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Abstract

The polo-like kinases (PLKSs) are a family of serine/threonine kinases traditionally linked to cell
cycle regulation. A structurally unique member of this family, PLK4, has been shown to regulate
centriole duplication during the cell cycle via interactions with a variety of centrosomal proteins.
Recent findings suggest that PLK4 is overexpressed in various human cancers and associated with
poor cancer prognosis. Although several studies have shown that PLK4 inhibition may lead to
cancer cell death, the underlying mechanisms are largely unknown. In this review, we discuss the
structure, localization and function of PLK4, along with the functional significance of PLK4 in
epithelial cancers and some preliminary work suggesting a role for PLK4 in the key cancer
progression process epithelial-mesenchymal transition (EMT). We also discuss the potential of
PLK4 as a druggable target for anti-cancer drug development based on critical analysis of the
available data of PLK4 inhibitors in pre-clinical development and clinical trials. Overall, the
emerging data suggests that PLK4 plays an essential role in epithelial cancers and should be
further explored as a potential biomarker and/or therapeutic target. Continued detailed exploration
of available and next-generation PLK4 inhibitors may provide a new dimension for novel cancer
therapeutics following successful clinical trials.
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Introduction

To remain healthy and duplicate efficiently, mammalian cells must undergo DNA replication
and cell division in a strictly defined and tightly controlled manner, as any error in the
normal choreography of cell cycle regulation may result in genomic instability or cell death
(1). Genomic stability is in part maintained by centrosomes, which are membraneless
organelles composed of two centrioles surrounded by a pericentriolar protein matrix.
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Chromosomal instability (CIN), characterized by a loss of proper rearrangement of
chromosomes, is the predominant form of genomic instability. It is characterized by high
rates of centrosome gain and loss. Errors in mitosis are attributable to CIN and include
defects in the spindle assembly checkpoint, sister chromatid cohesion, and kinetochore-
microtubule attachments (2). DNA damage and activation of the tumor suppressor TP53 can
be consequences of these mitotic errors (3). Centrosomes function in the organization of
microtubules, maintenance of cell shape, as well as polarity and motility. Each centrosome
duplicates once per cell cycle, in a tightly regulated and coordinated process to ensure
successful chromosomal segregation (4). Centrosome amplification (CA) refers to the
presence of more than two centrosomes in any cell, resulting in genomic instability, one of
the hallmark features of cancer cells (reviewed in (5)). However, the mechanisms associated
with the prevalence of CA in cancer, and its therapeutic value are not fully understood.

The evolutionarily conserved polo-like kinase (PLK) family of serine-threonine kinases
(PLKSs 1-5) is involved in regulation of multiple cellular processes, including centrosome
function (6-8). PLKSs are characterized by an N-terminal catalytic domain and the presence
of either one (PLK4) or two (PLKs 1-3, 5) highly conserved non-catalytic C-terminal polo
boxes that comprise the polo-box domain (PBD; Figure 1), which are involved in subcellular
localization, target binding, and cis-acting regulation of activity by binding to the catalytic
domain (9). A structurally unique member of this family, PLK4, is intimately involved in the
regulation of centrioles and centrosomes, as it localizes to centrioles, regulates centriole
duplication during cell cycle progression (10), and autophosphorylates to promote its
destruction to limit centriole duplication once per cell cycle (7). PLK4 plays an essential role
in centriole duplication via interacting with the family of centriolar proteins (CEPs) (10) and
other proteins. As centrosome aberrations are frequently observed in cancer, the central role
of PLK4 in centriole replication suggests its possible involvement in tumorigenesis.
Moreover, dysregulation of PLK4 causes loss of centrosome numerical integrity that
promotes genomic instability and may sensitize cancer cells to targeted PLK4 inhibition.
Additionally, studies have found increased PLK4 expression in several cancers and its
involvement in tumorigenesis, cancer metastasis and the response to chemotherapy,
suggesting that it may be a target for anti-cancer drug development.

Here we summarize recent progress on determination of the role and potential significance
of PLK4 in cancer. Our review first describes the basic structure, localization and functions
of PLK4 as well as its interactions with specific key proteins. Next, we discuss the roles of
PLK4 in centrosome amplification and epithelial cancers. This is followed by an analysis of
available data regarding links between PLK4 and epithelial-mesenchymal transition (EMT),
responsible for cancer progression and metastasis. Finally, we discuss the recent progress on
targeting PLK4 for cancer management focusing on current PLK4 inhibitors and recent pre-
clinical and clinical developments.

Localization, Interactions and Function of PLK4

PLK4 is the most structurally divergent member of the PLK family, unlike the other
members of this family, which have two PBDs, it contains three PBDs, out of which two are
non-canonical and together form a cryptic polo-box (CPB) (Figure 1). PLK4 has been shown
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to interact with several proteins, both directly and indirectly (Table 1), to serve as a master
regulator of centriole duplication. Through its CPB, PLK4 homodimerizes in an
intermolecular manner, and it is responsible for binding to the partner CEP centrosomal
proteins (CEPs 152 and 192) and other centriolar proteins to allow centriolar targeting of
PLK4 to the proximal base of each parental centriole and downstream events (11,12).
Additionally, PLK4 possesses three PEST sequences that are rich in proline (P), aspartate
(D), glutamate (E), serine (S) and threonine (T) residues which are crucial in controlling the
stability of the kinase (13). The initiation of centriole duplication relies not only on PLK4
but a core of components including CEP192, CEP152 and CEP135, the spindle assembly 6
homolog protein, SAS-6, the SCL/TAL1 interrupting locus protein, STIL, and the
centrosome protein CPAP (14) (Table 1, Figure 2). The activity and levels of these core
components in human cells must be tightly regulated to maintain the correct centriole
number. Either overexpression or depletion of these proteins can result in the formation of
multiple centrioles or a blockade in centriole formation (15).

PLK4 levels in human cells are regulated by the SCF-Slimb/BTrCP-E3 ubiquitin ligase
complex via a conserved phosphodegron motif commonly found in these substrates (7).
Recently, it has been suggested that endoplasmic reticulum stress induces activating
transcription factor 6 (ATF6) and CCAAT/enhancer-binding protein p (C/EBP) binding,
which may inhibit transcription activity of the PLK4 gene (16). In either event, transcription
of PLK4 is cell cycle-dependent, where transcript levels are undetectable in Gg and begin to
rise in G1 with maximal levels detected during mitosis. Crucial to the regulation of PLK4
protein degradation is phosphorylation in the degron at two residues, Ser 293 and Thr 297.
The degradation of PLK4, through autophosphorylation after homodimerization, is limited
by its activity; thus, it is considered a suicide kinase (7). Mutations of the degron motif in
PLK4 have given rise to stability of the protein along with centrosome amplification. As
reviewed by Bose and Dalal (17), PLK4 is present as a ring around the mature centriole and
coalesces into a single point, potentially through two mechanisms: one in which the stability
of PLK4 is increased through formation of a complex with STIL and SAS-6 (17) and the
other through self-assembly of PLK4 into a ring around the mother centriole through
condensation-mediated self-organization (18). The complex formation is triggered by PLK4
phosphorylation of STIL within the STAN motif to activate STIL, leading to the centriolar
recruitment of SAS-6, which marks the site for procentriole biogenesis and cartwheel
assembly (a stack of ring-type symmetrical assemblies, providing the structural foundation
for the procentriole) initiation, which is followed by centriole elongation (19,20). It has also
been proposed that PLK4 phosphorylates STIL at an additional site, S428, to promote the
binding of STIL to CPAP consequently linking the cartwheel to microtubules of the centriole
wall (21).

PLK4, STIL and SAS-6 are all regulated by proteasomal degradation (22) since divergent
expression or stabilization of these proteins can lead to supernumerary centrioles, while
excessive centriole duplication can be curbed by their depletion (23). At the centriole, PLK4
can both inhibit nearby PLK4 molecules and undergo auto-activation, with its activity being
further enhanced through the complex formation (18). More recently, it has been proposed
that CEP85 is a regulator of PLK4 during early centriole duplication by associating with
STIL during procentriole assembly (24). Although more work is needed to confirm the
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relationship, the phosphatase CDC25C and the RhoA guanine exchange factor (GEF), Ect2,
are suggested to be mitotic substrates for PLK4. PLK4 co-localizes with CDC25C to the
centrosome (25) and controls the association of Ect2 to the central spindle as it is dependent
on the activity of PLK4 (13,26). One study investigated the subcellular distribution of
autophosphorylated PLK4 and found it to localize to kinetochores, the central spindle
midzone and midbody in different cell-cycle phases (27), which reveals the extent to which
PLK4 may be involved past centriole duplication. While PLK4 has the ability to self-
regulate, other proteins have proven to be required for this to occur, such as the centrosomal
ubiquitin ligase TRIM37. It has been demonstrated that the expression levels of TRIM37 are
indicative of the degree of response to PLK4 inhibition in certain cancers; elevated TRIM37
promotes cancer-specific sensitivity to PLK4 inhibition (28). This intricate control of the
functions of PLK4 in the centrosomal makeup underscores the importance of this kinase in
controlling the process of centriole and centrosome duplication, essential parts of
maintaining the integrity of a healthy cell and its error-free division.

PLK4 in Centrosome Amplification

Centrosomes are comprised of two centrioles that are embedded in a matrix of proteins
known as the pericentriolar material (PCM) which includes factors that nucleate and anchor
microtubules, essential structures for multiple cellular functions. Indeed, the centrosome is
known as the microtubule organizing center (MTOC) in most eukaryotic cells and is
duplicated once per cell cycle in healthy cells to ensure equal dissemination of genetic
material to the two daughter cells (29). Centrosome amplification (CA) is the acquisition of
three or more centrosomes in one cell and has been reported in most human cancers, leading
to its designation as a hallmark of cancer (5). When centriole duplication is deregulated,
multipolar spindles may develop, leading to multipolar mitosis and promotion of genomic
instability through aneuploidy (30). CIN is a hallmark of several human cancers, and several
studies have shown that CA is one factor which contributes to CIN. Interestingly, about 75%
of malignant breast tumors exhibit CA, albeit with wide variability for intratumoral cells
(31). CA was also found to be strongly correlated with increasing tumor grade and stage of
breast cancers, and was more pronounced in triple-negative and HER2 amplified subtypes
(32). Triple-negative breast cancer (TNBC) has been found to possess extreme CA, which
may be an underlying factor in its aggressive phenotype. Additionally, cells possessing
supernumerary centrosomes in TNBC had a higher migration velocity than those with
typical centrosomes (33). This supports the argument for a strong role of CA and CIN as
potential cancer drivers, and PLK4, as a mediator of centrosome duplication, likely plays an
important role in this process.

In mammalian cell lines, overexpression of PLK4 has been shown to induce centriole
overduplication and form multiple pro-centrioles on a single mother centriole (34), while
PLK4 knockdown has been shown to cause a loss of centrioles (35). Interestingly, use of the
PLK4 small molecule inhibitor CFI-400945 was found to induce centriole overduplication at
low concentrations, likely due to partial kinase activity, while increased inhibitor doses fully
depleted centrioles and reduced centrosome number (36). Another research group
discovered that elevated PLK4 expression led to CA and aneuploidy /n vivo and accelerated
the onset of intestinal tumors along with spontaneous tumorigenesis (34). They also
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evaluated the degree of aneuploidy and genome instability in tumors resulting from CA with
PLK4 overexpression and found that all the tumors showed evidence of aneuploidy and
chromosomal abnormalities. These findings indicate a central role for PLK4 in CA, but
further work is required for a deeper understanding of the types of cancer that may exhibit
these traits.

PLK4 in Epithelial Cancers

Although the role of PLK4 has been studied in several cancers (37-40), to narrow our scope
for this review, we have focused on epithelial cancers. Although PLK4 has not been found to
be commonly mutated in human neoplasms, due to its frequently aberrant expression and its
importance in regulating the centriole and centrosome duplication cycle and links to many
other crucial proteins, researchers have focused on PLK4 as a potential cancer biomarker.
For example, Li et a/found increased mRNA expression of PLK4 in breast cancer tissues
and an association of high PLK4 expression with lymph node and distant metastasis,
suggesting it may be a potential prognostic factor of breast cancer (41). A similar trend was
shown in non-small cell lung cancer in a study by Zhou et a/ (42). The authors found that
increased PLK4 expression was associated with higher TNM stage, metastasis, and larger
tumor size in clinical tumor specimens, as well as lower disease-free and overall survival in
patients. Thus, PLK4 appears to be an independent predictive factor for poor prognosis in
multiple epithelial cancers.

Interestingly, inhibition of PLK4 has been shown to impair centriole duplication and
enhance genomic instability of cancer cells, resulting in cell death or cell cycle arrest (43).
As discussed below, a few studies have evaluated the effect of PLK4 inhibition, via genetic
manipulation or small molecule inhibitors, on cancer cells. In one study, breast cancer cells
were found to have higher levels of PLK4, and inhibition reduced cell growth /n vitro and
tumor growth /n7 vivo (36). Very recently, a group of researchers demonstrated that PLK4
inhibition resulted in mitotic catastrophe via centrosome depletion in human breast
adenocarcinoma cells overexpressing TRIM37 (44). Further, Shinmura et a/found that
PLK4 is upregulated and associated with CA and CIN in a subset of studied human gastric
cancers (45). More recently, a PLK4 genetic variant was found to be associated with a higher
risk of liver cancer, and its overexpression increased cell proliferation, migration and
invasion, while knockdown did the opposite (38). Lastly, the overexpression of CEP131,
which is a substrate of PLK4 (46), was found to promote CA in colon cancer (47).

Further, it has been shown that supernumerary centrosomes are sufficient on their own to
drive aneuploidy and the development of spontaneous tumors in multiple tissues, and that
tumors arising from this mechanism exhibit frequent mitotic errors (34). In the skin, it was
found that PLK4 overexpression led to CA and cutaneous barrier defects in developing mice,
and cessation of PLK4 overexpression curbed the development of cancer (48). In TP53
knockout mice, concomitant PLK4 overexpression rescued skin barrier defects, but mice
developed cancer even though the PLK4 overexpression was short term. In another
impressive study, Levine ef a/used a mouse model of inducible PLK4 overexpression and
found that the mice overexpressing PLK4 exhibited thickened epidermis and disrupted
follicles, as well as progressive hair loss. These mice also developed spontaneous squamous
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cell carcinoma (SCC), even with transient overexpression of PLK4, and in the skin tissues,
CA was found to be correlated with elevated PLK4 (34). Together, there is ample evidence
suggesting that PLK4 is involved in cancer development or progression and may be a valid
target to investigate the management and treatment of epithelial cancers.

PLK4 in Epithelial-to-Mesenchymal Transition (EMT)

Centrosome amplification has been reported to cause chromosomal instability and promote
invasion of cancer cells through changes in cell polarity (49). Further, some of the
centrosome/mitotic regulators causing centrosome amplification have been suggested to
mediate cell invasion and EMT (50,51). EMT plays a key role in cancer progression when
cancerous cells become invasive and metastatic by losing epithelial characteristics while
acquiring mesenchymal characteristics (reviewed in (52)). Interestingly, along with the
previously discussed research documenting the functional significance of PLK4 in various
cancers, recent data suggest the involvement of PLK4 in EMT and metastasis of certain
other cancer types. PLK4 has been shown to be overexpressed and associated with enhanced
tumor size, lymph node metastasis and EMT in colorectal cancer (CRC) (53). Further, /n
vitro studies showed that PLK4 overexpression in CRC cells activated the Wnt/p-catenin
pathway and modulated the expression of several EMT-associated proteins, including
upregulation of N-cadherin and snail and downregulation of occludin (Figure 2).
Additionally, PLK4 knockdown inhibited the Wnt/B-catenin pathway in CRC cells /n vitro
and suppressed the growth of xenograft tumors in nude mice (53). Together, these findings
lead us to suggest a previously undefined mechanism associating PLK4 with EMT
progression in colorectal cancer.

Similar results were found in neuroblastoma (NB), where PLK4 expression was remarkably
increased in NB tissues and high PLK4 levels were negatively correlated with survival,
suggesting PLK4 could have oncogenic functions in NB (54). Further, sShRNA-mediated
downregulation of PLK4 suppressed migration as well as invasion and promoted apoptosis
in NB cells. Interestingly, downregulation of PLK4 in NB cells inhibited EMT, as the
expression of epithelial marker E-cadherin was upregulated and expression of mesenchymal
markers (N-cadherin, vimentin and Slug) were downregulated along with p-Akt. Further,
LY294002, a specific inhibitor of the PI3K pathway, was shown to inhibit p-Akt and
modulate EMT markers in PLK4-overexpressing NB cells, suggesting that PLK4 could be
involved in regulation of the EMT process via the PI3K/Akt pathway. Moreover, the
downregulation of PLK4 in SK-N-BE(2) neuroblastoma cells was found to dramatically
suppress tumorigenesis and metastasis in nude mice /17 vivo (54). Overall, these results
suggest that PLK4 promotes EMT through activation of the PI3K/Akt signaling pathway,
and that PLK4 may serve as a potential therapeutic target for NB.

Evidence also exists for a role of PLK4 in promoting EMT in breast cancer. In one study,
PLK4 was shown to promote cancer invasion and metastasis (55). In this study, the authors
demonstrated that ShRNA-mediated PLK4 knockdown inhibited cancer invasion and
promoted an epithelial phenotype by increased expression of E-cadherin along with loss of
expression of mesenchymal markers (fibronectin and N-cadherin) in poorly differentiated
breast cancer cells. Further, utilizing murine xenografts of PLK4-depleted human breast
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cancer cells (MDA-MB-231), this study found that although there were minimal effects on
primary tumor growth, a 25-45% reduction in PLK4 expression was able to completely
inhibit invasive and metastatic progression of the breast cancer xenografts /n vivo.
Interestingly, the authors identified phosphorylation of actin related protein 2 (Arp2) at
T237/T238 by PLK4 as a potential mediator of PLK4-related activity promoting migration
and invasion (55). This study suggested that PLK4 inhibition may be a promising breast
cancer therapy to suppress invasion and metastasis, while determination of Arp2 status in
patients may be useful for the rational selection of patients for PLK4 inhibitor-based therapy.
Overall, emerging data suggest an involvement of PLK4 in EMT, however, significantly
more research is needed to validate these observations to put forth PLK4 as a key EMT
player affecting the invasiveness and metastatic potential of certain cancers.

PLK4 as a Druggable Target

The important role of PLK4 in centrosome biology coupled with its demonstrated
connection with cancer development and progression signaling provides a rationale for
exploring PLK4 as a druggable target for cancer management. Although this field is still
emerging, there are multiple agents currently in pre-clinical and clinical trials assessing the
potential of PLK4 as a target for anti-cancer drug development. Below, we discuss some of
these agents and their progress towards pre-clinical and clinical development. These
important small molecule inhibitors are shown in Figure 2, along with their potential
mechanisms of action. A brief account of PLK4 small molecule inhibitors at different stages
of anti-cancer drug development is provided below.

Pre-clinical development

Centrinone

Centrinone is a reversible and selective PLK4 inhibitor [inhibition constant (Ki) = 0.16 nM
in vitro] developed on a template of the pan-Aurora kinase inhibitor VX-680, which was
also found to inhibit PLK4 (56). This compound was modified via a methoxy substituent at
the C5 position to target the relatively unique hinge methionine (Met 91) in PLKA4.
Optimization and characterization of several analog inhibitors produced two highly selective
PLK4 inhibitors with robust cellular activity, one of which was named centrinone. This
compound exhibited >1000-fold selectivity for PLK4 over Aurora A and/or B /n vitroand
did not affect cellular Aurora A and/or B substrate phosphorylation at concentrations that
deplete centrosomes. This small molecule blocks centriole duplication and depletes
centrosomes at nanomolar concentrations by preventing centriole assembly.

In one recent study, centrinone was found to induce cell death in both TP53-wild type and
mutant Ewing’s sarcoma cells, which was associated with G2/M cell cycle arrest and DNA
fragmentation (57). In /n vitro experiments in HeLa cells, centrinone treatment was found to
cause a TP53-mediated cell cycle arrest in the G1 phase suggesting a decrease in
proliferation rate. However, some other cancer cell lines continued to proliferate even after
centrosome loss due to centrinone treatment, suggesting an intrinsic set point for centrosome
number. Further, centrinone treatment was shown to block centriole duplication, leading to
progressive loss of centrosomes as cells divide. Most cell lines with cancer-associated
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mutations (frequently in TP53) continued to proliferate after centrinone-mediated
centrosome removal, albeit at a reduced rate because of an increase in mitotic errors (56). In
contrast to cancer-derived cell lines, retinal pigmented epithelial cells (RPEL) and three
primary cell cultures exhibited irreversible G1 arrest after centrinone-induced centrosome
loss. Overall, this study suggested that in these tissues, centrinone-mediated centrosome
depletion may be insufficient for cancer therapy alone and for best effect centrinone may
need to be combined with other targeted therapies (56).

Centrinone-B

YLT-11

As the second selective PLK4 inhibitor developed alongside centrinone, centrinone-B was
also found to have >1000-fold selectivity over Aurora A/B (Ki = 0.6 nM in vitroand
centrosome depletion at 500 nM) (56). A study from our laboratory has shown that treatment
with centrinone-B resulted in significant decrease in cell viability and an increase in
apoptosis in TP53 wild-type human melanoma cell lines (40), suggesting a pro-proliferative
function of PLK4 in melanoma. The effects of centrinone-B on melanoma cells were found
to be due to selective PLK4 inhibition, as exogenous expression of the centrinone-B—
resistant mutant (PLK4G95L) partially reversed the centrinone-B—mediated inhibition of
melanoma cell proliferation. This study also suggested that PLK4 is required for centriole
overduplication in melanoma, as inhibition of PLK4 with centrinone-B reduced CA in
melanoma cell lines. Further, to test the hypothesis that CA could be used as a biomarker for
sensitivity to PLK4 inhibition, this study also correlated centriole numbers with sensitivity
to centrinone-B in the melanoma cell lines. Additionally, this study utilized inducible PLK4
overexpression in MCF10A and RPE1 immortalized, non-transformed human cell lines to
model CA. These cells were treated with various concentrations of centrinone-B followed by
an assessment of cell viability. However, no significant correlation was observed between
CA and sensitivity to PLK4 inhibition by centrinone-B, suggesting that CA is not an
independent predictive biomarker of sensitivity to PLK4 inhibition (40). Although more
research is needed in this and other cancers, centrinone-B appears to be a selective small-
molecule PLK4 inhibitor with significant anti-proliferative effects against melanoma cells.

YLT-11 is a small-molecule PLK4 inhibitor characterized by an (E)-4-(3-arylvinyl-1H-
indazol-6-yl)pyrimidin-2-amine skeleton (58). Lei et a/evaluated antineoplastic activity and
the possible mechanism of YLT-11 against human breast cancer /n vitroand in vivo (59). In
this study, YLT-11 was shown to fit well into the ATP pocket of PLK4, suggesting its
potential as a novel PLK4 inhibitor. Further, YLT-11 was shown to selectively inhibit PLK4
enzymatic activity >200-fold over other PLK family members (PLK1, PLK2, and PLK?3)
with an IC50 of 22 nM. It was also found that at low concentrations (<0.25 uM), YLT-11
showed an increase in centriole number while at high concentrations (=0.5 uM), a decrease
in centriole number was observed. This reduction might be attributable to the level of
inhibition of PLK4 activity 7e. full inhibition versus partial inhibition. Interestingly, YLT-11
significantly decreased the viability of a panel of human breast cancer cell lines, including
TNBC cell lines, with a weak inhibitory activity on the proliferation of normal mammary
cells. YLT-11 has been shown to cause mitotic exit without proper segregation of sister
chromatids, leading to cytokinesis failure. Although it is not clear, the effects of YLT-11
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could be resulting from inhibition of both PLK4 and Aurora B. With the encouraging /n
vitro data, further investigation into the anti-cancer effects of YLT-11 was conducted in
breast xenograft models. At an oral dose of 90 mg/kg, YLT-11 showed a 60% reduction in
tumor growth in TNBC xenograft model, without any appreciable toxicity to animals.
Further, this /7 vivo study showed that YLT-11 inhibited tumor cell proliferation and induced
apoptosis, mainly associated with the inhibition of cell cycle-associated proteins such as
CDC25C and CDK1 as well as an increase in the level of P21. Overall, this study suggested
that YLT-11, a selective PLK4 inhibitor, has an appreciable anti-proliferative response /n
vitro as well as anti-tumor activity /n vivo in human breast cancer xenograft without any
significant toxicity (59), and needs to be further assessed in detail.

YLZ-F5 is another PLK4 small-molecule inhibitor formulated as a derivative of (E)-4-(3-
arylvinyl-1H-indazol-6-yl)pyrimidin-2-amine. \ery recent /n vitro pre-clinical evaluation
(60) found that YLZ-F5 inhibited ovarian cancer cell proliferation and colony formation
ability, as well as induced apoptosis by activating caspases 3 and 9. Moreover, YLZ-F5
inhibited PLK4 phosphorylation and caused aberrant centriole duplication and promoted the
accumulation of ovarian cancer cells with mitotic defects (>4n DNA content). YLZ-F5 also
markedly inhibited the migration of ovarian cancer cells (60). Overall, these results suggest
that YLZ-F5 is a PLK4 inhibitor with considerable anti-proliferative activity /n vitro.
However, these observations need to be further validated in /7 vivo models and other
cancers.

CFI-400945 is a first-in-class, orally available, potent PLK4 inhibitor. This compound is
currently licensed by Treadwell Therapeutics, but was identified through an academic drug
discovery program at the Campbell Family Institute (CFI) for breast cancer research at the
University Health Network in Toronto, Canada. CF1-400945 is an optimized, indolinone-
derived, selective ATP-competitive kinase inhibitor that has been shown to selectively inhibit
PLK4 over other members of PLK family, with an IC50 value of 2.8 + 1.4 nM. However,
some other protein kinases have also been shown to be inhibited by CFI-400945 at a much
higher concentration (IC50 >100 nM) (36). Further, CFI-400945 has also been shown to
inhibit members of the aurora kinase (AURK) and tropomyosin receptor kinase (TRK)
families, albeit at higher concentrations than PLK4 (61).

In vitro studies in U20S osteosarcoma cells and MDA-MB-468 and MDA-MB-231 breast
cancer cell lines demonstrated that CFI-400945 treatment resulted in significant decrease in
centriole numbers, leading to centriole duplication defects and cell death. Interestingly, like
YLT-11, CF1-400945 was also found to produce bimodal effects on centriole number, with
increased centriole numbers at lower doses while suppressing centrosome duplication at
higher doses. In CFI-400945, this phenomenon was attributed to the self-regulation pattern
of PLK4, as at low concentrations of CFI1-400945, partial inhibition of PLK4 was not
enough for its degradation, though it was sufficient to cause substrate phosphorylation
leading to an increase in PLK4 levels and centriole number. In contrast, higher
concentrations of CFI-400945 completely blocked PLKA4 activity, thereby inhibiting
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centriole duplication (36). In additional studies, CFI-400945 has been shown to impair
proliferation, survival, migration, and invasion, as well as induce apoptosis, senescence, and
polyploidy of malignant rhabdoid tumor (MRT), atypical teratoid rhabdoid tumors (AT/RT)
and medulloblastoma (MB) tumor cells while sparing non-tumor human fibroblasts (62,63).
In a very recent study, CFI-400945 was also found to elicit anti-proliferative activity as well
as apoptosis-type cell death and polyploidy in Ewing’s sarcoma cells (57).

Several /n vivo studies with CFI-400945 have been performed in multiple tumor xenograft
models. CFI1-400945 treatment was found to be efficacious in reducing tumors in pancreatic
(64), breast (36), lung (65), and AT/RT (63) xenograft models. Lohse et a/ have shown that
CFI-400945 treatment reduced tumor growth and prolonged survival in four out of six
human pancreatic cancer xenograft models studied (64). Kawakami et a/ demonstrated that
CFI-400945 treatment blocked proliferation and induced polyploidy, apoptosis, and mitotic
aberrations in lung cancer cells and inhibited tumor growth in a xenograft model of lung
cancer (65). Further, Mason et a/ evaluated the efficacy of CFI-400945 in PTEN wild-type
and PTEN null HCT116 colorectal cancer cells xenografts. In this study, CFI-400945
showed higher activity in the PTEN null xenografts compared to the PTEN wild-type
xenografts. However, in breast tumor xenografts bearing MDA-MB-468 (PTEN null) or
MDA-MB-231 (PTEN wild-type), the high dose of CFI-400945 (9.4 mg/kg) showed
comparable antitumor activity, while the low dose of CFI1-400945 (3 mg/kg) showed higher
activity in the MDA-MB-468 tumor xenografts compared to the MDA-MB-231 tumor
xenografts (36). In the same study, CFI-400945 efficacy was also evaluated in patient-
derived xenografts of PTEN null high-grade invasive ductal carcinoma. A marked tumor
regression was observed following 77 days of an intermittent dosing schedule of
CFI-400945, with complete disappearance of palpable tumors in 3 of 5 animals. In addition,
CFI-400945 was well tolerated at the doses and schedules examined, with no significant
decrease in body weight, normal behavior of experimental animals, and favorable
pharmacokinetic (PK) and pharmacodynamic (PD) characteristics (36). In another study,
Sredni et al reported that treatment with CFI-400945 significantly reduced tumor growth of
intracranial AT/RT xenografts and extended the survival of treated animals. Further, analysis
of brain tumors obtained from pre-symptomatic mice at the end of the study showed
significantly increased nuclear diameter and nuclear area, consistent with CFI-400945
pharmacodynamics (63). Although some of the effects found in these studies may be due in
part to the inhibition of AURKS, the fact that PLK4 is affected at lower doses than other
PLKSs or AURKS suggests that there is a strong argument for the further evaluation of
CFI1-400945, a multi-kinase inhibitor with a defined selectivity for PLK4, in a clinical
setting, even for advanced tumors.

Clinical development of PLK4 inhibitors

Phase 1 and 2 Clinical Trials

Following the successful in vitroand in vivo pre-clinical studies, CFI-400945 was evaluated
in clinical trials for solid tumors (66). A phase 1 clinical trial was designed to evaluate the
safety, PKs, PDs, recommended phase 2 dose (RP2D), and preliminary clinical antitumor
activity of CFI-400945 administered orally to patients with advanced solid tumors. The
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experimental design consisted of forty-three patients treated in dose escalation from 3 to 96
mg/day, and nine treated in 64 mg dose expansion, which was established as the RP2D. It is
important to note that there was no biomarker selection in this study and the study
population was heavily pretreated. However, despite this, CFI1-400945 was generally well
tolerated, with neutropenia as the most common high-grade treatment-related adverse event
at >64 mg (66). The half-life of CFI1-400945 was reported as 9 h, with C,ax achieved 2—4 h
following dosing. Favorable PK profiles were achieved with daily dosing (66). Although the
overall observed efficacy of CFI-400945 was modest in this study of advanced solid tumors,
the favorable PK characteristics, together with the absence of toxicities other than
myelosuppression, supports further investigation and development of CFI-400945 as a
potential therapeutic agent against cancer.

Another phase 1 clinical trial is currently recruiting patients to evaluate the safety and
tolerability of CFI-400945 to determine the best dose (maximum tolerated dose or RP2D) in
patients with relapsed or refractory acute myeloid leukemia (AML) or myelodysplastic
syndrome (MDS) (NCT03187288). In addition, two phase 2 studies have been initiated with
CFI-400945 in prostate cancer (NCT03385655) and advanced and metastatic breast cancer
(NCT03624543). These studies are aimed at evaluating the efficacy of CFI-400945 in
disease-specific cohorts and its effects on biomarkers of sensitivity in relevant populations.

Combinatorial Drug Trials

Based on promising pre-clinical /n7 vivo data demonstrating combination activity of
CFI1-400945 with immune checkpoint blockade with no overlapping toxicities, a phase 2
study of CF1-400945 in combination with Durvalumab (immune checkpoint blockade) has
been initiated in patients with advanced/metastatic TNBC by Canadian Cancer Trials Group.
This study is aimed at evaluating the objective response rate (RECIST 1.1) of CFI-400945
given with durvalumab. Secondary objectives of this study include (i) to evaluate the disease
control rate (defined as complete remission, partial remission, or stable disease >16 weeks in
duration) of CFI1-400945 given with durvalumab, (ii) to determine the immune-related
response rate (IRECIST) of CFI-400945 given with durvalumab, (iii) to establish the safety
and tolerability of CFI-400945 given orally in combination with durvalumab and (iv) to
confirm the RP2D in patients with metastatic TNBC and to assess the pharmacodynamic and
immune effects of CFI-400945 combined with durvalumab.

Conclusions

As integral kinases involved in regulating numerous facets of the cell cycle, the PLKSs play
essential roles in maintaining appropriate levels of genetic material and orchestrating the
coordination of critical events as cells divide. PLK4, a structurally divergent member of this
family, is critical in maintaining centrosomal integrity and regulating centriole duplication.
Researching the involvement of PLK4 in genomic instability, in tandem with centrosome
amplification, could not only aid in understanding the underlying mechanisms of PLK4 but
also be useful as additional prognostic markers for a variety of cancers. PLK4 is
overexpressed in many epithelial cancers and has been suggested as a potential therapeutic
target. However, at this time, there is not much more known about the exact role of PLK4 in
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both epithelial and non-epithelial cancers, and closure of this gap in research may allow for
the use of PLK4-targeting and molecular mechanism-based co-targeting strategies in anti-
cancer studies.

Emerging data also suggests an involvement of PLK4 in the EMT process. However, a
definite research gap exists at this point, and further research should be done to determine if
PLK4 may be a key EMT player affecting tumor invasiveness and metastasis. If research
supports this idea, the existence of PLK4-targeting compounds may offer a quick turnaround
for metastatic cancer treatment and/or prevention. Although these molecular mechanisms
have not been fully explored, several PLK4-targeting compounds have been developed and
additional research is being conducted to 1) determine the clinical usefulness of the existing
PLK4 inhibitors, 2) develop the next generation of more efficient and specific PLK4
inhibitors, and 3) identify other combinatorial partners of PLK4 inhibitors. Overall, PLK4
appears to have promise as a potential therapeutic target. However, further detailed
mechanistic pre-clinical, as well as clinical studies, are needed for a bench-to-bedside
development of PLK4-based therapeutic strategies.
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Figure 1.

Comparisons of the mammalian polo-like kinases (PLKSs). A, Mammalian PLKSs have
conserved kinase domains (purple rectangles) and polo box domains (PBD, blue/green
squares). PLK4 is the most structurally divergent member of this family, as it contains only
one PBD whose sequence is not fully homologous to the other PBDs, and one cryptic polo
box (pink half-ovals). In humans, PLK5 contains an in-frame stop codon followed almost
immediately by an in-frame start codon, resulting in a truncated kinase domain (purple
rectangle). In all other mammals, the full PLK5 gene is encoded (light grey rectangle and
line), although it shows no kinase activity. B, Phylogenetic analysis of PLK sequences show
PLK4 as the most divergent, as determined using the COBALT Phylogenetic Tree widget
(76). C, Alignment of PLK protein sequences using COBALT tool. Red areas are highly
conserved, while blue areas are less conserved. Phylogenetic tree and alignment made using
NCBI’s Constraint-based Multiple Alignment Tool and the following sequence IDs:
NP_001177728.1, NP_001230008.1, NP_005021.2, NP_004064.2, and NP_001239155.1
(76).
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Figure 2.
Schematic representation of PLK4 signaling in cancer with details of selected PLK4

inhibitors. Various PLK4 inhibitors along with their potential mechanisms to inhibit cancer
progression are shown. PLK4 modulation, either by chemical/genetic inhibition, or
overexpression, can disrupt cell cycle functions of PLK4, including induction of centrosome
amplification through the simultaneous generation of multiple procentrioles adjoining each
parental centriole during S phase of cell cycle leading to cancer progression. Various cellular
proteins interact and complex with PLK4, leading to PLK4-mediated disruptions to cell
cycle. Recent findings also suggest that PLK4 signaling is associated with epithelial-
mesenchymal transition (EMT), which is well known to be linked to tumor invasion and
metastasis. Visualization initially created with BioRender and professionally redrawn by the
journal.
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Proteins directly or indirectly regulated by PLK4 that are essential to the centriole duplication process.

suppress ability to ubiquitylate
SAS-6

Protein(s) Interaction Function Reference(s)
CEP63 Complexes with CEP152 Localizes CEP152 (67,68)
Aids in efficient centriole duplication
Regulates CDK1 localization to centrosome
CEP85 Binds to STIL Implicated in directional cancer and cell migration (24,69)
Regulates PLK4 activity
CEP131 Phosphorylated by PLK4 Enhance PLK4 activation and centriole duplication (46,47)
Centriolar satellite protein vital to genomic stability
CEP135 Binds to CPAP Procentriole formation and elongation (70)
CEP152 Bind to PLK4 Recruit PLK4 to parent centriole during G1 (71)
CEP192
SAS-6 Binds to STIL after Initiates and organizes the assembly of the central (21)
phosphorylation of STIL by cartwheel
PLK4
STIL Binds to PLK4 Promotes activation of kinase dimers (21,72)
Centriole duplication
Link procentriole cartwheel to microtubule wall
CENPJ/CPAP Interacts with centriole proteins Molecular link between cartwheel and triplet (21,73)
and binds STIL microtubule
Controls centriole length
Recruits PCM
Procentriole formation and stabilization
Regulate length of centriole
FBXWS5 Phosphorylated by PLK4 to Control centrosome duplication and number (74,75)
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