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Abstract: Mitosis entails mechanistic changes required for maintaining the genomic integrity in
all dividing cells. The process is intricate and temporally and spatially regulated by the ordered
series of activation and de-activation of protein kinases. The mitotic kinases ensure the stepwise
progression of entry into mitosis after the G2 phase of the cell cycle, followed by prophase, pro-
metaphase, metaphase, anaphase, telophase, and subsequently cytokinesis and birth of two daughter
cells with equal segregation and distribution of the genome. The major mitotic kinases include cyclin-
dependent kinase 1 (CDK1), Aurora A and B Kinases, and Polo-Like-Kinase 1 (PLK1), among others.
Overexpression of some of these kinases has been reported in many cancers as the mitotic fidelity and
genome integrity are interlinked and dependent on these regulators, the native irregularities in these
factors can be targeted as therapeutic strategies for various cancers. Here, we report and summarize
the recent updates on the literature describing the various mitotic inhibitors targeting kinases, which
can be used as potential therapeutic interventions for gastrointestinal cancers including gastric cancer,
liver cancer, pancreatic cancer and colorectal cancer.
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1. Introduction

The division of living cells into identical daughter cells requires mitosis and cytokinesis
which together bring out an elegant dance entailing exquisite mechanisms involving many
cellular machines including protein complexes and other factors and enzymes called
kinases [1]. The process of mitosis has been studied in detail and reviewed [2,3]. Briefly, the
life cycle of a cell consists of interphase (which is considered the time period between two
successive mitoses) and mitosis. During mitosis, the cells go through a round of division.
Between cell division rounds, cells duplicate their DNA during the interphase and double
the organelles and cellular materials. Specific molecular events take place when cells enter
into mitosis, where equal segregation of DNA content in the form of chromosomes to
two daughter nuclei occurs, followed by cytokinesis causing cell division and generation
of daughter cells [4]. Therefore, the cells have tightly regulated mechanisms aiming to
maintain genome integrity. Failure of these mechanisms leads to chromosomal aberrations,
aneuploidy, and DNA damage that are passed to the progeny. Moreover, the deregulated
cell cycle along with the genome instability characterizes cancers or malignant phenotypes
of cancers [5].
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The effective strategies to combat cancer, therefore, involve inducing aberrant mitosis
to trigger apoptosis in dividing cells. These strategies are considered relatively selective
as cancer cell populations rapidly divide and become susceptible to therapy if mitosis
is targeted specifically [6]. However, there are some complications with such strategies.
For instance, strategies targeting the microtubules can inhibit and trigger the death of
healthy non-dividing cells such as neurons [7]. Therefore, a new generation of anti-mitotic
agents that can target the protein kinases involved in the regulation of mitosis has been
developed [8]. For cell cycle progression, there are many kinases such as cyclin-dependent
kinases (CDKs) functioning in intra-cellular environments. The master regulator kinase
is CDK1, which is a mitotic kinase that interacts with cyclin B to become active and
phosphorylates its substrates in mitotic progression [9,10]. Furthermore, there are other
pivotal kinases that coordinate their activities to maintain the genomic integrity in normal
cell division, which can be targeted to provide therapeutic efficacy against cancers. These
kinases include two families of kinases; Polo-like kinases and Aurora kinases [11].

Aurora A overexpression in many cancers has been reported including cervical cancer,
neuroblastoma, prostate, ovarian, colon, and breast cancers. The overexpression of Aurora
A has been associated with multinucleation and cytokinesis failure induced by centrosome
amplification [12]. Aurora A is considered to be regulated by p53. Indeed, cells lacking
p53 exhibited chromosome instability, higher centrosome numbers, and higher aneuploidy
due to failed rounds of cellular division [13,14]. Moreover, in cells possessing p53, Aurora
A overexpression resulted in tetraploidy along apoptosis and growth arrest, consistent
with activation of the post-mitotic checkpoint. The mechanism through which p53 inhibits
Aurora A is by inducing the localization of a known inhibitor of Aurora A called GADD45a
at centrosomes in response to DNA damage [15].

Similar to Aurora A, Aurora B overexpression has also been reported in cancers and is
attributed as either effect or cause of tumorigenesis [16]. The higher Aurora-B expression is
linked to its mislocalization within cells that cause the promotion of growth and tetraploidy;,
aneuploidy, near-diploids and chromosomal instability. The extent of overexpression
of Aurora-B has a direct relationship with cancer progression. The tight regulation of
Aurora-B in mitosis provides a balance for the cells to go through normal cell division
and any perturbation in Aurora B can lead to cells being susceptible to chromosomal
aberrations [17].

Polo Like Kinase 1 (PLK1) is another mitotic kinase that is one of the major regulators
of the progression of the cell cycle, and its levels and kinase activity are intricately regulated
for ensuring genome integrity [18]. A variety of human cancers exhibit overexpression
of PLK1, which contributes to tumorigenesis. The overexpression of PLK1 is reported
to favor proliferation by inducing the transcription of FoxM1 and its downstream gene
targets [19]. Hyperactivity of PLK1 leads to downregulation of the G2 checkpoint signal-
ing pathways and the entry into mitosis without stringent DNA damage response and
resultant acute DNA damage [20]. Elevated levels of PLK1 give rise to cytokinesis failure
resulting from multinucleation and centrosome amplification and subsequently causing
cellular transformation and deleterious aneuploidy. Invasion of extracellular matrix upon
PLK1 overexpression is one of the mechanisms that cells utilize to transition towards
malignancy [21].

Here we report the advances made in the field of targeting of the mitotic kinases as
potential therapeutic agents in the last five years. The review is focused on summarizing
the role of mitotic kinases and their involvement in the progression of gastrointestinal
cancers along with various inhibitors that have been utilized in preclinical and clinical
settings to treat these cancers.

2. Gastric Cancer

Gastric Cancer (GC) is one of the most prevalent cancers, with a poor prognosis and a
high incidence of disease-related deaths. Scientific advances in the treatment of GC have
global implications, even in low-incidence countries [22]. The biological differences in
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tumors between Eastern and Western countries define standard treatment regimens based
on international trials. Systemic chemotherapy, radiotherapy, surgery, immunotherapy,
combined treatments, and targeted therapy have proven efficacy in GC [23].

2.1. Standard-of-Care Treatment of Gastric Cancer

Surgery is the gold standard for GC treatment without distant metastases. The opti-
mization of endoscopic resection and minimally invasive surgery has significantly impacted
treatment strategies for GC over the last few decades [24]. Surgery should be performed
in the time window when the tumor is responsive to chemotherapy. Preoperative and
postoperative chemotherapy is commonly used to reduce tumor volume. Ychou et al.
showed that the postoperative adjuvant chemotherapy based on the fluorouracil regimen
significantly reduced mortality in GC patients compared to surgery alone [25]. In addition,
chemotherapy increased overall 5-year survival from 49.6% to 55.3%, and oral administra-
tion of fluoropyrimidines may also be effective in advanced GC [26]. Furthermore, radiation
therapy uses high-energy rays or particles to eliminate cancer cells and is combined with
chemotherapy (chemoradiation) to improve survival outcomes for patients with GC [27].

The main treatment options based on the molecular properties of gastric tumors are
ramucirumab and trastuzumab, which target vascular endothelial growth factor receptor 2
(VEGFR?2) and Erb-B2 receptor tyrosine kinase 2 (HER2), respectively. De Vita et al. com-
pared trastuzumab plus chemotherapy (i.e., cisplatin, capecitabine) with chemotherapy
alone in patients with advanced HER2-positive stomach cancer in a phase II trial. They
demonstrated that the ramucirumab and paclitaxel combination was the most appropriate
treatment for patients who received first-line therapy with trastuzumab [28]. Hence, there
is an urgent need to investigate new treatment strategies, including the identification of
novel biomarkers for patient stratification, but also specific pharmacological drugs for GC.

2.2. General Overview of Mitotic Kinases in Gastric Cancer
2.2.1. Cyclin-Dependent Kinases (CDKs)

Due to the critical role of mitotic kinases in GC progress, they may serve as an attractive
target for molecular targeting cancer therapy. CDKs are cell cycle-dependent kinases that
regulate cell cycle progression and response to DNA damage and are over-expressed in
many cancers as mentioned previously.

Tang et al. have reported that CDK2 modulates aerobic glycolysis in GC cell lines since
CDK2 knockdown reduced glycolytic mRNA levels. Sirtuin 5 (SIRT5) is a mitochondria-
localized tumor suppressor that plays a negative role in metabolic reprogramming. CDK2
knockdown increased SIRT5 mRNA expression levels in SGC-7901 and MGC-803 cells.
In summary, the authors uncovered new roles for CDK2 and SIRT5 in GC, that could
potentially be targeted to improve the overall survival of GC patients [29].

2.2.2. Aurora Kinases

Aurora kinases are a family of serine/threonine kinases that regulate G2/M phase
transitions through several key factors. Compelling data indicate that the G2/M transition
is promoted by Aurora kinase [30]. Ding and colleagues reported that Aurora B and cyclin
B1 are co-expressed during the G2/M phase in GC cells. In addition, they demonstrated
that, in the presence of high levels of cyclin B1, Aurora B was upregulated during the G2/M
phase. Taken together, their results show that Aurora B interacts with Cell-cycle Related
and Expression-elevated Protein in Tumor (CREPT) to modulate the expression of Cyclin
B1 during G2 phase [31].

2.2.3. Polo-Like Kinase 1

Polo-like kinase (PLK) family plays a critical role in regulating cell cycle, DNA syn-
thesis and p53 transactivation. Their overexpression is involved in the pathogenesis of
multiple human cancers [32]. Dang et al. discovered that PLK1 was elevated upon trans-
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fection of GC cell lines with anti-miR-505. Furthermore, they found that miR-505 directly
targets Polo-like kinase 1 (PLK1) to regulate its expression levels in GC cell lines [33].

Most importantly, PLK1 has been identified as having a great effect on cell division
and maintaining genomic stability in mitosis. Indeed, the expression of PLK1 is increased
in GC tissues and cells. Furthermore, PLK1 inhibition resulted in cell cycle G2-phase
arrest and inhibited the proliferation, migration, and apoptosis of GC cells, whereas its
overexpression had the opposite effect. Moreover, inhibition of PLK1 reduced the activation
of Mitogen-activated protein kinase (MEK) and Extracellular Signal-Regulated Kinases
(ERK) pathway [34].

Similarly, Cai et al. suggested that PLK1 is an essential positive regulator of GC cell
migration, invasion and epithelial-mesenchymal transition (EMT). They reported that most
GC cell lines have higher PLK1 mRNA and protein levels compared to human gastric
mucosal epithelial cell line (GES1). Silencing intracellular PLK1 expression by siRNA
demonstrated the involvement of PLK1 in migration of both SGC7901 and MKN28 cells.
Hence, overexpression of PLK1 promotes the EMT program [35].

2.2.4. Weel-Like Protein Kinase (WEE1)

WEET1 kinase is a member of the Serine/Threonine protein kinase family and regulates
the DNA damage checkpoint (G2/M cell-cycle checkpoint) that allows DNA repair before
mitotic entry. Notably, the expression of WEEI is significantly high in cancer cells [36].

Kim et al. have investigated the tumorigenic role of WEEL1 in GC, and they identified
high WEEL1 expression and WEEL1 protein secretion in GC cell lines. Furthermore, they
transfected GC lines with siRNA against WEEI to demonstrate the effect of WEEL silencing
on cell viability, concluding that cell viability was decreased in WEE1 siRNA-transfected
cells [137].

2.3. Recent Mitotic Kinase Inhibitors as Therapeutic Interventions for Gastric Cancer
2.3.1. Aurora Kinases

Danusertib, formerly known as PHA739358, is a potent pan-Aurora kinase inhibitor.
Yuan et al. reported that danusertib reduces the survival rate of human GC cell lines.
Indeed, danusertib had a potent inhibitory effect on the growth of GC cells. In addition,
treatment with danusertib decreased the proportion of cancer cells in the G1 phase, as well
as expression of cyclin-dependent kinase 2 (CDK2) [38].

Aurora A knockdown or inhibition with alisertib decreased the levels of phosphory-
lated ribosomal protein S6 kinase B1 (RPS6KB1) and increased the levels of pro-apoptotic
proteins, including poly (ADP-ribose) polymerase cleaved (PARP) and cleaved caspase
3. Administration of alisertib to mice with xenograft tumors significantly reduced tumor
volumes. Furthermore, Aurora A was upregulated in gastric tumor tissue compared to
non-tumor tissue [39].

2.3.2. Polo-Like Kinase

Nokihara et al. described volasertib as a selective Polo-like kinase inhibitor that
induces mitotic arrest and apoptosis in patient with GC. The results of phase I of their study
have proofed the inhibitory effects of the volasertib (300 mg of volasertib administered on
day 1 of a 3-week cycle) in Japanese patients with advanced GC, as well as its safety for
clinical use [40].

Lin et al. have shown the inhibitory effect of AZD1775 on PLK1 in GC cells. AZD1775
targeted WEE1/PLK1 and reduced the expression of PLK1 in a dose-dependent manner in
AGS and MKN45 cell lines. AZD1775 exerted its antitumor activity by inducing apoptosis
in GC cells, since the cleavage of caspase 3 and the expression of Bax significantly increased
in AZD1775-treated AGS and MKN45 cell lines. In addition, the combination of AZD1775
with Olaparib led to enhanced inhibition of gastric tumor growth compared to monotherapy.
To sum up, they suggested that targeting WEE1 with AZD1775-Olaparib is an alternative
promising method against GC [36].
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2.3.3. Weel-Like Protein Kinase (WEE1)

Weel-like protein kinase (WEE1) belongs to the serine/threonine-protein kinase family
and is a key regulator of cell cycle progression. WEE1 is highly expressed in various cancers
and is known to promote carcinogenesis. Kim et al. detected overexpression of WEE1 in
male GC patients with lymph node metastasis. Moreover, WEE1 ablation reduced GC cell
viability, invasion and migration, whereas treatment with the WEE1 inhibitor AZD1775
decreased viability of GC cell lines and induced cell cycle arrest. Remarkably, treatment
with AZD1775 reduced tumor size and weight in animal models of cancer. In addition,
combination therapy enhanced suppression of GC growth in a mouse model, compared to
monotherapy [137].

2.3.4. Cyclin-Dependent Kinases (CDKs)

Liu et al. proposed procaterol treatment as a new treatment strategy for human GC.
They found that procaterol, a clinically used drug as 32-receptor agonist against bronchitis,
suppresses cell viability and colony formation of GC cell lines and attenuates tumor growth
of patient-derived gastric tumor xenografts. Additionally, they reported that procaterol
bounds and inhibits the kinase activity of cyclin-dependent kinase 12 (CDK12), which is
highly expressed in GC. In conclusion, they found that procaterol inhibits CDK12 in vitro
and in vivo [41].

The main recent findings concerning mitotic kinase inhibitors (along with their chemi-
cal structures) in gastric cancer are summarised in Table 1 and Figure 1.

Table 1. Recent studies on mitotic kinase inhibitors as therapeutic interventions for gastric cancer.

Target Inhibitor Model Main Findings Reference
Danusertib Danusertib inhibits Aurora and CDK2
Aurora and LQ/ ek NCI-N78 and AGS human GC expression in GC cell lines. The [38]
CDK2 PoS RS NN cell line. proportion of GC cells in the G1 phase :
A is reduced.
Alisertib reduces tumor volume.
Mice with xenograft Downregulation of Aurora A by
Aurora A tumors tissues. alisertib reduces the level of (3]
phosphorylated RPS6KB1.
AZD1775 Th};[;?\gg eﬁ/l;%gs I(I? C;i}ég?g’ AZD1775 induces apoptosis and cell
3, Lo , 4 4 i i
Weel L SNU-601, SNU-638, SNU-668, cycle arrest. Tumor size and welght [137]
eRb T . were reduced in mice treated with
oy {4 and SNU-719. Orthotopic .
- AZD1775 compared to control mice.
mouse model for GC.
. Procaterol Cell xenograft NU/NU mouse
Lo models (CDXs) and
CDK12 . Y patient-derived xenograft Procaterol bounds to and inhibits [41]
0 om NOD/SCID mouse models CDK12 kinase activity.
e 58 n\r (PDXs) were conducted
Ho ~ to study.
Japanese patients with Volasertib has been investigated as a
. advanced solid tumors. . . . 0
Volasertib Methods In this phase I selective Polo-like kinase inhibitor
PLK1 T P ’ that resulted in mitotic arrest and [40]

open-label, dose-escalation
trial, sequential
patient cohorts.

apoptosis in Japanese patients with
gastric cancer.
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Table 1. Cont.
Target Inhibitor Model Main Findings Reference
Administration of AZD1775-olaparib
amed at WEE1/PLK1 and the
expression of PLK1 reduced in AGS
APDITS aman G calimesicss MMl e which e
WEE1/(PLK1) R A and AGS. & 510 Y [36]
T olaparib alone.

female NOD/SCID mice. The combination of AZD1775 and

olaparib has led to higher inhibition in
gastric tumor growth than their
monotherapy in mice.

Abbreviations: GC = gastric cancer, Aurora = Aurora kinase family, CDK2 = Cyclin-dependent kinase 2,
CDK12 = Cyclin-dependent kinase 12, NCI-N78 = gastric carcinoma cell line, AGS = human gastric adenocarci-
noma cell, MKN28 = human gastric adenocarcinoma, RPS6KB1 = Ribosomal Protein S6 Kinase B1, PLKs = Polo-like
kinases, PLK1 = Polo-like kinase 1, Weel = Weel-like protein kinase, YCC-2 = human gastric cancer cell line,
KATO III = human gastric carcinoma cell line, SNU-216, SNU-601, SNU-638, SNU-668, and SNU-719 = Gastric
Cell Lines, AZD1775 = Adavosertib, CDXs = cell line-based xenografts, PDXs = patient-derived xenografts,
NOD/SCID = Nonobese diabetic/severe combined immunodeficiency.
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Figure 1. A schematic representation of the main molecules involved in gastric cancer and the drugs
that target them.

3. Liver Cancer

Liver cancers are a great health challenge with cases increasing every year with
the expected number of cases reaching over a million in 2025 according to estimates by
epidemiologists [42,43]. Usually, chronic liver diseases along with cirrhosis caused by
infections from hepatitis B and C are associated with hepatocellular carcinomas (HCC) that
drive Liver cancers [42]. Long-term liver diseases include the major risk factors for HCC,
which is considered the primary liver cancer [44] along with the accumulation of fat in the
liver and higher alcohol consumption [45]. The liver function blood tests, imaging tests,
and liver biopsies are the standard procedures for the diagnosis of liver cancer [46].

3.1. Standard-of-Care Treatment of Liver Cancer

HCC and other cancers of the liver can be treated by immunotherapy, targeted drug
delivery approaches, radiation therapy, chemotherapy, surgical resection, ablation therapy,
and transplant surgery depending on the condition of the patients ranging from early
dysplasia to metastatic stages of the disease [47-49].
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3.2. General Overview of Mitotic Kinases in Liver Cancer
3.2.1. CDK1

The cyclin-dependent kinase 1 (CDK1) is responsible for upregulating the cellular
proliferation, G2-M transition, and cell cycle progression in HCC, and its overexpression
is associated with poor clinicopathological outcomes along with the recurrence of the
disease [50]. CDK1 activity is also higher in tumor tissues as compared to non-tumorous
tissues in HCC [51]. The CDK1 mRINA and protein levels are consistently higher HCC
tissues. The shRNA-mediated knockdown of CDK1 resulted in a decrease in induction
of apoptosis due to the regulation of apoptin subcellular localization, which is known to
trigger apoptosis in cancer cells selectively [52].

Both in vivo and in vitro inhibition of CDK1 caused a blockage of cell cycle progres-
sion at G2-M [53]. Furthermore, CDKI1 protein has been introduced as one of the hub
proteins that is selectively enriched in protein—protein interaction networks associated
with HCC [54]. In HCC cell lines, a pan-CDK inhibitor, which significantly inhibits CDK1
activity, known as Flavopiridol is reported to induce doxorubicin-associated cytotoxicity.
Furthermore, CDK1 inhibitors such as P276-00, roscovitine, and flavopiridol increase apop-
tosis and decrease the migration and proliferation of HCC cells [55]. Flavopiridol and
irinotecan treatments in phase I clinical trial showed that patients with advanced HCC
exhibit stabilization of the disease for a period of more than 14 months [56]. It has also been
demonstrated that HCC cells isolated from pleural fluids and ascites develop resistance to
chemotherapeutic drugs; however, flavopiridol treatment show effectiveness against this
resistance [57].

CDK1, along with CCNB2 and CCNBI1, which are cyclin B genes, are considered
prognostic biomarkers for HCC and are associated with immune cell infiltration. Therefore,
CDK1 can be utilized for the prediction of immunotherapy for HCC as well. It has been
hypothesized that combinatorial inhibition of these aforementioned genes can improve
the overall survival rate for HCC patients [58]. Transcriptomic analysis of human HCC
tissue concluded that CDK1 overexpression was associated with other mitotic factors such
as MCM2, BUB1B, BUBI, the substrate of CDK1 named CDC20, and CCNB1. Remarkably,
overexpression of these genes termed the poor survival in HCC and can be targeted as a
therapeutic strategy for HCC [59].

Apart from higher expression of CDK1 and other core genes in HCC, knockdown
of CDK1 led to suppression of SGOL2, ANLN, and PLK1, showing a pathway termed
as CDK1-PLK1/SGOL2/ANLN in regulating the cell division for the development of
HCC [60]. A circular RNA circ-ADD3 is known to influence the CDK1 and EZH?2 interaction
positively, leading to higher ubiquitination of EZH2 and its degradation and induction
of anti-metastatic genes along with reduced H3K27me3 on the promoter region of target
genes, and ultimately reducing metastasis of HCC. Therefore, in normal liver cells, CDK1
function is balanced by circ-ADD3, which is abrogated in HCC [61]. There are other forms
of RNA such as long non-coding RNA that are implicated in regulating CDK1 in HCC.
LINC00346 promotes CDK1 and Cyclin B1 pathways by inhibiting miR-1991-3p, p21, and
p53. The regulation of the cell cycle in HCC cells by LINC00346 includes the adsorption
of miR-1991-3p, which directly affects the signaling pathway of p53; therefore, CDK1
regulation is critical for HCC development [62].

3.2.2. Aurora Kinases

Aurora A is a serine/threonine kinase encoded by the AURKA gene that specifically
phosphorylates its substrate at either serine or threonine residues and is known to be
involved in the processes of cytokinesis, chromosome alignment in metaphase, spindle
assembly, and centrosome duplication and separation in dividing cells. Aurora A expres-
sion is in the G2-M phases of the cell cycle and is often localized to mitotic spindles and
centrosomes [63]. Aurora A is overexpressed in HCC and is considered a potent oncogene
with higher expression associated with metastasis of HCC. Its overexpression is also associ-
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ated with an increased EMT along with the CSC behavior of HCC cells mediated by the
PI3K/Akt/mTOR pathway [64].

Aurora A expression is post-transcriptionally regulated by miR-26a-5p to control the
growth of cells in HCC. The overexpression of miR-26a-5p results in a direct reduction
of growth and Aurora A levels [65]. Genetic alterations in the Aurora A gene have been
associated with the development of HCC and can be termed as potential genetic biomarkers
for the early prediction of HCC [66]. Another upstream factor of Aurora A is Inhibitor
of Differentiation 1 (ID-1), which competitively binds to CDH1 and serves as a co-factor
of anaphase-promoting complex/cyclosome (APC/C) and leads to the accumulation of
Aurora A, which is one of the substrates of APC/C. Increased Aurora A expression and
activity then subsequently increases Myc and leads to an oncogenic ID1/Aurora A/Myc
axis and progression of HCC [67]. One of the major mechanisms through which Aurora A
functions in promoting HCC is an Myc/Aurora A feedback loop involving Aurora A and
Myc regulating the expression of each other transcriptionally [68].

Aurora B is another critical cancer-related Aurora kinase that is overexpressed in HCC
and its upregulation has been associated with hyperpolyploidization for promoting HCC.
During cytokinesis, Aurora B is localized at the midbody, and its overexpression results in
failure of abscission leading to hyperpolyploidy [69]. There is a variant of AURKB known
as AURKB-Sv2, which is significantly expressed and linked with HCC and can be used as a
marker for the poor prognosis of HCC. The multiple malignant formations of the tumor
along with the recurrence of HCC are also associated with the Aurora B variant [70].

3.2.3. PLK1

PLK1 overexpression has been associated with poor outcomes of HCC and can be
regarded as a biomarker of the disease [71]. PLK1 suppression leads to inhibition of growth
in HCC cell lines [72]. PLK1 inhibition leads to the induction of apoptosis by stabilized pro-
apoptotic proteins [73]. PLK1 is a cell cycle-related protein, which functions in mitosis by
regulating the spindle assembly checkpoint. PLK1 is repressed by retinoblastoma protein
(RB), which in turn is activated by SLAMF3 in HCC [74].

The kinase STK39 acts as an upstream factor for activation of PLK1 apart from the
aforementioned CDK1-PLK1 axis. STK39 stabilizes the ERK signaling by activating PLK1 in
HCC cells and therefore PLK1 and STK39 both are targets for therapy in HCC [75]. FBXO45
is another protein involved in the PLK1 mediated progression of HCC. It ubiquitinates
IGF2BP1 and activates PLK1 by stabilizing it [76]. In HCC cells, a microRNA let-7b regulates
PLK1 for induction of apoptosis by reducing the surviving phosphorylations [77]. PLK1
is also known to phosphorylate and induce the proteasomal degradation of ZBF198 and
SUZ12, which subsequently increases the HOTAIR expression in virus-induced hepatocytes
showing an epigenetic reprogramming related mechanism of PLK1 in Liver cancer [78].

3.3. Recent Mitotic Kinase Inhibitors as Therapeutic Interventions for Liver Cancer
3.3.1. CDK1

It has been established that CDK1 is frequently higher in HCC tissues and is directly
correlated with the poor outcome of the disease. Hence, CDK1 inhibition by specific kinase
inhibitor RO-3306 is usually combined with chemotherapeutic agents such as sorafenib.
Therefore, the effect on tumor growth of this combinatorial method was investigated, and
it was observed that CDK1 inhibition after RO-3306 treatments in PDX models, downregu-
lated 3-catenin and PDK1 along with Nanog, Sox2, and Oct4 that are pluripotency-inducing
proteins. Furthermore, CDK1 inhibition leads to a decreased epithelial-mesenchymal-
transition (EMT), S-phase populations, and cancer stem cell (CSC) growth [79].

Metformin is an antihyperglycemic agent, which exhibits antineoplastic effects. It has
been demonstrated that metformin treatment induces microRNA miR-378, which inhibits
CDK1 and leads to anti-proliferative effects in HCC cells [80]. Lycorine, a natural product
of Lyroris radiate, also inhibits CDK1 expression and induces senescence in HCC cells.
Lycorine treatment resulted in the upregulation of p21, p27, and p16 proteins which halts
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the progression of HCC cells. Therefore, Lycorine is a potent direct inhibitor of CDK1,
which can be utilized for the treatment of HCC [81]. Dihydroartemisinin (DHA) derived
from Artemisia annua Linn is another naturally occurring inhibitor of CDK1, which has been
shown to inhibit the cyclin B1-CDK1 pathway and HCC cell proliferation [82].

3.3.2. Aurora Kinase

Sorafenib is currently a standard treatment option against HCC. There is ongoing
research aiming to boost the effects of sorafenib with an additional inhibitor and MLN8237
is an Aurora A kinase inhibitor that has been explored together with sorafenib in vivo
and in vitro models of HCC. The synergistic effect of MLN8237 with sorafenib decreased
angiogenesis, invasion, and cell growth and increased the apoptosis and inhibition of HCC.
The mechanism of action included the inhibition of VEGFA, cyclin D1, CDK4, phosphor-p38
MAPK, and phospho-Akt. Therefore, it has been demonstrated that sorafenib-MLN8237 is
a novel therapy that can be used for the inhibition of HCC progression [83]. Moreover, a
pan-Aurora kinase inhibitor SNS-314 is known to induce apoptosis and polyploidy in HCC
by accumulating p21 and is considered a valid therapeutic option. SNS-314 reduces the
Yes-associated protein (YAP) and directly regulates p21 for induction of inhibitory effect in
HCC cells [84].

Butein is a chalcone, which is usually isolated from Rhus cerniciflua and is known
to directly link with Aurora B to inhibit its kinase activity. It decreases the histone 3
phosphorylations and Aurora B to induce the G2-M arrest and causes apoptosis in HCC
cells [85]. Danusertib, a pan-Aurora inhibitor arrests HCC cells in G2-M transition and
induces mitochondria-dependent apoptosis. The induction of autophagy and apoptosis
resulting from danusertib treatment is the result of a perturbed PI3K-Akt/mTOR path-
way [86]. Alisertib is a specific Aurora A Kinase inhibitor, which causes G2-M arrest in
HepG2 cells and leads to aneuploidy and autophagy. The mechanism of action of alisertib
involves the regulation of the PI3K/Akt/mTOR pathway. Moreover, alisertib can increase
the cisplatin and doxorubicin sensitivity in HepG2 cells [87].

3.3.3. PLK1

Volasertib and GSK461364 are PLK1 inhibitors that have been used in Huh7 and
HepG2 cells to demonstrate that these inhibitors selectively target the p53 mutated cells
and can be used in synergy with BIRC5 (survivin) inhibitor to increase the efficacy of the
treatment in xenograft models [88]. Rigosertib is a dual inhibitor, which inhibits PLK1
and RAS, and reduces cell proliferation, and causes a cell cycle arrest in HCC cells by
inhibiting the activation of Akt and ERK showing disrupted RAS signaling [89]. Dasatinib
is an inhibitor of PLK1 protein synthesis and its synergistic effect with irinotecan leads to a
significantly higher apoptosis rate in HCC cells in vitro and in vivo [90].

The main recent findings concerning mitotic kinase inhibitors (along with their chemi-
cal structures) in liver cancer are summarised in Table 2 and Figure 2.

Table 2. Recent studies on mitotic kinase inhibitors as therapeutic interventions for liver cancer.

Target Inhibitor Model Main Findings Reference
RO-3306 HCC patient-derived . .
Downregulation of PK1-beta-Catenin
xenograft (PDX) tumor models
CDK1 . . pathway, reduced CSC growth, [79]
treated with sorafenib alone or decrease in EMT profile
with RO-3306 P
Metformin
NH NH Human HCC cell lines HepG2  Induction of miR-378 which inhibits
CDK1 - )L )L and Hep3B, and nude CDK1 mRNA and causes reduction in [80]
'r H NH; xenograft mice models HCC cell proliferation
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Table 2. Cont.
Target Inhibitor Model Main Findings Reference
Lycorine
Inhibition of CDK1 expression directly
CDK1 HCC cells and induces expression of p21, p16 [81]
and p21
(DHA)
Inhibition of the cyclin B1-CDK1
CDK1 HCC cells pathway and reduces the HCC [82]
cell proliferation
HepG2 and SMMC-7721 cell Inhibition of p-Akt, p-MAPK, CDK4,
Aurora A lines, HepG2 xenograft cyclin D1, and ultimately progression [83]
mice models of HCC.
OH
SNS-314
Pan-Aurora m /\/[:‘ " Q‘U HepG2, SMMC-7721 and Reduction of YAP and accumulates
Kinases S " HCC-LMS6 Liver cancer p21 to induce polyploidy and [84]
e cell lines apoptosis in HCC cells.
—$-0H
Induction of apoptosis by decreasing
Aurora B He}:( Gj ar;dfi—l;p?iB lcells, p-H3 and Aurora B, marked by [85]
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Induction of autophagy and
Pan-Aurora . mitochondria-dependent apoptosis by
kinases HepS3B cell line changing the PI3K/Akt/mTOR [0
signaling pathway
Alisertib Regulation of PI3K/Akt/mTOR
¢ BN on . pathway, induces autophagy, and
Aurora A )‘u’lijf: HepG2 cell line increase sensitivity to doxorubicin [871
of and cisplatin
__Volasertib
A, g ‘,JZ ) P53 mutated HCC cells, Induction of apoptosis selectively in
PLK1 D"‘:L” I”"g“‘@ - Xenograft model p53 mutated HCC cells [88]
s
Rigosertib
~,
0,0 0
3 Wj@\ Inhibition of ERK and Akt signaling,
PLK1 ~o 0~ HCC cell lines reduces proliferation and causes cell [89]
NH cycle arrest
0 0
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Table 2. Cont.
Target Inhibitor Model Main Findings Reference
Dasatinib ibiti i i
A g HCC cell lines and xenograft Inhlblt}on of protein synthes.ls of PLK1
PLK1 q:*@fnﬁf\’"\) models and increases the apoptosis rate of [90]
) "N HCC cells

Abbreviations: Aurora A = Aurora kinase family A, Aurora B = Aurora kinase family B, CDK1 = Cyclin-dependent
kinase 1, PLK1 = Polo Like Kinase 1, RO-3306 = ATP-competitive cyclin-dependent kinase 1, DHA = Dihy-
droartemisinin, MLN8237 = Aurora A inhibitor, SNS-314 = Inhibitor of Aurora Kinases A, B and C, HCC = Hepato-
cellular carcinoma, PDX = Patient-Derived Xenografts, HepG2 = Human Liver Cancer Cell Line, Hep3B = human
hepatoma Hep3B cell line, SMMC-7721 = Human Hepatoma Cell Line, HCC-LM6 = Hepatocellular Carcinoma
LMB6, P53 = Tumor Protein, CSC = Cancer Stem Cell, EMT = Emergency Medical Technicians, miR-378 = MicroRNA-
378, mRNA = Messenger Ribonucleic Acid, p21 and P16 = Tumor Suppressor Protein = Cyclin-Dependent Kinase
Inhibitor, Cyclin B1-CDK1 = Cyclin B-Cdk1 Kinase, p-Akt = Phospho-Protein kinase B, MAPK = Phospho-Mitogen-
Activated Protein Kinase, CDK4 = Cyclin Dependent Kinase 4, YAP = Yes-associated protein, p-H3 = Phospho-
Histone H3, pKi67 = Nuclear Protein, PI3K = Phosphoinositide 3-Kinases, AKT = Protein Kinase B, nTOR = Mam-
malian Target of Rapamycin, ERKs = Extracellular Signal-Regulated Kinases.
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Figure 2. A schematic representation of the main molecules involved in liver cancer and the drugs
that target them.

4. Pancreatic Cancer

Pancreatic cancer is one of the most lethal cancers worldwide [91,92]. The World Health
Organization (WHO) estimates that in 2020 there were almost half a million new pancreatic
cancer cases and almost half a million deaths due to pancreatic cancer. Therefore, despite
not being the most common cancer type, pancreatic cancer presents high mortality [93].
In fact, pancreatic ductal adenocarcinoma (PDAC), the most common form of pancreatic
cancer, has an overall survival in five years that does not exceed the 10%. PDAC incidence
and mortality are increasing year by year making researchers believe that PDAC will
become the second leading cause of cancer-related mortality by 2030 [91,92,94,95].

4.1. Standard-of-Care Treatment of Pancreatic Cancer

Pancreatic cancer’s high mortality is due to delayed detection and limited effects
exerted by available treatments. Currently, the only curative treatment for pancreatic
cancer is surgical resection of the tumor, but not all pancreatic tumors are treatable this
way. Pancreatic tumors that extend beyond the pancreas or involve major vessels like the
superior mesenteric artery or celiac axis are not considered safe for resection. Less than
20% of PDAC patients are eligible for surgery, and more than 75% of surgical treatments
fail to eliminate all microscopically visible cancerous cells [91,92,96].
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When resection of the tumor is not an option, chemotherapy remains the standard
treatment with agents like gemcitabine plus nab-paclitaxel or FOLFIRINOX (5-fluorouracil,
folinic acid, irinotecan plus oxaliplatin). Despite these treatments being useful, they present
limited effects due to short-term response and toxicity, so there is still need for developing
better treatments [91,92,94,96,97].

4.2. General Overview of Mitotic Kinases in Pancreatic Cancer

Cell cycle regulation has been one of the fields studied to develop cancer treatment op-
tions as it is known that one of cancer’s hallmarks is sustaining proliferative signaling [98].
Amongst the possible therapeutic targets of cell cycle associated proteins, mitotic kinases
are prominent [99,100].

4.2.1. Aurora Kinases

Aurora kinases are a family of kinases with a well-known role in cell cycle and
mitosis. Multiple studies show that the inhibition of Aurora Kinase A (AURKA) may be a
therapeutic option for pancreatic cancer [101]. Researchers have described an increment of
AURKA expression in PDAC patient samples in comparison to their matched non-tumor
pancreatic tissue [102]. A higher AURKA expression is associated with a shorter patient
survival and the presence of oncogenic KRAS mutations [101].

4.2.2. Cyclin-Dependent Kinases (CDKs)

CDKs play an important role in cell cycle control. It is not uncanny to find cell
cycle dysregulation via altered CDKs function in various tumors, including pancreatic
cancer [103]. For instance, CDK1 is overexpressed in pancreatic cancer cells, and it correlates
with a higher tumor size and histological grade. Thus, CDK1 higher expression is associated
with a poorer prognosis. These findings lead researchers to believe that CDK1 may play
a role in pancreatic cancer progression and could be either a prognostic biomarker or a
therapeutic target [104-106].

4.2.3. Weel

Weel is a mitotic kinase that plays a key role in cell cycle regulation, particularly
the entry into mitosis. This kinase is mutated in several cancer types. Similar to other
aforementioned mitotic kinases, WEE1 also presents a higher expression in pancreatic
cancer cells, and likely plays an important role in PDAC [105,107]. Moreover, it has been
described that miRNA-15a (the miRNA that suppresses WEE1 among other genes) is
reduced in pancreatic cancer cells leading to WEE1 overexpression. This mechanism allows
cell proliferation and evasion of cell cycle arrest [108].

4.3. Recent Mitotic Kinase Inhibitors as Therapeutic Interventions for Pancreatic Cancer
4.3.1. Aurora A

Aurora kinases are a family of kinases with a well-known role in cell cycle and mitosis.
Multiple studies show that Aurora A inhibition may be a therapeutic option for pancreatic
cancer [101].

Xie et al.,, using a library of kinase inhibitors, found CCT137690, an Aurora A in-
hibitor which induces necrosis-like death and hinders cell growth in pancreatic cancer
cell lines (PANC1, PANC2.02, BxPC3, CFPAC1, and MiaPaCa-2). Moreover, xenografts
models (xenografts with PANC1 in immunodeficient nu/nu mice) and KDC PDACs mice
models show that CCT137690 reduces tumor growth and increases IFNy producing tumor
infiltrating CD8+ cells, suggesting that Aurora A inhibition induces immunogenic cell
death in vivo. Considering that necroptosis is an apoptosis-independent process, these
results may serve as a solution to one of the major issues with gemcitabine-based therapy,
resistance to apoptosis [109]. Another Aurora A inhibitor, danusertib, has shown inter-
esting results in pancreatic cancer, as it exerts cytotoxic effects, induces apoptosis, and
accumulates cells at S and G2/M phases in CFPAC-1 cell line [110].
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Not only are Aurora A inhibitors showing interesting results as single agent treatments,
but also as part of combination therapies. For example, the Mathison et al. study the use
of Aurora A and H3K9 methyltransferase (H3K9me-HMT) inhibitors. Combination of
alisertib (MLIN8237), an Aurora A inhibitor, and chaetocin, a H3K9me-HMT inhibitor
is more effective in reducing pancreatic cancer cell viability both in vitro (using several
pancreatic cancer cell lines, spheroids, and organoids), and in vivo (orthotopic xenografts
injecting Pan02 cells into the pancreas of C57BL/6 mice). The combination of both drugs
presents cytotoxic effects as they induce mitotic catastrophe characterized by aberrant
mitotic checkpoint signaling and decreased centromeric H3K9 methylation. This treatment
forbids a normal mitotic progression; therefore, cells enter cell death pathways [111].

Beyond preclinical studies, there are phase I pancreatic cancer clinical trials based
on combination therapies with alisertib and gemcitabine (NCT01924260) or alisertib and
nab-paclitaxel (NCT01677559), where researchers established the safety of these combina-
tions [112,113].

4.3.2. Cyclin-Dependent Kinases (CDKs)

CDKs have been a target to develop novel therapies for a long time. Currently, a range
of diverse CDKs inhibitors are being developed. It has already been established that CDK1
is overexpressed in pancreatic cancer and may serve as a therapeutic target [106]. For
example, some new oxadiazole-based topsentin derivative exert antiproliferative activity
and induce apoptosis in PDAC cell lines [114]. Moreover, a CDK1/2/5 inhibitor, dinaciclib,
has been identified as an immune checkpoint inhibitor that triggers caspase-dependent
apoptosis and histone-dependent immunogenic cell death. Combination of dinaciclib and
IENG induces immunogenic cell death and exerts anticancer activity in pancreatic cancer
both in vitro (pancreatic cancer cell lines) and in vivo (using subcutaneous, orthotopic
and transgenic mouse models) through Jun and the STAT1 pathway [115]. A clinical
trial with dinaciclib in combination with AKT inhibitors for pancreatic cancer treatment
(NCT01783171) established that, despite this combination being safe, it does not display
clinical benefits [116].

CDK?7, a CDK and a subunit of the multi-protein basal transcription factor TFIIH is
also an interesting therapeutic target for pancreatic cancer. THZ1, a CDK?7 inhibitor, has
cytotoxic effects and induces apoptosis both in vitro (PDAC cell lines and pancreatic patient-
derived cancer cells) and in vivo (PDX models of PDAC and murine models), where models
did not present toxicity signs. Nevertheless, not all cell lines were susceptible to THZ1
treatment as THZ1 susceptibility in PDAC cells is associated with MYC expression [117].

4.3.3. WEE1

Inhibition of cell cycle checkpoints has the potential to sensitize cancer cells to
chemotherapy, as they lose the ability to stop division and repair DNA damage. For
example, WEEL1 inhibitor AZD1775 in combination with other treatment agents show
promising results. AZD1775 as a single agent treatment does not present effective results,
but in combination with capecitabine or irinotecan it exerts significant antiproliferative
effects in p53 mutated cells both in vitro (using several pancreatic cancer cell lines) and
in vivo (using PDX models). P53 mutated cells present an increased sensitivity to WEE1
targeted drugs as these cells have functionally inactive G1/S checkpoints. As 60% of PDAC
patients present mutations in p53, WEE1 inhibition in combination therapies has the po-
tential to be a novel PDAC therapy, although more studies are needed [118]. Furthermore,
95% of PDACs patients present KRAS activating mutations which has been associated with
WEE1 pathway. Data suggest that WEE1 contributes to KRAS-mutant PDAC proliferation,
meaning that direct inhibition of WEE1 may suppress KRAS mediated cell proliferation.
In different KRAS mutated pancreatic cancer cell lines, AZD1775 inhibits proliferation,
increases apoptosis, and leads to an accumulation of cells in S and G2/M phases. Combined
inhibition of WEE1 and ERK, both associated with KRAS, causes synergistic growth arrest
and apoptosis in vitro (pancreatic cancer cell lines and organoids) [119].
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Currently, there are some ongoing clinical trials for pancreatic cancer regarding
AZD1775 in combination with gemcitabine (NCT05212025) or in combination with gemc-
itabine and paclitaxel (NCT02194829). Another study assessing the use of AZD1775 with
gemcitabine and radiation for unresectable pancreatic adenocarcinomas (NCT02037230)
showed in 2019 that this combination therapy was well tolerated and increases overall
survival [120].

434. TTK

TTK is a protein kinase required for spindle assembly checkpoint and is overexpressed
in PDAC. TTK is required to prevent aneuploidy (mitotic fidelity) and apoptosis; therefore,
its inhibition with AZ3146 decreased cell proliferation in PDAC cell lines [121].

The main recent findings concerning mitotic kinase inhibitors (along with their chemi-
cal structures) in pancreatic cancer are summarized in Table 3 and Figure 3.
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Figure 3. (A) A schematic representation of AURKA implication in mitosis and its inhibitors. AURKA
inhibition reduces pancreatic cancer growth and induces necroptosis. (B) A schematic representation
of CDKs implication in mitosis and its inhibitors. Data shows that CDKs inhibition reduces pancreatic
cancer growth rate and may also serve as a way to sort out IFNG mediated immune resistance.
(C) A schematic representation of Weel role in mitosis and its inhibitors. Weel is associated with
KRAS, and both enhance cell growth in pancreatic cancer, thus Weel and KRAS inhibition combined
is effective in reducing cell growth. Moreover, cells with p53 mutations may benefit from Weel
inhibition because this way neither G1/S and G2/M checkpoints are active and cells become more
sensitive to DNA damaging therapies.

Table 3. Recent studies on mitotic kinase inhibitors as therapeutic interventions for pancreatic cancer.

Target Inhibitor Model Main Findings Reference
Human pancreatic cancer cell lines
CCT137690 (PANC1, PANC2.03, CEPAC],
Cho MiaPaCa2, BxPc-3 and PANCO02) and CCT137690 serves as an Aurora
Aurora M N mouse PDAC cell line KPC. Murine Kinase A inhibitor that induces [109]
Kinase A E"j subcutaneous tumors (PANCI, necrosis-like death in pancreatic

er N, : — PANCO02 and KPC injected in athymic  cancer cells in vitro and in vivo.
\fuiu NN nude or B6 mice). Orthotopic tumors
(KPC cells in B6 mice).
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Target Inhibitor Model Main Findings Reference
Danusertib
" Danusertib exerts cytotoxic effects,
Aurora \0_8 i Q Human pancreatic cancer cell induces apoptosis, and [110]
Kinase A d C[(" line CFPAC-1. accumulates cells at S and G2/M
HN phases in CFPAC-1 cell line.
o
Human pancreatic cancer cell lines Alisertib in combination with
Alisertib (BxPC-3, Capan-2, L3.6, MiaPaCa-2, s
o i PANC-1) and mouse PDAC cell H3.K9 methyltrar}sfe.r ase lnhl.bltOI'S
Aurora NNy on . is more effective in reducing
. {3 TN line Pan02. . . 1 [111]
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P (Y ! Organoids from Ela-Kran mice. . R . .
of . L in vitro and in vivo via inducing
Orthotopic xenografts injecting Pan02 mitotic catastrophe
cells in C57BL/6 mice. phe.
Di_réaciclib Human pancreatic cancer cell line
“NYT | CFPAC-1, and mouse cell lines KPC Dinaciclib treatment triggers
N and CT26. Human clinical samples caspase-dependent apoptosis and
from pancreatic cancer patients who histone-dependent immunogenic
CDK1/2/5 HN underwent surgery. Animal models: cell death in pancreatic cancer [115]
Z~N-N vaccination murine model, cells. Dinaciclib in combination of
~ \\ subcutaneous xenografts, orthotopic ~ IGNF exerts anticancer effects both
O‘ N xenografts, Pdx-1-Cre and in vitro and in vivo.
"~ OH KRAS®12P/+ transgenic mice.
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A
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D oo nca s SO bt e oot
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. . to THZ1 treatment in pancreatic
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A ° in vitro and in vivo.
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proliferation in PDAC cell lies.

Abbreviations: CDK1 = Cyclin-dependent kinase 1, CDK2 = Cyclin-dependent kinase 2, CDK2 = Cyclin-dependent
kinase 5, Weel = Weel-like protein kinase.
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5. Colorectal Cancer

Colorectal cancer (CRC) ranks as a leading cause of cancer-related death and the third
most prevalent malignant tumor worldwide [122,123].

5.1. Standard-of-Care Treatment of Colorectal Cancer

Treatment of CRC aims at complete resection of the tumor and metastases, by surgery,
chemotherapy and immunotherapy. Treatment depends on the stage of the disease accord-
ing to the tumor, nodes, and metastases (TNM) classification, the patients’ health status,
and the goals of treatment or palliative care [124].

Immune escape, i.e., cancer cells evading the host’s immune recognition and response,
is a common feature of various types of cancer [125]. Several anti-PD1 (nivolumab, pem-
brolizumab) and anti-PDL1 (MPDL3280A, Medi4736) monoclonal antibodies have been
studied for the treatment of gastrointestinal cancer. Checkpoint inhibition therapy has
shown promising results in metastatic CRC with high microsatellite instability (MSIH).
Therefore, its use under the Critical Path Initiative (CPI) in these patients has been approved
by the Food and Drug Administration (FDA) [126].

Treatment of CRC with chemotherapy includes a single component therapy primarily
based on fluoropyrimidines (5FU) and one or more drugs, including oxaliplatin (OX),
irinotecan (IRI) and capecitabine (CAP or XELODA or XEL) [127]. Targeted therapies
specifically inhibit cancerous cells” proliferation, differentiation, and /or migration [128].
Small molecules are a group of molecules with a molecular weight below 900 Da that acts
primarily inside the cell to inactivate selected enzymes, preventing tumor cell growth and
triggering apoptosis. Cycle-independent kinases, proteasomes and poly(A) polymerases
account for the majority of molecular targets for CRC [129].

5.2. General Overview of Mitotic Kinases Inhibitors in Colorectal Cancer

Identification of novel molecular targets permits the development of specific pharma-
cological treatment for CRC. Mitotic kinases have emerged as targets for CRC treatment.
They play an essential role in the elongation stage of the global transcription process. The
list of mitotic kinases includes but is not limited to CDK, Aurora and Polo-like kinase (P1k)
families, budding uninhibited by benzimidazoles 1 (Bub1), histone H3 associated protein
kinase (Haspin) and mucopolysaccharidosis I (Mps1) [130-132].

5.2.1. CDKs

CDKs are classified into two groups. CDK-1, CDK-4, and CDK-5 fall within the cell-
cycle-related subfamilies, while CDK-7, CDK-8, CDK-9, CDK-11, and CDK-20 are classified
as transcriptional subfamilies. CDK-1 is one of the most important CDKs for cell-cycle
regulation since it promotes the G2-M transition. Fadaka and Sibuyi reported that mRNA
expression of CDK-1 was overexpressed in CRC types compared to normal colorectal
tissues. Furthermore, the authors assessed the expression of CDKs in OMICS data from
CRC subtypes, concluding that CDK expression was higher in males and females with
CRC compared to normal counterparts [133].

5.2.2. Aurora A

Aurora A is a member of the serine/threonine kinase family involved in the initiation
of mitosis, the formation of bipolar spindles, the regulation of centrosome maturation,
and the separation during mitosis. Overexpression and amplification of the Aurora A
protein are commonly noticed in CRC. Koh et al. revealed that Aurora A protein expression
level correlates with colorectal cancer. Moreover, Aurora A protein was upregulated in
45% of patients with colorectal adenocarcinoma using immunohistochemistry. Expression
of Aurora A, along with other clinicopathological parameters, was associated with the
patient’s gender and tumor site [134].



Future Pharmcol. 2022, 2

230

5.2.3. Mpsl

Zhang et al. identified high mitotic checkpoint kinase (Mps1) protein expression in
CRC and, remarkably, Mps1 expression was even higher in poorly differentiated patients’
CRC tissues, indicating that Mps1 may be associated to tumor differentiation. The authors
proposed that Mpsl promotes the growth of colon cancer cells through activation of
PKCa/ERK1/2 and inhibits differentiation through downregulation of the PI3K/Akt
pathway [135].

5.3. Recent Mitotic Kinase Inhibitors as Therapeutic Interventions for Colorectal Cancer
5.3.1. PLK1

Phospho Polo Like Kinase (Plk) family proteins are key regulators of multiple stages of
mitotic progression [136]. The upregulation of Plk1 in CRC is associated to poor prognosis [?
]. Klauck et al. reported that TAK-960 is a mitotic kinase inhibitor limiting colony formation
colorectal cancer cell lines in a dose-dependent manner. Most importantly, they performed
Immunoblotting to elucidate the mechanism of action of TAK-960 in CRC cell lines treated
with increasing concentration of TAK-960. Interestingly, P-Plk1 was reduced upon exposure
to TAK-960 [138].

5.3.2. Aurora Kinases

ENMD-2076 is a recently-discovered orally active small molecule multi-kinase in-
hibitor targeting the mitotic kinases Aurora A and B in human CRC cell lines. Capasso and
colleagues reported G2/M arrest and apoptosis induction in CRC cell lines treated with
ENMD-2076 [139].

5.3.3. CDKs

Robb et al. demonstrated that CP668863, a 3-aminopyrazole analog previously indeti-
fied by Pfizer, inhibits CDKs and could potentially serve as a therapy for CRC. CP668863
inhibited CDK2 and CDKS5 in a dose-dependent manner. Data from colorectal cancer
xenograft model using GEO cells indicated that CP668863-treated tumors displayed a de-
crease in the phospho focal adhesion kinase (pFAK) levels, a phosphorylation site-specific
to CDKS, thereby indication that CP668863 inhibits CDKS5 in vivo [140].

5.3.4. Mpsl

Faisal et al. reported that CCT271850 suppressed Mitotic kinase Monopolar Spin-
dle1(Mps1 kinase) phosphorylation and activity in human colon cancer HCT116 cells. They
identified that histone H3 phosphorylation was inhibited in CCT271850-treated HCT116
cells and apoptotic cell death was induced upon CCT271850 treatment in a time-dependent
manner as determined by the levels of cleaved PARP. Additionally, in vivo studies using
HCT116 tumor xenografts revealed that 100 mg/kg of CCT271850 is sufficient to inhibit
MPS1 and promote cell cycle arrest [141].

The main recent findings concerning mitotic kinase inhibitors (along with their chemi-
cal structures) in colorectal cancer are summarized in Table 4 and Figure 4.

Table 4. Recent studies on mitotic kinase inhibitors as therapeutic interventions for colorectal cancer.

Target Inhibitor Model Main Findings Reference
TAK-960 Colonization of CRC cell lines treated
s ] CRC cell lines (HCT116, WIDR with TAK960 was reduced in a
- o X ¢ ! ose-dependent manner.
P-Plk1 y DLD1 and COLO678) dose-depend PPIk1 [138]
" qj;“ X ou\Og decreased when CRC cell lines were

treated with TAK960.
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Target Inhibitor Model Main Findings Reference
ENMD-2076
\O o Forty-seven CRC cell lineshad =~ Exposure to ENMD2076 resulted in
m \,‘j/_\\’ been tested. G2/M cell cycle arrest, increased
Aurora A/B Ll . . . . [139]
S patient-derived xenograft aneuploidy, and cell death in
(PDX) models. responsive cell lines.
CRC cell lines included GEO, - peqag631 target CDK2 and CDK5 in
CP668863 HCT116 and HT29 .
1 . CRC cell lines. CP668863-treated
CDKs M their colorectal cancer [140]
O:m, L tumors had low phospho focal
) xenograft model used adhesion kinase (pFAK) levels
GEO cells. p '
To71 CCT271850 strongly suppressed MPS1
cC 850 Human colon cancer kinase activity in biochemical and
Mpsl mj/ HCT116 cells. cellular assays and in vivo models. [141]
P NTXB Xenograft mice models using ~ Moderate efficacy of CCT271850 as a
- 0

T DLD1-GFP-MPS1 cells. single agent in a xenograft model of
human colorectal cancer.

Abbreviations: CRC = colorectal cancer, Aurora A/B = Aurora kinase A and B, CDKs = Cyclin-dependent
kinase families, P-Plk1 = phospho Polo Like Kinase 1, ENMD-2076 = Aurora + Angiogenic Kinase Inhibitor,
TAK-960 = ATP-competitive Plk1 inhibitor, HT29 = human colon cancer cell line, HCT116 = Human Colorectal Car-
cinoma Cell Line, WIDR = Colon Adenocarcinoma Cell Line, DLD1 = Colon Adenocarcinoma Cell Line, COLO678
= Human colon carcinoma cell line, PDXs = patient-derived xenografts, GEO = Human Colon Cancer Cell Line,
CP668863 = cyclin-dependent kinase 5 inhibitor, Mps1 = Mitotic kinase Monopolar spindlel, DLD1 = colorectal
adenocarcinoma cell line, GFP = Green Fluorescent protein, CCT271850 = MPSI1 kinase inhibitor.

pH3

PKCa/
- | _—PERKL2

. CDKS
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Figure 4. A schematic representation of the main molecules involved in colorectar cancer and the
drugs that target them.

6. Conclusions

In summary, mitotic kinase inhibitors are promising therapies for the treatment of
gastrointestinal cancers including gastric cancer, liver cancer, pancreatic cancer and colorec-
tal cancer. Nevertheless, further studies are needed to understand their 3D structure, as
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well as their binding to their substrates and the effects on cell cultures, animal models and,
ultimately, in human patients, to allow safety and efficacy in their translation to the clinics.
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