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Abstract

Endocrine therapy (ET) is the usual first-line therapy for
patients with hormone receptor-positive metastatic
breast cancer (HR+MBC). However, resistance to ET
frequently occurs during the course of treatment. Cellular
pathways involved in cell proliferation are targets for new
drugs that interfere with development of resistance to ET.
Cyclin-dependent kinases (CDKs) are a subgroup of serine/
threonine kinases that play a key role in regulating cell
cycle progression. In this review, we discuss the currently
approved and under investigation CDK 4/6 inhibitors, in
addition to their preclinical data and clinical trials that
demonstrated their benefit in the treatment of HR+
breast cancer.
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Introduction
Given their proven efficacy and generally favorable toxicity

profile, with the exception of patients with advanced visceral
disease, most patients will receive endocrine therapies (ET) in
the treatment of HR+MBC. Unfortunately, not all patients
respond to first-line ET due to intrinsic resistance, while others
may initially respond but eventually progress with secondary
acquired resistance leading to disease progression and
endocrine resistance [1]. Mechanisms of resistance to anti-
estrogen therapy include among others, estrogen receptor
(ER) loss over time in the tumor which occurs in about 20% of
patients treated with ET, acquired mutations in ERα (ESR1) and
constitutive activation cyclin-dependent kinases (CDK) 4 and 6
[2].

Cell cycle regulation is identified as an attractive target for
targeted drug therapy. Cyclin D1, a cell cycle proto-oncogene,
and its binding to CDK 4/6, promotes G1-to-S phase transition
by phosphorylating the retinoblastoma protein (Rb), which
releases the E2F transcription factor and activates
downstream target genes [3]. Given their kinase activity, the
cyclin dependent kinases have been pursued as drug targets
[4] CDK 4/6 inhibitors prevent the cyclin D-CDK4/6 complex

phosphorylation of Rb required for the commitment to S-
phase and ultimately, cellular mitosis. Selective inhibition of
CDK 6 has been reported to have a role in anti-angiogenesis as
well [5]. An additional suggested mechanism of action for the
novel CDK 4/6 inhibitor, palbociclib, is decreasing the
expression of cyclooxygenase-II (COX-II), an enzyme associated
with the epithelial-mesenchymal transition (EMT) in
metastasis [6]. CDK 4/6 inhibition also results in un-
phosphorylation of Forkhead Box M1 (FOXM1), a transcription
factor involved in the expression of genes that upregulate
proliferative capacity [7]. Preclinical data in melanoma cell
lines, for example, have shown that pharmacological CDK 4/6
inhibition led to degradation of FOXM1 transcription factor
and resulted in subsequent phenotypic expression of cellular
senescence [8].

Growth-promoting agents such as estrogen up-regulate
cyclin D gene expression [9]. Furthermore, CDK4/6 is
particularly activated in ER+ breast cancer via the ER, along
with other oncogenic signaling pathways [10]. After
disappointing results of first and second generation CDK
inhibitors, mainly due to low single agent efficacy and
increased toxicity [11], the development of specific CDK 4/6
inhibitors has produced results never before seen in the
treatment of breast cancer (BC) [12] (Table 1).

Agents Approved and Under
Investigation

CDK 4/6 inhibitors, including palbociclib, abemaciclib, and
ribociclib, are being investigated in both the preclinical and
clinical settings; some are becoming available for treatment of
HR+MBC. These potent, ATP-competitive CDK 4/6 selective
inhibitors are orally administered and have little to no function
on other CDK enzymes, even at clinical doses. Selectivity for
the CDK 4/6 proteins has been shown to be important in
mitigating cytotoxic effects that were highlighted in the pan-
CDK inhibitor predecessors. CDK1 inhibition, for example,
causes arrest in M-phase, leading to toxicities such as
myelosuppression [7]. Preclinical data for the novel selective
inhibitors demonstrated over 1000-fold less potency for CDK1
vs. CDK4/6 in palbociclib and ribociclib, and over 160-fold less
potency in abemaciclib [7,13,14]. Furthermore, Rb-depleted
ER+ human BC cell lines displayed no anti-growth effects for
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palbociclib; loss of Rb expression is suggested as a mechanism
for CDK 4/6 inhibitor resistance development [14]. Gelbert et
al. also confirmed this property being a requirement for
abemaciclib when evaluating abemaciclib effects on Rb-
proficient and Rb-deficient BC cell lines [15].

Previous in vitro studies of palbociclib confirmed growth
inhibition sensitivity of human luminal ER+ and HER2-amplified
breast cancer lines to the agent. Finn et al. evaluated forty-
seven lines of the aforementioned BC subgroups and
demonstrated G0/G1 phase arrest via cell cycle analysis and
inhibited Rb phosphorylation in sensitive subtypes using
Western blot analysis. Elevated Rb was found in this cell line
subtype. When combined with tamoxifen in ER+ lines,
synergistic growth inhibition was observed for the three line
subtypes that were evaluated (CIm < 1). In three additional
HER2-amplified BC lines targeted in the study, palbociclib with
trastuzumab proved to act synergistically as well (CIm < 1).
Tamoxifen-resistant subgroups were examined for response to
palbociclib too. The MCF7 resistant line was sensitive to
palbociclib monotherapy and demonstrated increased
sensitivity to tamoxifen-palbociclib combination, albeit not at
the level of parental non-resistant lines to tamoxifen alone
[16].

Palbociclib was the first of the novel selective CDK 4/6
inhibitors to gain FDA approval for use in HR+MBC; it did so by
demonstrating activity in the phase II open label randomized
PALOMA 1 clinical trial. In this study, 165 postmenopausal
women with advanced ER+ and HER2 negative BC, who had
not received any systemic treatment for their advanced
disease were randomly assigned in a 1:1 to receive continuous
letrozole or letrozole daily plus oral palbociclib 125 mg, given
once daily for 3 weeks followed by 1 week off over 28-day
cycles. The major efficacy outcome measure was investigator-
assessed progression free survival (PFS) of 10.2 months for the
letrozole group and 20.2 months for the palbociclib plus
letrozole group (p=0·0004) [17]. These results were confirmed
in the larger phase III PALOMA-2 clinical trial. This study
randomized 666 patients 2:1 to receive the same dose and
frequency of letrozole or letrozole plus palbociclib. Patients in
the palbociclib containing arm experienced a PFS of 24.8
months in comparison to the control arm of 14.5 months
(p<0.000001). Objective response rate (ORR) was also higher
with palbociclib with 55.3% of patients who had measurable
disease experiencing a reduction in size vs 44% (P=0.013). In
terms of side effects, neutropenia (79.5 vs 6.3%), fatigue (37.4
vs. 27.5%), and nausea (35.1% vs 26.1%) were more noticeable
in the investigational arm; neutropenic fever was only seen in
2.5% of the patients [18].

Similarly, in the second line setting, the PALOMA-3 double-
blind phase III clinical trial randomized 427 patients whose
disease had progressed within 12 months of adjuvant therapy
or within one month of ET for HR+/HER2 negative MBC to
receive palbociclib plus fulvestrant versus fulvestrant plus
placebo. In conjunction with study treatment, premenopausal
and perimenopausal women were required to take goserelin.
The study met the primary endpoint, PFS which was 9.2

months in the palbociclib and fulvestrant arm versus 3.8
months in the fulvestrant and placebo arm (p< 0.001) [19].

In the neoadjuvant setting, a phase II clinical trial evaluated
the early introduction of CDK 4/6 inhibitors in the treatment of
BC. This is based on the observation that decreasing Ki 67 by
complete cell cycle arrest, could have a positive effect on long
term outcomes [20]. The study included patients with clinical
stage II/III HR+, HER2 negative breast cancer. Patients received
palbociclib and anastrozole for a four month period and a
proportion of patients was kept on palbociclib up until surgery;
serial biopsies were performed. The primary end point was
complete cell-cycle arrest, which was defined as a proportion
of tumor cells positive for Ki 67 ≤ 2.7% on cycle 1, day 15 after
2 weeks of treatment with both drugs. Of the 45 evaluable
patients 87% experienced complete cell-cycle arrest at cycle 1,
day 15. Clinical responses were observed in 67%. Patients
tended to have a rebound in Ki67 level in the washout period;
however, this increase was not observed in patients who
continued palbociclib [21].

The results from another of these drugs, ribociclib were
recently reported in the MONALEESA-2 Phase III randomized,
double blind, placebo controlled, and multicenter global
registration trial. The study randomized 668 postmenopausal
women with HR+/HER2 negative advanced BC in a 1:1
stratified by the presence of liver and/or lung metastases.
Patients received ribociclib 600 mg/daily (three weeks on and
one week off), or placebo, in combination with letrozole 2.5
mg/daily. The first interim analysis showed a 44%
improvement in median PFS and has not been yet reached at
the data cut-off over 14.7 months seen in the placebo arm (p =
0.00000329). As seen with other CDK4/6 inhibitors there is a
significantly higher objective response rate when combined
with aromatase-inhibitors (AIs) (53% vs. 37%; p=0.00028).
Overall survival results are currently pending. This agent is also
associated with neutropenia, which occurred in 59% of
patients in the ribociclib arm compared to 1% of the placebo
arm; leukopenia occurred in 21% vs 1% while increased
alanine aminotransferase and aspartate aminotransferase
were associated with combined therapy as well (9% vs. 1% and
5.7% vs. 1.2%, respectively) Despite the increased adverse
event frequency, only 7.5% of patients in the investigational
arm required permanent discontinuation of combined therapy
[22]. The MONALEESA-3 trial is evaluating ribociclib in
combination with fulvestrant compared to fulvestrant alone in
men and postmenopausal women with HR+/HER2 negative
MBC in the second line ET setting [23].

The third CDK 4/6 inhibitor in development Abemaciclib has
demonstrated single agent activity as reported in the
MONARCH 1 phase II single arm study where 132 patients
received abemaciclib monotherapy 200 mg every 12 hours
until progression of disease. Patients had a median of 3 lines
of prior therapy for advanced disease, including a median of 2
lines of chemotherapy, 90.2% had visceral disease. At the 8
month interim the confirmed ORR (per RECIST v1.1) was
17.4%, the clinical benefit rate (CBR) defined as objective
response or stable disease for ≥24 weeks was 42.4%, and
median PFS was 5.7 months [24]. MONARCH 3 is a Phase III
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trial of abemaciclib in combination with anastrozole in patients
with HR+/HER2 negative locoregionally recurrent or MBC [25].

The neoMONARCH phase II trial evaluated abemaciclib in
combination with anastrozole in the neoadjuvant setting. In
this study 173 women were randomized to receive abemaciclib
plus anastrozole (n = 56), abemaciclib monotherapy (n = 58) or
anastrozole monotherapy (n = 59) for the first two weeks. At
the conclusion of that regimen, all patients underwent a
second core biopsy and then subsequently received the
abemaciclib–anastrozole combination for 14 weeks.
Abemaciclib was administered in 150 mg oral doses every 12

hours, and anastrozole was administered in 1 mg oral doses
daily. Patients also received loperamide as primary prophylaxis
with each abemaciclib dose. The percentage of Ki67
responders, defined as patients with Ki67 levels < 2.7% at
week 2, was higher among those assigned the combination
(69.6%) and abemaciclib monotherapy (68.4%) than
anastrozole alone (22.7%), radiographic response rate (RR) was
54.7%. [26]. Additionally, the monarcHER phase II trial is
evaluating abemaciclib plus trastuzumab (with or without
fulvestrant) in women with HR+/HER2 positive locally
advanced or MBC [27].

Table 1 Selected clinical trials of CDK 4/6 inhibitors.

Study/reference Design Treatment N Results

Paloma 1 [8] Phase II

MBC 1st line

letrozole-palbociclib vs. letrozole 165 Improvement in PFS from 10.2 to
20.2 m

Paloma 2 [9] Phase III

MBC 1st line

letrozole-palbociclib vs. letrozole 666 Improvement in PFS

from 14.5 to 24.8 m

Paloma 3 [10] Phase III

MBC pretreated

Fulvestrant palbociclib vs. fulvestrant 427 Improvement in PFS from 3.8 to 9.2
m

Ma et al. [12] Phase II

Neoadjuvant

anastrozole-palbociclib 45 87% complete cell-cycle arrest at
cycle 1, day 15. Clinical RR 67%

MONALEESA-2 [13] Phase III

MBC 1st line

letrozole-ribociclib vs. letrozole 668 44% improvement in PFS 14.7
months .vs NR for ribociclib

MONARCH-1 [15] Phase II

MBC (heavily-
pretreated)

abemaciclib 132 ORR 17.4%, CB 42.4%, PFS 5.7 m

neoMONARCH [17] Phase II

Neoadjuvant

abemaciclib + anastrozole vs. abemaciclib
vs. anastrozole

173 Ki67 < 2.7% at week 2. combination
(69.6%);

abemaciclib (68.4%); anastrozole
(22.7%).

RR 54.7%

Abbreviations: m: Months; PFS: Progression Free Survival; TTP: Time to Progression; ORR: Objective Response Rate; RR: Response Rate; CB: Clinical Benefit

Conclusion
ER-targeted therapy is important for many women with

breast cancer, but resistance to therapy inevitably occurs. The
ER signaling pathway is a complex network of extensive
crosstalk with growth-factor signaling pathways, cell cycle
control pathways, and protein degradation pathways. These
pathways provide many alternative targets for agents that may
be useful in combination with ET to decrease resistance to
treatment and to extend benefit to patients who do not
achieve optimal benefit from ET alone.

With the development of CDK 4/6 inhibitors, significant
improvement in PFS has been documented in each MBC
clinical trial where these agents have been combined with
antiestrogen therapies. However, it is unknown if there is
benefit to the continuation of CDK 4/6 inhibitors following
progression. Recent neoadjuvant studies have also
demonstrated clinical activity when introducing these agents

earlier. Clinical comparison of CDK 4/6 inhibitors have not been
studied for palbociclib vs. ribociclib as well.

The future looks very promising for the ET of patients with
MBC, with unprecedented PFS findings on recent trials; it is
likely that the overall survival of patients will continue to
improve overtime. Part of the success of these agents is in
overcoming intrinsic resistance of cancer and preventing
acquired resistance over time. However, the question remains
on which patients are these drug combinations needed, as
adding these agents to endocrine therapy increases toxicity.
Biomarkers that predict the benefit of these agents are greatly
needed.
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