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ABSTRACT

Introduction: Despite the recent advances in the treatment of malignant melanoma with immunother-
apy and BRAF/MEK targeted agents, advanced disease still beholds a poor prognosis for a significant
proportion of patients. Cyclin-dependent kinase (CDK) inhibitors have been investigated as novel
melanoma therapeutics throughout a range of phase 1 and 2 trials, as single agents and in combination
with established treatments.

Areas covered: This article summarizes the rationale for, and development of CDK inhibitors in
melanoma, with their evolution from pan-CDK inhibitors to highly specific agents, throughout clinical
trials and finally their potential future use.

Expert opinion: Whilst CDK inhibitors have been practice changing in breast cancer management, their
efficacy is yet to be proven in melanoma. Combination with BRAF/MEK inhibitors has been hindered by
dose-limiting toxicities, but their role may yet to be found within the spectrum of biomarker-derived
personalized melanoma management. The effect that CDK inhibitors can have as an adjunct to
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immunotherapy also remains to be seen.

1. Introduction

The landscape of treatment for metastatic melanoma has
improved significantly in recent years. Whilst previously
associated with a dismal prognosis and very limited
response to conventional chemotherapy, the advent of
BRAF and subsequent MEK targeted therapy has led to
significant survival improvement in patients with BRAF-
mutant disease [1]. Melanoma has also been at the forefront
of the immunotherapy (I0) revolution, with anti-CTLA4 and
anti -PD-1 agents leading to durable responses in some
patient cohorts [2].

Despite these recent advances, a significant proportion
of patients fail to respond, or receive limited benefit from
these treatment modalities. Only 40-50% of melanomas
harbor BRAF mutations [3,4] and are therefore susceptible
to BRAF targeted therapy. The majority of these patients
invariably develop resistance to BRAF targeted therapy
which is reflected with a median overall survival (OS) of
44% at 3 years with combination therapy [5]. Combination
immunotherapy with ipilimumab and nivolumab has dra-
matically improved outcomes irrespective of BRAF status
with an OS of 52% at 5 years in recently published data
[2], although the need for improvement remains. Targeted
treatment advances in other solid malignancies have
resulted in novel agents and combinations being investi-
gated in melanoma, in the hope that outcomes can be
further improved. This review will focus on the recent
advances with cyclin-dependent kinase (CDK) inhibitors in

melanoma, including the rationale for their use, clinical trial
outcomes and future direction.

1.1. The cell cycle and cyclin-dependent kinases 4 +6

The cell cycle is a tightly controlled process that eukaryotic
cells undergo to facilitate cell division and is frequently dysre-
gulated in cancer. The cell cycle consists of four phases; Gap 1
(G1); Synthesis (S); Gap 2 (G2) and Mitosis (M) [6]. G1 is a
metabolically active phase involving cell growth and prepara-
tion for division, with replication of organelles and other
cellular components. S phase incorporates DNA replication,
whilst G2 permits further cellular growth and preparation for
the final phase, mitosis, where chromosome segregation and
cellular division occurs [6]. Cells can also exit the cell cycle
from G1 and enter a 5% phase, GO, which can be either a
transient or permanent state of cell cycle arrest. Within the cell
cycle there are a number of transition points or ‘checkpoints’
that function to halt further cell cycle progression in the event
of aberrant DNA replication or mitosis [7].

CDKs are a family of serine/threonine kinases that act as
key regulatory proteins at checkpoints during the cell cycle, in
conjunction with cyclin proteins [8]. They therefore play a vital
role in control of the cell cycle [9,10,11], with an array of CDK/
Cyclin complexes and subsequently fluctuant levels of cyclin
[12]. CDK4 and CDK6 promote progression through the cell
cycle through interaction with D-type cyclins (Figure 1) [13].
The primary function of these complexes, in conjunction with
cyclin E-cdk2 [14], is to phosphorylate cell cycle pocket
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Article highlights

e With malignant melanoma still beholding a poor prognosis in a
significant proportion of patients, the high prevalence of CDK4/6-
Rb-p16INK4A pathway dysregulation means CDK inhibitors may have
the potential to improve patient outcomes.

e The development of CDK inhibitors has evolved from ‘pan-CDK'
inhibitors to highly specific agents.

o A number of phase 1&2 clinical trials have investigated CDK inhibitors
as single agents and in combination with BRAF and MEK inhibitors,
but outcomes have been limited by dose-limiting toxicities.

e (DK inhibitor use in biomarker lead personalized melanoma treat-
ment is under investigation and could potentially result in therapeu-
tic options for patients who fail to respond to currently licensed
therapies.

¢ Immunotherapy combinations are currently in development but are
yet to be reported.

This box summarizes key points contained in the article.

proteins such as retinoblastoma protein (Rb), which during
cellular quiescence are dimerized with E2F [15].
Phosphorylated Rb releases E2F transcription factors, including
E2F1 which then dissociate, thus driving transition from G1 to
S phase [16]. The cyclin D-CDK4/6 complex also sequesters
two CDK inhibitors, p21CIP1 and p27KIP1, which prevent acti-
vation of the cyclin E-CDK2 complex [17,18,19]. It should also
be noted that E2F1 despite its essential contribution to cell
cycle transition may also play a role in apoptosis induction, via
p53-mediated apoptosis [20].

1.2. Dysregulation of CDK4/6-Rb-p16INK4A pathway in
cancer

Hyper-activation of the CDK4/6-Rb-p16INK4A pathway (Figure 1)
is common and implicated in approximately 90% of melanomas
[21-23-23]. This can occur through deletion or mutation of Rb
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[24], activating mutations in CDK4 [25,26] and CDK 6 [27],
increased Cyclin D1 expression [21] or loss of p16INK4A (inhibitor
of the CDK4/6-cyclinD1 complex) [21,28]. The Cyclin D-CDK4/6
complex is also involved in other oncogenic signaling path-
ways such as the mitogen-activated protein kinase (MAPK)
pathway, the phosphatidylinositol 3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) pathway, the
Janus kinase (JAK)-signal transducer and activator of tran-
scription (STAT) pathway and wnt/B-catenin signaling [27].
Copy number alterations of key cell cycle genes, such as
CCND1 (cyclin-D1), CDKN2A (p16INK4A), and CDK4 are com-
mon and associated with worse outcomes in melanoma
[3,29]. Sequential loss of p16INK4A expression from benign
nevi (73%) to metastatic melanoma (14.7%) has also been
demonstrated, purporting the significance of this pathway
in melanomagenesis [30,31]. Genomic analysis in familial
melanoma has shown germline loss of function mutations
in CDKN2A, as well as activating mutations of CDK4, that are
associated with a 40-50 fold increase in the risk of devel-
oping melanoma [22,32,33].

In addition to forming a complex with cyclin D, CDK6
regulates a number of genes directly including EGR-1, FLT-3
and notably VEGF-A [13], by acting as a transcriptional regu-
lator. In knockout mice models, CDK4 and CDK6 have been
shown to play a key role in melanoma cell proliferation and
angiogenesis [13], with CDK4 facilitating localization of CDK6
to the VEGF-A promoter. Additionally, CDK6 is thought to
control the epigenetic regulator EZH2 [13], which is important
in melanoma progression and metastasis [34]. CDK 4 expres-
sion has also been postulated to play a role in cell migration,
cell proliferation and colony formation in lung cancer, as well
as being an independent prognostic indicator [35]. Given the
spectrum of activity of CDK4 and CDKS, this has led to further
interest in the potential use of CDK4/6 inhibitors (CDK4/6i) in
solid tumors.
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Figure 1. Image illustrating the phosphorylation of Rb by the CyclinD/CDK4/6 complex, releasing E2F transcription factors to dissociate, subsequently driving G1/S
transition through the cell cycle. This also permits further phosphorylation of Rb by the Cyclin E/CDK2 complex. The image also demonstrates the integration of
other oncogenic pathways (e.g. JAK/STAT and PI3K/AKT/mTOR) within the Cyclin D/CDK4/6/Rb/p16INK4A axis. CDK 4/6 inhibitors disrupt this oncogenic pathway.
Other sites of action of alternative CDK/cyclin complexes are also demonstrated and have been investigated as potential targets for therapy.



1.3. Senescence

Cellular senescence may be a powerful tumor suppression
mechanism, preventing the uncontrolled proliferation of malig-
nant cells and contributing to the clinical efficacy of radiotherapy,
cytotoxic chemotherapy and targeted drug therapies, including
CDK 4/6 inhibitors [36]. This process often occurs in two stages, cell
cycle arrest followed by gerogenic conversion (geroconversion)
from reversible arrest to irreversible senescence. Senescence-asso-
ciated growth arrest is orchestrated primarily by p16/Rb and p53
tumor suppression pathways [37]. Thus, it is unsurprising that CDK
4/6 inhibition or overexpression of p16INK4A has been demon-
strated to trigger cellular senescence within in vitro models [38,39].
Preclinical models have demonstrated maximal geroconversion
occurs after 8 days of continuous palbociclib administration in
melanoma cell lines [40]. However, despite this finding, monother-
apy with palbocicilb, abemociclib or ribocicilib does not uniformly
lead to senescence in cancer cells [36]. CDK 4/6 inhibition may
induce a senescence permissive state with additional intrinsic and
extrinsic factors required to determine cellular fate. Specifically, in
melanoma, synergy between mTOR inhibition and palbociclib has
been demonstrated in ex vivo models to be critical to triggering
irreversible senescence [40,41].

The triggering of senescence may not always be beneficial.
Studies have shown senescent cells within the tumor micro-
environment may adopt a pro-inflammatory senescence-asso-
ciated secretary phenotype (SASP) that may drive tumor
proliferation and therapeutic resistance [42]. Studies in mela-
noma cell lines, have demonstrated that fibroblast-induced
SASP caused by palbociclib exposure can stimulate the growth
of melanoma cells in a genotype-dependent manner [43].
Furthermore, studies in human melanoma cell lines have
demonstrated that triggering of geroconversion by palbociclib
mediates vermurafenib resistance [40].

2. Development of CDK inhibitors

Dysregulation of cell cycle control, specifically the G1 to S-
phase transition is almost ubiquitous in cancer development
[44,45]. This knowledge provides a strong rationale for con-
sidering the cell cycle and its complex regulation system as
potential targets for therapeutic modulation. The fundamental
role of CDKs in controlling the cell cycle, and specifically their
role as regulators of cellular proliferation, apoptosis and senes-
cence make them particularly appealing as pharmacological
targets in cancer therapy [9,46]. However, the almost universal
presence and essential function of CDKs within nearly all
human cells makes this a challenging molecular target and
may limit potential clinical utility. For example, CDK1 is essen-
tial for mitosis in all eukaryotic cells, thus has proven difficult
to target without inflicting substantial toxicity on healthy cell
populations [9]. Alternative interphase CDKs are more appeal-
ing targets as have a more limited role, particularly in the
proliferation of specialized cells and are frequently overex-
pressed in many cancer cell types [46].

Preclinical data have demonstrated that certain CDKs may have
significant influence in both the proliferation and spread of specific
cancers [46,47]. Research over the past two decades has explored a
wide range of compounds which affect various CDKs in a range of
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cancer subtypes with varying selectivity, targets and mechanisms
of action. More recently, improved understanding of the role of
specific CDKs in certain cancer types has led to the first global
approvals of CDK 4/6 inhibitors in breast cancer [44,48]. Fueled by
this breakthrough, these and other molecules are under investiga-
tion, both as monotherapy and in combination with other treat-
ments in a number of other cancers, including melanoma [49].
Greater understanding of the biology of CDKs in cancer pathology
may lead to more rational and innovative drug development in
this field.

2.1. First-generation CDK Inhibitors

The production of CDK inhibitors has proven challenging due
to the high degree of sequence homology shown between
different CDKs and also other intracellular protein kinases.
Furthermore, significant functional redundancy is seen
between different CDKs and therapeutic inhibition of one
subtype may cause a compensatory rise in others, allowing
resumption of cellular activity and proliferation [46,47]. Early
CDK inhibitors developed were relatively nonspecific and
often referred to as ‘pan-CDK’ inhibitors. Early drug discovery
programs focused primarily on CDK2 inhibition as a target due
to the observation of frequent dysregulation in a plethora of
cancers subtypes [44,50]. Examples of first-generation inhibi-
tors include flaviopiridol (alvocidib), olomucine, roscovitidine
(seliciclib) and kenpaullone [44,51].

The most extensively studied first-generation drug is flaviopir-
idol, a semisynthetic flavonoid derived from rohitukine, an Indian
shrub [52]. It was the first potent CDK inhibitor to enter human
studies and along with its analogue P276-00 (2" generation CDK
inhibitor) has been studied in over 60 clinical trials [44,53]. It has
been shown to inhibit CDK1, CDK2, CDK4, CDK6, CDK7 and CDK9
and despite showing significant in vitro activity, clinical studies
disappointed, showing substantially less activity in vivo [54].
Clinical studies did show potential efficacy in a range of hemato-
logical malignancies, such as chronic lymphocytic leukemia and
mantle cell lymphoma, however, despite extensive investment
clinical development was discontinued in 2012 [55].

2.2. 2" generation CDK Inhibitors

Advances in drug design and development allowed increased
selectivity for CDK1 and CDK2, and a reduction in dose-limiting
toxicities [44]. Second generation CDK inhibitors exhibit higher
potency and greater selectivity for certain CDK subtypes.
Numerous potential drug candidates entered development; the
most notable examples include roniciclib, dinaciclib (MK-7965),
voruciclib and riviciclib [44,51]. However, despite encouraging
preclinical evaluation, relatively few progressed beyond phase 1
clinical trials.

One of the most promising was dinaciclib, specifically devel-
oped as a high potency inhibitor of CDK1, CDK2, CDK5 and
CDK9 and showed significant efficacy in >100 tumor cell lines
(including melanoma), administration triggering rapid induction
of G2/M cell arrest and apoptosis [56]. Several clinical trials
evaluated clinical efficacy beyond phase 1, including a phase
2 clinical trial in melanoma (Table 1). However, they have not
demonstrated  significant clinical efficacy resulting in
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termination of clinical development in solid tumors [44,57]. No
second-generation CDK inhibitors have been licensed but
remain under evaluation primarily in hematological
malignancies.

2.3. Selective CDK inhibitors

The failure of nonselective CDK inhibitors in solid cancers treat-
ment is multifactorial, including low CDK specificity, dose limiting

toxicities and lack of understanding about in vivo mechanism of
action. For example, flavopiridol showed significant promise in
preclinical studies but disappointed in multiple clinical trials.
Despite extensive investigation, its mechanism of action has not
been fully elucidated and the potential significance of off target
effects including transcriptional suppression, autophagy and
endoplasmic reticulum stress are unknown [54,62]. This lack of
understanding about mechanism of action is the case for many
1*tand 2" generation CDK inhibitors and has confounded further

Table 1. Summary of CDK inhibitor trials in melanoma.

Compound
(company)

Target

Phase and status

Trial details

NCT Identifier

Pan-CDKi’s (1°t and 2™ generation)

Flavopiridol CDK 1,2,4,7,9 Phase Il Advanced melanoma NCT00005971
Alvocidib Completed Flavopiridol+ cisplatin/carboplatin. Solid tumors including melanoma [76]
(Sanofi-Aventis) Phase | NCT00003690
Completed [771
Roniciclib CDK 1,2,3,479 Phase | Solid tumors including melanoma NCT02047890
BAY-10,094 Completed [78]
(Bayer)
P1446A CDK 1,4,9 Phase | Solid tumors including melanoma NCT00840190
(Piramal) Completed P1446A+vemurafenib in BRAF mutant advanced melanoma [82]
Phase /1l NCT01841463
Suspended [83]
Dinaciclib CDK 1,2,59 Phase | Solid tumors including melanoma NCT00871663
SCH727695 Completed Advanced melanoma [79]
(Sanofi-Aventis) Phase /1l Advanced melanoma NCT01026324
Terminated [80]
Phase Il NCT00937937
Active, not recruiting [81]
Riviciclib CDK 1,4,9 Phase Il Advanced melanoma with Cyclin D1 expression NCT00835419
P276-00 Completed [58]
(Piramal)
AT7519 CDK 1,2,4,5,9 Phase | Solid tumors including melanoma NCT00390117 [59]
(Astex) Completed
Specific CDKi's
Single agent
Palbociclib CDK 4,6 Phase | Solid tumors including melanoma NCT00141297 [84]
PD033991 Completed Solid tumors including melanoma NCT01037790 [60]
(Pfizer) Phase Il
Completed
Ribociclib CDK 4,6 Phase | Solid tumors including melanoma NCT01237236
LEE0O11 Completed [85]
(Novartis, Astex)
Abemaciclib CDK 4,6 Phase | Solid tumors including melanoma NCT01394016 [87]
LY283519 Active, not recruiting Solid tumors including melanoma NCT02014129 [61]
(Eli Lily) Phase | Solid tumors including melanoma, with brain metastases NCT02308020 [88]
Completed
Phase I
Completed
Combination
Palbociclib+ CDK 4,6 Phase /1l Solid tumors including melanoma NCT02065063
Trametinib MEK 1,2 Completed [90]
Ribociclib+ CDK 4,6 Phase /1l BRAF mutant melanoma NCT01777776
Encorafenib BRAFY6° Terminated BRAF mutant melanoma [89]
Phase Il NCT01820364
Terminated (LOGIC)
Ribociclib+ CDK 4,6 Phase /1l NRAS mutant melanoma NCT01781572
Binimetinib MEK 1,2 Completed [91]
Ribociclib+ CDK 4,6 Phase /1l BRAF mutant melanoma NCT01543698 [92]
Encorafenib+ BRAF V60 Active not recruiting BRAF mutant melanoma NCT02159066
Binimetinib MEK 1,2 Phase Il (LOGIC-2)
Active, not recruiting
Abemaciclib+ CDK 4,6 Phase | Solid tumors including melanoma NCT02791334 [95]
LY3300054 Anti-PD-L1 Recruiting




drug development. This situation has been further exacerbated by
the lack of appropriate biomarkers.

The recognized disadvantages of 1°* and 2" generation
CDK inhibitors suggest that more selective CDK inhibition
may be the key to developing successful and tolerable anti-
cancer agents. Developing specific CDK1 inhibitors may be
challenging to develop due to toxicity [45,46]. Inhibition of
CDK2 may offer a more appealing target, particularly in tumors
such as melanoma, which may be driven by cyclin E amplifica-
tion [44]. Alternatively, selectively targeting CDK7, CDK8 and
CDK9, which are associated with basal transcription, may also
prove a successful strategy as cancer cells frequently harbor
unique vulnerabilities to selective suppression [50].

After the failure of multiple CDK inhibitors in clinical trials,
development focus shifted toward more selective CDK target-
ing. The cancer genome atlas has identified CDK4 amplification
and cyclin D1 overexpression in several subtypes of breast
cancer [63]. Discoveries in the early 1990s provided proof-of
principal that CDK4 inhibition might retard cancer cell devel-
opment and proliferation [64]. High-throughput screening of
chemical libraries focused on compounds that inhibited CDK4,
resulting in chemists at Parke-Davis developing PD-0332991, a
specific CDK4/6i that would eventually become palbociclib [64].

2.4. CDK4/6 inhibitors

CDK4/6i bind to the ATP binding domain of CDK4/6 which
competitively inhibit the kinase activity of these proteins, leading
to G1/S arrest [65]. In addition to enforcing cell arrest (and there-
fore causing cytostasis), CDK4/6i have been shown to enhance
cancer cell immunogenicity in mice [66], modulate MAPK signal-
ing [67] and induce a senescence-like phenotype [68]. CDK4/6i
also indirectly target protein arginine methyltransferase 5
(PRMTS5), an epigenetic modifier, resulting in reduced expression
of the oncogene MDM4 and subsequent p53 activation [69].
The first licensed CDK inhibitor was palbociclib (PD-
0332991), an oral reversible selective small-molecule inhibitor
of CDK4 and CDK6 developed by Pfizer and licensed in estro-
gen receptor-positive (ER+) breast cancer [48]. Parallel drug
discovery at Novartis and Eli Lilly has led to the licensing of
two further CDK4/6i ribociclib (LEEO11) and abemaciclib (LY-
2835219) respectively, also in ER+ breast cancer [64]. All three
licensed CDK4/6i have a similar mechanism of action but differ

Table 2. Comparative pharmacokinetics of palbociclib, ribociclib and
abemaciclib.
Palbociclib Ribociclib Abemaciclib
[48] [70] [71]
Peak Drug Concentration 6-12 hours 1-5 hours 8 hours
(Crna)
Oral Bioavailability 46% Unknown 45%
Elimination Half-life (hours)  28.8 hours 32 hours 24.8 hours
Volume of Distribution 2583 1090 750
(Liters)
Metabolism CYP3A4? CYP3A4? CYP3A4?
SULT2A1°
Clearance (Liters/Hour) 63 255 218
Protein Binding 85% 93-98% 70%
Steady State (days) 8 days 8 days 5 daysggg

2Cytochrome P450 3A4
BSulfotransferases 2A1
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in pharmacokinetic properties (Table 2). The successful devel-
opment of selective inhibitors of CDK4/6 has markedly chan-
ged the perception of CDK inhibition as a therapeutic target in
cancer. These compounds are now under further investigation
in a range of cancers including pancreatic, head & neck,
ovarian and melanoma [44].

In vitro studies have shown that palbociclib has similar
relative potency for cyclin D1/CDK4 and cyclin D2/CDK6 [72],
whereas ribociclib and abemaciclib have a greater potency for
CDK4 compared to CDK6 [73,74]. Abemaciclib also inhibits
CDK9 but at lower potencies compared to CDK4 and CDK6
and the clinical significance of this is not clear [74].

3. Clinical trials

Increasing understanding of the importance of the CDK4/6 path-
way in melanoma has led to clinical trials exploring the potential
clinical utility of CDKi as monotherapy and in combination with
other therapies. Trials to date can be seen in Table 1.

3.1. Pan-CDK inhibitors (first and second generation)

Flavopiridol was the first CDKi to show clinical activity in humans
[75] and its use in untreated melanoma was first assessed as part
of a phase 2 trial [76]. Sixteen patients with histologically proven
malignant melanoma, who had progressed through standard
therapy, were administered flavopiridol at a dose of 50 mg/m?
intravenously (IV) over 1 h daily for 3 days every 3 weeks. The
toxicity profile was deemed acceptable with mostly mild (grade
1) toxicities (82% diarrhea, 47% nausea); however, despite 7
patients achieving stable disease (SD, 1.8 to 9.2 months), it was
concluded that the drug failed to show any significant clinical
activity with no objective responses.

Flavopiridol has also been assessed as part of a combination
phase 1 trial with cisplatin or carboplatin, in 39 patients with
advanced malignancies including melanoma [77]. Within the
flavopiridol/cisplatin cohort toxicities were deemed to be mod-
erate with grade 3 nausea (30%) vomiting (19%) diarrhea (15%)
and neutropenia (10%). Maximum tolerated dose (MTD) was
established at 60 mg/m? cisplatin and 100 mg/m?/24 hours
flavopiridol. Within the carboplatin cohort toxicities were unex-
pectedly severe, with grade 4 anemia, grade 3 dehydration, and
one intracranial bleed resulting in death. Again, there were no
objective responses throughout, and due to the significant
toxicities experienced there has been little enthusiasm for
further CDK/chemotherapy combination studies.

Roniciclib, an oral pan-cyclin dependent kinase inhibitor of
CDKs 1/2/4/6/7 and 9, has been the subject of a phase 1 dose
escalation trial of 148 patients [78]. This involved two dosing
schedules: 3 days on/4 days off and 4 weeks on/2 weeks off,
with 2 melanoma patients included in each schedule [78]. Due
to limited tolerability, the 4 weeks on/2 weeks off schedule
was terminated, with the most common treatment-emergent
toxicities being nausea (76%) fatigue (65%), diarrhea (63.1%)
and vomiting (57.7%). Within the 3 days on/4 days off cohort,
a recommended phase 2 dose (RP2D) of 5 mg twice daily (BD)
was established. The investigators concluded that the agent
displayed an acceptable toxicity profile, and notably the most
significant disease control was observed in a refractory
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melanoma patient who experienced SD for 153 days.
Expansion to further melanoma-specific trials with roniciclib
however has not been pursued.

The intravenous CDK 1/2/5/9 inhibitor dinaciclib has been
tested in three melanoma inclusive trials. A first-in-human
multi-tumor-group phase 1 trial enrolled 48 patients, including
1 patient with melanoma, finding a MTD and RP2D of 12 mg/
m2 as an intravenous infusion once weekly for 3 weeks [79].
Adverse events (AEs) were reported in 98% of patients with
dose-limiting toxicities (DLTs) including orthostatic hypoten-
sion and raised uric acid levels. A second trial, NCT01026324
assessed dinaciclib in a phase 1/2 melanoma-specific trial [80]
however this was terminated due to slow accrual. Finally, the
agent was the subject of the stage IV melanoma-specific
phase 2 trial, SWOG SO826 [81]. 72 patients were enrolled
and administered a fixed dose of 50 mg IV every 3 weeks.
Results were not encouraging however, with 39% experien-
cing grade 4 toxicities (70% neutropenia) and no responses
identified.

Whilst further pan-CDK inhibitors have been trialed in mel-
anoma, robust assessment of their efficacy has been hindered
by suspended and terminated trials. P1446A is a potent inhi-
bitor of CDK 4/1 and 9 and was investigated in a multi tumor
phase 1 trial [82]. Twenty-nine patients across 5 centers in
India were dosed using a modified Fibonacci scheme for
dose escalation. A maximum-tolerated dose (MTD) of
600 mg/day was determined, with diarrhea being the DLT.
This agent was taken on for further evaluation within a com-
bination phase 1 trial with vemurafenib in patients with BRAF-
mutant melanoma [83], but the study was suspended due to
sponsor decision.

3.2. Specific CDK inhibitors

Given the success of specific CDK inhibitors, such as palboci-
clib in breast cancer, multiple trials have attempted to repli-
cate their success in melanoma. Such interest has been
focussed on studies that have attempted single-agent regi-
mens or alternatively in combination with other systemic anti-
cancer therapies to optimize efficacy.

3.2.1. Single-agent CDK 4/6 inhibitors in melanoma
Although palbociclib is known for its practice-changing influ-
ence within estrogen positive breast cancer, clinical trials
investigating its use in melanoma have been less profound.
Upon development as a first in class oral CDK4/6i, palbociclib
was tested in an advanced multi-tumor phase 1 trial [84]. 41
patients (6 with melanoma) were enrolled and received pal-
bociclib in six dose escalation cohorts using a standard 3 + 3
design. The MTD was established at 125 mg once daily (OD)
with neutropenia being the sole DLT. This agent has not been
further investigated as a single agent in melanoma-specific
trials.

The most selective CDK 4/6 inhibitor to date is ribociclib
[49] and was first investigated in a first in human study in the
USA and Europe, across multiple-advanced tumor types [85].
One hundred and thirty-two patients were enrolled and
received escalating doses of ribociclib (3 weeks on/1 week
off or continuous), with neutropenia and thrombocytopenia

being the most common DLTs. The recommended dose for
expansion was established at 600 mg OD 3-weeks-on/1 week
off. Intriguingly three partial responses (PR) were observed,
one of which occurred in a patient with BRAF/NRAS wild type,
CCND1 amplified melanoma.

Abemaciclib is another specific CDK4/6i but is of particular
interest in melanoma due to pre-clinical studies demonstrat-
ing its ability to cross the blood-brain barrier, and the known
propensity of melanoma to metastasize to the brain [86]. The
initial first-in-human phase 1 study involved 225 patients with
multiple different tumors, including non-small cell lung can-
cer, glioblastoma, melanoma, breast and colorectal cancer
[87]. A 3 + 3 dose escalation was used to establish an oral
MTD of 200 mg BD throughout a 28-day cycle. The most
common adverse events across the study were diarrhea
(52%), nausea (30%) and fatigue (21%). Within the melanoma
cohort (n = 16) phamacodynamic inhibition of Rb phosphor-
ylation was demonstrated. Notably, one patient with NRAS-
mutant melanoma achieved a partial disease response.

A subsequent phase 2 study, evaluated abemaciclib in
patients across multiple tumor types with brain metastases
[88]. Whilst the breast cohort results have been reported and
suggest a significant OS benefit (8.4 months vs <4 months),
the melanoma cohort results are yet to be reported.

3.3. Combination therapy

An area of high interest for CDK therapeutics in melanoma has
been their potential role as an adjunct to BRAF and MEK
inhibition. Preclinical models have suggested that the addition
of ribociclib to the oral BRAF inhibitor (BRAFi) encorafenib
delays development of BRAFi resistance leading to a number
of phase 1b/2 clinical trials to evaluate potential utility [89].

A phase 1b study has investigated palbociclib in combina-
tion with the reversible, highly selective MEK1/2 inhibitor,
trametinib [90]. The study evaluated palbociclib given OD
21 days on/7 days off (21/7), in combination with trametinib
OD, in 28 patients with advanced malignancies. Two recom-
mended combination regimens (RCR) were established; trame-
tinib 2 mg + palbociclib 75 mg 21/7 (RCR1), and trametinib
1.5 mg + palbociclib 100 mg 21/7 (RCR2). Common adverse
events throughout the study were diarrhea (67.9%), acneiform
rash (64.3%) and fatigue (53.6%) with Grade 3 and 4 adverse
events seen in 75% and 21.4% of patients, respectively. It was
noted that one of two patients that achieved a PR at RCR1 had
BRAF/NRAS wild type melanoma, with ongoing disease
response at the time of publication (approximately
13 months).

NCT01777776 investigated the combination of ribociclib,
given OD 21 days on/7 days off with encorafenib OD dosed
continuously, in patients with melanoma and other skin
tumors, within a phase 1b/2 trial [89]. Dose escalation was
guided by a Bayesian logistic regression model with cohorts of
ribociclib and encorafenib dosed at 200/300, 300/200, 400/100
and 400 mg/200 mg, respectively. Eighteen patients received
the combination at varying doses, with 78% having received
prior BRAFi therapy. Study drug-related AEs at all grades
included palmar-plantar hyperkeratosis (PPH 46%), flushing
(36%) and rash (36%), with two DLTs (G3 myalgia and



hyperbilirubinaemia) at the 200/300 dose level. Nine patients
were evaluable for response at the time of publication, with 2
PRs and 6 SDs. Due to toxicity and higher than expected blood
levels of encorafenib in the 200/300 and 300/200 cohorts, the
400/100 and 400/200 dose ratio regimens were predicted to
be better tolerated. The trial was however terminated before
completion by the sponsor in response to other clinical devel-
opments within the field.

The alternative combination of a CDK 4/6 inhibitor, riboci-
clib and MEK inhibitor, binimetinib in patients with NRAS-
mutant melanoma, has also been investigated as a phase
1b/2 study [91]. Phase 1b assessed a 28-day cycle of ribociclib
OD for 21 days with binimetinib BD for 28 days, against a 21-
day cycle of ribociclib OD and binimetinib BD for 14 days. A
28-day cycle of ribociclib 200 mg OD and binimetinib 45 mg
BD was selected as the RP2D, with an unconfirmed PR of 35%.
In phase 2 this schedule was received by 16 patients with a
median exposure of 4 months. Common G3/4 AEs were trans-
aminitis (19%/6%), nausea (19%/0), rash (19%/0) vomiting
(6%/6%) and neutropenia (12%/0%). Four patients achieved
PR, with SD in seven. Median progression-free survival (PFS)
was 6.7 months, leading to the conclusion that this combina-
tion has favorable efficacy and manageable toxicity in this
group of patients.

The triple combination of encorafenib, binimetinib and
ribociclib has been evaluated in a phase 1b/2 dose escalation
study in patients with BRAFY®° mutant disease [92], aiming to
enhance the synergistic effects already seen with combination
BRAF/MEK inhibition. Phase 1b involved 21 patients with pan-
tumor site BRAF'®®® mutant advanced solid tumors, adminis-
tering escalating doses of ribociclib OD 100-600 mg 3 weeks
on/1 week off, in combination with encorafenib 200 mg OD
and binimetinib 45 mg BD, in successive cohorts. Of note, the
dose of encorafenib was lower than that of established in dual
combination therapy (450 mg OD), due to suspected pharma-
cokinetic interactions with ribociclib. No DLTs were reported
and the ribociclib RP2D was 600 mg. In the phase 2 expansion,
42 patients with confirmed BRAF'%°® melanoma, naive to prior
BRAF inhibitor therapy were enrolled, with objective response
rate (ORR) being the primary endpoint. The most common
grade 3/4 toxicities were neutropenia (26%), raised ALT
(14%), diarrhea (7%) and anemia (7%), with 23% of patients
discontinuing treatment due to AEs. ORR was 52% with 4 CRs,
18 PRs and 15 with SD. Whilst the combination induced an
objective response in over half the patients, there was also
evidence of increased toxicity.

3.4. CDK4/6 inhibitors and immunotherapy

Given the success of 10 in melanoma, there has been research
into whether CDK4/6i could act as an adjunct to |O. There is
some rationale for synergy with this combination. Preclinical
models have shown that CDK4/6i trigger changes in the tumor
microenvironment and tumor-secreted cytokines that could
result in enhanced T-cell activity and a reduction in regulatory
T cells [93]. This could lead to a theoretical enhancement of
immunotherapeutic effect. Some promising signs of efficacy
have been demonstrated in vitro [94] and several phase 1/2
clinical trials of immunotherapy and CDK4/6i combinations are
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underway in patients with breast cancer (NCT03294694,
NCT03147287 and NCT02778685). Of most relevance for mel-
anoma is the phase 1b/2 trial NCT02791334, investigating a
novel anti- PDL-1 antibody, lodapolimab (LY-33000054), in
combination with abemaciclib across multiple tumor groups
including melanoma [95].

4, Biomarkers

The majority of early clinical studies conducted with ‘pan CDK’
inhibitors involved unstratified patient cohorts [44]. The lack of
effective biomarkers in these studies is likely to have contrib-
uted to the unsatisfactory results achieved in many of these
early trials. Despite the negative results overall, there were
promising signs of potential activity in some cancers, such as
flavopiridol in chronic lymphocytic leukemia and rare ‘super
responders’ in other studies, suggesting efficacy in some
undefined molecular phenotypes [44,96]. In recent vyears,
improved understanding about the biology of the cell cycle
and the therapeutic success of CDK 4/6 inhibitors has facili-
tated further work in biomarker development. Preclinical work
has identified several potential biomarkers which could be
used to predict efficacy and resistance to CDK 4/6 inhibition,
but require further clinical validation [97]. There has been
significant interest in the CDK4/6-Rb-p16INK4A pathway and
associated transcription factors, such as E2F [49,98].

Preclinical studies have identified Rb as a key marker of
CDK 4/6 resistance [45,97,99], with the Rb1 gene being
thought to be mutated in around 2.5% of melanoma cases
[100]. Initial phase 1 clinical trials of licensed CDK 4/6 inhibi-
tors (e.g. NCT01536743, NCT02334527, NCT01976169) man-
dated Rb preservation by immunohistochemistry for
inclusion in these multi-tumor studies. Lack of Rb activity has
shown potential as a biomarker of resistance to CDK 4/6
inhibitors [101]. Loss of Rb results in increased p16INK4A
expression due to intrinsic negative feedback, which similarly
could be used to predict CDK 4/6 inhibitor resistance [44,101].
The p16INK4A protein encoded by the CDKN2A locus is a
potent tumor suppresser and mutated in >90% of metastatic
melanoma tumors [49]. Whilst the mechanism of action of
p16INK4A is comparable to that of specific CDK 4/6 inhibitors
such as palbociclib (blocking CDK 4/6 kinase activity via the
ATP binding domain), it is likely that p16INK4A has a multitude
of CDK 4/6 independent functions thus giving it a more com-
plex role in cell cycle regulation [102]. The potent function of
p16INK4A in supressing melanoma progression likely explains
why germline mutations in CDKN2A are strongly associated
with an increased risk of developing the disease [103].
Mutation and hypermethylation of CDKN2A are also being
explored as potential biomarkers in melanoma and a plethora
of other cancers. Of note recent studies have shown that
mutations in CDKN2A and Rb are mutually exclusive, which
may impact the individual use of these biomarkers in future
clinical practice [97].

Another potential biomarker of CDKi resistance that has
been investigated is a result of the indirect action of CDK4/6i
on the PMRT5-MDM4-p53 axis [69]. Studies have suggested
that the indirect suppression of PMRT5 by pablociclib is vital
for subsequent p53 activation, and the loss of this action could
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be a measurable driver for Palbociclib resistance [69]. In addi-
tion, work by Romano and colleagues [104] has looked to
assess the mechanism of resistance in one patient who initially
responded but then progressed within the aforementioned
phase 1b ribociclib/binimetinib combination trial. Whole
exome sequencing of longitudinal biopsies identified an
acquired PIK3CA®***f mutation. They have suggested that
these specific resistance mutations may be identifiable pre-
treatment to detect drug-resistant cohorts, although this
remains to be further investigated.

A number of basket and umbrella trials using CDK 4/6i
are underway that utilize genetic features of tumors to
assign molecular therapies across multiple tumors types,
including melanoma. The diagnostic-agnostic NCI-MATCH
(NCT02465060) identifies tumors with cyclin D1 amplifica-
tion for treatment with palbociclib. The SIGNATURE trial
(NCT02187783) enrolled patients with tumors which display
cyclin pathway abnormalities (e.g. CDK4, CDK6, CCNDT,
CCND3, P16INK4A) for treatment with ribociclib, this study
has been completed but not yet reported. A further clinical
trial (NCT02065063) has explored the efficacy and safety of
palbociclib with trametinib (MEK inhibitor) in a range of
cancers, including BRAF'®®° melanoma with NRAS muta-
tions. This investigated the effects on potential tumor bio-
markers including pERK, Rb, Ki67, FoxM1, p16INK4A and
CCDNT1, however has not been reported.

Specifically, in melanoma several trials are underway which
explore the use of CDK 4/6i with concomitant use of exploratory
biomarkers. The LOGIC (NCT01820364) & LOGIC-2
(NCT02159066) trials utilizes an adaptive trial design which
focuses on BRAF'®®® mutant melanoma patients who have pro-
gressed on encorafenib and binimetinib. This drug combination
is continued beyond progression with a third agent added based
on tumor molecular phenotyping, including ribociclib, buparlisib
(phosphoinositide-3-kinase inhibitor), infigratinib (fibroblast
growth factor receptor inhibitor) or capmatinib (MET inhibitor).
The LOGIC trial has been terminated due to scientific and busi-
ness considerations, however LOGIC 2 is still recruiting at the
date of censoring. A further clinical trial based on molecular
profiing and matched targeted therapy, called MatchMel
(NCT02645149) is underway for patients with melanoma and
BRAF or NRAS mutations. This includes palbociclib as a potential
therapy, in addition to other targeted therapies for patients with
abnormalities in cyclin D1, cyclin D3 and p16INK4A.

Clinical trials exploring the use of CDK inhibitors and the
predictive utility of effective biomarkers in a range of cancers,
including melanoma are ongoing. However, it remains unclear
if any single or combination of biomarker(s) will prove effec-
tive. In melanoma, the CDK4/6-Rb-p16INK4A pathway is the
most promising candidate based on preclinical observations.
Further exploratory clinical work in biomarker-enriched
cohorts is necessary to validate potential predictive biomar-
kers against treatment response.

5. Conclusion

Despite the practice-changing influence of CDK 4/6 inhibitors in
the field of breast cancer, these agents are yet to show significant

benefit in malignant melanoma. Multiple trials have attempted to
test their efficacy across phase 1 and 2 trials, from 1°* generation
pan-CDK inhibitors to highly specific CDK/BRAF/MEK inhibitor
combinations. However, even with the lack of discernible progress
to date, the high prevalence of CDK4/6-Rb-p16INK4A axis dysre-
gulation in melanoma has fueled further hope that repurposing
existing licensed CDK 4/6 inhibitors may prove an effective strat-
egy. Several clinical trials incorporating biomarkers and different
melanoma molecular subtypes are underway to explore this, and
CDK inhibitors may still prove to be a useful targeted therapy for
this aggressive malignancy.

6. Expert opinion

Melanoma is an often-aggressive disease affecting mostly
younger patients. CDK inhibition within melanoma has been
a significant focus of research. Transition from broad acting to
specific CDK inhibitors has allowed us to target the G1-S
transition with greater specificity, with excellent results seen
thus far with CDK4/6i in breast cancer. There is hope that
similar successes can be achieved across other solid tumors.

Trials of nonspecific CDKi have not been particularly successful
in melanoma, with lack of efficacy or significant toxicity (in parti-
cularly when combined with chemotherapy) hindering further
expansion into larger trials. There is evidence of some modest
efficacy with single agent CDK4/6i [85-87], though robust assess-
ment within the context of randomized phase 3 trials is awaited.
The results of the melanoma cohort treated with abemiciclib with
brain metastases in NCT02308020 will be of particular interest
given the predilection for CNS penetration in melanoma.

CDK4/6i have showed most promise thus far in combina-
tion therapy with BRAF/MEKIi; however toxicity has been of
significant concern with cutaneous rash, neutropenia and gas-
trointestinal disturbance of particular significance. The 1b/
phase 2 trials of CDK/BRAFi or CDK/MEKi have displayed only
modest signs of efficacy [89-91] and therefore have not been
taken forward into subsequent phase 3 trials. Despite this,
positive responses seen in some BRAF/KRAS wild type patient
groups gives some hope that CDK4/6i may be of future benefit
in treating this aggressive subtype. Similarly, triple therapy
BRAFi/MEKi and CDK4/6i has shown promising efficacy but
has been unfortunately hindered by dose-limiting toxicities
which has halted further development. Given the early phase
nature of these trials and consequent absence of comparator
arms, assessment of efficacy above and beyond BRAF/MEKi in
BRAF mutant, treatment naive patients, has not been possible.

The novel combination of CDK4/6i and immunotherapy has
some promise given the immune-modulatory effects of CDK4/6i
[85-87]. This may be of particularly use in O refractory disease and
provide further options within the melanoma treatment arma-
mentarium for melanoma patients, particularly those with BRAF
wild type disease whose treatment options are already limited to
immunotherapy.

One common theme throughout CDKi combination trials is the
need for dose reduction of one or more agents in order to preserve
tolerability, in turn impacting on efficacy. The reduced encorafenib
dose of 300 mg used in CDK inhibitor combination trials would be
considered subtherapeutic in BRAF/MEKi therapy [89], and the



same can be said for the need to reduce ribociclib doses compared
to that used in breast cancer [91]. To our knowledge there has not
been significant research into sequencing of CDK4/6i with BRAF/
MEKi and whether introduction of CDK4/6i at the point of resis-
tance could have a similar effect to that seen in breast cancer when
overcoming endocrine resistance. Similarly, sequencing of immu-
notherapy and CDK4/6:i is yet to be attempted, likely in part due to
immaturity of data regarding this novel combination.

Whilst there are reasons for optimism with CDK4/6 inhibition in
melanoma, robust assessment of clear efficacy above that demon-
strated by BRAF/MEK inhibition or immunotherapy has not yet
been seen. Further clinical trials are warranted, and data are
awaited especially in combination with immunotherapy. In addi-
tion, further exploration of predictive and prognostic biomarkers
to identify those who may benefit from treatment would permit
greater tailoring of treatment to optimize benefit for patients.
Genetic analysis and molecular profiling of those patients who
develop resistance to conventional treatment could help identify
those who may benefit from CDK4/6 inhibition, whilst also
expanding our knowledge of a disease that despite significant
treatment advances thus far, can still portend a poor prognosis.
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