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Abstract: The majority of patients with castrate-resistant prostate cancer will have meta-
static disease at the time of diagnosis. Investigative efforts on new therapeutics for this
patient population have improved with the development of androgen signaling inhibitors,
such as abiraterone and enzalutamide, and PARP inhibitors, such as rucaparib and olaparib,
to accompany the previously FDA-approved docetaxel, cabazitaxel, sipuleucel-T, and
Radium 223. However, new therapeutic strategies are necessary to prolong survival as
progression after these agents is inevitable. CDK4/6 inhibitors have advanced the field of
estrogen receptor positive breast cancer treatment and are being investigated in prostate
cancer given the role of androgen receptor signaling effects on the cell cycle. Response to
CDK4/6 inhibitors may be predicted by the tumors’ genomic profile and may provide insight
into combinatory therapy with CDK4/6 inhibitors in order to delay resistance or provide
synergistic effects. Here, we review the use of CDK4/6 inhibitors in prostate cancer and
potential combinations based on known resistance mechanisms to CDK4/6 inhibitors, pros-
tate cancer regulatory pathways, and prostate-cancer-specific genomic alterations.

Keywords: metastatic castrate-resistant prostate cancer, CDK4/6 inhibitors, genomics,
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Introduction
In 1853, surgeon J. Adams once described prostate cancer (PCa) as a very rare
disease. Fast forward over 160 years, PCa is now the second leading cause of
cancer deaths among men in the United States." Despite androgen deprivation
therapy (ADT), PCa will eventually develop resistance known as castrate-
resistant prostate cancer (CRPC) and thus, progress to end-stage disease. There
are currently eight FDA-approved therapies indicated for metastatic castrate-
resistant prostate cancer (mCRPC) that include: docetaxel, abiraterone, enzaluta-
mide, cabazitaxel, sipuleucel-T, radium-223, rucaparib, and olaparib. Unfortunately,
the overall survival benefit from these therapies ranges from 2.4 to 4.8 months,
demonstrating the importance of continued development of new therapeutics.?
The cell cycle contains key regulatory factors to control cellular growth. These
factors include enzymes such as cyclin-dependent kinases (CDK).> In cancer, this
pathway is universally disrupted resulting in tumorigenesis and over the past decade
has become a focus of cancer therapeutics leading to the development of CDK4/6
inhibitors (CDK4/6i).* CDK4/6i’s first gained approval in 2015 when palbociclib
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showed encouraging activity in breast cancer with clinical
trials showing a double in median progression-free survival
(mPFS) and also an overall survival (OS) benefit. Estrogen
receptors, as well as androgen receptors, are key regulators
of the cell cycle and instrumental in the regulation of tran-
scription genes that allow for G1 to S transition.”® In PCa,
this hormone pathway can be targeted with ADT; however,
PCa eventually becomes androgen resistant which provides
opportunity for the use of CDK4/6i’s to disrupt AR signal-
ing. In patients with hormone sensitive prostate cancer
(HSPC), a Phase II clinical trial (NCT02059213) investigat-
ing ADT + palbociclib showed tolerability and multiple
other trials are underway with combining androgen signal-
ing inhibitors with CDK4/6i’s. Understanding the cell cycle
as well as associated regulatory pathways and PCa specific
genomic mutations (Table 1) will provide insight to potential
combinatorial therapies with CDK4/6i’s. Table 1 shows

mutated genes in mCRPC and will be referred throughout
this review in guiding novel combinatorial therapeutic
strategies.

Cell Cycle Pathway and CDK4/6
Inhibitors in Cancer

Cellular proliferation begins with a stimulus allowing cells
to enter G1 phase from the quiescent GO phase. In order
for a cell to continue through the cell cycle, it must pass
checkpoints controlled by regulatory proteins. The regula-
tory proteins involved in the transition from G1 phase
(growth/metabolism) to S phase (replication) include:
cyclin D, CDK4, CDK6, Retinoblastoma gene product
(Rb) and E2 transcription factor (E2F).” Cyclin D is
induced by growth factors and binds to CDK4 and
CDK6 converting them to an active state. The cyclin-

Table | Subset of Mutations Found in mCRPC and the Percent Occurrence as Measured in Patient Tumor Tissue or from Blood

Sequencing Cell Free DNA

Genomic Patient % Patient % (Cell Relevance to Cell Cycle and Prostate Combination with
Alteration by (Tumor DNA) | Free DNA) Cancer CDK4/6 Inhibitor
Pathway
AR 62.7%° 2232 ® Increase Cyclin D ® AS
(amplification) ® Reduction in p27 and p2l ® HDACi
® |nactivation of tumor suppressor Rb
P53* 47-53.33172 3632 ® | oss of tumor suppressor effects ® TP53 modulators
(loss of function) ® Decrease p2| activity
RAS/RAF/MAPK 47-3231%2 18%2 ® |nactivation of tumor suppressor Rb, inactiva- |® MEKi
(oncogene activation) tion of p53 ® TP53 modulator
® CDK4/6i resistance
PTEN* 40.7-43°"% NR ® PI3K/AKT activation ® AKTi
(loss of function) ® CDK4/6i resistance ® HDACi
DNA Repair* 19-243"72 1032 ® Susceptible to PARP inhibitors ® PARPi
(loss of function) ® Induce HRR deficiency with CDK4/6i via down
regulating MYC and FOXMI

PI3K 8-13.93"72 532 ® Growth in absence of AR signaling ® PI3Ki
(amplification) ® CDK4/6i resistance ® AKTi

® HDACi
FGFR 107 NR ® Increase cyclin DI ® FGFRi
(amplification) ® CDK4/6i resistance
SPOP g3° NR ® Mutation increases PD-LI, decreases CD3+ |[® Immunotherapy
(oncogene activation) TILs, increase tumor growth ® HDACI
Cell cycle 47%° NR ® Potential susceptibility to CDK4/6i ® FOXMI-FOX3 axis
(amplification)

Abbreviations: AS|, androgen signaling inhibitor; HDACi, HDAC inhibitor; NR, Not reported; TILs, tumor infiltrating lymphocytes; HRR, homologous recombinant repair;

*tumor suppressor.
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D-CDK4/6 complex phosphorylates the active tumor sup-
pressor, Rb, sending it in to its hyper-phosphorylated inac-
tive state. When Rb is in the active state it binds and
inhibits the activating E2F transcription
when Rb is in the
phosphorylated state, Rb dissociates from the activating

factors.
However, inactive  hyper-
E2F transcription factor and drives E2F targeted genes
involved in DNA replication allowing the cell to enter
S phase.® The transition from G1 to S is highly regulated
by the CDK pathway involving cyclin D-CDK4/6-p16-Rb
making CDK4/6 inhibitors prime agents for disrupting the
cell cycle. There are multiple CDK4/6i’s that are FDA
approved as anti-neoplastic agents including palbociclib,
ribociclib, and abemaciclib for metastatic breast cancer.
Palbociclib (PD 0332991, Ibrance) was the first CDK4/
6i to gain FDA approval in 2015. It was approved for
combination therapy with letrozole in postmenopausal
women with locally advanced or metastatic HER2-
negative, estrogen receptor positive breast cancer.’ In
PALMOA-1 and PALMOA-2, letrozole with and without
palbociclib was given as first-line treatment to patients
with ER-positive/HER2 negative advanced breast cancer
and showed a mPFS prolongation of 10 months (20.2
months vs 10.2 months) and 10.3 months (24.8 months
vs 14.5 months), respectively.'®'" The most common
grade 3 and 4 adverse events seen were neutropenia
(66%), leukopenia (24.8%), anemia and fatigue.'
Palbociclib is given on a 28-day cycle with daily dosing
on days 1-21 and off on days 22-28. Clinical trials which
are currently recruiting or active for PCa include: palboci-
clib in patients with mCRPC (NCT02905318) and a Phase
II study of ADT with or without palbociclib in Rb-positive
(ie, wild type) metastatic PCa (NCT02059213).
Ribociclib (LEEO11, Kisqali) gained its first FDA
approval in 2017 for treatment of postmenopausal hor-
mone receptor (HR) positive HER2 negative metastatic
breast cancer in combination with an aromatase inhibitor.
MONALEESA-2 was a Phase III randomized placebo
controlled trial investigating letrozole + ribociclib in post-
menopausal patients with HR positive and HER2 negative
advanced breast cancer. The ribociclib group had an
improved 18 month PFS, 63% vs 42.2% (Hazard Ratio
0.56), leading to its approval.'” The dosing regimen is the
same as palbociclib with once-daily dosing for 21 days
followed by 7 days off. Adverse effects are similar to
palbociclib and may also cause prolong the QT interval
(1-6%),
comorbidities.

limiting its wuse in patients with cardiac

Abemaciclib  (LY2835219, first
approved in 2017 in women with HR positive, HER2

Verzenio) was
negative advanced breast cancer after recurrence following
endocrine therapy. The phase III MONARCH-2, investi-
gated abemaciclib or placebo with fulvestrant (anti-
estrogen) in patients who are HR positive HER2 negative
and progressed following endocrine therapy. The mPFS
was 16.4 months compared to 9.3 months in the placebo
group, leading to its approval. Due to its lower toxicity
profile, dosing for abemaciclib is continuous, unlike the
other two approved CDK4/6i’s. Common adverse effects
of abemaciclib include: neutropenia (lower rate compared
to palbociclib and ribociclib), diarrhea, nausea and fatigue.
Tolerability of CDK 4/6 inhibitors and the benefit of oral
administration provides an exceptional alternative to stan-
dard chemotherapy and is now first-line treatment for
estrogen receptor (ER) positive metastatic breast cancer.

Androgen Receptor Influence on

Cell Cycle in Prostate Cancer

ADT has been the gold standard for PCa therapy due to
androgen receptor (AR) activation causing PCa cell prolifera-
tion and survival. When androgens (ie, testosterone, dihydro-
testosterone) enter the cell and bind to cytoplasmic AR, this
leads to AR dimerization and subsequent nuclear translocation
for genomic signaling. Activated AR dimers bind to DNA
androgen response elements in promoter regions of genes to
induce gene transcription such as prostate-specific antigen
(PSA) and transmembrane protease serine 2 (TMPRSS2)."
This genomic AR signaling pathway influences prostate cancer
proliferation, invasion and survival. Rapid non-genomic AR
signaling by way of ligand-transformed AR associating with
molecular substrates in the cytoplasm and inner leaflet of the
cell membrane activating kinase cascades also occurs resulting
in enhancement of cell proliferation and survival with many of
these pathways regulating the cell cycle (Figure 1).'* This non-
genomic AR signaling by the Src, Ras/Raf, protein kinase C,
and AKT/PI3K pathways activate mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) to
cause increase cell proliferation.'>'® At low androgen concen-
trations (0.01 —10 nM), AR N-terminal domain binds to Src
homology domain 3 (SH3) which results in Src unfolding and
autophosphorylation. This activates Src and causes enhanced
cell proliferation via MAPK/ERK.'” As prostate cancer pro-
gresses, aberrant Src activation occurs, independent of andro-
gens, as a result of increased Src expression or stimulation via
growth factors and interleukins.'™'® In breast cancer, c-Src
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Figure | Androgen regulation of cell cycle and CDK4/6 pathway. Genomic AR signaling activates androgen response elements (ARE) to promote cell proliferation. Non-
genomic AR signaling acts via membrane bound AR and activated cytosolic AR by activating PI3K/AKT, Src, Ras/Raf, and PKC to regulate MAPK/ERK activating ELK|
transcription factor to promote cell proliferation. Non-MAPK/ERK-dependent AR signaling includes membrane bound AR increasing intracellular calcium activating PKA and
transcription factors (TF) to also promote cell proliferation. PI3K/AKT activates mTOR which leads to increase cyclin DI, in addition, PI3K/AKT phosphorylates the
transcription factor FOXOI which causes cytosolic degradation preventing FOXO1’s tumor suppressor effects. Cytosolic AR also down-regulates p21 and p27, cyclin-
dependent kinase inhibitors that negatively regulate cell cycle progression. Cyclin DI activates CDK4/6 which leads to phosphorylation of the hypo-phosphorylated active
Rb, generating a hyper-phosphorylated inactive Rb state. When Rb is hyper-phosphorylated, the activating transcription factor E2F is released and enters the nucleus to
promote transition from G| (pre-DNA synthesis) to S phase (DNA synthesis). CDK4/6 inhibitors block this pathway by preventing phosphorylation of Rb, thereby keeping

Rb in its active tumor suppressor state, and not allowing the activating E2F to be released to enter the nucleus.

suppression resulted in down regulation of cyclin D1 and
increase p27kipl (intrinsic CDK4/6 inhibitor) suggesting the
Src pathway regulates cell cycle progression.”® AR has also
been found to activate the PKC pathway, which is regulated by
modulation of intracellular calcium leading to activation of
MAPK/ERK.?! While the activation of MAPK/ERK by
PI3K/AKT pathway relies on AR’s activation of the p85a
subunit of PI3K and AR’s interactions with Src leading to
activation of AKT and subsequent MAPK/ERK activation.*
Non-genomic AR signaling independent of MAPK/ERK also
occurs leading to increase cell proliferation. This is seen with
AR causing increase intracellular calcium which not only
activates PKC, but also activates protein kinase A which inter-
acts with transcription factors promoting cell proliferation.”!
Another AR signaling effect not reliant on MAPK/ERK
includes AR interacting with PI3K/AKT causing phosphoryla-
tion of the tumor suppressor transcription factor Forkhead box
O1 (FOXO1) causing it to be retained in the cytoplasm for
degradation preventing its pro-apoptotic effects,” in addition,
PI3K/AKT phosphorylation of mTOR also causes increase cell
proliferation.

Through all these pathways mentioned above, AR has
been found to be a key regulator of transcription of genes
that allow for G1 to S transition.> Further investigation of
AR’s role in the cell cycle has revealed its effects on cyclin
D1, a substrate for activating CDK4 and CDK6. The
mechanism for increasing cyclin D1 is through the activa-
tion of MAPK and Akt*** as well as via mammalian
target of rapamycin (mTOR) and subsequent upregulation
of protein translation.”® Androgens, via activated AR, also
have effects on the intrinsic CDK inhibitors p21, p27 and
pl6. Androgens have been shown to transcriptionally
downregulate the CDK inhibitors p21 and p27.%
Therefore, these pathways via MAPK, Akt, and mTOR
increasing cyclin D1 and reduction of intrinsic CDK4/6i’s
(p21 and p27), all promote inactivation of Rb tumor sup-
pressor allowing the cell to progress from G1 to S phase.
Using ADT will influence these pathways, unfortunately,
these androgen sensitive PCa cells will eventually become
androgen-independent by way of AR mutations, AR
amplification and aberrant activation of AR.*® To circum-
vent this resistance, CDK 4/6 inhibitors have been
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investigated to disrupt these AR signaling pathways, in
turn, decreasing their cancer cell promoting -effects.
Preclinical models using palbociclib revealed CDK 4/6
inhibitors can be used in the treatment of PCa. Early
models showed this agent limited proliferation in HSPC
and CRPC cells in vitro, as well as xenografts and primary
human tumors ex vivo.”’

In the evolving paradigm of precision medicine, genomic
analysis of metastatic PCa has shown many alterations that
utilize the cell cycle to promote survival and growth.**=?
Therefore, patients with these alterations, such as amplifica-
tion of cyclin D1 gene (ie, CCNDI), found in 4.7% of
mCRPC patients (Table 1), should be more responsive to
CDK4/61’s. However, it is important to note that some geno-
mic alterations found in PCa may make these agents ineffec-
tive. For example, patients with Rb gene (ie, RB) loss,
p16INKa high, cycle E1/E2 amplification or E2F amplifica-
tion would likely be resistant.® In patients with mCRPC, RB
loss is found in 9-17% of patients.>**! Therefore, RB expres-
sion and potentially genomic analysis should be monitored to
predict response, especially in patients who have CRPC.

Current Clinical Trials with CDK 4/6

Inhibitors in Prostate Cancer

There are currently five clinical trials (Table 2) involving
CDK 4/6 inhibitors in PCa, excluding two mutation-specific,
tumor agnostic “basket” trials using palbociclib. A phase II
trial (NCT03706365) is evaluating the safety and effective-
ness of abiraterone with and without abemaciclib in patients
with mCRPC. Ribociclib is being evaluated in PCa in two
separate trials. A phase IB/II trial (NCT02555189) is inves-
tigating enzalutamide with and without ribociclib in patients

with mCRPC who are chemotherapy-naive and retain Rb
expression. The second phase II trial (NCT02494921) is
evaluating ribociclib with docetaxel in patients with
mCRPC. There are two clinical trials testing palbociclib’s
use in PCa. A phase II trial (NCT02905318), using palboci-
clib in patients with PCa, is recruiting to evaluate side
effects, but also determine markers that could predict
response to palbociclib. The only CDK4/6i trial with results
to date is a phase II trial (NCT02059213) evaluating ADT
with and without palbociclib in patients with mHSPC who
are RB-positive.”® Twenty patients were randomized to
ADT alone and 40 to ADT plus palbociclib. The primary
outcome was proportion of patients who achieved a PSA <4
ng/mL after seven months of treatment. The primary PSA
endpoint was met in 80% of patients in both arms with
a p-value of 0.87 for superiority. All-cause mortality in
both groups was 0%. Serious adverse events occurred in
25% of patients with ADT alone and 17.5% with ADT plus
palbociclib. In the palbociclib group, Grade 3 or 4 neutro-
penia was seen in 33% of patients. The clinical PFS is not
mature, but 12-month biochemical PFS in ADT was 69% vs
74% in palbociclib.* In this study 97% of patients were RB-
positive. Further investigation is warranted in PCa in order
to find the appropriate patient population based on genomic
alterations and potential synergistic combinations to make
these agents more efficacious.

Potential Combinations with CDK
4/6 Inhibitors

As with most cancer therapeutics, resistance develops with
time; therefore, it is important to understand these mechanisms
as they provide insight into which patients will respond and

Table 2 CDK4/6 Inhibitor with Androgen Signaling Inhibitor Combination Trials

Patient Population Status Identifier Estimated Primary
Completion
ADT * Palbociclib, Phase Il mHSPC, RB-positive Completed | NCT02059213 | 9/9/2017
Palbociclib, phase Il mCRPC Recruiting | NCT02905318 | 11/2020
Enzalutamide *Ribociclib, Phase IB/ | mCRPC chemo-naive that retain RB Recruiting | NCT02555189 | 4/14/2020
[l expression
Ribociclib + Docetaxel, Phase, mCRPC Recruiting | NCT02494921 | 12/31/2019
Phase Ib/Il
Abiraterone * Abemaciclib, Phase mCRPC Recruiting NCTO03706365 | 9/15/2021
Il
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potential combination therapies to slow or overcome resis-
tance. Multiple reviews have been published outlining
CDK4/6i mechanisms of resistance in breast cancer.**
Potential mechanism of resistance include loss of Rb, upregu-
lated CCNEL, activation of E2F, Cyclin E-CDK2 axis, driver
mutations in PIK3CA, fibroblast growth factor axis and
increasing 3-phosphoinositide-dependent protein kinase 1
(PDK1) and mitogen-activated protein kinase (MAPK)
activation.’*** In addition to mechanism of resistance,
mechanism of action of CDK4/6 inhibitors are also important
to guide combination therapy. CDK4/6 inhibitors’ mechanism
of action is largely dependent on the Rb pathway; however, Rb
independent effects are also present. These Rb independent
pathways include CDK4/6 inhibitor effects on FOXM1 and
SPOP;*® however, the impact of these Rb independent path-
ways is unclear since most patients with Rb loss have shown
little activity to CDK4/6 inhibitors and is one of the main
mechanisms of resistance.’* Guided by key pathways within
PCa, PCa specific genomics and resistance profiles of CDK4/
61’s, we will review how CDK4/61’s can be combined with
agents from the following categories: chemotherapy, immu-
notherapy, DNA repair pathway, PI3K/AKT, FOXO3-
FOXMI1 axis, FGF-FGFR axis, Ras/Raf/MEK/ERK axis,
and TP53 modulators.

Chemotherapy

In 2004, the US Food and Drug Administration (FDA)
approved a taxane, docetaxel, for mCRPC based on its
survival benefit.>’ Subsequently, semisynthetic taxane
cabazitaxel was first approved in 2010 for second-line
treatment for mCRPC.*® Taxane’s mechanism of action
includes inhibition of microtubular depolymerization
arresting cells in G2/M phase of the cell cycle and attenua-
tion of bcl-2 and bcl-xL gene expression promoting
apoptosis.>® The ability to use cabazitaxel after docetaxel
resistance is due to its poor affinity for P-glycoprotein
efflux pumps which allows cabazitaxel to remain in the
cell. Given the effects of taxanes on the cell cycle, these
agents have been combined with CDK4/6i’s in various
malignancies. However, the scheduling of these agents
appears to affect the response. In preclinical breast cancer
models, when the taxane paclitaxel was given concurrently
with palbociclib it showed antagonism, but showed

synergy when given intermittent

40,41

sequentially via
dosing. This finding can be explained by their
mechanisms of action. When a CDK4/6i is administered
it arrests cells in G1 which prevents cancer cells from

eventually entering M phase, thereby, protecting cells

from paclitaxel-induced cell death in M phase. When
given sequentially it is hypothesized that G1 synchroniza-
tion will occur after CDK4/6i is held, allowing more cells
to enter M phase and enable cell death from paclitaxel.*!
A Phase I trial with intermittent dosing in advanced breast
cancer was performed and showed safety and
tolerability.*! In PCa, a phase Ib/2 clinical trial is investi-
gating ribociclib with docetaxel and prednisone in mCRPC
patients with androgen signaling inhibitor resistance and
no prior chemotherapy.*” Preliminary results of 14 patients
showed PSA decrease by 50% or more in 29% of patients
with neutropenia as the most commonly observed adverse
event. Further trials in PCa with combining chemotherapy
could be conducted, but dosing schedule should be

considered.

Immunotherapy

Over the past decade, immunotherapy has taken the field of
oncology by storm; however, in PCa the only FDA-approved
autologous  cellular immunotherapy is sipuleucel-T
(Provenge).* PCa has been unresponsive to immunotherapy
which could be explained by its cold tumor environment as
evident by a compromised cellular immunity and highly
immune suppressive tumor microenvironment.** CDK4/6i’s
have been shown to enhance T-cell activation, increase T-cell
tumor infiltration, and increase tumor expression of pro-
grammed death-ligand 1 (PD-L1) (Figure 2). ***® These
changes support the potential synergistic effects with combin-
ing CDK4/6i’s and immunotherapy given the increased
amount of immune cells in the tumor microenvironment and
ability to block the immune suppressive effects of PD-L1.
Inhibition of CDK4/6 increases PD-L1 protein by preventing
cyclin D1-CDK4 phosphorylation of speckle-type POZ pro-
tein (SPOP), which without phosphorylation, compromises
ubiquitination of PD-L1 that leads to PD-L1 protein
degradation.”® High PD-LI results in suppression of the
host’s immune response to the cancer; however, this may
make the tumor more vulnerable to immunotherapy. In PCa,
cancer-derived SPOP mutations, seen in 8-15% of patients
(Table 1)*2'47%% also increases PD-L1, but can cause
decreased CD3+ tumor infiltrating lymphocytes and thus, lead-
ing to a cold tumor environment. This mutation resulted in
increased growth of PCa xenografts compared to wild-type
SPOP. Therefore, patients with SPOP mutations treated with
CDK4/61’s may be responsive to immunotherapy. In triple
negative breast cancer mouse xenografts, combinations of
CDK4/6i with a PI3K inhibitor and a PD-1 inhibitor induced

complete and durable regressions.*” A clinical trial using
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Figure 2 CDK4/6 pathway and FOXO3-FOXM| axis: Cyclin D-CDK4/6 complex phosphorylates FOXMI transcription factor which is involved in expression of GI/S phase
genes. FOXMI also up-regulates genes involved in the homologous recombination Repair (HRR) pathway. FOXO3, when acting as a tumor suppressor gene, inactivates
FOXMI. The tumor suppressor activity is regulated by PI3K/AKT and Ras-MEK. Multiple therapeutics have been shown to have activity in the FOXO3-FOXMI axis. PARP
inhibitors can increase FOXMI expression and nuclear localization. PARP is involved with base excision repair (BER), however, if PARP is inhibited single stranded breaks
accumulate and double stranded breaks occur making the cell rely on HRR. If HRR is deficient, by mutation (i.e BRCA), then synthetic lethality occurs in the presence of

PARP inhibition.

CDK4/6i1’s with immunotherapy is ongoing in various cancers.
For example, abemaciclib plus pembrolizumab is currently
being investigated in patients with metastatic breast cancer,
and also in glioblastoma (NCT04118036), head and neck
(NCT03938337), metastatic gastroesophageal (NCTO039
97448), and lung cancer (NCT02079636). There are no
ongoing clinical trials in PCa using these class combinations;
however, over 1000 clinical trials in PCa are investigating
vaccines, immune checkpoint inhibitors, immunomodulators,
adoptive cell transfer, and oncolytic virus-mediated immune
response.**

DNA Repair Pathway

When DNA is damaged it relies on various pathways to
undergo repair including: direct repair, mismatch repair
(MMR), base excision repair (BER), nucleotide excision
repair (NER) and double strand break (DSB) via non-
homologous end joining and homologous recombination
repair (HRR).”! Poly (adenosine diphosphate) [ADP]-ribose
polymerases (PARP) are DNA repair enzymes involved in
single stranded breaks and BER.>* When PARP is inhibited,
single stranded breaks accumulate and lead to double
stranded breaks which are repaired via HRR. However,

aberrations within the HRR pathway, such as BRCA1/2
mutations, can result in synthetic lethality in the presence
of PARP inhibitors (PARPi) (Figure 3).” Therefore, patients
with DNA repair aberrations (germline or somatic) are most
sensitive to PARPi. DNA repair aberrations are seen in
with  mCRPC.*
Specifically, BRCA2 loss of function alteration is seen
between 5-13% of this cohort.>*>* In PCa xenografts,
PARP-1 activity has been associated with progression to
CRPC and PARP inhibition leads to delayed progression to
CRPC, diminished androgen receptor function and reduced
CRPC growth.>* In the TOPARP trial, a PARP inhibitor,
olaparib, was used as a single agent in patients with heavily

approximately 24% of patients

pretreated mCRPC and showed antitumor activity in patients
with DNA damage response (DDR) gene aberrations, espe-
cially in BRCA1/2 alterations.”> Over 592 patients were
screened for this trial and 27% of patients had DDR aberra-
tions (7% BRCA2, 7% ATM, 6% CDK12, 7% other).> The
response evaluation criteria in solid tumors (RECIST) objec-
tive response rate based on these aberrations was 52.4%,
8.3%, and 0%, respectively; in addition, PSA was decreased
by 50% or more in 76.7%, 5.3% and 0%, respectively.” Of
the 33 evaluated patients in the 400 mg olaparib cohort,
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Figure 3 Speckle-type POZ protein (SPOP) and CDK4/6 pathway. Cyclin D-CDK4/6 complex phosphorylates wild type-SPOP (WT-SPOP) which results in ubiquitination
and destruction of programmed death ligand | (PD-L1). CDK4/6 inhibitors are able to prevent this ubiquitination and also increase T-cell activation and tumor infiltrating
lymphocytes (TILs). Cancer mutated SPOP allows for increased PD-L| expression of tumor cells and decreases tumor infiltrating lymphocytes.

a radiologic response was seen in 24.2%.>> Since this trial,
two PARPi are now approved for use in mCRPC including
rucaparib and Olaparib. Rucaparib gained FDA approval in
2020 for mCRPC patients with germline or somatic BRCA
mutations who progressed on ADT and taxane-based che-
motherapy. The TRITON2 trial showed rucaparib had an
objective response rate (ORR) of 44% (11 of 25 patients)
with 56% of these patients having a duration of response of
>6 months.”® Also in 2020, olaparib gained approval for
HRR gene-mutated mCRPC. In the PROfound trial,”’ radi-
ologic progression-free survival (rPFS) for olaparib was 7.4
months vs 3.6 months for patients treated with enzalutamide
or abiraterone; median overall survival (mOS) was also
improved, 19.1 months vs 14.7 months. The ORR was 33%
vs 2%. These trials demonstrated that single agent PARP
inhibitor can be used in PCa patients with HRR gene aberra-
tions, but could combination therapy be used to improve
responses? Multiple clinical trials are evaluating PARP inhi-
bitors in combination with other agents such as androgen
signaling inhibitors (NCT04179396) and immunotherapy
(NCTO03572478) in PCa patients with DNA damage altera-
tions. Combination therapy with PARP inhibitors is also
being investigated in patients with a proficient homologous

recombination pathway. In vitro and in vivo ovarian cancer
models, combining PARPi with CDK4/6i’s showed synergis-
tic effects with palbociclib by inducing homologous recom-
bination repair deficiency through downregulation of MYC
regulated HR pathway genes leading to synthetic lethality
with olaparib.”® Additionally, high MYC expression deter-
Since MYC
amplifications occur in 20% of patients with mCRPC,****

mined sensitivity to combination therapy.”®

combining these agents is a promising combination. PARP
inhibitors also demonstrated effects on the FOXM1 tran-
scription factor axis by inducing expression and nuclear
localization of FOXM1 which in turn up regulates expression
of genes involved in the homologous recombination (HR)
pathway.”® When FOXM 1 inhibited cells were treated with
olaparib it resulted in increased DNA damage and PARP
trapping. It has been demonstrated that CDK4/6i’s can
decrease FOXM1,%° which could potentially circumvent the
increase FOXM!1 effects of PARPI. In clinical trials, olaparib,
palbociclib and fulvestrant combination is being investigated
in patients with BRCA-mutation-associated metastatic breast
cancer (NCT03685331). No clinical trials are investigating
PARPi +CDK4/6i in PCa.

submit your manuscript

10506

Dove

OncoTargets and Therapy 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Kase et al

FOXO3-FOXMI Axis

Forkhead box O3 (FOXO3) and forkhead box M1 (FOXM1)
axis contains important transcription factors for cell prolif-
eration, differentiation, cell survival, senescence, and DNA
damage repair.’’ FOXO3 has been shown to act as a tumor
suppressor gene in many cancers including PCa. In trans-
genic adenocarcinoma of the mouse prostate (TRAMP)
mice, prostate progression was increased when FOXO3a
activity was blocked.®> FOXO3a is regulated by the phos-
phorylation by PI3K-AKT, RAS-ERK, serum glucocorticoid
inducible kinases (SGK), and IkB kinase beta (IKKB) which
prevents translocation into the nucleus.®"**** When FOX03
is able to translocate to the nucleus it inhibits the oncogene
FOXM1 (Figure 3). Similarly to CDK4/6, FOXMI is
involved in cell proliferation and cell cycle progression by
promoting entry into S-phase and M-phase; thereby, leading
to tumorigenesis.®>*® FOXMI1 has been identified as
a critical phosphorylation target of CDK4/6 allowing expres-
sion of G1/S phase genes which protects cells from senes-
also demonstrated that FOXMI1 had
involvement with regulation of genes in cell cycle DNA
replication (cycle E2, MYB, MCM2, MCM10, CDT1) as
well as DNA repair (XRCC2, SFRS4).®° Since FOXMI is
overexpressed in many solid tumors including ovarian,

cence. It was

breast, prostate, melanoma, hepatoma, angiosarcoma, color-
ectal cancer, lung cancer and gastric cancer,”’ targeting the
FOXO3-FOXMI1 axis could be a synergistic approach to
further prevent tumorigenesis by cell cycle mechanisms.
When CDK4/6 is inhibited, using palbociclib, it decreased
FOXMI1 protein levels by 70%, indicating blockade of
CDK4/6 can down-regulate FOXM1.°° Multiple therapeutics
have been shown to have effects on this axis to either increase
the activity of FOXO3 or inhibit FOXMI including: che-
motherapy (paclitaxel,*® doxorubicin,® cisplatin),”® CDK4/
6i’s (ribociclib,”" palbociclib),® tyrosine kinase inhibitors
(gefitinib),”> PI3K-AKT inhibitors,®’ endocrine receptor
modulators,”® aurora kinase inhibitors,”* thiazole antibiotics

7576 natural compounds like Honokiol,”” and

(thiostrepton),
potentially TP 53 activators.”® Combining these agents with
CDK4/61’s may provide synergistic activity against tumor-
igenesis given FOXO03-FOXMI1 role in cell proliferation in

mCRPC.

PI3K/Akt Axis

In mCRPC, phosphatidylinositol 3-kinase (PI3K) alterations
are seen in almost 50% of patients, with loss of PTEN tumor
suppressor occurring in approximately 40% of these patients

(Table 1).** When PTEN loss occurs, it allows PI3K/AKT
activation to promote PCa growth in the absence of AR signal-
ing and is associated with worse outcomes.”*' Single agents
targeting PI3K, AKT and mTOR have failed to progress in PCa
as a result of toxicity, inadequate target inhibition, and limited
efficacy.”” However, combination therapy has shown some
activity. AKT inhibitor, ipatasertib, was combined with abir-
aterone in a randomized phase II study and showed superior
antitumor activity with improved OS and time to PSA progres-
sion, although not statistically significant, compared to abira-
terone alone in patients with mCRPC and PTEN loss.*” Since
the PI3K axis can be a means of developing CDK4/6i resis-
tance, combining these agents or sequential treatment is under
investigation. In breast cancer, targeting CDK4/6 and PI3K
in vitro and in patient-derived tumor xenografts (PDTX)
resulted in tumor regression.** As a result, clinical trials with
this combination are ongoing in breast cancer. As more studies
are being completed investigators are developing a better
understanding of resistance for these agents. It has been
shown that chronic exposure to CDK4/6i’s upregulates cyclin
D and promotes emergence of PIK3CA driver mutations.** In
breast cancer, PTEN loss has been shown to cause resistance to
CDK4/6i’s or PI3K inhibitors such as alpelisib.**® This
CDK4/6 resistance develops as a result of increased AKT
activation. However, selective AKT inhibitors have been
shown to restore sensitivity in vitro and in vivo.** Since
PTEN loss is frequent in mCRPC (40%), using AKT inhibitors
with CDK4/6i’s, instead of PI3K inhibitors, may result in better
efficacy and synergy. There are no clinical trials investigating
PI3K or AKT inhibitors with CDK4/6i’s in PCa.

Although PI3K/AKT inhibitors remain a viable option,
negative feedback loops are present between AR and PI3K/
AKT in which inhibition of one activates the other;gl’%
fore, other targets in this pathway have been investigated.
Histone deacetylase 3 (HDACS3), class I, known to be upregu-
lated in PCa, has roles in S phase progression, DNA damage

there-

control, maintenance of genomic stability and T cell
development.?” Blocking HDAC3 has inhibitory effects on
both, AKT and AR, through inhibition of AKT phosphoryla-
tion and histone deacetylation and condensed chromatin,
respectively (Figure 4).*¢ It was hypothesized that patients
with loss of PTEN or mutated SPOP, which results in aberrant
activation of AR and AKT, would respond to HDAC3 inhibi-
tors. This was shown with a selective HDAC3 inhibitor,
RGFP966, when it inhibited growth in PTEN or SPOP mutated
PCa cells in culture and PDTX models.®” Given the inhibitory
effects as a single agent, combining HDAC inhibitors with
CDK4/61’s could decrease PI3K associated CDK4/61

OncoTargets and Therapy 2020:13

submit your manuscript

10507

Dove


http://www.dovepress.com
http://www.dovepress.com

Kase et al

Dove

PI3K Inhibitors and Adverse Effects

Buparlisib, Alpelisib, idelalisib, copanlisib,
duvelisib

+ Hyperglycemia, anxiety, rash,
HTN, diarrhea

HDACS3 Inhibitors and Adverse Effects
RGFP966, BG45, BRD3308
* Myelosuppression,
diarrhea, nausea
AKT Inhibitors and Adverse Effects
Idelaslisib, ipatasertib
- Diarrhea, nausea, vomiting, rash
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Figure 4 PI3K-AKT axis and CDK4/6 relationship. PI3K allows for conversion of phosphatidylinositol-4,5 biphosphate (PIP2) to phosphatidylinositol-3,4,5 triphosphate
(PIP3) resulting in activation of AKT via phosphorylation and increase cyclin DI. PTEN tumor suppressor regulates this axis by inhibiting PIP2 conversion to PIP3. Mutated
SPOP (mSPOP) also regulates this axis by causing aberrant activation of AR and AKT. HDAC3 inhibitors inhibit AKT phosphorylation and AR mediated transcriptional

activity. PI3K inhibitors have been shown to increase transcriptional activity of AR.

resistance. HDAC inhibitors have also been shown to upregu-
late FOXO1 mRNA and protein levels which have effects on
the cell cycle. FOXOL1 is a tumor suppressor that induces cell
cycle arrest at G1 by modulating p27kipl, p21, Rb protein,
cyclin D1/D2 and induces cell cycle arrest at G2 via
GADDA45.%® Therefore, this HDAC inhibitor effect may add
additional inhibition to the cell cycle when added to CDK4/
6i’s. Combining CDK4/6i’s with HDAC inhibitors was inves-
tigated in preclinical breast cancer models when abemaciclib
and vorinostat were combined and revealed synergy with sig-
nificant diminished tumor growth.*® Otherwise, this combina-
tion has not been studied extensively. Further studies with this
combination in PCa are warranted.

FGF-FGFR Axis

Fibroblast growth factor pathway aberrancy has been
described in many cancers including bladder, breast, endome-
trial, lung, rhabdomyosarcoma, melanoma, head and neck,
brain and PCa.”® FGF and fibroblast growth factor receptor
(FGFR) have been shown to be dysregulated in the develop-
ment of prostate intraepithelial neoplasia, epithelial-
mesenchymal transition, angiogenesis, promotion of bone
metastases and emergence of CRPC.”" In a cohort of 101
patients with mCRPC, FGFR1 was amplified in 10% of
patients.”? The FGF-FGFR signaling pathway leads to activa-

tion of STAT, PI3K-AKT-mTOR and RAS-RAF-MEK

pathway (Figure 5). Each of these pathways have downstream
effects on the cell cycle by increasing cyclin D1.”*** In breast
cancer, the FGF-FGFR axis, specifically FGFR1 over expres-
sion, is a way for breast cancer cells to become resistant to
CDK4/6i’s and have resulted in shorter progression-free
1. As a result of this, combining a CDK4/6i with an
FGFR inhibitor has been pursued. The resistance was over-

surviva

come in breast cancer xenograft models when FGFR1 ampli-
fied tumors were given FGFR tyrosine kinase inhibitor,
lucitanib and complete responses were seen in xenografts
when the FGFR inhibitor, erdafitinib, was given with CDK4/
6i and endocrine therapy.”® This triple therapy is being used in
a phase Ib trial in patients with metastatic ER+/HER2-/FGFR
amplified breast cancer (NCT03238196). In PCa, erdafitinib is
being pursued in combination with androgen signaling inhibi-
tors in patients who are androgen receptor negative and no
neuroendocrine differentiation (NCT03999515). Dovitinib,
a pan class inhibitor targeting FGFR along with PDGFR and
VEGF, was used in patients with mCRPC and showed modest
activity with PFS of 3.67 months and mOS 13.7 months.”
However, no other clinical trials are ongoing in PCa with this
agent. Other FGFR inhibitors under investigation include futi-
batinib (FGFR 14 inhibitor) in a mutation-specific and solid
tumor agnostic basket trial (NCT04189445). Further investiga-
tion is warranted by combining CDK4/6i’s with FGFR inhibi-
tors in PCa.
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FGFR Inhibitors and Adverse Effects
Erdafitinib, infigratinib, futibatinib,
AZD4547

- Fatigue, diarrhea, dry mouth

FGFR
Inhibitor

MEK Inhibitors and Adverse Effects
Trametinib
+ Rash, diarrhea, fatigue

TP53 Modulators and Adverse Effects
APR-246

» Dizziness, confusion,
headache, fatigue

TP53
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Figure 5 FGFR axis, Ras-Raf-MEK and TP53 relationship to CDK4/6; FGFR results in activation of PI3K, Ras-Raf-MEK, STAT which increases cyclin D1, thereby promoting
progression through the cell cycle. The Ras-Raf-MEK pathway is needed for inactivation of tumor suppressor TP53 pathway. In addition, MDM2 also regulates p53 by
proteasomal degradation. However, when the tumor suppressor, p53, is active it allows for activation of p2| which regulates the cell cycle via CDK4/6 and CDK2 causing cell

cycle arrest. RTK, receptor tyrosine kinase.

Ras-Raf-MEK-ERK Axis
Ras/Raf/MEK/ERK is an important signaling pathway invol-

ving MAPKs that are involved in regulating proliferation,
differentiation and apoptosis.”” Amplification of members
within the MAPK pathway is as high as 32% in patients with
mCRPC.”* Phosphorylated ERK1/2 is associated with bio-
chemical recurrence, rapid progression to CRPC and reduced
disease-specific survival.”>*® The MAPK pathway influence
on the cell cycle has been investigated in multiple studies. It has
been suggested that Ras signaling is required for inactivation of
tumor suppressor pRb within the cell cycle when Ras neutra-
lizing antibodies caused G1 arrest.”” Ras signaling is also
essential in inactivation of pS53-mediated induction of
p21Cip1 (Figure 5). This was demonstrated when loss of Ras
resulted in transcriptional activation of p53.'% If p53 is acti-
vated, then this tumor suppressor leads to increase p21Cipl
and G1/S cell cycle arrest.'® p21 causes this arrest by suppres-
sing activity of cyclin A/CDK2, cyclin A/CDK1, and decreas-
ing transcription of E2F 1, STAT3, and MYC.'*! Paradoxically,
p21 can bind CDK4/6 to increase kinase activity to promote
progression through G1."°' The MAPK pathway has also been
a means of CDK4/6i resistance. Resistant cells have been
shown to have increased MAPK activation leading to CDK4/
6-Rb bypass to induce aggressive phenotypes and metastasis.*
In PCa, these CDK4/6 resistant cells were sensitized to MEK

inhibitors.>> Therefore, this suggests that MEK inhibitors
could be used in combination with CDK4/6i’s to delay resis-
tance or used sequentially after resistance occurs. Combining
MEK inhibitors with CDK4/6i’s is being investigated in multi-
ple tumor types including: KRAS mutant non-small cell lung
(NCT03170206),'”> KRAS mutant
cancer,lo3 pancreatic cancer,104 and melanoma.'® The MEK

cancer colorectal
inhibitor, trametinib, is being investigated as single agent in
mCRPC (NCT02881242); however, no combination trials are
underway providing an opportunity to combine MEKi with
CDK4/6i.

TP53 Axis

The guardian of the genome, tumor suppressor p53, has many
roles essential for protecting against oncogenic transformation
including: cell cycle arrest, DNA repair, senescence and cell
death, modulation of autophagy, and cancer metabolism.'*® G1
cell cycle arrest by p53 is mainly the result of transcriptional
activation of p21 which binds and inhibits cyclin E/CDK2 and
cyclin D/CDK4, thereby preventing Rb phosphorylation
(Figure 5).'7
mouse double minute 2 (MDM2), which results in proteasome

The main regulator of p53 is a ubiquitin ligase,

ubiquitination of the tumor suppressor.'”® As mentioned ear-
lier, Ras signaling is also essential in inactivation of p53-
mediated induction of p21Cip1."® Therapeutic targets within
this pathway are needed since 7P53 is mutated in over 50% of
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cancers and in mCRPC, an aberration causing loss of function
is found in 36-53% of patients (Table 1).**>* Mutated 7P53
results in loss of function of wild-type p53 and gain of function
in other aspects that lead to oncogenic activity.'® Patients with
these mutations are found to have worse outcomes, progression
and high rate of recurrence.''®'"! Treatment strategies target-
ing TP53 mutated cancers are focused on restoration of wild-
type p53 function (APR-246, MIRA-1, JNJ-26854165,
Calcein AM, NSC59984), direct attack on p53 deficient cells,
enhancement of normal p53 function (MDM?2 inhibitors
Nutlin-3a, RITA) and mimicking DNA damage with a virus.'®
APR-246 is being investigated in multiple clinical trials in
hematologic malignancies along with solid tumors including:
ovarian (NCT02098343) and prostate (NCT00900614). In
patients with mCRPC, a phase I trial with APR-246 was
shown to be safe and tolerable when given to 7 patients
intravenously for 4 consecutive days.''? Adverse effects
included fatigue, dizziness, headache and confusion.
Combining therapeutics that target pS3 and CDK4/6 has
been investigated in sarcoma cancer cells when MDM?2
antagonists were combined with CDK4/6i’s in the preclinical
setting.''® It resulted in reduced MDM?2 antagonistic activity
and diminished RNA polymerase II recruitment and decreased
transcription of p53 target genes (MDM2 and p21).'"* These
effects led to antagonistic cytotoxic effects suggesting combin-
ing these agents may not be beneficial. This suggests CDK4-
cyclin D1 complex has a positive impact on p53 as more
checks and balances are needed when cells are entering the
cell cycle. However, a separate study with liposarcoma xeno-
grafts showed synergy when MDM2 and CDK4/6 targeting
agents were combined.''* There are no clinical trials ongoing
combining APR-246 with CDK4/6i’s. Given the varying
results, additional studies are warranted in combining these
agents.

Conclusion

The benefits of CDK4/6i’s in PCa can be optimized by fully
understanding pathways that are involved with the cell cycle,
resistance patterns of CDK4/6i’s and by utilizing therapies that
target driver mutations in mCRPC. Additional research is
needed in these key areas in order to provide more insightful
reasoning to combinatorial therapies with CDK4/61’s to max-
imize efficacy and durability of response. The best opportunity
for synergistic success occurs when agents are combined based
on interrelated mechanisms, resistance profiles, and genomics,
however, it is extremely important to consider the adverse
effects of the combined agents. Precision medicine should
not only aid with improving effectiveness of treatment, but

also protect and identify patients who would not benefit from
therapy thus avoiding toxicity and decreasing morbidity. Novel
strategic combinatorial therapies for mCRPC, with a CDK4/61
as the common backbone, have the potential to improve overall
survival and quality of life in a patient population with few
therapeutic options.
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