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Chapter 5

Abstract

Introduction: Metastatic castrate-resistant prostate cancer (mCRPC) is the second deadliest
cancer in men. The group of taxanes, which target microtubules of mitotic cells, is currently
the only chemotherapy which has proven to increase overall survival in mCRPC patients.
Other mitotic inhibitors are being explored for their clinical potential in mCRPC treatment.
Areas covered: In this review, we summarize recent developments in the application of
mitotic inhibitors for mCRPC from a clinical perspective. The four main groups of mitotic
inhibitors currently being tested in clinical trials are microtubule inhibitors, polo-like kinase
1 inhibitors, aurora kinase inhibitors and kinesin-spindle protein inhibitors. Compounds of
these groups of inhibitors that are in clinical development for mCRPC are discussed. For this
extensive overview, relevant literature was searched in PubMed and clinicaltrials.gov, and in
presentations at ASCO/AACR meetings.

Expert opinion: In general, mitotic inhibitors are clinically well tolerated but exert limited
antitumor activity compared to preclinical study results. However, efficacy of mitotic
inhibitors is improving, either by personalizing treatment, by introducing more active
compounds, by decreasing resistance of cancer cells against mitotic inhibitors, or by using
mitotic inhibitors in combination therapies.
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Introduction

Metastatic castrate-resistant prostate cancer (mCRPC) is the second deadliest cancer in
men, being only surpassed by lung cancer.! The five-year survival rate of mCRPC patients is
only 30%.! Due to this high mortality, a major area of prostate cancer research focuses on
the development of new therapies that are effective in mCRPC patients.

Despite clinical testing of a wide variety of compounds, only two groups of compounds have
beenimplemented to treat patients with advanced prostate cancer: hormonal therapy, which
targets androgen receptors and/or androgen synthesis, and antimitotic chemotherapeutic
agents. This chapter focuses on the latter one.

The development of antimitotic drugs for prostate cancer treatment started in 1974, when
patients with advanced prostate cancer were treated with estramustine.? In the 1980s, it
became known that estramustine interferes with microtubules, thereby targeting cancer
cells in mitosis. In 1981, another antimitotic chemotherapeutic agent was tested in mCRPC
patients: vincristine.? In this study, 15% of patients treated with vincristine monotherapy had
an objective response (partial response (PR) or stable disease (SD)), the median response
duration being 22 weeks. In the same study, an objective response was established in 26%
of estramustine-treated patients for a median duration of 20 weeks. Addition of vincristine
to estramustine monotherapy did not improve its efficacy.

Following this study, many other antimitotic agents have been tested in prostate cancer
patients, with varying success. In this chapter, we will discuss the recent clinical development
of different groups of mitotic inhibitors. We will focus on studies with mCRPC patients, but
will also discuss results from clinical studies that tested antimitotic compounds in other
advanced solid tumors with a potential impact on the treatment of mCRPC patients. Finally,
we will briefly discuss results from recent studies, mostly preclinical, that are paving the way
for future directions of clinical trials involving mitotic inhibitors in mCRPC patients.

Taxanes

Four Food and Drug Administration (FDA)-approved drugs have shown to increase
progression-free survival (PFS) and overall survival (OS) in mCRPC patients: the hormonal
therapies abiraterone acetate (Zytiga) and enzalutamide (Xtandi), and the taxanes docetaxel
(Taxotere) and cabazitaxel (Jevtana). Generally, it is considered that taxanes act on cancer
cells by targeting and stabilizing microtubules. Taxanes are thought to target cells in mitosis,
as the incorrect formation of microtubules leads to mitotic arrest, and ultimately, apoptosis
(Fig. 1). Although docetaxel was initially selected as an antitumor agent for its ability to cause
mitotic arrest in cancer cells, it is now known that taxanes have other antitumor effects
too, such as anti-angiogenic effects and p53 nuclear accumulation, the latter resulting in
enhanced p53-induced apoptosis.* > Furthermore, as reviewed by Thadani-Mulero et
al.%, taxanes inhibit nuclear accumulation of the androgen receptor, as its trafficking is
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Figure 1. Overview of a cell in metaphase (left) and telophase (right), detailing the main localizations of mitotic
targets during mitosis. Eg5 and tubulin are localized at microtubules throughout mitosis. Plk1 and aurora kinases
mainly localize to the spindle poles during metaphase and to the midbody at the end of mitosis. While aurora B
localizes to the midbody at the end of mitosis as well, during metaphase it mainly localizes to centromeres. It needs
to be taken into account that these enzymes localize to a lesser extent to other mitotic structure too.

microtubule-dependent. These intracellular effects may also contribute to mCRPC inhibition.

Docetaxel

In the early 2000s, mCRPC patients were treated with mitoxantrone (Novantrone), an
anthracenedione which exerts its antitumor effect by inhibition of type Il topoisomerase
and by DNA/RNA intercalation.” This therapy was approved based on the results of a
phase lll study in which 160 mCRPC patients were treated with prednisone with or without
mitoxantrone.® The study concluded that mitoxantrone increased quality of life, but did
not increase OS in the (relatively small) group of patients treated with mitoxantrone. The
treatment scope for mCRPC patients radically changed with the introduction of docetaxel in
2004. Docetaxel binds to B-tubulin, stabilizing microtubules by polymerization.® Therefore,
mitosis is disrupted and cells arrest in G2/M phase, resulting in apoptosis, independent
from p53. Docetaxel also counters the effect of expression of the anti-apoptotic oncogenes
bcl-2 and bcl-xL.° In 2004, the TAX-327 phase Il study concluded that 335 mCRPC patients
treated once every three weeks with docetaxel plus prednisone had an increased median
OS compared to 337 mCRPC patients treated with mitoxantrone plus prednisone (18.9 vs.
16.5 months, respectively).!® Adverse events resulting in discontinuation of treatment were
fatigue, musculoskeletal or nail changes, sensory neuropathy, and infections. Similarly, a
phase Ill study from the Southwest Oncology Group found an increased OS of 1.9 months
in mCRPC patients treated with docetaxel plus estramustine (median OS 17.5 months)
compared to treatment with mitoxantrone plus prednisone (median OS 15.6 months).1
These studies resulted in FDA approval of docetaxel as first-line therapy in mCRPC patients.
About 50% of docetaxel-treated mCRPC patients had a PR. To improve its efficacy, studies
combining docetaxel with other antitumor agents have been performed in mCRPC patients.
Arecent meta-analysis of twelve phase Il studies indicated that docetaxel-based combination
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therapy may be more effective in mCRPC patients, increasing survival with similar adverse
events compared to docetaxel monotherapy.'? However, treatment efficacy was notimproved
in any published phase Il study in which high-dose calcitriol (vitamin D), bevacizumab
(Avastin), risedronate, atrasentan (Xinlay), zibotentan, or GVAX immunotherapy was added
to docetaxel treatment (Table 1).2*2° Furthermore, combining docetaxel with aflibercept
(zaltrap) did not significantly increase median OS in mCRPC patients; the combination of
lenalidomide (Revlimid) with docetaxel did not have a statistically significant treatment
effect either.?» 22 Currently, phase Il studies are being performed in which docetaxel is
combined with dasatinib (Sprycel) or 0GX-011 (Custirsen) in mCRPC patients (Table 1).22-%
Furthermore, multiple combination therapies have been tested with success in phase /Il
clinical trials, such as the combination of docetaxel and temozolomide (Temodal) and the
combination of docetaxel with zoledronic acid (Zometa).?” 2 Nevertheless, docetaxel plus
prednisone remains standard first-line therapy.

Cabazitaxel

Recently, a second generation taxane, cabazitaxel (Jevtana), has received FDA approval as
second-line therapy for mCRPC patients. Cabazitaxel is potentially superior to docetaxel,
having low affinity with P-glycoprotein (P-gp), an ATP-dependent drug efflux pump.® For
registration, a randomised phase lll clinical trial was performed in 755 patients with mCRPC
who had progression after docetaxel treatment (TROPIC).* In this study, patients received
either 12 mg/m? mitoxantrone or 25 mg/m? cabazitaxel in combination with daily oral
prednisone. Men treated with cabazitaxel had both increased OS and PFS, the median of
the parameters being increased by 2.4 months (15.1 vs. 12.7 months) and 1.4 months (2.8
vs. 1.4 months), respectively. Time to tumor progression (TTP) and time to prostate-specific
antigen (PSA) progression were increased after cabazitaxel treatment as well, and 39.2% of
cabazitaxel-treated patients had a reduction in serum PSA concentration of 250%. Grade >3
neutropenia (82% vs. 58%), leukopenia (68% vs. 42%), anemia (11% vs. 5%) and diarrhea
(6% vs. <1%) were increased in cabazitaxel-treated patients. Results of compassionate use
programs have been published by Heck et al. and others.3?* These post-marketing studies
report similar responses, but less adverse events in mCRPC patients. Other clinical studies,
summarized in Table 2, are being conducted to further optimize cabazitaxel use in mCRPC
patients.

Other taxanes

Besides aforementioned FDA-approved taxanes, other taxanes have been or are tested in
prostate cancer as well, the most noteworthy being (nab-)paclitaxel and tesetaxel.
Paclitaxel (Taxol) is a taxane that has been approved by the FDA for its use in ovarian cancer,
breast cancer, non-small-cell lung cancer (NSCLC), and AIDS-related Kaposi sarcoma. A phase
Il study concluded that paclitaxel only had minor antitumor activity in mCRPC patients, as
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Table 2. Ongoing clinical trials that aim to improve the efficacy of cabazitaxel in mCRPC patients.

Study name Phase Aim Reference

PROSELICA 1 to compare cabazitaxel administered at 20 mg/m? to standard 208
cabazitaxel treatment

- Il to evaluate the use of cabazitaxel administered weekly at 10 mg/m? 209

ConCab 1l to compare cabazitaxel administered on day 1, 8, 15 and 22 at 10 mg/ 210
m?in a 5-week cycle to standard cabazitaxel treatment

Prostyll 1l to evaluate the use of cabazitaxel administered biweekly at 16 mg/m? 211

- 1l to evaluate the reduction in diarrhea after addition of octreotide to 212
standard cabazitaxel treatment

CABARESC 1l to evaluate the reduction in diarrhea after addition of budosenide to 213
standard cabazitaxel treatment

FIRSTANA 1] to compare cabazitaxel to docetaxel as first-line therapy 214

AFFINITY 1 to compare standard cabazitaxel treatment with or without the 215
addition of custirsen (OGX-011)

CATCH | to determine the recommended treatment dose of tasquinimod 216
when added to standard cabazitaxel treatment

- | to evaluate the use of combination therapy with cabazitaxel and 217
abiraterone acetate

- /1 to evaluate the use of combination therapy with cabazitaxel and 218
bavituximab

- Wl to compare standard cabazitaxel treatment with or without the 219

addition of carboplatin

a PR was established in only 4.3% of patients, while grade 4 toxicities such as leukopenia
occurred in 61% of patients.3 Since then, multiple phase Il studies have been conducted
in mCRPC patients combining paclitaxel with radiotherapy or other chemotherapeutic
agents.>>* Most phase Il studies concluded that the results did not warrant a phase Il study,
as either toxicity was too high, or efficacy was insufficient.3® 3% %246 No phase Il study has
been initiated in mCRPC patients.

Recently, the FDA approved nanoparticle albumin-bound (nab)-paclitaxel (Abraxane) in
combination with carboplatin for the initial treatment of advanced NSCLC patients. The in
vivo antitumor activity of nab-paclitaxel was lower in prostate cancer models than in mice
with lung cancer and for this reason less thoroughly explored.*® However, nab-paclitaxel was
evaluated in a phase Il study as neoadjuvant therapy in high-risk prostate cancer patients
before radical prostatectomy, with disappointing results.”® In another phase Il study, nab-
paclitaxel was evaluated as a first-line therapy in 38 mCRPC patients.*® SD for >8 weeks
was established in 43% of evaluable patients, the drug being well tolerated, leading to the
conclusion that nab-paclitaxel may be useful in patients who are not suitable for docetaxel-
based therapy. No phase lll studies have been initiated in mCRPC patients. Currently, a phase
| study combining nab-paclitaxel with vandetanib, an inhibitor of tyrosine kinases, vascular
endothelial growth factor receptor (VEGFR) and other kinases, is being conducted.*!
Tesetaxel (DJ-927) is the first identified taxane which is administered orally.>> This taxane
has a half maximal inhibitory concentration (IC, ) of 0.395 ng/ml in DU-145 prostate cancer
cells, and exerts antitumor effects in P-gp-mediated multidrug resistant cell lines in vitro
and in vivo.>? Phase | studies with tesetaxel have been conducted; no mCRPC patients were
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included in these clinical trials. Patients with advanced solid tumor responded well to
tesetaxel treatment (with or without capecitabine), 3.6% of patients having a PR or complete
response, and 62.5% having SD.>*5* The compound was well absorbed and had acceptable
toxicities, the most frequent dose-limiting toxicity (DLT) being (febrile) neutropenia and
gastrointestinal disorders. A phase Il study with tesetaxel in patients with progressive
mCRPC is ongoing.>®

Other microtubule inhibitors

Besides taxanes, other microtubule inhibitors have been developed for mCRPC patients. The
development of most of these inhibitors, such as vincristine, has been discontinued, except
for the epothilones.>®

Epothilones stabilize microtubules by binding to tubulin as well.>” Despite their similar
mechanism of action, the structure of epothilones is quite different from taxanes, and
interestingly, epothilones have antitumor effects in taxane-resistant cancer cell lines.>”>°
Furthermore, epothilones are effective in tumors that overexpress multidrug resistance
proteins such as multidrug resistance protein 1 (MDR1) and multidrug resistance-associated
protein 1 (MRP1).>% 60

Ixabepilone (BMS-247550), an epothilone Banalogue, is the only epothilone that has received
FDA approval, namely for the treatment of advanced breast cancers. Its use is controversial,
as OS was only extended in subset analyses of two phase Il studies with patients with breast
cancer.5*® Five phase I/Il studies have been conducted with ixabepilone in mCRPC patients
(Table 3).567° Because a phase Il study comparing mitoxantrone to ixabepilone reported that
the two compounds have similar efficacies and toxicities, it is unlikely that ixabepilone will
have a future role in mCRPC treatment.®® However, ixabepilone is currently being tested in a
phase Il study as neoadjuvant therapy in patients with high risk, clinically localized prostate
cancer. Preliminary results indicate that ixabepilone effectively reduced the PSA levels in a
majority (87.5%) of patients.”* However, as the clinical significance of changes in serum PSA
levels after therapy is disputed, the prostate cancer working group (PCWG) recommends to
focus on PSA progression instead of PSA response.” Therefore, long-term follow up of these
patients needs to be done to assess the clinical benefit for patients, especially as ixabepilone
also had significant toxic effects, with only 31.3% of patients being able to finish treatment.
Patupilone (EPO906), epothilone B, has been studied in mCRPC patients in two phase |
clinical trials (Table 3).”>7* In the phase Il study by Hussain et al., patupilone hardly showed

Table 3 (right page). Clinical studies testing epothilones in metastatic castrate-resistant prostate cancer patients.
Only studies have been included in which all patients had been diagnosed with mCRPC. # pts, number of patients; SD, stable
disease; PR, partial response; PFS, progression-free survival; TTPP, time to PSA progression; TTP, time to progression; OS, overall
survival; PSA, prostate-specific antigen; mCRPC, metastatic castrate-resistant prostate cancer; MTD, maximum tolerated dose;
RP2D, recommended phase Il dose; DLT, dose-limiting toxicity; AE, adverse event; IV, intravenous; Ref, reference.

80



Antimitotic agents for prostate cancer treatment

paysijgnd SYuoW °9 S4d UeIPaN saniwaulxa ul uled ‘andney $9]9A2 }@am-¢ ul auosiupaid (od3-)7)
o || 9seyd '9%0SG< 9583JI3P YSd %0'LE ‘Ayredounau |essyduad €5 Sw g Ajiep 921m1 yum T Aep (;wi/8w 9T) Al Y€ Jdyow suo|idoges
syjuow |oxe1200p
paysijgnd ¥/ T°TSO ™ dLL Uelpay eixeje ‘Ayredoinau s9|9Ad UM pajealy
< Il 9seyd "%0S< 9583.193P VSd %E'S |elaydiiad ‘@ndne} 8¢ Y93m- Ul GT pue g ‘T Aep (;w/3w 00T) Al Aisnoinaid odyow 798-SOM
Buio8uo aulpap an3ney suosiupaid Sw g Ajlep 921M) yum ‘syeem sjusned Ddyow
o0z || @seyd VSd %052 PaWILUO0I %G5 ‘BunlWOA ‘easneu ‘eayJlelp 19 € AJana ,w /8w g/ |axe120p 1o ,w/Sw QT Al aAlEUOWAYD
SYWOW €' TT R T'9 SO B ddLL |9xe1220p
paysiiqnd UBIP3IAl "AS %8°9S “Yd %E 7T Yim pajeany
v || 9seyd '9%0G< 9SB2J29P YSd %8 9P elxaJjoue ‘ansney ‘eaylielp €8 $9]2A2 y@am-¢ ul T Aep (,w/3w OT-8) Al "Ulw 07 Ajsnoinaud Ddyow
|oxe}a00p
paysijgnd Syuow '€T SO UeIPAIA dS s394 M- Yum paieasy
o || 9seyd %E"S "%0GZ 9SEIIAP YSd %E' €T Ayredounau ‘an8ney ‘eayuielp St Ul GT pue g ‘T Aep (;w/3w §'Z) Al "ulw § Ajsnoinaud Ddyow auojidnied
J90Ued
Bulo8uo (%891 asuodsas  (0€F) Awo)deiersoud ai0jaq syeeam a1e3s0.d pazijedo|
u aseyd ueaw) 9seaJd9p YSd %S'L8 218431 ‘Ayzedoinau 9T ZT 104 (@am/,w/3w 0z) A@am Al uean(peoau Ajleatun “ysu-ysiy
symow 8'zT SO UeIP3IAl “dd an8ney $9[9A2 2am- Ul
o %6'6 "%0S< 95€3103p V¥Sd %T V€ ‘Ayredounau ‘eluadonnau 60T ST pue g ‘T Aep (;w/3w 07) Al YT Jd¥dow
$9J0Ad yeam-¢
paysijgnd (%56 "SA) ¥d %C‘V (%S'6T ejwaue ut Ajiep 221m1 (8w g) auosiupaud Ajjeso yum (,w Jd¥ow Asooelyal
60 |l 9seyd *SA) %0GZ 9583J29pP VSd %S 6T ‘ejuadouinau (3)14gay) 78 /3w 1) suosjuexonw Al Jo (,w/3w G€) Al YE -|oxela20p
(%0°2S "SA) AS %8'vE
‘(%0°Z€ 'SA) ¥d %8’ LY "(syruow $9]9A2 ye9M-€
paysijgnd P 'SA) SYIUOW 7°G dd1l (%L LY an3uey ‘Ayredounau ul (sAep g 1o} Ajiep 2214y3 8w 08z) sunsnweslsa
8 Il 9seyd 'SA) %05 95€21039p VSd %6'89 ‘eluadonnau (3|1gay) 4] [eJo Inoyum/yum z Aep uo (;wi/3w S€) Al Ye Jd¥dow
$9J0A2 y@am-¢ ul Ajlep
921M1 8w G suosiupaud ‘g Aep Ajsnosueinogns
8w 9/0 wnseid|ysad ‘(gzdy ,w/3w gg) ,w |oxeyad0p
paysiignd “4d %0°0T eayuielp /3w gg-0g auojidagexi Al Y€ (azdy ;w yum pajeasy
9 | @seyd '9%0G< 95B2J29P YSd %9°0€ ‘ejuadosinau (a]14gay) 9¢ /3w 1) ;w/3w ZT-8 suoijuexolw Al 4% Ajsnoinaud Ddyow
QS %E VT ‘Ud %6'TY ‘¥ EEIRUSREEIES
paysiignd %E VT "SYIOW ¥’y dd L1 uelpawl Ayjedoinau ul (sAep g Joy Ajiep 201y3 Sw 0g8z) sunsnwelisa (0SSZ¥2-SINg)
s Apmisiolid ‘%0G< 9583109p VSd %L'T6 |esayduiad ‘eluadosinau €T [edo yum z Aep uo (;w/Sw Se-0€) Al Y€ Jdyow auo|idagex|
(11 eseyd) 3y ¢ 40 € apess 1o
‘Joy sneis Aeoy)3 (1 @seyd) 17a 3uanbauiy 1son syd ¢ 3|npayds Suisoq siown} punodwo)

81



Chapter 5

any efficacy, as 15 out of 16 patients with measurable disease had continuous progressive
disease (PD), and only 13% of all patients had a decrease in PSA of 250%. The second phase
Il study, performed by the Canadian Urologic Oncology Group, reported that 47% of patients
had a PSA decline of 250%, and 24% of patients with measurable disease had a measurable
PR. This improved response was most likely caused by the different patient population, as
patients in the second study had more advanced prostate cancer. Intriguingly, patients in
both studies did not have significant hematological toxicities, diarrhea and fatigue being the
most frequent grade >3 adverse events.

KOS-862, epothilone D, was tested in 38 mCRPC patients who had progressed following
docetaxel therapy.” This epothilone lacked antitumor activity, while toxicity was severe.
Finally, sagopilone (ZK-EPQ), a fully synthetic epothilone, plus prednisone have recently been
tested in chemonaive mCRPC patients in a phase Il study.”® Similar to patupilone, very few
patients treated with this compound had hematological adverse events. Although 37.0% of
patients had a PSA decrease of 250%, the measured efficacy did not warrant a comparison
between sagopilone and docetaxel in a phase Il study.

Kinesin spindle protein inhibitors

While taxanes were the first group of chemotherapeutic agents that successfully extended
survival in mCRPC patients, a major disadvantage of these tubulin-targeting agents is that
they target microtubules in healthy non-dividing cells too, where microtubules have both
mechanical (structural) and transportational functions.”” Due to this lack of specificity for
cancer cells, administration of taxanes may result in serious side effects in patients, such
as neurotoxicity.’® Therefore, mitotic inhibitors with improved specificity for tumor cells
would provide benefit for patients. Kinesin spindle protein (KSP) inhibitors specifically target
mitotic cells by inhibiting the mitotic kinesin Eg5, an enzyme of the kinesin-5 subfamily.”® 7
Eg5 is active during mitosis only, separating spindle poles during metaphase, as it crosslinks
two antiparallel microtubules and moves to the plus-ends of both microtubules (Fig. 1).”°
Inhibition of Eg5 leads to mitotic arrest, ultimately resulting in apoptosis.?® The exact
mechanism by which apoptosis is induced is still disputed.®# Healthy cells that rapidly divide
are inhibited by KSP inhibitors too. Therefore, the major side effects in patients treated
with KSP inhibitors are of hematological origin, such as neutropenia and thrombocytopenia.
Stimulating the bone marrow by addition of granulocyte colony-stimulating factor (G-CSF)
can decrease the severity of some hematological adverse events.

Multiple KSP inhibitors have been identified, but only one KSP inhibitor has been tested
specifically in prostate cancer patients, namely ispinesib.

Ispinesib (SB-715992, NSC-727990)
Ispinesib is a highly specific and potent inhibitor of the KSP ATPase.®> This quinazolinone
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Chapter 5

derivative has been successfully tested in phase | clinical trials in patients with advanced
solid tumors (Table 4).8% In one phase | study combining docetaxel and ispinesib, the
majority (58.3%) of patients had been diagnosed with mCRPC.2¢ Of the 14 patients with
mCRPC included in this trial, six patients had SD for 218 weeks, and one patient had a
PSA decrease of 250%. Toxicity was acceptable. A phase Il clinical trial was started by the
Southwest Oncology Group in which ispinesib was administered to mCRPC patients who
had progressed during/after docetaxel.®® Patients were i.v. treated once every three weeks
with 18 mg/m? ispinesib 1h. No response was seen in the first 21 patients included in this
trial. Immunohistochemistry analysis on archival tumor tissue from 16 of the 21 patients
indicated that 15 out of 16 patients did not have significant expression of KSP inside the
tumor. Therefore, it was concluded that ispinesib is most likely not effective in primary
prostate tumors due to the low mitoticindex of these tumors, resulting in low KSP expression.
However, a more recent study found that 50% of prostate tumor samples stained positive
for KSP.%

Other KSP inhibitors

Four other potent and selective KSP inhibitors have been tested in patients with solid tumors
in phase | studies: SB-743921, MK-0731, AZD-4877 and ARRY-520 (Table 4).°*°7 Although
none of these phase | studies focused on prostate cancer patients in particular, mCRPC
patients were included in studies for MK-0731 and AZD-4877.

MK-0731, a compound that is thought to have an allosteric regulation of KSP, was
administered to seven mCRPC patients.®® Four mCRPC patients received MK-0731 at the
maximum tolerated dose (MTD) of 17 mg/m?. Although PSA reductions of >50% were
observed, no mCRPC patient had SD for more than 5 months.

AZD-4877 has been tested in patients with advanced solid malignancies in three phase
| studies (Table 4). In the study by Infante et al., two mCRPC patients were included.®
Individual observations of these patients were not reported. In a Japanese phase | study
with AZD-4877, one included patient had prostate cancer and one prostate/renal cancer.
Both patients received 15 mg AZD4877 via a 1h i.v. infusion on days 1, 8 and 15 of a 28-day
cycle.® The patient with prostate/renal cancer had SD for more than two cycles.

ARRY-520 is currently being tested in phase I/l studies in patients with multiple myeloma.
The clinical development of ispinesib, SB-743921, MK-0731, or AZD-4877 have all been
discontinued, as these KSP inhibitors had limited antitumor effects at the MTD in patients
with advanced solid tumors and/or mCRPC in particular. New KSP inhibitors such as K858
and S-trityl-L-cysteine are in preclinical development and could potentially decrease adverse
events and/or increase the efficacy of KSP inhibitors.?* % 9°
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Aurora kinase inhibitors

Aurora kinases are a group of serine/threonine kinases characterized by an activation loop, a
destruction box, and three conserved aurora boxes at the amino terminal domain.1% 1% The
aurora family consists of three enzymes: aurora A, B and C. Aurora A localizes to the spindle
poles during mitosis and to the midbody during cytokinesis (Fig. 1).1 Its activity peaks
during pro-metaphase, but it plays a role in regulation of the cell cycle from late S-phase
to mitotic exit, including regulation of centrosome maturation, mitotic entry, centrosome
separation, bipolar spindle assembly, chromosome alignment and cytokinesis.??*1% Aurora
B has a nuclear localization during mitosis, but during cytokinesis it localizes to the midbody
as well (Fig. 1).1°° Aurora B is active during G2/M phase; its activity peaks from the end of
metaphase until the end of cytokinesis.’?% 1% |t is necessary for mitotic entry, the correct
regulation of spindle microtubule-kinetochore attachments, chromosome condensation,
the mitotic spindle assembly checkpoint, chromosome segregation, and cytokinesis.?
Aurora Cis hardly expressed in normal cells except germ line cells, and is involved in meiosis.
Although it was thought that aurora C does not play a role in tumorigenesis, some recent
preclinical studies indicate that aurora C may have oncogenic activity as well.107-108

Aurora A and B are overexpressed in various cancers, including prostate cancer.!®
Overexpression of aurora A is associated with the transformation of prostate
adenocarcinoma to treatment-related androgen-independent neuroendocrine prostate
cancer.’®112 Fyrthermore, preclinical studies have indicated that aurora A may aid in
androgen-independent prostate cancer cell growth by phosphorylating and activating the
androgen receptor.!*® Inhibition of aurora kinases results in polyploidy and apoptosis.!* 115
Therefore, multiple aurora kinase inhibitors have been introduced in clinic. In the following
sub-sections, aurora kinase inhibitors that have recently been studied in clinical trials with
(amongst others) mCRPC patients will be discussed (Table 5).

Danusertib (PHA-739358)

Danusertib is a pan-aurora kinase inhibitor that binds to the ATP pocket. This pyrrolopyrazole
targets other tyrosine kinases, most notably Abl, as well.'** " The IC_s were 220 and 120
nM in DU-145 and PC3 prostate cancer cells, respectively, as determined by cell proliferation
assays.''” In the in vivo transgenic adenocarcinoma of the mouse prostate model, danusertib
inhibited tumor growth in 81.3% of mice.'*” Results from two phase | studies with danusertib
in patients with advanced solid tumors, amongst others mCRPC, have been published (Table
5).118119 None of the included mCRPC patients had a PR or prolonged (=6 months) SD. In the
phase Il study conducted in mCRPC patients, 2 out of 81 evaluable patients (2.5%) had a
PSA reduction of 250% after three months.*?*® Median PFS was 2.8 months; 13.6% (11/81) of
patients had a PFS 26 months. The main grade >3 adverse event was neutropenia, the most
frequent side effect of aurora kinase inhibitors in general. Due to the limited PSA response,
danusertib was not further assessed in mCRPC patients.
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Alisertib (MLN8237)

Alisertib is a second-generation aurora kinase A inhibitor. It is thought to be more potent
than its predecessor, MLN8054, and has reduced benzodiazepine-like adverse events
compared to MLN8054 (Table 5).12* It effectively inhibits a wide variety of tumor cell lines
in vitro; in PC3 cells the IC, was 54 nM.*?* % In vivo administration of alisertib resulted in
tumor growth inhibition, amongst others in CWR22 prostate cancer xenografts.?

Multiple phase I/l studies have been conducted with alisertib in solid tumors. Only one
study by Dees et al. included mCRPC patients; none of the four mCRPC patients had a PR.1#
In addition, one phase | study is currently ongoing to evaluate the safety and tolerability of
MLN8237 in combination with docetaxel, which has a focus on mCRPC.*?

Barasertib (AZD1152)

Barasertib is the first identified highly selective aurora B inhibitor.}?® This 5-acetanilide-
substituted 3-aminopyrazole effectively inhibited tumor growth of colorectal, leukemic
and lung cancers in vivo.'?® 127 A preclinical study in prostate cancer cells concluded that
pretreatment of these cells with barasertib, administered at 60 nM for 48 h, increased DNA
damage inflicted by radiotherapy, and impaired DNA repair mechanisms.?®

Two phase | studies with barasertib in patients with advanced solid tumors have been
published.? %0 |n the study by Boss et al., two mCRPC patients were included and received
weekly barasertib via a 2h i.v. infusion.'?® Of all patients in this treatment schedule, 36.8% of
patients had SD after six weeks of treatment.

ENMD-2076

ENMD-2076, a tartrate salt, is a tyrosine kinase inhibitor with activity not only against aurora
A(IC,, 14 nM) and B (IC,, 350 nM), but also against other enzymes, such as enzymes involved
in angiogenesis (VEGFR, fibroblast growth factor receptor (FGFR), etc.) or the FMS-like
tyrosine kinase-receptor 3 (FIt3) (IC_, 1.86 nM), a potential target for leukemic tumors.”"
32 The antiproliferative IC, value for PC3 cells was established at 600 nM, for other tumor
cell lines IC_ s were in the nanomolar range (25-700 nM) as well. Treating mice with doses
ranging between 50 and 225 mg/kg resulted in effective tumor growth inhibition of a wide
variety of tumors.3?

In clinical studies, the most frequent DLT/grade >3 treatment-emergent adverse event was
hypertension instead of neutropenia.’® 3* No patient included in clinical trials had been
diagnosed with mCRPC. Phase Il studies with ENMD-2076 are ongoing in patients with
metastatic sarcomas and advanced/metastatic triple-negative breast cancer.!3 13

Tozasertib (MK-0457, VX-680)

Tozasertib is a pan-aurora kinase inhibitor, targeting the ATP-binding site of aurora
kinases, and is most effective in inhibiting aurora A."*" Its IC_  is in the lower nanomolar
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range (<100nM) in a variety of cell lines, amongst others PC3 cells. As tozasertib has cross-
reactivity with Flt-3, it has most extensively been studied in leukemia, but some phase |/
Il studies have been conducted with tozasertib in patients with solid tumors as well. In the
published phase | study with tozasertib in patients with advanced solid tumors, two mCRPC
patients were included, of which one had SD for six cycles.!* This patient had been treated
with a combination of tozasertib orally and i.v. at the MTD.

Other aurora kinase inhibitors

Various other aurora kinase inhibitors have been tested recently in patients with advanced
solid tumors: (1) AT9283, an inhibitor of aurora A and B, as well as other serine/threonine
kinases, such as Jak2, Jak3 and Abl; (2) PF-03814735, an orally bioavailable inhibitor of
aurora A and B; (3) BI 811283, an aurora kinase B inhibitor; (4) MK-5108, an aurora kinase
A inhibitor; and (5) SNS-314, a pan-aurora kinase inhibitor.}*¥143 SD was reported as the
best response in phase | studies with these compounds in patients with advanced solid
tumors.'#14° Due to the limited response, no further studies are conducted with these
agents in adults with solid tumors.

New aurora kinase inhibitors are emerging from preclinical research, which potentially
optimize the effect of aurora kinase inhibition, while minimizing adverse events. Examples
of such inhibitors are HOI-07, AMG-900 and GSK1070916A, of which the latter two are
currently studied in clinical trials.*>0152

AMG-900 is a recently discovered, highly selective and potent orally bioavailable pan-
aurora kinase inhibitor. It inhibits cell lines resistant against paclitaxel and the aurora kinase
inhibitors AZD1152, MK-0457 and danusertib in low nanomolar ranges (<5 nM).*! Oral
administration of AMG-900 at a concentration of 15 mg/kg (days 1 and 2 weekly) or 3 mg/
kg/day in vivo inhibited tumor growth by 50-97% in nine different xenograft models, of
which three were multidrug-resistant tumor models. A phase | study is ongoing in patients
with advanced solid tumors, in which the MTD has been determined at 24 mg without G-CSF
support when administered for four consecutive days every two weeks.>?

GSK1070916A is a selective ATP-competitive inhibitor of aurora B and C, with a high enzyme-
inhibitor dissociation half-life of >8h for the aurora B-INCENP (inner centromere protein)
enzyme.">** In PC3, LNCaP and DU-145 prostate cancer cell lines, the IC,  was <15 nM.***
In in vivo studies, administration of GSK1070916A resulted in delayed tumor growth, and
in tumor reductions in lung, colorectal and hematological cancer models.’> A phase | study
has been initiated in patients with advanced solid tumors.'*®
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Polo-like kinase 1 inhibitors

Polo-like kinase 1 (Plk1) is a serine/threonine kinase, which is a part of the family of five
polo-like kinases.’™ The enzyme plays essential roles during mitosis: major functions
include activation of Cdc2, bipolar spindle assembly, centrosome maturation, chromosome
condensation and separation, regulation of the anaphase-promoting complex and initiation
of cytokinesis (Fig. 1).1°%*° More recently, extra-mitotic roles of Plk1 have been discovered,
such as downregulation of p53.16%161 P|k1 is overexpressed in various tumors, amongst others
in prostate cancer.’®® %2 |ts expression is increased in androgen-insensitive prostate cancer
cells, suggesting that it plays a role in androgen-independent growth, similar to aurora
kinases.'®* As Plk1 is overexpressed and contains two highly specific polo-box domains
(PBDs) in the C terminus, agents that bind to these PBDs can highly selectively target cancer
cells.**® Multiple PIk1 inhibitors have been developed, of which volasertib, TAK-960, TKM-
080301, NMS-1286937 and rigosertib are currently being studied in patients with solid
tumors. Similar to aurora kinase inhibitors, neutropenia is the most frequent adverse event
in patients treated with PIk1 inhibitors.

HMN-214

HMN-214, an oral prodrug of HMN-176, was the first Plk1l inhibitor tested in clinic.**
HMN-176 is a stilbazole derivative cytotoxic to PC3 and DU-145 cells as well as cisplatin-,
adriamycin-, vincristine-, etoposide- and taxol-resistant cancer cell lines.?** HMN-214 had
equal or superior antitumor activity in mice with established PC3 tumors compared to
cisplatin, adriamycin, vincristine and tegafur-uracil (UFT).’** In a phase | study, HMN-214
had limited antitumor effects.'®> No patient had been diagnosed with prostate cancer. From
another phase | study, final results have not been reported.*®® No phase Il trial has been
initiated.

Volasertib (Bl 6727)

Bl 2536 and its successor volasertib are dihydropteridine derivatives, inhibiting Plk1 by
competitively binding to its ATP-binding pocket.’®” **® The compounds have IC,s in the
low nanomolar range in amongst others prostate cancer cells, and exert in vivo antitumor
activity as well.’®718 A summary of clinical trials with Bl 2536 and volasertib in patients with
solid tumors can be found in Table 6.

In one phase Il and two phase | studies mCRPC patients were treated with Bl 2536. None
of the two mCRPC patients included in the phase | study by Mross et al. had SD for >3
months.? In the other phase | study, one of three mCRPC patients had SD for >3 months.”?
In the phase Il study, twenty mCRPC patients were treated with 200 mg Bl 2536 via a 1h
i.v. infusion.'? One-third of evaluable patients had SD after four courses. Grade 3 or 4
neutropenia was observed in 20% (4 out of 20) of patients. Due to the limited antitumor
activity, it was decided not to assess Bl 2536 any further as a single agent. Although BI
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Chapter 5

2536 was well tolerated by patients, combination therapy was not pursued due to the
introduction of volasertib.

Volasertib is thought to have superior efficacy and/or to be less toxic compared to BI
2536.2%° One phase | study in which patients with advanced solid tumors were treated with
Bl 6727 has been published.'”® In this study, four patients had been diagnosed with mCRPC.
Three of 65 patients had a PR (4.6%), none of whom were mCRPC patients. SD for more
than 3 months was established in 26.2% of patients. As volasertib was well tolerated, (pre)
clinical research with this small molecule as a monotherapy and in combination with other
therapies is ongoing.1%9 17417

GSK-461364

GSK-461364, a thiophene amide, is an ATP-competitive Plk1 inhibitor, which has over a
100-fold greater potency for Plkl than 50 other kinases, including Plk2 and PIk3.% In a
panel of >120 cancer cell lines, GSK-461364 had IC, s below 100 nM in 91% of cell lines, the
inhibitor thus causing a prometaphase arrest.’® In a phase | study performed in patients
with advanced solid malignancies (Table 6), one mCRPC patient was included.®? This patient
did not respond to GSK-461364 treatment. No phase Il studies have been initiated with this
compound.

Other PIk1 inhibitors

Apart from aforementioned PIk1 inhibitors, three Plk1 inhibitors with different delivery
methods have been developed: TAK-960, NMS-1286937 and TKM-080301. These compounds
had promising results in preclinical studies and are currently being studied in patients with
advanced solid tumors in phase | clinical trials (Table 6).18%18>

NMS-1286937 (NMS-P937) is an orally bioavailable 4,5-dihydro-1H-pyrazolo[4,3-h]
quinazoline derivative.'® It targets highly selectively Plk1 (IC,, 2 nM), and inhibits cell
proliferation in a wide variety of cancer cell lines, both solid and hematological, at
low nanomolar concentrations.’® NMS-1286937 effectively inhibited tumor growth in
established human colorectal and leukemic xenografts with minimal and reversible weight
IOSS.186' 187

TAK-960 is another orally bioavailable Plk1 inhibitor. It exhibited antitumor activity in vitro
at low nanomolar concentrations, arresting tumor cells, including cells that express MDR1,
in G2/M phase.'®® TAK-960 inhibited tumor growth amongst others in mice with established
PC3 human prostate tumors.

TKM-080301 is a lipid nanoparticle (LNP) containing small interfering RNA against human
Plk1 mRNA.%8 1% Dye to its selective distribution, myelosuppression and other common
side effects of Plk1 inhibitors may be reduced. Indeed, in vivo studies reported that tumor
growth was inhibited and toxicity largely restricted to the liver and spleen.'*®®
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Rigosertib (ON 01910.Na)

Rigosertib (Estybon) is a benzyl styryl sulfone analog, which inhibits both Plk1, by
competitively binding to the substrate binding site, and the PI3K pathway.'*" "> IC_ values
of rigosertib in DU-145 and PC3 cells were 200 and 150 nM, respectively.’®* The in vivo
antitumor activity of rigosertib was increased when combined with other chemotherapeutic
agents (oxaliplatin, doxorubicin or gemcitabine).’! Therefore, clinical studies have not been
initiated in mCRPC patients, but mostly focus on tumors in which these chemotherapies are
used, such as pancreatic cancer (Table 6).1%

Conclusions

Docetaxel and cabazitaxel are mitotic inhibitors and are currently used in clinic as first- and
second-line therapies for mCRPC patients. Due to this success, and with new mitotic targets
for cancer therapy being discovered, multiple mitotic inhibitors are being studied for their
use in mCRPC treatment. These inhibitors can be divided into four groups: microtubule
inhibitors, KSP inhibitors, Plk1 inhibitors and aurora kinase inhibitors. Of these last three
groups, Plk1 inhibitors and aurora kinase inhibitors are currently most extensively studied
in MCRPC patients. Currently, these inhibitors seem to have most clinical potential in
hematological tumors. However, combination therapies and new compounds with increased
potency and selectivity are being studied in patients with prostate cancer and other solid
tumors as well.

Expert opinion

Recently, the treatment scope for mCRPC patients has expanded. Besides docetaxel, other
life-extending therapies, such as the second-generation taxane cabazitaxel, have entered
the market. Therefore, the need for a good biomarker to assess the response to therapy
has become stringent. Although changes in serum PSA levels are now mostly used as an
indicator for the response to mCRPC treatment, its clinical significance remains controversial.
Increasing serum PSA levels during the first 12 weeks of treatment are considered unreliable;
therefore, physicians are encouraged to continue treatment beyond 12 weeks despite rising
PSA levels, unless PD is determined via other objective assessments.”? This recommendation
would cause overtreatment and a treatment delay in patients who do have continuous PD.
Overtreatment and treatment delays could be further reduced by introducing markers
that predict the response to therapy. Such markers form the basis for targeted therapy
in other cancers: e.g., breast cancer patients whose tumors express estrogen receptor or
human epidermal growth factor receptor 2 will be treated with tamoxifen or trastuzumab,
respectively.?¥ %> Although mitotic inhibitors are targeted therapies against a single or
group of enzyme(s), such as PIk1, it is intriguing that none of aforementioned clinical trials
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determined a priori the expression of the targeted enzyme(s) in the tumor, while tissue is
available from all mCRPC patients as biopsies have been taken. Not all tumors overexpress
these enzymes: e.g., only about 50% of prostate tumors overexpress KSP or PIk1.%% 162 Future
clinical studies need to determine whether the a priori expression of the targeted mitotic
enzyme inside mCRPC cells is of influence of the antitumor efficacy of the mitotic inhibitor in
humans. KSP inhibitors or Plk1 inhibitors may have no effect in 50% of mCRPC patients whose
tumors do not overexpress the targeted enzyme. Aurora kinase inhibitors may exert most
antitumor effect in aggressive tumors with a treatment-related neuroendocrine phenotype,
asaurora Ais more regularly overexpressed in these tumors.'! If this is confirmed, treatment
of mCRPC patients may be personalized based on this expression profile. Alternatively, if
these inhibitors do exert an antitumor effect in tumors that do not express the targeted
enzyme, off-target antitumor effects of these inhibitors need to be assessed.

With an increasing number of therapies to which only part of mCRPC patients respond, it is
expected that personalized medicine, in which treatment is based on the expression profiles
of tumors, will play an increasingly important role in mCRPC treatment.

The antitumor effect of mitotic inhibitors could be further improved by improving the
specificity of the compound for cancer cells. This can be achieved by optimizing the
compound itself and/or by improving its method of delivery, e.g. by delivery in LNPs which
specifically bind to tumor cells. Furthermore, compounds could potentially be used in
combination therapy to accomplish synergistic antitumor effects.

Preclinical studies suggest that mitotic inhibitors may be combined with docetaxel.1% 1197
In a recently performed phase | study in patients with advanced solid tumors, combination
of MK-5108 with docetaxel resulted in a PR in 2 out of 17 patients (no patient with MK-5108
mono-therapy had a PR), but also in more serious adverse events.*® Other clinical trials
combining aurora kinase inhibitors with docetaxel are being performed, such as a phase
| study with MLN8237.12> An important limitation of these clinical studies is that aurora
kinase inhibitors are administered after docetaxel treatment, while a preclinical report
suggests that this combination therapy is most effective when aurora kinase inhibitors are
administered before docetaxel.’*

Recently, Feng et al. discovered that miR-100 (microRNA) resensitized docetaxel-resistant
lung adenocarcinoma SPC-A1 cells to docetaxel.’®® Plk1l was identified as a direct target
of miR-100, and knock-down of Plk1 or (over)expression of miR-100 resulted in increased
sensitivity to docetaxel in vitro and in vivo, respectively.

These data indicate that the combination of mitotic inhibitors with docetaxel could
potentially result in an enhanced antitumor effect in mCRPC patients.

Other combinations involving mitotic inhibitors should be tested as well. Multiple clinical
trials are currently being performed in which mitotic inhibitors are combined with other
compounds, such as the combination of volasertib with the triple angiokinase inhibitor
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BIBF1120 (an inhibitor of the VEGF receptor, and PDGFR (platelet-derived growth factor
receptor) and FGFR kinase activity in cancer cells).'’”® With the increasing interest in
combination therapies for cancer treatment, it is important to select combination therapies
based on a rationale. Recently, a preclinical study from our group indicated that the
combination of mitotic inhibitors with histone deacetylase (HDAC-)inhibitors may have
clinical benefit in prostate cancer patients.% 199 200 This combination therapy targets the
mitotic pathway from both a genetic and epigenetic perspective, while other cancer-related
pathways are targeted as well. More (pre)clinical studies need to be performed to create
and test such rational combination therapies.

Resistance of tumor cells to taxanes and other chemotherapies limits their use. Only 50% of
mCRPC patients respond to docetaxel therapy, and eventually all tumors become docetaxel
refractory.l® The response rate is similar or even lower after treatment with other mitotic
inhibitors. A wide variety of intracellular alterations have occurred in docetaxel-resistant
mCRPC cells, such as increased expression of the Notch and Hedgehog signaling pathways
and increased expression of TGF-B, MDR1 and MRP1.2°%292 As summarized by Madan et al.,
these alterations result in increased drug efflux by transmembranic pumps such as P-gp,
changes in the site to which taxanes bind to microtubules, increased dynamic activity of
microtubules, and changed expression of subunits of microtubules such as BIIl.2°> Research
is ongoing in which intracellular changes leading to chemotherapy resistance are being
utilized as markers for therapy response. Furthermore, other studies are assessing how
these intracellular changes can be prevented, reverted or targeted, which would have
significant clinical consequences.

As aforementioned therapy improvements —overcoming therapy resistance, and introducing
personalized medicine, compounds with improved specificity, improved methods of
delivery and combination therapy — are currently extensively studied, it is expected that
in the next decade more mitotic inhibitors will find their way into the clinic for (prostate)
cancer treatment.
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