih.gov/pubmed/22895054
http://dx.doi.org/10.1080/15384101.2015.1006539
http://www.ncbi.nlm.nih.gov/pubmed/25590439
http://dx.doi.org/10.1042/BCJ20160941
http://www.ncbi.nlm.nih.gov/pubmed/28057719
http://dx.doi.org/10.2174/138945011701151217100907
http://www.ncbi.nlm.nih.gov/pubmed/26687602
http://dx.doi.org/10.1159/000231895
http://www.ncbi.nlm.nih.gov/pubmed/19816065
http://dx.doi.org/10.1021/ja208518u
http://www.ncbi.nlm.nih.gov/pubmed/22242683


Overview of PCTK3/CDK18 Current Medicinal Chemistry, 2021, Vol. 28, No. 33   6863

clin-dependent kinase 18 is activated through association
with cyclin A and/or phosphorylation by protein kinase A.
J. Biol. Chem., 2014, 289(26), 18387-18400.
http://dx.doi.org/10.1074/jbc.M113.542936  PMID:
24831015
Okuda,  T.;  Yoshida,  T.;  Hatano,  T.;  Iwasaki,  M.;  Kubo,[46]
M.; Orime, T.; Yoshizaki, M.; Naruhashi, N. Hydrolysable
tannins as chemotaxonomic markers in the Rosaceae. Phy-
tochemistry, 1992, 31(9), 3091-3096.
http://dx.doi.org/10.1016/0031-9422(92)83451-4
Herskovits, A.Z.; Davies, P. Cloning and expression analy-[47]
sis of two novel PCTAIRE 3 transcripts from human brain.
Gene, 2004, 328, 59-67.
http://dx.doi.org/10.1016/j.gene.2003.12.011  PMID:
15019984
Herskovits, A.Z.; Davies, P. The regulation of tau phospho-[48]
rylation by PCTAIRE 3: implications for the pathogenesis
of  Alzheimer’s  disease.  Neurobiol.  Dis.,  2006,  23(2),
398-408.
http://dx.doi.org/10.1016/j.nbd.2006.04.004  PMID:
16766195
Carrel, L.; Clemson, C.M.; Dunn, J.M.; Miller, A.P.; Hunt,[49]
P.A.; Lawrence, J.B.; Willard, H.F. X inactivation analysis
and DNA methylation studies of the ubiquitin activating en-
zyme  E1  and  PCTAIRE-1  genes  in  human  and  mouse.
Hum. Mol. Genet., 1996, 5(3), 391-401.
http://dx.doi.org/10.1093/hmg/5.3.391 PMID: 8852665
Berman,  H.M.;  Westbrook,  J.;  Feng,  Z.;  Gilliland,  G.;[50]
Bhat,  T.N.;  Weissig,  H.;  Shindyalov,  I.N.;  Bourne,  P.E.
The  protein  data  bank.  Nucleic  Acids  Res.,  2000,  28(1),
235-242.
http://dx.doi.org/10.1093/nar/28.1.235 PMID: 10592235
Berman,  H.M.;  Battistuz,  T.;  Bhat,  T.N.;  Bluhm,  W.F.;[51]
Bourne,  P.E.;  Burkhardt,  K.;  Feng,  Z.;  Gilliland,  G.L.;
Iype,  L.;  Jain,  S.;  Fagan,  P.;  Marvin,  J.;  Padilla,  D.;
Ravichandran, V.; Schneider, B.; Thanki, N.; Weissig, H.;
Westbrook, J.D.; Zardecki, C. The Protein Data Bank. Ac-
ta Crystallogr. D Biol. Crystallogr., 2002, 58(Pt 6 No 1),
899-907.
http://dx.doi.org/10.1107/S0907444902003451  PMID:
12037327
Westbrook,  J.;  Feng,  Z.;  Chen,  L.;  Yang,  H.;  Berman,[52]
H.M. The protein data bank and structural genomics. Nu-
cleic Acids Res., 2003, 31(1), 489-491.
http://dx.doi.org/10.1093/nar/gkg068 PMID: 12520059
Sali, A.; Blundell, T.L. Comparative protein modelling by[53]
satisfaction  of  spatial  restraints.  J.  Mol.  Biol.,  1993,
234(3),  779-815.
http://dx.doi.org/10.1006/jmbi.1993.1626 PMID: 8254673
Uchôa, H.B.; Jorge, G.E.; Freitas Da Silveira, N.J.; Cam-[54]
era, J.C. Jr.; Canduri, F.; De Azevedo, W.F. Jr. Parmodel:
a web server for automated comparative modeling of pro-
teins.  Biochem.  Biophys.  Res.  Commun.,  2004,  325(4),
1481-1486.
http://dx.doi.org/10.1016/j.bbrc.2004.10.192  PMID:
15555595
Bitencourt-Ferreira, G.; de Azevedo, W.F. Jr. Homology[55]
modeling  of  protein  targets  with  MODELLER.  Methods
Mol. Biol., 2019, 2053, 231-249.
http://dx.doi.org/10.1007/978-1-4939-9752-7_15  PMID:
31452109
Mikolcevic, P.; Sigl, R.; Rauch, V.; Hess, M.W.; Pfaller,[56]
K.; Barisic, M.; Pelliniemi, L.J.; Boesl, M.; Geley, S. Cy-
clin-dependent kinase 16/PCTAIRE kinase 1 is activated
by  cyclin  Y  and  is  essential  for  spermatogenesis.  Mol.

Cell. Biol., 2012, 32(4), 868-879.
http://dx.doi.org/10.1128/MCB.06261-11  PMID:
22184064
Endicott, J.A.; Noble, M.E.M. Structural characterization[57]
of  the  cyclin-dependent  protein  kinase  family.  Biochem.
Soc. Trans., 2013, 41(4), 1008-1016.
http://dx.doi.org/10.1042/BST20130097 PMID: 23863171
Law,  M.E.;  Corsino,  P.E.;  Narayan,  S.;  Law,  B.K.  Cy-[58]
clin-dependent kinase inhibitors as anticancer therapeutics.
Mol. Pharmacol., 2015, 88(5), 846-852.
http://dx.doi.org/10.1124/mol.115.099325  PMID:
26018905
Cicenas,  J.;  Kalyan,  K.;  Sorokinas,  A.;  Stankunas,  E.;[59]
Levy, J.; Meskinyte, I.; Stankevicius, V.; Kaupinis, A.; Val-
ius,  M.  Roscovitine  in  cancer  and  other  diseases.  Ann.
Transl. Med., 2015, 3(10), 135.
http://dx.doi.org/10.3978/j.issn.2305-5839.2015.03.61
PMID: 26207228
Finn,  R.S.;  Martin,  M.;  Rugo,  H.S.;  Jones,  S.;  Im,  S.A.;[60]
Gelmon,  K.;  Harbeck,  N.;  Lipatov,  O.N.;  Walshe,  J.M.;
Moulder, S.; Gauthier, E.; Lu, D.R.; Randolph, S.; Diéras,
V.;  Slamon,  D.J.  Palbociclib  and  letrozole  in  advanced
breast cancer. N. Engl. J. Med., 2016, 375(20), 1925-1936.
http://dx.doi.org/10.1056/NEJMoa1607303  PMID:
27959613
Steichen, J.M.; Kuchinskas, M.; Keshwani, M.M.; Yang,[61]
J.; Adams, J.A.; Taylor, S.S. Structural basis for the regula-
tion of protein kinase A by activation loop phosphoryla-
tion. J. Biol. Chem., 2012, 287(18), 14672-14680.
http://dx.doi.org/10.1074/jbc.M111.335091  PMID:
22334660
Ning,  J.F.;  Stanciu,  M.;  Humphrey,  M.R.;  Gorham,  J.;[62]
Wakimoto, H.; Nishihara, R.; Lees, J.; Zou, L.; Martuza,
R.L.;  Wakimoto,  H.;  Rabkin,  S.D. Myc targeted CDK18
promotes ATR and homologous recombination to mediate
PARP inhibitor resistance in glioblastoma. Nat. Commun.,
2019, 10(1), 2910.
http://dx.doi.org/10.1038/s41467-019-10993-5  PMID:
31266951
Li, P.; Ge, D.; Li, P.; Hu, F.; Chu, J.; Chen, X.; Song, W.;[63]
Wang, A.; Tian, G.; Gu, X. 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),  10151-10165.
http://dx.doi.org/10.1111/jcmm.15625 PMID: 32715641
Hirose, T.; Tamaru, T.; Okumura, N.; Nagai, K.; Okada,[64]
M. PCTAIRE 2, a Cdc2-related serine/threonine kinase, is
predominantly expressed in terminally differentiated neu-
rons. Eur. J. Biochem., 1997, 249(2), 481-488.
http://dx.doi.org/10.1111/j.1432-1033.1997.t01-1-00481.x
PMID: 9370357
Wright, P.; Kelsall, J.; Healing, G.; Sanderson, J. Differen-[65]
tial expression of cyclin-dependent kinases in the adult hu-
man  retina  in  relation  to  CDK  inhibitor  retinotoxicity.
Arch.  Toxicol.,  2019,  93(3),  659-671.
http://dx.doi.org/10.1007/s00204-018-2376-8  PMID:
30617560
Palmer,  B.D.;  Thompson,  A.M.;  Booth,  R.J.;  Dobrusin,[66]
E.M.;  Kraker,  A.J.;  Lee,  H.H.;  Lunney,  E.A.;  Mitchell,
L.H.;  Ortwine,  D.F.;  Smaill,  J.B.;  Swan,  L.M.;  Denny,
W.A.  4-phenylpyrrolo[3,4-c]carbazole-1,3(2H,6H)-dione
inhibitors of the checkpoint kinase wee1. Structure-activity
relationships  for  chromophore  modification  and  phenyl
ring substitution. J. Med. Chem., 2006, 49(16), 4896-4911.

http://dx.doi.org/10.1074/jbc.M113.542936
http://www.ncbi.nlm.nih.gov/pubmed/24831015
http://dx.doi.org/10.1016/0031-9422(92)83451-4
http://dx.doi.org/10.1016/j.gene.2003.12.011
http://www.ncbi.nlm.nih.gov/pubmed/15019984
http://dx.doi.org/10.1016/j.nbd.2006.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16766195
http://dx.doi.org/10.1093/hmg/5.3.391
http://www.ncbi.nlm.nih.gov/pubmed/8852665
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://dx.doi.org/10.1107/S0907444902003451
http://www.ncbi.nlm.nih.gov/pubmed/12037327
http://dx.doi.org/10.1093/nar/gkg068
http://www.ncbi.nlm.nih.gov/pubmed/12520059
http://dx.doi.org/10.1006/jmbi.1993.1626
http://www.ncbi.nlm.nih.gov/pubmed/8254673
http://dx.doi.org/10.1016/j.bbrc.2004.10.192
http://www.ncbi.nlm.nih.gov/pubmed/15555595
http://dx.doi.org/10.1007/978-1-4939-9752-7_15
http://www.ncbi.nlm.nih.gov/pubmed/31452109
http://dx.doi.org/10.1128/MCB.06261-11
http://www.ncbi.nlm.nih.gov/pubmed/22184064
http://dx.doi.org/10.1042/BST20130097
http://www.ncbi.nlm.nih.gov/pubmed/23863171
http://dx.doi.org/10.1124/mol.115.099325
http://www.ncbi.nlm.nih.gov/pubmed/26018905
http://dx.doi.org/10.3978/j.issn.2305-5839.2015.03.61
http://www.ncbi.nlm.nih.gov/pubmed/26207228
http://dx.doi.org/10.1056/NEJMoa1607303
http://www.ncbi.nlm.nih.gov/pubmed/27959613
http://dx.doi.org/10.1074/jbc.M111.335091
http://www.ncbi.nlm.nih.gov/pubmed/22334660
http://dx.doi.org/10.1038/s41467-019-10993-5
http://www.ncbi.nlm.nih.gov/pubmed/31266951
http://dx.doi.org/10.1111/jcmm.15625
http://www.ncbi.nlm.nih.gov/pubmed/32715641
http://dx.doi.org/10.1111/j.1432-1033.1997.t01-1-00481.x
http://www.ncbi.nlm.nih.gov/pubmed/9370357
http://dx.doi.org/10.1007/s00204-018-2376-8
http://www.ncbi.nlm.nih.gov/pubmed/30617560


6864   Current Medicinal Chemistry, 2021, Vol. 28, No. 33 de Oliveira Pepino et al.

http://dx.doi.org/10.1021/jm0512591 PMID: 16884302
Palmer, K.J.; Konkel, J.E.; Stephens, D.J. PCTAIRE pro-[67]
tein kinases interact directly with the COPII complex and
modulate  secretory  cargo  transport.  J.  Cell  Sci.,  2005,
118(Pt  17),  3839-3847.
http://dx.doi.org/10.1242/jcs.02496 PMID: 16091426
Naumann,  U.;  Huang,  H.;  Wolburg,  H.;  Wischhusen,  J.;[68]
Weit,  S.;  Ohgaki,  H.;  Weller,  M.  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),  469-478.
http://dx.doi.org/10.1038/sj.cgt.7700917 PMID: 16276348
Ozaki, T.; Nakagawara, A. p53: the attractive tumor sup-[69]
pressor  in  the  cancer  research  field.  J.  Biomed.
Biotechnol.,  2011,  2011,  603925.
http://dx.doi.org/10.1155/2011/603925 PMID: 21188172
Meek, S.E.M.; Lane, W.S.; Piwnica-Worms, H. Compre-[70]
hensive  proteomic  analysis  of  interphase  and  mitotic
14-3-3-binding  proteins.  J.  Biol.  Chem.,  2004,  279(31),
32046-32054.
http://dx.doi.org/10.1074/jbc.M403044200  PMID:
15161933
Layfield, R.; Fergusson, J.; Aitken, A.; Lowe, J.; Landon,[71]
M.; Mayer, R.J. Neurofibrillary tangles of Alzheimer’s dis-
ease brains contain 14-3-3 proteins. Neurosci. Lett., 1996,
209(1), 57-60.
http://dx.doi.org/10.1016/0304-3940(96)12598-2  PMID:
8734909
Awasthi, P.; Foiani, M.; Kumar, A. ATM and ATR signal-[72]
ing at a glance. J. Cell Sci., 2015, 128(23), 4255-4262.
http://dx.doi.org/10.1242/jcs.169730 PMID: 26567218
Barone,  G.;  Staples,  C.J.;  Ganesh,  A.;  Patterson,  K.W.;[73]
Bryne,  D.P.;  Myers,  K.N.;  Patil,  A.A.;  Eyers,  C.E.;
Maslen, S.; Skehel, J.M.; Eyers, P.A.; Collis, S.J. Human
CDK18 promotes replication stress signaling and genome
stability. Nucleic Acids Res., 2016, 44(18), 8772-8785.
http://dx.doi.org/10.1093/nar/gkw615 PMID: 27382066
Matsuda,  S.;  Kawamoto,  K.;  Miyamoto,  K.;  Tsuji,  A.;[74]
Yuasa, K. PCTK3/CDK18 regulates cell migration and ad-
hesion by negatively modulating FAK activity. Sci. Rep.,
2017, 7, 45545.
http://dx.doi.org/10.1038/srep45545 PMID: 28361970
Scarlata, S.; Singla, A.; Garwain, O. Phospholipase Cβ in-[75]
teracts with cytosolic partners to regulate cell proliferation.
Adv. Biol. Regul., 2018, 67, 7-12.
http://dx.doi.org/10.1016/j.jbior.2017.09.004  PMID:
28919329
Pan,  Y.;  Jiang,  Z.;  Sun,  D.;  Li,  Z.;  Pu,  Y.;  Wang,  D.;[76]
Huang,  A.;  He,  C.;  Cao,  L.  Cyclin-dependent  kinase  18
promotes  oligodendrocyte  precursor  cell  differentiation
through activating the extracellular signal-regulated kinase
signaling pathway. Neurosci. Bull., 2019, 35(5), 802-814.
http://dx.doi.org/10.1007/s12264-019-00376-7  PMID:
31028571
Dema, A.; Faust, D.; Lazarow, K.; Wippich, M.; Neuensch-[77]
wander,  M.;  Zühlke,  K.;  Geelhaar,  A.;  Pallien,  T.;
Hallscheidt, E.; Eichhorst, J.; Wiesner, B.; Černecká, H.;
Popp, O.; Mertins, P.; Dittmar, G.; von Kries, J.P.; Kluss-
mann, E. Cyclin-dependent kinase 18 controls trafficking
of aquaporin-2 and its abundance through ubiquitin ligase
STUB1, which functions as an AKAP. Cells, 2020, 9(3),
673.
http://dx.doi.org/10.3390/cells9030673 PMID: 32164329
Guo, Y.-J.;  Pan, W.-W.; Liu, S.-B.;  Shen, Z.-F.;  Xu, Y.;[78]

Hu, L.-L. ERK/MAPK signalling pathway and tumorigene-
sis. Exp. Ther. Med., 2020, 19(3), 1997-2007.
http://dx.doi.org/10.3892/etm.2020.8454 PMID: 32104259
Sahin, B.; Fife, J.; Parmar, M.B.; Valencia-Serna, J.; Gul-[79]
Uludağ, H.; Jiang, X.; Weinfeld, M.; Lavasanifar, A.; Ulu-
dağ, H. siRNA therapy in cutaneous T-cell lymphoma cells
using  polymeric  carriers.  Biomaterials,  2014,  35(34),
9382-9394.
http://dx.doi.org/10.1016/j.biomaterials.2014.07.029
PMID: 25128374
Öhlinger, K.; Kolesnik, T.; Meindl, C.; Gallé, B.; Absen-[80]
ger-Novak, M.; Kolb-Lenz, D.; Fröhlich, E. Air-liquid in-
terface culture  changes surface properties  of  A549 cells.
Toxicol. In Vitro, 2019, 60, 369-382.
http://dx.doi.org/10.1016/j.tiv.2019.06.014  PMID:
31233786
Huichalaf, C.H.; Al-Ramahi, I.; Park, K.W.; Grunke, S.D.;[81]
Lu,  N.;  de  Haro,  M.;  El-Zein,  K.;  Gallego-Flores,  T.;
Perez,  A.M.;  Jung,  S.Y.;  Botas,  J.;  Zoghbi,  H.Y.;
Jankowsky, J.L. Cross-species genetic screens to identify
kinase targets for APP reduction in Alzheimer’s disease.
Hum. Mol. Genet., 2019, 28(12), 2014-2029.
http://dx.doi.org/10.1093/hmg/ddz034 PMID: 30753434
Wang,  L.Y.;  Tao,  Z.;  Zhao,  H.P.;  Wang,  R.L.;  Li,  L.Z.;[82]
Luo, Y.M.; Chen, Z.G. Huoluo Yinao decoction mitigates
cognitive  impairments  after  chronic  cerebral  hypoperfu-
sion in rats. J. Ethnopharmacol., 2019, 238, 111846.
http://dx.doi.org/10.1016/j.jep.2019.111846  PMID:
30954615
Barone, G.; Arora, A.; Ganesh, A.; Abdel-Fatah, T.; Mose-[83]
ley,  P.;  Ali,  R.;  Chan,  S.Y.;  Savva,  C.;  Schiavone,  K.;
Carmell, N.; Myers, K.N.; Rakha, E.A.; Madhusudan, S.;
Collis,  S.J.  The  relationship  of  CDK18  expression  in
breast cancer to clinicopathological parameters and thera-
peutic response. Oncotarget, 2018, 9(50), 29508-29524.
http://dx.doi.org/10.18632/oncotarget.25686  PMID:
30034634
Romero, K.D. Interactions between phospholipase Cβ and[84]
cyclin-dependent kinase 18 contribute to the neuropathoge-
nesis of Alzheimer’s Disease. Major Qualifying Projects,
2019.
Gaillard,  H.;  García-Muse,  T.;  Aguilera,  A.  Replication[85]
stress and cancer. Nat. Rev. Cancer, 2015, 15(5), 276-289.
http://dx.doi.org/10.1038/nrc3916 PMID: 25907220
Zou, L.; Cortez, D.; Elledge, S.J. Regulation of ATR subs-[86]
trate selection by Rad17-dependent loading of Rad9 com-
plexes onto chromatin. Genes Dev., 2002, 16(2), 198-208.
http://dx.doi.org/10.1101/gad.950302 PMID: 11799063
Valladares,  A.;  Hernández,  N.G.;  Gómez,  F.S.;  Curiel-[87]
Quezada,  E.;  Madrigal-Bujaidar,  E.;  Vergara,  M.D.;
Martínez,  M.S.;  Arenas  Aranda,  D.J.  Genetic  expression
profiles  and  chromosomal  alterations  in  sporadic  breast
cancer  in  Mexican  women.  Cancer  Genet.  Cytogenet.,
2006,  170(2),  147-151.
http://dx.doi.org/10.1016/j.cancergencyto.2006.06.002
PMID: 17011986
Taneera, J.; Fadista, J.; Ahlqvist, E.; Zhang, M.; Wierup,[88]
N.; Renström, E.; Groop, L. Expression profiling of cell cy-
cle genes in human pancreatic islets with and without type
2 diabetes. Mol. Cell. Endocrinol., 2013, 375(1-2), 35-42.
http://dx.doi.org/10.1016/j.mce.2013.05.003  PMID:
23707792
Donath, M.Y.; Halban, P.A. Decreased beta-cell mass in di-[89]
abetes: significance, mechanisms and therapeutic implica-
tions. Diabetologia, 2004, 47(3), 581-589.

http://dx.doi.org/10.1021/jm0512591
http://www.ncbi.nlm.nih.gov/pubmed/16884302
http://dx.doi.org/10.1242/jcs.02496
http://www.ncbi.nlm.nih.gov/pubmed/16091426
http://dx.doi.org/10.1038/sj.cgt.7700917
http://www.ncbi.nlm.nih.gov/pubmed/16276348
http://dx.doi.org/10.1155/2011/603925
http://www.ncbi.nlm.nih.gov/pubmed/21188172
http://dx.doi.org/10.1074/jbc.M403044200
http://www.ncbi.nlm.nih.gov/pubmed/15161933
http://dx.doi.org/10.1016/0304-3940(96)12598-2
http://www.ncbi.nlm.nih.gov/pubmed/8734909
http://dx.doi.org/10.1242/jcs.169730
http://www.ncbi.nlm.nih.gov/pubmed/26567218
http://dx.doi.org/10.1093/nar/gkw615
http://www.ncbi.nlm.nih.gov/pubmed/27382066
http://dx.doi.org/10.1038/srep45545
http://www.ncbi.nlm.nih.gov/pubmed/28361970
http://dx.doi.org/10.1016/j.jbior.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/28919329
http://dx.doi.org/10.1007/s12264-019-00376-7
http://www.ncbi.nlm.nih.gov/pubmed/31028571
http://dx.doi.org/10.3390/cells9030673
http://www.ncbi.nlm.nih.gov/pubmed/32164329
http://dx.doi.org/10.3892/etm.2020.8454
http://www.ncbi.nlm.nih.gov/pubmed/32104259
http://dx.doi.org/10.1016/j.biomaterials.2014.07.029
http://www.ncbi.nlm.nih.gov/pubmed/25128374
http://dx.doi.org/10.1016/j.tiv.2019.06.014
http://www.ncbi.nlm.nih.gov/pubmed/31233786
http://dx.doi.org/10.1093/hmg/ddz034
http://www.ncbi.nlm.nih.gov/pubmed/30753434
http://dx.doi.org/10.1016/j.jep.2019.111846
http://www.ncbi.nlm.nih.gov/pubmed/30954615
http://dx.doi.org/10.18632/oncotarget.25686
http://www.ncbi.nlm.nih.gov/pubmed/30034634
http://dx.doi.org/10.1038/nrc3916
http://www.ncbi.nlm.nih.gov/pubmed/25907220
http://dx.doi.org/10.1101/gad.950302
http://www.ncbi.nlm.nih.gov/pubmed/11799063
http://dx.doi.org/10.1016/j.cancergencyto.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17011986
http://dx.doi.org/10.1016/j.mce.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23707792


Overview of PCTK3/CDK18 Current Medicinal Chemistry, 2021, Vol. 28, No. 33   6865

http://dx.doi.org/10.1007/s00125-004-1336-4  PMID:
14767595
Kahn, S.E. The relative contributions of insulin resistance[90]
and beta-cell dysfunction to the pathophysiology of type 2
diabetes. Diabetologia, 2003, 46(1), 3-19.
http://dx.doi.org/10.1007/s00125-002-1009-0  PMID:
12637977
Dor, Y.; Brown, J.; Martinez, O.I.; Melton, D.A. Adult pan-[91]
creatic beta-cells are formed by self-duplication rather than
stem-cell differentiation. Nature, 2004, 429(6987), 41-46.
http://dx.doi.org/10.1038/nature02520 PMID: 15129273
Georgia, S.;  Bhushan, A. Beta cell  replication is the pri-[92]
mary mechanism for maintaining postnatal beta cell mass.
J. Clin. Invest., 2004, 114(7), 963-968.
http://dx.doi.org/10.1172/JCI22098 PMID: 15467835
Meier, J.J.; Butler, A.E.; Saisho, Y.; Monchamp, T.; Galas-[93]
so, R.; Bhushan, A.; Rizza, R.A.; Butler, P.C. Beta-cell re-
plication is the primary mechanism subserving the postna-
tal expansion of beta-cell mass in humans. Diabetes, 2008,
57(6), 1584-1594.
http://dx.doi.org/10.2337/db07-1369 PMID: 18334605
Yang, Y.; Wang, H.; Zhang, J.; Luo, F.; Herrup, K.; Bibb,[94]
J.A.; Lu, R.; Miller, R.H. Cyclin dependent kinase 5 is re-
quired  for  the  normal  development  of  oligodendrocytes
and myelin formation. Dev. Biol., 2013, 378(2), 94-106.
http://dx.doi.org/10.1016/j.ydbio.2013.03.023  PMID:
23583582
Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze,[95]
A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda,
C.;  Ruderisch,  N.;  Deng,  S.;  Liddelow,  S.A.;  Zhang,  C.;
Daneman,  R.;  Maniatis,  T.;  Barres,  B.A.;  Wu,  J.Q.  An
RNA-sequencing  transcriptome  and  splicing  database  of
glia, neurons, and vascular cells of the cerebral cortex. J.
Neurosci., 2014, 34(36), 11929-11947.
http://dx.doi.org/10.1523/JNEUROSCI.1860-14.2014
PMID: 25186741
Khawaja,  X.;  Xu,  J.;  Liang,  J.J.;  Barrett,  J.E.  Proteomic[96]
analysis of protein changes developing in rat hippocampus
after chronic antidepressant treatment: implications for de-
pressive disorders and future therapies. J. Neurosci. Res.,
2004, 75(4), 451-460.
http://dx.doi.org/10.1002/jnr.10869 PMID: 14743428
Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: a flexi-[97]
ble  trimmer  for  illumina  sequence  data.  Bioinformatics,
2014, 30(15), 2114-2120.
http://dx.doi.org/10.1093/bioinformatics/btu170  PMID:
24695404
Akula, N.; Marenco, S.; Johnson, K.; Feng, N.; Cross, J.;[98]
England, B.; Detera-Wadleigh, S.; Xu, Q.; Auluck, P.K.;
Ahn, K.; Kramer, R.; Apud, J.; Harris, B.T.; Rhodes, C.H.;
Lipska, B.K.; McMahon, F.J. Deep transcriptome sequenc-
ing  of  subgenual  anterior  cingulate  cortex  reveals  disor-
der-specific expression changes in major psychiatric disor-
ders. Neuropsychopharmacology, 2021, 46, 1364-1372.
http://dx.doi.org/10.1101/598649
Chaput, D.; Kirouac, L.; Stevens, S.M. Jr.; Padmanabhan,[99]
J.  Potential  role  of  PCTAIRE-2,  PCTAIRE-3  and  P-his-
tone  H4  in  amyloid  precursor  protein-dependent
Alzheimer pathology. Oncotarget, 2016, 7(8), 8481-8497.

http://dx.doi.org/10.18632/oncotarget.7380  PMID:
26885753
Cerasoli, E.; Ryadnov, M.G.; Austen, B.M. The elusive na-[100]
ture  and  diagnostics  of  misfolded  Aβ  oligomers.  Front
Chem., 2015, 3, 17.
http://dx.doi.org/10.3389/fchem.2015.00017  PMID:
25853119
Zhang, Y.W.; Thompson, R.; Zhang, H.; Xu, H. APP pro-[101]
cessing in Alzheimer’s disease. Mol. Brain, 2011, 4, 3.
http://dx.doi.org/10.1186/1756-6606-4-3 PMID: 21214928
Braak,  H.;  Braak,  E.  Neuropathological  stageing  of[102]
Alzheimer-related  changes.  Acta  Neuropathol.,  1991,
82(4),  239-259.
http://dx.doi.org/10.1007/BF00308809 PMID: 1759558
Judge, M.; Hornbeck, L.; Potter, H.; Padmanabhan, J. Mito-[103]
sis-specific phosphorylation of amyloid precursor protein
at threonine 668 leads to its altered processing and associa-
tion with centrosomes. Mol. Neurodegener., 2011, 6, 80.
http://dx.doi.org/10.1186/1750-1326-6-80  PMID:
22112898
Chaput, D.; Kirouac, L.H.; Bell-Temin, H.; Stevens, S.M.[104]
Jr.; Padmanabhan, J. SILAC-based proteomic analysis to
investigate the impact of amyloid precursor protein expres-
sion  in  neuronal-like  B103  cells.  Electrophoresis,  2012,
33(24), 3728-3737.
http://dx.doi.org/10.1002/elps.201200251  PMID:
23161580
Weis,  S.;  Sonnberger,  M.;  Dunzinger,  A.;  Voglmayr,  E.;[105]
Aichholzer, M.; Kleiser, R.; Strasser, P. Demyelinating dis-
eases:  acute  demyelinating  encephalomyelitis  (ADEM).
Imaging  Brains  Diseases,  Springer:  Vienna,  2019,  pp.
1105-1115.
http://dx.doi.org/10.1007/978-3-7091-1544-2_43
Francoeur, C.L.; Mayer, S.A. Management of delayed cere-[106]
bral ischemia after subarachnoid hemorrhage. Crit. Care,
2016, 20(1), 277.
http://dx.doi.org/10.1186/s13054-016-1447-6  PMID:
27737684
Sugawara, T.; Lewén, A.; Noshita, N.; Gasche, Y.; Chan,[107]
P.H. Effects of global ischemia duration on neuronal, as-
troglial,  oligodendroglial,  and microglial reactions in the
vulnerable hippocampal CA1 subregion in rats. J. Neuro-
trauma, 2002, 19(1), 85-98.
http://dx.doi.org/10.1089/089771502753460268  PMID:
11852981
Zuloaga, D.G.; Iancu, O.D.; Weber, S.; Etzel, D.; Marzul-[108]
la, T.; Stewart, B.; Allen, C.N.; Raber, J. Enhanced functio-
nal connectivity involving the ventromedial hypothalamus
following methamphetamine  exposure.  Front.  Neurosci.,
2015, 9, 326.
http://dx.doi.org/10.3389/fnins.2015.00326  PMID:
26441501
Wang,  Y.H.;  Yang,  Y.L.;  Cheng,  X.;  Zhang,  J.;  Li,  W.;[109]
Du, G.H. Xiao-Xu-Ming decoction extract regulates differ-
entially expressed proteins in the hippocampus after chron-
ic  cerebral  hypoperfusion.  Neural  Regen.  Res.,  2019,
14(3),  470-479.
http://dx.doi.org/10.4103/1673-5374.245471  PMID:
30539815

http://dx.doi.org/10.1007/s00125-004-1336-4
http://www.ncbi.nlm.nih.gov/pubmed/14767595
http://dx.doi.org/10.1007/s00125-002-1009-0
http://www.ncbi.nlm.nih.gov/pubmed/12637977
http://dx.doi.org/10.1038/nature02520
http://www.ncbi.nlm.nih.gov/pubmed/15129273
http://dx.doi.org/10.1172/JCI22098
http://www.ncbi.nlm.nih.gov/pubmed/15467835
http://dx.doi.org/10.2337/db07-1369
http://www.ncbi.nlm.nih.gov/pubmed/18334605
http://dx.doi.org/10.1016/j.ydbio.2013.03.023
http://www.ncbi.nlm.nih.gov/pubmed/23583582
http://dx.doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741
http://dx.doi.org/10.1002/jnr.10869
http://www.ncbi.nlm.nih.gov/pubmed/14743428
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://dx.doi.org/10.1101/598649
http://dx.doi.org/10.18632/oncotarget.7380
http://www.ncbi.nlm.nih.gov/pubmed/26885753
http://dx.doi.org/10.3389/fchem.2015.00017
http://www.ncbi.nlm.nih.gov/pubmed/25853119
http://dx.doi.org/10.1186/1756-6606-4-3
http://www.ncbi.nlm.nih.gov/pubmed/21214928
http://dx.doi.org/10.1007/BF00308809
http://www.ncbi.nlm.nih.gov/pubmed/1759558
http://dx.doi.org/10.1186/1750-1326-6-80
http://www.ncbi.nlm.nih.gov/pubmed/22112898
http://dx.doi.org/10.1002/elps.201200251
http://www.ncbi.nlm.nih.gov/pubmed/23161580
http://dx.doi.org/10.1007/978-3-7091-1544-2_43
http://dx.doi.org/10.1186/s13054-016-1447-6
http://www.ncbi.nlm.nih.gov/pubmed/27737684
http://dx.doi.org/10.1089/089771502753460268
http://www.ncbi.nlm.nih.gov/pubmed/11852981
http://dx.doi.org/10.3389/fnins.2015.00326
http://www.ncbi.nlm.nih.gov/pubmed/26441501
http://dx.doi.org/10.4103/1673-5374.245471
http://www.ncbi.nlm.nih.gov/pubmed/30539815

	Overview of PCTK3/CDK18: A Cyclin-Dependent Kinase Involved inSpecific Functions in Post-Mitotic Cells
	Abstract:
	1. INTRODUCTION
	Fig. (1).
	2. PRIMARY STRUCTURE, SUBUNIT COMPOSITION& STRUCTURE OF THE PCTAIREPROTEINS
	Fig. (2).
	Fig. (3).
	3. PCTK3 PCTAIRE INHIBITORS
	Fig. (4).
	Fig. (5).
	4. CATALYTIC ACTIVATION OF PCTK3
	Fig. (6).
	5. PCTK3 EXPRESSION
	6. PCTK3 ACTIVITIES & FUNCTIONS
	Fig. (7).
	Fig. (8).
	Fig. (9).
	Fig. (10).
	Fig. (11).
	7. DISEASES RELATED TO PCTK3
	Table 1.
	CONCLUSION
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES

