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Abstract

Polo-like kinase 1 (Plk1) overexpression has been shown to
occur in a wide range of tumors, prompting research and
development of Plk1 inhibitors as a means of cancer treatment.
This review discusses recent advances in the development of
Plk1 inhibitors for cancer management. Plk1 inhibition has
been shown to cause mitotic block and apoptosis of cells with
higher mitotic index and therefore higher Plk1 expression. The
potential of Plk1 inhibitors as cancer therapeutics has been
widely investigated. However, a complete understanding of
Plk1 biology/mechanism is yet to be fully achieved. Resistance
to certain chemotherapeutic drugs has been linked to Plk1
overexpression, and Plk1-mediated mitotic events such as

microtubule rearrangement have been found to reduce the
efficacy of chemotherapeutic agents. The Plk1 inhibitor vola-
sertib has shown considerable promise in clinical studies,
having reached phase III trials. However, preclinical success
with Plk1 inhibitors has not translated well into clinical
success. In our view, combined therapies targeting other rel-
evant pathways together with Plk1 may be vital to combat
issues observed with monotherapy, especially resistance. In
addition, research should also be directed toward understand-
ing the mechanisms of Plk1 and designing additional next
generations of specific, potent Plk1 inhibitors to target cancer.
Mol Cancer Ther; 15(7); 1427–35. �2016 AACR.

Introduction
Cancer is a major health problem across the globe and the

second leading cause of deaths in the United States (1). The
AmericanCancer Society estimates that in theUnited States alone,
1,685,210 new cases of cancer will be diagnosed, and 595,690
people will die of this disease, in the year 2016 (1). Cancer deaths
are often caused by metastasis and recurrence due to acquired
drug resistance. Traditional chemotherapy, including alkylating
agents, antimetabolites, and mitotic inhibitors (reviewed in
ref. 2), is not adequate to manage most cancers, and often lead
to drug-resistant and more aggressive cancers and metastasis
(reviewed in ref. 3). This has become increasingly problematic,
substantially reducing the efficacy of available chemotherapy
treatments. This has prompted research into new compounds
that act on mechanistically identified novel targets, such as the
polo-like kinase-1 (Plk1), which can be used as monotherapy as
well as in combination with existing chemotherapies, for a better
management of cancer.

Polo, a serine/threonine kinase, wasfirst described inDrosophila
in 1988 (4) as a key regulator of the cell cycle. Building off of a
sequence similarity to this kinase, aswell as an S. Cerivisiae protein
involved in the same part of the cell cycle, Cdc5, Golsteyn and
colleagues were able to characterize a similar kinase in humans,

polo-like kinase 1 (PLK1; ref. 5). Since then, four other members
have been added to this family of kinases (reviewed in ref. 6). As
shown in Fig. 1, human Plks 1–4 contain an N terminal kinase
domain and vary in the presence of one or more C terminal polo
box domains. Plk5 differs, however, as it is the only polo-like
kinase that lacks the majority of its kinase domain (reviewed in
ref. 7).Of the five knownhuman Plks, Plk1 is themost extensively
studied because of being the founding member and because of
its key role in cell-cycle regulation (reviewed in ref. 8). This review
focuses on Plk1 and its mechanistic interactions and biologic
importance, but it is imperative to mention here that the other
Plk family members have been implicated in important cellular
signaling events on their own. This includes the involvement
of Plk2 and Plk3 as tumor modulators owing to their role in
p53 signaling, as well as the participation of Plk4 in centriole
biogenesis during mitosis (9). Not much work has been done
on Plk5 at this point, but it has been implicated in neuronal
differentiation (10).

Plk1 in Cell-Cycle Regulation
Plk1 has been found to play a key role in cell-cycle progression

through mitosis via its effects on chromosome segregation, spin-
dle assembly, and cytokinesis (reviewed in ref. 7). By means of
phosphorylating CDC25, Plk1 activates the cyclin B/cdc2 com-
plex, which triggers cell proliferation. A recent study has suggested
that Plk1 and Monopolar spindle 1 (Mps1) act cooperatively at
the beginning ofmitosis to establish spindle assembly checkpoint
(SAC) by recruiting the Mad1:C-Mad2 complex to the kineto-
chores (11). Additionally, the same study suggested that together
Plk1 and Mps1 help maintain SAC in periods of mitotic arrest
(11). Inhibition of Plk1 has been shown to delay acentriolar
spindle formation during mitosis and impede chromosome
alignment at the equator during metaphase, as well as promoting
apoptosis (12, 13). In addition to having an essential role in

1Department of Dermatology, University of Wisconsin, Madison,Wis-
consin. 2Department of Biochemistry, Purdue University,West Lafay-
ette, Indiana. 3William S. Middleton Memorial VA Hospital, Madison,
Wisconsin.

Corresponding Author: Nihal Ahmad, Department of Dermatology, University
ofWisconsin, Medical Science Center 423, 1300 University Avenue, Madison, WI
53706. Phone: 608-263-5359; Fax: 608-263-5223; E-mail: nahmad@wisc.edu

doi: 10.1158/1535-7163.MCT-15-0897

�2016 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 1427

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/15/7/1427/1851707/1427.pdf by guest on 25 August 2022



mitosis, Plk1 has been shown to be an important regulator of the
DNA damage checkpoint (14). This is because Plk1 mediates
phosphorylation of the scaffold protein claspin and checkpoint
kinase 2 (Chk2), which inhibits checkpoint kinase 1 (Chk1) and
Chk2 activation, respectively, and in turn prevents DNA repair
during mitosis (15).

Based on a number of studies, the mechanism of Plk1 is
becoming increasingly clear during the cell-cycle progression.
Plk1 has been shown to be activated in the cell by the kinase
Aurora A and its co-factor Bora (16). Bora acts on Plk1 by altering
its conformation, which in turn allows Aurora A to phosphorylate
Plk1 on threonine residue 210, promoting mitotic entry (17).
Once Plk1 has been activated, its expression accumulates during S
phase, peaks during G2–M transition, and declines rapidly upon
mitotic exit (5). Interestingly, Plk1 has been shown to have the
ability to induce degradation of Aurora A and Bora, suggesting the
presence of a feedback loop (16). Less is known regarding the
interaction of Plk1 with the other members of the Aurora kinase
family. It was recently demonstrated that Aurora B–mediated
phosphorylation of Plk1 at Threonine 210 activates its kinase
activity at the kinetochore to promote precise chromosome seg-
regation (18). Phosphorylation of mitotic centromere-associated
kinesin (MCAK) by Plk1 was also determined to be necessary for
efficient separation of the chromatids (18).

Given that Plk1 is so intimately involved in cell-cycle regulation
pathways and DNA damage repair, it is not surprising that it has
been implicated and found to be overexpressed in a variety of
cancers, including melanoma, colorectal cancer, and non–small
cell lung cancer (reviewed in ref. 19). Similarly, in a bladder cancer
study, Plk1 was found to be overexpressed, and this overexpres-
sion was correlated with higher pathologic grade (P ¼ 0.0024)
and multiple tumors (P ¼ 0.0241; ref. 20). Additionally, another
study found that 3-year survival rates for esophageal carcinoma
were significantly lower in patients with high-grade expression of
Plk1 compared with low-grade Plk1 expression (P < 0.05; ref. 21).
Due to these and other similar studies suggesting a correlation
between Plk1 overexpression and poor prognosis, many research-
ers have started to explore anti-Plk therapies for cancer treatment.
Interestingly, it has been found that Plk is involved in resistance to

several anticancer drugs through various pathways. Below, we
explore these resistance pathways and new compounds that have
been developed to exploit Plk1's biologic roles, as well as their
potential therapeutic usefulness.

Plk1 in Therapy Resistance
Likely because of its central role in cell-cycle progression and

other cellular processes such as the DNA damage pathway, Plk1
has been found to be involved in the mechanisms of resistance to
several chemotherapy drugs. As outlined in Fig. 2, Plk1 has been
found to be associated with drug resistance of a number of cancer
chemotherapy drugs, including doxorubicin, paclitaxel, metfor-
min, and gemcitabine. Some examples of these drugs and asso-
ciated mechanisms are described below.

Role of Plk1 in doxorubicin resistance
Doxorubicin is a chemotherapy agent that appears to have

several modes of action, including DNA intercalation, interfer-
ence in DNA replication and repair, and free radical generation
(reviewed in ref. 22). This drug is used against many different
kinds of cancer, but has issues with cytotoxicity and development
of drug resistance. Interestingly, it has recently been shown that
Plk1-mediated p53 inactivation contributes to doxorubicin resis-
tance. In 2012, Forrest and colleagues showed that upon doxo-
rubicin-induced DNA damage, activation of the classical ATM/
Chk2/p53 pathway leads to a prolonged cell-cycle arrest to allow
DNA repair to occur (23). A 2014 study, however, found that 26%
of normal cells that undergo mitosis after doxorubicin treatment
show evidence of centriole abnormalities, showing that the DNA
repair mechanism is not enough to overcome all of the DNA
damage done by these therapies (24). Upon completion of DNA
repair, the p53 pathway has to be inactivated to allow cell-cycle re-
entry. Therefore, premature p53 inactivation results in premature
termination of the checkpoint, consequently contributing to
doxorubicin resistance. Using U2OS cells, it was shown that this
occurs through two Plk1 substrates that negatively regulate p53
(Fig. 2A; refs. 25, 26). The first substrate, GTSE1 (G2 and S phase-
expressed 1), is expressed specifically during G2 and S phases of

Figure 1.

Plk family proteins. The structures of
the five Plk family member proteins
are shown. The location of the kinase
domains (KD) is shown in blue,
whereas the polo box domains (PB)
are represented in orange.
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the cell-cycle, and is able to down regulate p53 by translocating
into the nucleus, binding to and shuttling p53 out of the nucleus
and inducing its degradation (27). Liu and colleagues found that
Plk1 phosphorylation at S435 of GTSE-1 is required for doxoru-
bicin-induced G2 checkpoint recovery and subsequent shuttling
of p53out of the nucleus to lead to its degradationduring recovery
from cell-cycle arrest (25). The second Plk1 substrate, Topors
(topoisomerase I-binding protein), is an ubiquitin and SUMOE3
ligase toward p53. While Topors-mediated p53 ubiquitination
leads to its degradation (28), Topors-associated p53 sumoylation
is accompanied by an increase in the level of p53 protein (29). In
another study, a series of experiments by Yang and colleagues
showed that Plk1-mediated phosphorylation of Topors inhibits
its sumoylation of p53, while p53 ubiquitination is enhanced,
leading to p53 degradation (26, 30). Thus, it is reasonable to
expect that Plk1 inhibition in conjunctionwithdoxorubicin could
be useful in avoiding or limiting doxorubicin resistance, thereby
enhancing its therapeutic index.

Role of Plk1 on gemcitabine response
Plk1-dependent DNA replication, under stress, has been found

to reduce cellular response to gemcitabine. As an analogue of
deoxycytidine, gemcitabine induces cell death via its inhibition of
DNA replication (31). Therefore, understanding regulation of
DNA replication will reveal potential mechanisms in the devel-
opment of gemcitabine resistance. Song and colleagues showed
that Plk1-associated kinase activity drives DNA replication under

stress, resulting in acquired gemcitabine resistance in pancreatic
cancer cells (Fig. 2B; ref. 32). Accordingly, two DNA replication
factors, Orc2 and Hbo1 (histone acetyltransferase binding to
Orc1), have been identified as Plk1 substrates. Plk1 phosphory-
lation of Orc2-S188 has been found to enhance its association
with the origin of replication. Additionally, cells expressing the
Orc2-S188Amutant fail tomaintain the functional pre-replicative
complex under various DNA replication stress conditions, such as
UV and hydroxyurea (32, 33). Of significance, it was found that
Plk1 phosphorylation of Orc2 promotes DNA replication in
gemcitabine-treated Panc1 cells, as phosphorylation of Orc2 at
a well-documented DNA replication origin, MCM4, was elevated
upon gemcitabine treatment. The Orc2-S188A–expressing cells
were shown to have reduced DNA replication compared with
Orc2-expressing cells upon gemcitabine treatment, providing
direct evidence that Plk1 phosphorylation of Orc2 affects cellular
response to gemcitabine. Finally, Panc1 cells expressing Orc2-
S188A were apparently much more sensitive to gemcitabine
treatment than Orc2-expressing cells, indicated by elevated
cleaved PARP, a marker for apoptosis (34). Hbo1, another Plk1
target, has been found to be a critical regulator of DNA replication
as well. Experiments have shown that Plk1 phosphorylation of
Hbo1 is required for chromatin loading of the minichromosome
maintenance complex and replication licensing (35). Addition-
ally, it has been shown that Plk1 phosphorylation of Hbo1
increases cFos expression and consequently elevates its target,
MDR1, whose overexpression has awell-documented role in drug

Figure 2.

Examples of how Plk1-associated kinase activity contributes to therapy resistance. A, Plk1 phosphorylation of its substrates GTSE-1 and Topors causes p53
inactivation, which results in doxorubicin resistance (25, 26). B, Plk1-associated kinase activity drives DNA replication under stress via modulating its substrates
Hbo1 and Orc2, resulting in acquired gemcitabine resistance in pancreatic cancer cells (32, 34, 35). C, Plk1 contributes to paclitaxel resistance by phosphorylating
its substrates CLIP-170, p150Glued, and Sgt1, thereby regulating microtubule dynamics and microtubule–kinetochore attachment (41–44). D, Plk1-associated
activation of AR signaling leads to ASI resistance in CRPC (47, 49). E, Plk1 elevation causes inactivation of PTEN to modulate the metabolism in prostate cancer
cells (56). F, inhibition of Plk1 enhances the efficacy of antineoplastic activity of metformin in prostate cancer via both p53 and metabolic pathways (52).
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resistance (34). Based on this series of mechanistic studies, Song
and colleagues conducted a study combining a Plk1 inhibitor and
gemcitabine in a xenograftmodel. They showed that inhibition of
Plk1 sensitizes Panc1-derived xenograft tumors to gemcitabine
treatment (34), thereby providing evidence that was used to
support a clinical trial that combines a Plk1 inhibitor with
gemcitabine for pancreatic cancer treatment. Hopefully this
approach can be used on other cancers in the future, as well.

Role of Plk1 in Taxol resistance
It has been demonstrated that Plk1 contributes to Taxol resis-

tance via its ability to regulate microtubule dynamics and micro-
tubule–kinetochore attachment. At the cellular level, taxanes,
including docetaxel and Taxol, bind b-tubulin and inhibit micro-
tubule depolymerization, which, in actively dividing cells, leads
tomitotic arrest, followedby apoptosis (36).However, in contrast
to cancer cells growing in vitro, cancer cells growing in vivo,
particularly prostate cancer cells, often display very slow doubling
times (37). This finding suggests that the clinical activity of
taxanes is likely due to both mitotic effects and effects on micro-
tubule stabilization in interphase. In support of this theory, it was
recently proposed that the therapeutic effect of docetaxel in
prostate cancer is largely due to its inhibitory role on androgen
receptor (AR) signaling via its effect on microtubule dynamics in
interphase (38, 39). It has been shown that Plk1 contributes to
Taxol resistance via its ability to regulate microtubule dynamics
and microtubule–kinetochore attachment (Fig. 2C). Clip-170,
p150Glued, and Sgt1 have been identified as three Plk1 substrates
in this regard. Clip-170, the foundingmember of themicrotubule
plus end family, has roles in various microtubule-dependent
processes in both interphase and mitosis (40). Hou and collea-
gues showed that Plk1 phosphorylation of Clip-170 is essential
for the formation of kinetochore–microtubule attachments in
mitosis (41) and microtubule dynamics in interphase (42), thus
contributing to Taxol resistance in prostate cancer. Li and collea-
gues demonstrated that Plk1 phosphorylation of p150Glued, a
subunit of the dynein/dynactin motor complex and the major
interacting protein of Clip-170, facilitates nuclear envelope break-
downduring prophase via its regulation ofmicrotubule dynamics
(43). Finally, it was reported that Plk1 phosphorylates Sgt1, a co-
chaperone for Hsp90, and that this phosphorylation event pro-
motes kinetochore–microtubule attachment to ensure chromo-
some stability (44). With these mechanisms in mind, researchers
can potentially use Plk1-targeted therapies to reduce or eliminate
Taxol resistance, thereby allowing Taxol to be used more effec-
tively in cancer management.

Effect of Plk1 inhibition on androgen signaling blockade
In another important study, Plk1 inhibition was demonstrated

to enhance the efficacy of androgen signaling blockade in castra-
tion-resistant prostate cancer (CRPC). Because AR signaling con-
tinues to be essential in CRPC, androgen signaling inhibitors
(ASI), such as abiraterone and enzalutamide (MDV3100), are
becoming the major approach to treat CRPC after docetaxel.
However, the overall survivalwas only improvedby 5or 2months
in the phase III trials that compared abiraterone or enzalutamide
with placebo in CRPC patients, respectively (45, 46). Recently,
Zhang and colleagues found that Plk1 elevation leads to consti-
tutively active AR signaling, eventually resulting in ASI resistance
(Fig. 2D; ref. 47). Accordingly, it was shown that Plk1 is a positive

regulator of AR signaling, likely due to its ability to enhance de
novo androgen biosynthesis. It was further demonstrated that Plk1
increase led to activation of the SREBP (sterol regulatory element
binding proteins) pathway, consequently resulting in increase of
cholesterol, a precursor of androgen (47). More significantly,
studies found that Plk1 inhibition sensitized enzalutamide-resis-
tant MR49F cells to enzalutamide and its inhibition in combina-
tion with abiraterone inhibited patient-derived LuCaP35CR
xenografts in a synergistic manner (47–49). This study supports
the implementation of a clinical trial to combine a Plk1 inhibitor
with ASIs to treat CRPC patients.

Effect of Plk1 inhibition on metformin's antiproliferative
response

Metformin, currently the first-line treatment for type 2 diabetes
and has been shown to impact cellular metabolism, is currently
being extensively investigated for its potential usefulness for
cardiovascular diseases and cancer (refs. 50, 51, and references
therein). Recently, Plk1 inhibition was shown to enhance the
antineoplastic activity of metformin in prostate cancer (52).
Cancer cells maintain tumor growth through increased glycolysis
(Warburg effect) and glutaminolysis (glutamine addition) to
satisfy the energy and carbon backbone needs, respectively
(53). Garcia-Cao and colleagues have shown that PTEN inacti-
vation leads to a tumor-promoting metabolic state by impacting
both of these growth pathways (54). Interestingly, Plk1 elevation
has been found to cause PTEN inactivation, increasing the cancer
metabolism in prostate cancer cells (Fig. 2E; ref. 55). Subsequent-
ly, Plk1phosphorylationof PTENwas shown tobe responsible for
its inactivation (56). Indeed, an in-depth understanding of poten-
tial upstream effectors of cancer metabolism may allow research-
ers to identify more appropriate drugs and combinations for
cancer management. It is encouraging to note that metformin
was found to inhibit the development of CRPC in a clinical trial
with 3,000 patients (57). Interestingly, inhibition of Plk1
enhances the antineoplastic activity of metformin in prostate
cancer throughbothp53andmetabolicpathways (Fig. 2F; ref. 52).
This gives us a hope that Plk1 inhibitors could enhance the
anticancer activities of metformin or other metabolism and
growth-regulating agents to the point that they could be clinically
useful in cancer management.

Plk1 as a Drug Target
Due to the role of Plk1 in the cell-cycle and other pathways that

are relevant to cancer progression, Plk1 is being considered as a
"druggable target" for the development of drugs for the manage-
ment of a variety of cancers. In this direction, considerable efforts
are under way, fromboth drug companies and academic research-
ers. Some of these agents that have been explored are discussed
below (and presented in Table 1), along with a review of their in
vitro and in vivo successes and shortcomings.

BI 2536
One of the earliest Plk1 inhibitors, BI2536, was developed and

described by the scientists at the Boehringer IngelheimCompany.
In a study published in 2007, Steegmaier and colleagues showed
that BI 2536 is a potent inhibitor of Plk1 that inhibits tumor
growth in vitro aswell as in vivo (58). BI 2536was found to have an
acceptable safety profile in some clinical trials (59). However,
through extensive preclinical and early clinical testing, it is no

Gutteridge et al.

Mol Cancer Ther; 15(7) July 2016 Molecular Cancer Therapeutics1430

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/15/7/1427/1851707/1427.pdf by guest on 25 August 2022



longer used in monotherapy, possibly due to less than
ideal response rates (60). Conversely, this first-generation Plk1
inhibitor has demonstrated efficacy when combined with other
chemotherapeutic agents. BI2536 has been shown to sensitize
neuroblastoma cells to vincristine antitumor activity. The
cooperation of the two drugs resulted in inactivation of BCL-2
and cleavage of caspases 3 and 9 into their respective active
fragments, promoting apoptosis (61). A synergistic effect was

also observed between BI2536 and eribulin in neuroblastoma
cells and in rhabdomyosarcoma, where it decreased tumor
growth in vivo (62).

Volasertib
Another Boehringer Ingelheim compound, volasertib (aka BI

6727), is anATP-competitive inhibitor of Plk1 thatwas developed
by tailoring the dihydropteridinone structure of BI 2536 (63).

Table 1. Plk1 inhibitor compounds

Compound Structure Target
Clinical
trial phase

Clinical
trial
status Ref. and

NCT number

BI2536 ATP-binding
domain

Phase II Completed
2008
(primary)

(58, 59)
NCT00710710

BI6727
(volasertib)

ATP-binding
domain

Phase III Active, not
recruiting

(63)
NCT01721876

Tak960 ATP-binding
domain

Phase I Terminated
2013

(73)
NCT01179399

NMS-P937 ATP-binding
domain

Phase I Completed
2011 (primary)

(76, 77)
NCT01014429

ON 01910.Na
(rigosertib)

Plk1
non-competitive
and PI3K

Phase III Completed
2015

(80, 81)
NCT01360853

GSK461364 ATP-binding
domain

Phase I Completed
2009

(88, 90)
NCT00536835

Poloxin Polo-box
domain

None N/A (70, 71)

Poloxin-2 Polo-box
domain

None N/A (72)

NOTE: Chemical structures of Plk1 inhibitors are shown along with their target and the phase/status of the trials discussed in the text. Further information regarding
the trials and compound history may be found using the Clinical Trials Registry Number or reference provided.
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Volasertib has a very low IC50 of 0.87 mmol/L and was shown to
impede proliferation of acute myeloid leukemia (AML) cell lines
(64). Additionally, a study in bladder cancer found that volasertib
was a potent inducer of cell death and cell-cycle arrest (65).
Although BI6727 appeared promising as a monotherapy, in an
effort to increase the efficacy of volasertib, it was also studied in
combination with the MEK inhibitor Trematinib (JTP-74057)
against cancer cells in vitro. The combination of drugs resulted
in a dual G1 and G2–M arrest in an NRAS-mutant melanoma cell
line (66). Additionally, cyclins D and E decreased, while cyclin B
and p21 increased and an overall reduction in melanoma growth
was observed. Likewise, synergistic effects on clonogenic survival
and cell proliferation were observed in prostate cancer lines when
BI 6727 was combined with histone deacetylase (HDAC) inhi-
bitors, which have previously been shown to downregulate Plk
expression (67).

Like many chemotherapy drugs, it is possible for volasertib to
become less effective over time as the cancer cells develop resis-
tance. Overexpression of the ATP-binding cassette (ABC) drug
transporter ABCB1 has been shown to reduce the effect of che-
motherapeutic agents on cancer cells by utilizing ATP hydrolysis
to transport the drugs out of cancer cells (68). Recently, Wu and
colleagues found that the resistance is conferred via this mode of
action with volasertib (69). Therefore, using a modulator of
ABCB1 as a cotreatment in future trials may be an effective
method to prevent this route of resistance.

Poloxin
Reindl and colleagues, in 2008, developed a small molecule

called Poloxin that was shown to interfere with the function of the
polo-box domain (PBD) of Plk1 (70). Yuan and colleagues
demonstrated that Poloxin induced centrosome fragmentation
and abnormal spindle and chromosome misalignment by mod-
ulating Kizuna, a key substrate of Plk1 at centrosomes (71).
Poloxin also caused mitotic arrest and apoptosis of a number of
cancer cell lines (71). Further, Poloxin significantly suppressed
tumor growth in xenograft mouse models (71). These data
suggested that targeting the PBD by agents such as Poloxin may
be a useful strategy for cancer management.

In an effort to further improve the efficacy of Poloxin, recently,
Scharow and colleagues reported identification of the optimized
analog Poloxin-2, which was shown to have significantly
improved potency and selectivity over Poloxin (72). Poloxin-2
arrestsmitosis in human tumor cell lines and induces apoptosis at
lower micromolar concentrations (IC50 ¼ 1.36 mmol/L), as com-
pared with the IC50 of 4.8 mmol/L of its predecessor (70).
However, further in-depth studies are needed to determine its
efficacy, both in mono- and multiple therapy regimens.

Other Plk1 inhibitors
Given the potential "druggability" of Plk1 for cancer therapies,

several newdrugs targeting Plk1 have been reported in the last few
years. These drugs are starting to be explored, so not much
information is available on them. One such agent, Tak 960,
was discovered through optimization of a novel series of pyr-
imidodiazepinone Plk1 inhibitors (73). Tak960 has an IC50 of 2
nmol/L, and a study inHT-29 colorectal cells found that theywere
arrested in G2–Mphase when treated with Tak960 (74). The same
study found that aberrant spindle accumulation was apparent
with higher doses of Tak960. Another study demonstrated that
Tak960 causes an induction of apoptosis, possibly due to a

downregulation of Mcl-1 in sarcoma cells (75). Another Plk1
inhibitor, NMS-P937, has shown notable success in the reduction
of osteosarcoma tumor growth (76). Interestingly, this inhibitor is
a pyrazoloquinazoline that can be administered orally rather than
via intravenous administration like other Plk1 inhibitors (77).
With an IC50 of 36 nmol/L, NMS-P937 has also shown high
selectivity against Plk1 in acute myeloid leukemia-NS8 cells (78).
In vivo, the inhibitor significantly prolongedmedian survival time
(MST) comparedwith standard therapies for AML (51 vs. 41 days,
respectively), the inhibitor also led to a significantly longerMST in
comparison with cytarabine (62 vs. 36 days). NMS-P937 has
started phase I trials for patients with advanced metastatic solid
tumors, but no results have been published as of yet.

Plk1 Inhibitors in Clinical Trials
In addition to the studies mentioned above, several drugs that

target Plk1 are being tested in clinical trials following their
preclinical success. Below, we discuss some of the completed
Plk1-targeting clinical trials (also outlined in Table 1) and their
results in various human cancers.

Rigosertib (ON 01910.Na)
The benzyl sulfone analogue rigosertib acts as a Ras mimetic

and as a non–ATP-competitive small molecule inhibitor of Plk1
and PI3K (79, 80). Although not Plk1 specific, rigosertib is an
interesting compound, owing to its dual targetability affecting
both Plk1 and PI3K, which are important pathways in cancer
progression. In a phase I study, oral rigosertib was administered to
patientswith advanced solidmalignancies (81). A response rate of
4.6% (2 of 46 patients) was observed, with 1 patient achieving
complete response and the other reaching partial response status;
both patients had head and neck squamous cell carcinoma.
Additionally, 8 patients maintained stable disease for�12 weeks;
thus, the overall response rate [complete response (CR)þ partial
response (PR) þ stable disease] of the study was 21.7% (10/46
patients).Urinary toxicitieswere themost common side effect and
the recommended dose of oral rigosertib was determined to be
560 mg twice daily (81).

As mentioned above, Plk1 inhibitors have been used by some
researchers successfully to sidestep acquired gemcitabine resis-
tance in certain cancer lines. This idea was brought forward into a
phase III trial of metastatic pancreatic adenocarcinoma, when
gemcitabine monotherapy was compared with a combination of
gemcitabine and rigosertib. The combination produced a greater
partial response in patients (19%) than with gemcitabine alone
(13%). However, the median overall survival was 3 months
shorter in the combination group than in gemcitabine alone
(6.1 months vs. 6.3 months). The combination was thus deemed
unsuccessful at improving survival rates (82).

Volasertib
A number of clinical trials involving volasertib have been

undertaken in recent years. In a phase I study, two dosing
schedules of volasertib were investigated in patients with
advanced solid cancers (83). Patients on schedule A had IV
volasertib on day 1 every 3 weeks, while patients on schedule
B had IV volasertib on days 1 and 8 every 3 weeks. The maximum
tolerated dosewas 300mg and150mg, respectively, and themain
adverse effects were hematological, including neutropenia, leu-
kopenia, and thrombocytopenia. Two patients achieved partial
response, one from each schedule group. Overall, 26 patients
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(44.1%) showed stable disease, 14 patients in schedule A (43.1%)
and 12 in schedule B (44.4%; ref. 83). However, in a separate
phase 2 trial, patients with metastatic urothelial carcinoma were
infused with 300mg volasertib daily for 21 days. 46% of patients
escalated to 350 mg, which suggests a manageable safety profile.
However, antitumor activity was limited as only 14% of the 50
patients achieved a partial response (84). It is likely that volasertib
will be best used with only certain cancer types, as it appears to
have better response rates in some than others. To overcome this,
combination therapy trials are being actively pursued, and the
results of a few clinical trials have been released on certain
combinations.

Recently, a phase I dose-escalation study of volasertib in
combination with Nintedanib, a potent angiokinase inhibitor of
PDGF, VEGF, and bFGF receptors was reported in advanced solid
tumors (85). In patients with solid tumors, one complete
response and one partial response were observed at a dosage of
300mg volasertib plus 200mg nintedanib. The combination was
consideredwell toleratedwithmanageable adverse effects (85). In
another combination phase II trial, volasertib combinedwith low
dose of the chemotherapeutic agent cytarabinewas shown to have
an improved response rate and longer survival rates compared
with cytarabine monotherapy (86). Based on these positive
results, volasertib is now in phase III trials to determine its efficacy
and safety on a larger sample of patients. This newest trial involves
660 patients with untreated acute myeloid leukemia; half the
participants will receive volasertib in combination with low-dose
cytarabine, while the other group will be treated with cytarabine
alone. This study is expected to be completed in 2016 (87).

GSK461364
Another ATP-competitive Plk1 inhibitor that is being investigat-

ed in clinical trials is the compound GSK461364. This thiophene
amide developed byGlaxoSmithKline has been shown to promote
G2–M arrest in tumor tissues (88, 89). In a phase I trial, patients
with solid malignancies were treated with escalating doses of
GSK461364 (90). Group 1 were dosed on days 1, 8, and 15 of
28-day cycles and group 2 on days 1, 2, 8, 9, 15, and 16 of 28-day
cycles. Dose limiting toxicities occurred at 300 mg and 225 mg,
respectively, with the most common toxicity identified as venous
thrombotic emboli (90). The recommended dose for phase II was
found to be 225mg in a group 1 schedule, in combinationwith an
anticoagulant to counteract adverse effects of the inhibitor treat-
ment (90). GSK461364 has also been found to inhibit ABCB1-
mediated calcein-AM outflow (91). However, the antitumor activ-
ity of GSK461364 is shown to be reduced when ABCB1 is over-
expressed. Like the results found in vitro, re-sensitization to
GSK461364 occurs when ABCB1 is inhibited (91).

Conclusions
As described above, Plk1 inhibition is being viewed as a

potential strategy to develop novel therapeutics for cancer man-
agement. A number of Plk1 inhibitors, some of which have been

described here, are in various stages of development and clinical
trials. In a number of cases, the results of preclinical studies have
not been found to be translatable to the clinical trials. For
example, BI 2536 showed promise in preclinical work, but was
not as effective in monotherapy regimens in clinical trials. Nev-
ertheless, a variety of different cancers have responded in some
manner to the Plk1 inhibitor drugs in clinical trials, either by
exhibiting a partial or complete response or by stabilizing the
disease. Volasertib is arguably one of the most effective Plk1
inhibitors in vitro and in vivo to date and has shown potential in
phase I and II trials, and is being tested in a phase III trial. This
inhibitor has also been tried in combinationwith other inhibitors
with encouraging success.

PBD inhibitors are unique topolo-like kinases and are therefore
much more specific than inhibitors that target the ATP-binding
domain, which can be found in over 500 protein kinases and is
vital for kinase activity (92). However, the majority of inhibitors
currently in trials are directed toward the less specific ATP-binding
domain. The PBD inhibitor Poloxin is showing promise in early
preclinical trials but more research is required to efficiently target
the PBD. Using this drug or other PBD inhibitors in combination
with another chemotherapy or pathway-specific inhibitor drug
would likely give a more targeted response than with other Plk1
inhibitors. Combination treatments have becomemore frequent-
ly used in trials in recent years in order to combat limitations of
monotherapy. In a number of studies, the observed response of
combination has been better and/or synergistic compared with
monotherapy. The main side effects associated with Plk1 inhibi-
tors have not been significantly adverse and can likely bemanaged
by other drugs such as anticoagulants, though it is important to
consider the additional side effects that may occur with two drugs
over one.

Like a number of other targeted therapies, resistance appears to
be an omnipresent problemwith small-molecule Plk1 inhibitors,
possibly due to Plk1s'many roles/interaction in the cell cycle. This
seems to be only addressable by combination therapies. In this
direction, it may also be useful to attempt two agents that have an
ability to target Plk1 as well as other pathways important for
specific cancers. In addition, the next generation of Plk1 inhibitors
with improved pharmacokinetic profile may also be suitable.
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