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Metastatic or advanced breast cancer (mBC/ABC) remains incurable despite many different systemic
treatment options. Hormone receptor positive (HR+) disease represents the most common subtype in
both early and advanced disease. A better understanding of the biology of this BC subtype, in particular
regarding potential mechanisms of endocrine resistance, has led to the development of CDK4/6 in-
hibitors. All three selective CDK4/6 inhibitors, palbociclib, ribociclib and abemaciclib have shown to
significantly improve progression-free survival (PFS) when combined to endocrine therapy as first-line
treatment for patients with HR+/HER-2 negative ABC, who have progressed on or after adjuvant
endocrine therapy. All three of them have also shown an improved PFS as 2nd line therapy for HR+/Her2
negative ABC. Their toxicity profile is favorable, with hematological toxicity (mainly neutropenia) being
predominant, followed by diarrhea and fatigue. Quality of life has been maintained in the 1st line setting
or improved in the 2nd line setting. Overall survival (OS) has been reported so far only in 2 out of 7 trials
as first line therapy and the difference did not reach statistical significance.

In this article we review the biology of CDK signaling pathway and its inhibitors, preclinical and clinical
data of all three investigated selective CDK4/6 inhibitors and their toxicity. We also discuss how these
agents are being included in current international guidelines and future directions for these agents in

other subtypes of breast cancer, in both advanced disease and early-stage disease.

© 2018 Published by Elsevier Ltd.

1. Introduction

About 1,6 million women are annually diagnosed worldwide
with breast cancer, which remains the commonest malignancy in
women. Systemic treatment for early and advanced breast cancer is
mainly driven by the biological characteristics of the disease, pre-
dominantly by expression of estrogen receptors (ERs), progesterone
receptors (PRs) and human epidermal growth factor receptor 2
(HER-2). Despite many available treatment options, ABC/mBC re-
mains incurable. The commonest type of early and advanced breast
cancer is hormone receptor - positive (HR+)/Her2 negative, also
known as Luminal-like subtype. For many years endocrine therapy
has been the main systemic treatment approach for patients with
Luminal-like ABC. However, its efficacy may be limited by the
development of de novo and/or acquired resistance [1]. In recent
years, new therapies have been developed, aiming to potentially
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overcome or at least delay the onset of endocrine resistance. Pri-
mary endocrine resistance is defined as a relapse while on the first
2 years of adjuvant endocrine therapy (ET) or progression of disease
within first 6 months of first line ET for ABC [2-ref ABC2]. In
contrast, secondary (acquired) endocrine resistance is defined as a
relapse while on adjuvant ET but after the first 2 years, or a relapse
within 12 months of completing adjuvant ET, or progression of
disease > 6 months after initiating ET for ABC.

Selective cyclin-dependent kinase (CDK) 4/6 inhibitors affect
cell cycle progression to interrupt tumor growth and have been
extensively investigated in preclinical and clinical studies, mainly in
patients with HR+/HER2 negative ABC. It has been demonstrated
that the addition of a CDK 4/6 inhibitor to endocrine therapy
significantly improves PFS in comparison to endocrine therapy
alone as 1st or 2nd line endocrine therapy of Luminal-like ABC [2,3].
The combination of endocrine therapy and a CDK 4/6 inhibitor is
now included in most national and international treatment
guidelines as a treatment option, but several questions remain
unanswered: which patients need upfront combination treatment
strategy and which patients may be safely treated with ET alone,
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leaving the combination for a 2nd line. So far, the lack of biomarkers
has made this choice difficult.

In this review article we discuss preclinical and clinical
evidence-based data of the use of CDK 4/6 inhibitors in all subtypes
of ABC with special emphasis on the luminal-like subtype. Addi-
tionally, we review current inclusion of these agents in interna-
tional guidelines for the management of this ABC subtype. Finally,
we also discuss the toxicity profile and cost-effectiveness of CDK 4/
6 inhibitors, and their future developments.

2. Biology of cyclin-dependent kinases and its inhibitors
2.1. Cyclin-dependent kinases in cell cycle regulation

In healthy, normal cells, a cell cycle progresses from G1 (first
growth period), to S (DNA synthesis), G2 (second growth phase),
and M phase (mitosis) (see Fig. 1) [4]. The process is controlled by
many different proteins, including CDKs, cyclins and the retino-
blastoma (Rb)-E2F signaling pathway [5]. The Rb protein is a tumor
suppressor, which plays a pivotal role in the negative control of the
cell cycle and in tumor progression [6]. It has been demonstrated
that Rb protein (pRb) is responsible for a major G1 checkpoint,
blocking S-phase entry and cell growth. E2F represents an evolu-
tionarily conserved family of transcription factors that functions in
cell cycle control and helps to promote tumor development [7]. The
overexpression of E2F activators could trigger quiescent cells to
enter G1 phase, independently of growth factor stimulation and
fuell the initial identification of important E2F target genes that are
involved in DNA replication. Studies have shown that Rb cannot
regulate all stages of the cell cycle alone. Moreover, when Rb is
active, E2F transcription modules stay in a suppressed state, which
induces the recruitment of repressive chromatin marks, histone
modifiers, and chromatin remodeling proteins. This results in cell
cycle blockade (Fig. 1) [8]. The CDKs-Rb axis is essential to cell cycle
entry. The combination of CDK4/6 and cyclin D induces phos-
phorylation and inactivation of Rb [9] and releasing of E2F, which
results in the alteration of transcription of genes that are involved
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in the cell cycle process and subsequent G1-S blockade (Fig. 1) [8].
Moreover, the combination of CDK4/6 and cyclin D also induces
phosphorylation of the cell proliferation-specific transcription
factor forkhead box M1 (FOXM1), furtherly inducing the expression
of genes, which drive cell division and inhibit cellular senescence in
a FOXM1—dependent manner [10]. The kinase activity of CDK 4/6 is
inhibited by p16™¥4A [11—13] (Fig. 1), and cyclin D is coordinated by
a complex network such as ER/PR/androgen receptor (AR), nuclear
factor kB (NF-kB), mitogen activated protein kinases (MAPKs),
signal transducers and activators of transcription (STATs), Wnt/3-
catenin and phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR [10].

Additionally, the combination of CDK2 and cyclin E is also
involved in the phosphorylation of Rb (Fig. 1). CDK2 is active in S,
G2 and M phases of the cell cycle in combination with cyclin E and
cyclin A, respectively, while CDK1/cyclin A/B complex regulates the
transition from G2 to M phase (Fig. 1) [8].

In cancer cells, the process of cell division is dysregulated, which
results in uncontrolled growth of tumor cells and formation of a
tumor. Many different mechanisms lead to the dysregulation of the
cell cycle in cancer cells including hyperactivity of CDK4/6 which
initiate a phosphorylation cascade that inactivates the Rb1 protein
and dissociates the entire repressive complex [14]. Consequently,
this enables E2Fs to recruit transcriptional activators and alter
transcription of genes involved in cell cycle progression, DNA
synthesis and DNA replication as described above.

2.2. CDK 4/6 inhibitors

So far, several CDK inhibitors have been explored as potential
targeted agents in several types of cancers and assessed for phar-
macokinetics, efficacy and safety in many clinical trials. The most
extensively investigated one among the first-generation pan-CDK
inhibitors was flavopiridol, which is an inhibitor of CDK 1, 2, 4, 6, 7
and 9. It showed activity in hematologic cell lines, but was not very
effective in the treatment of patients with chronic lymphocytic
leukemia [15,16] and was associated with unacceptably high rates
of dose-limiting toxicities, including neutropenia, hyperglycemia,
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Fig. 1. Hanxiao X, Shengan Y, Qian L, Xun Y, Sridhar M, Richard GP et al. Recent advances of highly selective CDK4/6 inhibitors in breast cancer. Journal of Hematology and Oncology.
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cardiac and pulmonary dysfunction [17]. Subsequently, more
potent and selective inhibitors targeting cyclin D1 were explored
and developed. Among them, palbociclib, ribociclib and abemaci-
clib have been tested so far in clinical trials of luminal ABC
(Table S1). They are all orally administered and generally, they all
block the phosphorylation of Rb and related proteins, inducing
downregulation of S phase cyclins and mitotic regulatory genes as
well as suppressing nucleotide biosynthesis and DNA replication
[18,19].

3. Preclinical data about CDK 4/6 inhibitors in various breast
cancer subtypes

The Cancer Genome Atlas project revealed the heterogeneity of
breast cancer (BC) in terms of molecular architecture of every
subtype [20]. Focusing on retinoblastoma/RB1 pathway dysregu-
lation, the mutation spectrum varies between BC subtypes
(Table 2), providing a background for the development of targeted
therapies, used either alone or in combination with other proven
treatments for BC.

As cyclin D1 binds to CDK4 and CDKG6 in order to phosphorylate
the RB protein and to furthermore promote cell cycle progression
from G1 to S phase, CDK4/6 became targetable in cancer research.

3.1. CDK 4/6 inhibitors in ER-positive breast cancer

In HR + breast cancers, there is extensive cross-talk between ER
and cyclin D1 (CCND1) pathways, with cyclin D1 being a direct
transcriptional target of the ER. The CCND1 oncogene is overex-
pressed in up to 50% of breast cancers [21] and it has also been
suggested to be involved in endocrine resistance [22]. Various
preclinical data suggested that CDK4/6 inhibitors could be effective
in ER-positive and endocrine-resistant breast cancers.

One of the first molecules studied in vitro over a decade ago, PD
0183812, could lead to G1 cell cycle arrest when RB is expressed,
targeting both CDK4 and CDK6 [23].

NPCD (Naphtho [2, 1-a] pyrrolo [3,4-c] carbazole-5, 7 (6H, 12H)-
dione) has also been studied as a CDK4/6 inhibitor, inducing
decreased Rb phosphorylation, G1-phase arrest and cell death in
breast cancer cell lines [24].

Palbociclib (PD 0332991) was the first oral CDK4/6 inhibitor
successfully implemented in clinical practice. The preclinical data
showed similar effects as for other CDK4/6 inhibitors, in cell lines
with detectable Rb protein. No activity of the molecule was
observed in Rb-deficient cells [25], suggesting a dependency on the
cyclin D1-CDK4/6-RB protein complex. While the Rb status is
important in the short-term, a loss of Rb function associated with
extended CDK4/6 inhibition can lead to palbociclib resistance,
involving overexpression of CDK2, a cell cycle promoter, and the
loss of inhibitory proteins such as p21 and p27 [26]. One in vitro
study showed that the HR+/HER2 negative subtype seems to be
more sensitive to the drug compared to other subtypes. Her2-
positive cell lines that responded to palbociclib have luminal fea-
tures [27]. Preclinical data also showed palbociclib to be an effective
treatment in endocrine resistant disease [28], both in monotherapy
but mostly in combination with endocrine agents [29]. The syner-
gistic effects of combining palbociclib with tamoxifen in ER-
positive cell lines were shown, since palbociclib increases the
sensitivity of the ER-positive cells to endocrine therapy [27]. During
treatment, the inhibition of CDKs leads to activation of autophagy,
as a mechanism for treatment resistance [30] and the addition of an
autophagy inhibitor to a CDK4/6 inhibitor can significantly reverse
tumor resistance, decrease the dose of palbociclib required to treat
breast cancer patients, with a possible significant impact on toxicity
and quality of life. Moreover, Rb and cyclin E initially seemed to be

predictive markers for response to the combination but were later
not confirmed in clinical trials. Acquired resistance to palbociclib
may also be linked to a PI3K- dependent upregulation of cyclin D1
[31]. In vitro studies suggest possible benefit from combining
endocrine therapy and CDK4/6 inhibitor to a PI3K/mTOR inhibitor,
by inducing a different mode of cell arrest and preventing the
development of tumor resistance.

Ribociclib (LEEO11), another selective CDK4/6 inhibitor approved
for clinical use, has been tested in preclinical models, using various
cancer cells such as liposarcoma, lung, breast and neuroblastoma
[32,33]. Although with similar mechanisms of action, the resistance
mechanisms seem to differ between ribociclib and palbociclib [14],
with an increased E2F1 in ribociclib cells compared with increased
cycle E protein in palbociclib-resistant cells. Through noncanonical
cyclin D1-CDK2 mediated S-phase entry [31], both palbociclib and
ribociclib resistant clones seem to confer cross-resistance to both
drugs [34]. Preclinical data showed that in tumor cells with altered
PI3K pathway, the use PI3K inhibitors alone is not effective in
inducing apoptosis. However, the use of additional CDK4/6 in-
hibitors can sensitize resistant cells, increasing the effect of a PI3K
inhibitor [35]. Based on these observations, the combination of a
CDK4/6 inhibitor and a PI3K inhibitor is being tested in clinical
trials (NCT0185719319 and TRINITI-120). Since PI3K/AKT/mTOR
pathway has been implicated in treatment resistance, the combi-
nation of ribociclib and a PI3K inhibitor, alpelisib, was evaluated
and showed increased response rates and PFS compared to single
agents in patient-derived xenograft mouse models [36].

Abemaciclib (LY2835219), a reversible selective CDK4/6 inhibitor
had similar class effects as the other agents, namely inhibition of RB
phosphorylation and G1 cell cycle arrest in a concentration-
dependent manner [37]. Both senescence and apoptosis occurred
at lower concentrations compared to palbociclib or ribociclib.
Preclinical data suggest that both palbociclib and ribociclib resis-
tant clones confer incomplete cross-resistance with abemaciclib
[31]. Inhibition of CD4/6-Rb-E2F pathway not only induces tumor
cell-cycle arrest, but also promotes an anti-tumor immune
response through antigen presentation in tumor cells and T-cell
activation [38]. Treatment combination with abemaciclib and anti-
PD-L1 —based immunotherapy was effective in Rb-competent
breast cancer cells, due to enhancement of both immunomodula-
tory and cell cycle suppression effects [39].

3.2. CDK 4/6 inhibitors in HER-2-positive breast cancer

HER-2-positive breast cancer bears a worse prognosis in un-
treated patients in terms of survival compared to the luminal-like
subtype [40], and CDK4 overexpression may also play a role in
predicting the occurrence of early brain metastases [41]. In these
tumor cells, there are frequent alterations in the PI3K/Akt pathway,
the signaling mediator Akt acting as a negative regulator of the CDK
inhibitor p57%"P2. As p57 acts as a tumor suppressor gene by
negatively regulating the cell cycle, its decreased expression is
correlated with increased cell proliferation [42].

Palbociclib proved to be effective in inhibiting growth in Her2-
positive cell lines. The efficacy of CDK4/6 inhibitors in this case
could be explained by a subset of cells, which also have high cyclin
D1 levels. However, as synergistic effects on tumor cells between
palbociclib and trastuzumab have been recorded, other mecha-
nisms, independent of cyclin D1 levels, may be involved [27].

3.3. CDK 4/6 inhibitors in other settings
As preclinical data come in favor of the combination of CDK4/6

inhibitors and other targeted agents, their addition to standard
chemotherapy is still being investigated. Current results are not
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favorable to this approach, as various in vitro studies that included a
CDK4/6 inhibitor and cytotoxic agents such as taxanes [43], plat-
inum agents [44] or anthracyclines [45] suggest a possible inter-
ference between cytostatic and cytotoxic mechanisms, although
the sequential use of these agents could be considered. Therefore,
combining a CDK4/6 inhibitor with agents that exert their cytotoxic
effects on cell proliferation needs to be carefully evaluated.

In triple negative breast cancer, functional loss of Rb has been
frequently described [46], inducing cancer proliferation by activa-
tion of mitochondrial protein translation (MPT) gene pathway [47].
Although Rb deficiency has been associated with sensitivity to
some chemotherapeutic agents in preclinical models, these cells
are resistant to CDK 4/6 inhibitors.

4. Clinical data about CDK 4/6 inhibitors in various breast
cancer subtypes

Currently there are many phase Il and phase Il ongoing clinical
trials with the three main CDK 4/6 inhibitors (palbociclib, ribociclib
and abemaciclib) in patients with early-stage and advanced breast
cancer (see Table S1).

4.1. Palbociclib

4.1.1. Phase I data

In the first-in-human phase I study evaluating the role of pal-
bociclib in 33 patients with Rb-positive metastatic solid tumors or
refractory non-Hodgkin's lymphoma, 1 patient with advanced
testicular cancer achieved a partial response and 9 patients had
stable disease [48]. Palbociclib was given once per day for 14 days
and one week off. Toxicity profile was mild to moderate with
myelosuppression being the most common side effect. The
maximum tolerated dose was 200 mg once daily. In a second phase
I dose escalation study, 41 patients with metastatic Rb-positive
solid tumors received palbociclib in a 3 weeks on/1 week off
scheduling [49]. 10 (27%) patients achieved stable disease for >4
cycles and 6 of them derived prolonged benefit (>10 cycles). The
dose of 125 mg was found to be the one that caused dose-limiting
toxicity that was myelosuppression including grade 3 neutropenia
and anemia. Other, non-hematological toxicity was mild and
included mainly fatigue, diarrhea and nausea.

4.12. Phase Il data

Palbociclib as a single agent was investigated in a phase II trial
that included 36 heavily pretreated patients with Rb-positive
metastatic breast cancer at a dose of 125 mg once daily, days
1—-21 out of a 28 days cycle [50]. 28 patients completed treatment,
with 4 of 18 patients with HR+/HER-2 negative subtype of disease
having for 6 months or more. The main toxicity was myelosup-
pression leading to treatment interruptions in 25% of patients.

Another randomized phase II trial (TREND trial) [51] investi-
gated palbociclib as a single agent vs. palbociclib in combination
with endocrine therapy in 115 pretreated patients. The clinical
benefit rate (CBR) was 54% for combination treatment (95% CI
41.5—-63.7) and 60% for monotherapy (95% CI 47.8—72.9), with a
median PFS of 10.8 months (95% CI 5.6—12.7) for combination
therapy and of 6.5 months (95% CI 5.4—8.5) for monotherapy. The
exploratory analysis revealed no PFS advantage for the combination
in patients who received prior endocrine therapy less than 6
months, suggesting the potential benefit of palbociclib in reversing
endocrine resistance.

Based on these results and the findings from preclinical studies,
the open-label phase II PALOMA-1 trial was conducted. 165 post-
menopausal women with metastatic HR+-/HER-2 negative breast
cancer that had not received any systemic therapy for their

advanced disease were randomized to either letrozole alone or in
combination with palbociclib at a dose of 125 mg 3 weeks on and 1
week off scheduling [52]. Patients were enrolled in two cohorts, 66
patients in the first cohort were randomized without selection by
potential predictive biomarkers, whereas tumors from the 99 pa-
tients in the second cohort had to be positive for either cyclin D1
amplification, loss of p16 or both. There was a statistically signifi-
cant difference in median PFS between treatment arms: 10.2
months (95% CI 5.7—12.6) for the letrozole arm and 20.2 months
(95% CI 13.8—27.5) for the combination arm. This improvement was
independent of the presence of cyclin D1 amplification or p16-loss,
not confirming their role as potential biomarkers. Median overall
survival (0OS) was 37.5 months in the combination arm and 33.3
months in the letrozole alone arm (HR = 0.935; P=0.388), which
was not significantly different [53]. The most common adverse
event was neutropenia; grade 3—4 neutropenia was observed in 45
(54%) of 83 patients in the combination arm in comparison to 1 (1%)
of 77 patients in the letrozole alone arm. Importantly, there were no
cases of febrile neutropenia reported. Fatigue was more common in
the combination arm (4% versus 1% for grade 3—4). Based on the
results of this trial, the FDA provided accelerated approval of pal-
bociclib in combination with letrozole in February 2015.

4.1.3. Phase Il data

With the aim to further validate and confirm the findings of the
PALOMA-1 trial, a phase III, double blind placebo-controlled ran-
domized PALOMA-2 trial, was conducted in the first-line metastatic
setting. It enrolled 666 postmenopausal women with previously
untreated HR+/HER-2- negative ABC who were randomly assigned,
in a 2:1 ratio, to palbociclib and letrozole versus letrozole alone
[54]. The primary endpoint was PFS, as assessed by the in-
vestigators. Around 50% (48.6%) of all included patients had visceral
metastases, 63% had received prior systemic therapy, 37% had de
novo metastatic disease and 22% had a disease-free interval (DFS) of
12 months or less. After a median follow-up of 23 months, the
median PFS was 24.8 months (95% CI 22.1-not estimable) in the
palbociclib plus letrozole group in comparison to 14.5 months (95%
CI 12.9—17.1 months) in the placebo plus letrozole group (HR 0.58;
95% Cl 0.46—0.72, p <0.001). The most common toxicity in the
palbociclib arm was hematological with 66% of grade 3 or 4 neu-
tropenia, 25% of leukopenia, 5% of anemia and 2% of fatigue in
comparison to 1%, 0%, 2% and 0.5% in the placebo arm, respectively.
The rate of febrile neutropenia was 1.8% in the palbociclib arm
versus 0% in the placebo arm. Additionally, alopecia was more
frequently reported in the palbociclib group (30% vs. 15% grade 1;
3% vs. 1% grade 2). Health-related quality of life was well main-
tained on treatment with palbociclib and there were no meaningful
differences seen with the placebo arm [55]. However, 33 patients
(7%) in the palbociclib arm permanently stopped the treatment due
to adverse events (AEs) in comparison to 10 patients (4.5%) in the
placebo arm. The initial report from the Paloma 2 trial [56] did not
show an improved health related quality of life with the addition of
Palbociclib to letrozole vs. letrozole alone (FACT- G score of —0.39
vs —0.53; p =0.882 and FACT-B score of —0.11 vs 0.22; p =0.782).
However, a more recent study [57] suggests that increased PFS was
associated with delayed deterioration of quality-of-life both in the
palbociclib (HR: 0.53; 95% CI 0.38—0.73; 1 —sided p-value < 0.001)
and in the placebo arms (HR:0.57; 95% CI 0.35—0.91; 1 —sided p-
value = 0.009).

A second phase III trial, PALOMA-3, evaluated the combination
of fulvestrant and palbociclib in comparison to fulvestrant and
placebo in 521 pre- and postmenopausal women with HR + HER-2-
negative ABC who had progressed during previous endocrine
therapy [58]. In premenopausal patients, ovarian function sup-
pression (OFS) with an LHRH analogue goserelin was added. After a
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preplanned interim analysis, the study was stopped due to a sig-
nificant difference in PFS favoring the palbociclib arm. A second
analysis of efficacy after a median follow-up of 8.9 months
confirmed the substantial difference of PFS with a median PFS of 9.5
months (95% CI 9.2—11.0) in the palbociclib arm versus 4.6 months
(95% CI 3.5—5.6) in the placebo arm (HR 0.46; 95% CI 0.36—0.59;
p <0.0001) [3]. After a median follow-up of 15 months, median PFS
was 11.2 months vs. 4.6 months (HR 0.497; 95% CI 0.398—0.620;
p <0.0001) [59]. This study was the first phase III trial showing a
benefit with the combination of palbociclib in premenopausal
women rendered postmenopausal with the addition of OFS with
goserelin. Toxicity was similar to that observed in the PALOMA-2
trial, with grade 3 or 4 hematological AEs being reported more
common in the fulvestrant-palbociclib group (73% versus 22%).
Neutropenia grade 3 or 4 occurred in 65% of patients in the
fulvestrant-palbociclib arm. A detailed analysis demonstrated that
Asian patients and those with below-median neutrophil counts at
baseline had a significantly increased risk of developing grade 3 or
4 neutropenia with palbociclib and importantly, there was no
adverse impact seen on PFS with the dose reduction needed for
grade 3—4 neutropenia [60]. Patient-reported outcomes from
PALOMA-3 trial showed that quality of life (QoL) scores favored the
combination arm (estimated overall global QoL scores significantly
favored the palbociclib arm (66 versus 63, p = 0.0313), with a sig-
nificant delay in deterioration of QoL with palbociclib (HR: 0.641;
95% CI: 0.451—-0.910; P=0.0065) that corresponds to the delay in
disease progression [61].

Palbociclib is currently being evaluated in many neoadjuvant
and adjuvant phase Il and III clinical trials that are in a recruiting
phase (see Table S1).

4.2. Ribociclib

4.2.1. Phase I-1l data

In a phase I trial, 132 patients with metastatic solid tumors and
refractory lymphomas were treated with ribociclib, with doses of
70—1200 mg daily for 21 of 28 days and drug activity was noticed at
doses of >600mg, with the maximum tolerated dose of being
900 mg [62]. 2 patients had partial response and one of them had
ER-, PIK3CA mutation- and cyclin D1 amplification positive breast
cancer and the other had BRAF and NRAS wild type and cyclin D1
amplification positive malignant melanoma. Stable disease was
reported in 26% and 14% for >4 and > 6 cycles in the whole group,
respectively. Most commonly identified toxicities were myelosup-
pression (neutropenia, leukopenia, asymptomatic thrombocyto-
penia), diarrhea, nausea and asymptomatic QTc prolongation.

Ribociclib has been investigated in phase Ib/II trials in combi-
nation with endocrine agent exemestane and mTOR inhibitor
everolimus and in combination with letrozole and a PI3Ka inhibitor
alpelisib (see Table S1). Additionally, based on preclinical results
[63], phase Ib/II clinical trials have been opened to evaluate ribo-
ciclib in combination with trastuzumab or trastuzumab-emtansine
(T-DM1) for patients with HER-2 positive locally advanced or
metastatic disease.

A phase I, multicenter, randomized trial evaluated the safety,
pharmacokinetics and pharmacodynamics of two clinical doses of
ribociclib (400 mg and 600 mg) in combination with letrozole as
presurgical treatment in HR + early breast cancer [64]. 14 pre-
menopausal patients were randomized to one of three treatment
arms: letrozole 2.5mg/day (Arm 1), letrozole and ribociclib
400 mg/day (Arm 2) or letrozole and ribociclib 600 mg/day (Arm 3).
Tumor biopsy and blood samples were collected during treatment
in order to assess Ki67 expression, pRb level and circulating tumor
DNA (ctDNA). No grade 3/4 toxicity was observed and most
commonly identified toxicities were nausea, asthenia, QT

prolongation and decreased appetite in Arms 2 and 3. Ki67 levels
mean percent decrease was 96% in Arm 2 (range 78—100%; n =6)
and 92% in Arm 3 (range 75—100%; n=3). pRb levels increased
from baseline to day 15 in Arm 1, while in Arms 2 and 3 pRb levels
decreased in five out of eight evaluable patients, with a mean
percent decrease in pRb levels of 59% (range 31-95%; n=>5).

4.2.2. Phase IIl data

The results of a phase Il randomized double blind, placebo-
controlled trial, MONALEESA-2, have been published [65,66]. In
this trial, 668 post-menopausal women with HR+/HER-2-negative
ABC, who had not had any previous systemic therapy for their
advanced disease, were randomized between ribociclib and letro-
zole or placebo and letrozole. The dosing and scheduling of ribo-
ciclib was 600 mg daily on a 3 weeks on and one week off basis. The
primary endpoint was PFS assessed by investigators. After a median
follow-up of 26.4 months, the median PFS was 27.6 months vs. 15
months (HR, 0.527; 95% CI, 0.351—0.793), favoring the combination
arm. Most frequent grade 3 or 4 AEs included neutropenia (59%),
leukopenia (21%), hypertension (10%), followed by increased levels
of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) (9% and 6%, respectively). Febrile neutropenia occurred in 5
patients (1.5%) in the ribociclib group and in none in the placebo
group. Ribociclib was approved by FDA and EMA in 2017 based on
these results.

The efficacy of ribocliclib for premenopausal patients was
studied in a phase Il randomized double blind trial, MONALEESA-7
[67]. In this trial, 672 patients with HR+/HER-2-negative ABC were
randomized between ribociclib (600 mg daily on a 3 weeks on and
1 week off schedule) or placebo with either tamoxifen (20 mg daily)
or a non-steroidal aromatase inhibitor (letrozole 2-5 mg or anas-
trozole 1 mg daily), all with goserelin (3-6 mg every 4 weeks). After
a median follow-up of 19.2 months, the median PFS was 23.8
months vs. 12 months (HR 0-55, 95% CI 0-44—0-69; p < 0.0001),
favoring the combination arm. It is important to note that 40% of
patients had de novo ABC and 57% had visceral metastases. The
quality of life sub-study showed a sustained improvement in time
to definitive deterioration in the ribociclib arm. The adverse-events
profile was consistent with the class effects of CDK4/6 inhibitors,
and there was no added toxicity with the use of goserelin. A greater
proportion of patients in the ribociclib arm had a prolongation of
the QTcF interval (10% vs.4%), without clinical symptoms or ar-
rhythmias, with a higher incidence in patients receiving tamoxifen
compared to those receiving letrozole or anastrozole (16% vs. 7%).

4.3. Abemaciclib

Another CDK4/6 inhibitor that has shown promising results in
chemotherapy-naive, ER-positive/HER2-negative mBC patients af-
ter progression while on endocrine therapy is abemaciclib, as was
demonstrated in the MONARCH-2 trial [68] (PFS 16.4 months vs. 9.3
months; HR=0.55), and data that were also supported by
MONARCH-3, a phase III trial [69]. A subgroup analysis of
MONRACH-2 trial, performed in peri/pre-menopausal patients, has
shown a similar magnitude of benefit for this subgroup as for the
ITT population. No additional toxicities were observed by adding a
GnRH agonist to abemaciclib plus fulvestrant. The efficacy of abe-
maciclib as monotherapy was also suggested by MONARCH-1 trial
[70], in heavily pretreated ER-positive/HER2-negative endocrine
resistant patients, who reached the point where chemotherapy
would be indicated. Single agent abemaciclib provided a median
PFS of 6 months and a median OS of 22.3 months, after 18 months
follow-up. These data may suggest that for heavily pretreated
endocrine resistant patients, single agent abemaciclib may be an
option, as chemotherapy is frequently associated with increased
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toxicity and decreased quality of life. However, further data
comparing CDK4/6 inhibitors in monotherapy vs. chemotherapy
alone are needed to be able to answer this question. From a pre-
clinical point of view, the efficacy of abemaciclib was observed at
lower doses compared to the other CDK4/6 inhibitors [37], and
therefore the possibility of similar clinical outcome with decreased
toxicity should be further researched. Slightly different compared
to its class partners, since it is more selective to CDK4 than CDK6
[71] and can be taken on a continuous schedule.

Two phase Il trials are investigating the drug in combination
with endocrine therapy in first- and second-line setting
(NCT02246621 and NCT02107703).

4.3.1. Phase I-1I data

A phase I trial investigated the role of abemaciclib as single
agent in patients with various metastatic solid tumors (with an
emphasis on ABC) [72] using the dose of 150—200 mg, twice daily,
in a 28-day cycle. The dose-limiting toxicity was diarrhea, different
from phase I trials of palbociclib and ribociclib. The diarrhea could
be managed with the use of prophylactic antidiarrheal and with
interruptions/reductions as needed. Other toxicities included
neutropenia, nausea, vomiting and fatigue. Uncomplicated neu-
tropenia was the most common adverse event among grade 3
toxicities. In this trial, 47 patients with ABC progressing after
several lines of systemic therapy were enrolled and in 23 (49%) a
clinical benefit was seen. In the subgroup of patients with
HR + ABC, 25% achieved partial response and 61% clinical benefit.
Based on these findings, this phase I trial was expanded to evaluate
the role of fulvestrant and abemaciclib in patients with HR + ABC
[73]; 18 additional patients received abemaciclib 200 mg twice
daily with fulvestrant, in a 28-day cycle, 72% of which experienced
clinical benefit. The toxicity profile for combination therapy was
similar to the one observed with single agent abemaciclib.

4.3.2. Phase Il data

The results of the phase IIl randomized, double blind placebo-
controlled, MONARCH-2 trial have been published [74]. In this
trial, 669 pre- and postmenopausal women with HR+/HER-2
negative ABC, who had progressed on (neo)adjuvant endocrine
therapy, < 12 months from the end of adjuvant endocrine therapy
or on first line hormonal treatment for advanced disease who had
not received chemotherapy for metastatic disease, were randomly
assigned (2:1) to receive abemaciclib at a dose of 150 mg q12" or
placebo plus fulvestrant and stratified by metastatic site (visceral,
bone only, other) and resistance to prior endocrine treatment
(primary versus secondary). All pre- and perimenopausal patients
received OFS with gonadotropin-releasing hormone agonist. The
primary endpoint was PFS, assessed by investigators. 56% of pa-
tients had visceral disease, 72% measurable disease and 25% had
primary endocrine resistance. Median PFS was 16.4 months for
abemaciclib and fulvestrant combination vs. 9.3 months for placebo
and fulvestrant (HR 0.553; 95% CI 0.449—0.681, p=0.001). The
most common AEs were diarrhea (86% vs 25%), neutropenia (46% vs
4%), nausea (45% vs 23%), and fatigue (40% vs 27%). The rate of
neutropenia was lower than with other CDK4/6 inhibitors. This
finding may be explained by the greater relative potency of abe-
maciclib for cyclin D1/CDK4 compared with cyclin D3/CDK6
observed in cell-free enzymatic assays [75].

The MONARCH-3 trial [76] evaluated abemaciclib in combina-
tion with letrozole in 493 post-menopausal patients as 1st line
treatment for metastatic breast cancer. Patients were randomized
to either the combination treatment or letrozol and placebo and
stratified by metastatic site and prior endocrine treatment. The
main endpoint was PFS, secondary endpoints including ORR and
safety. The study showed a significantly improved PFS (HR = 0.543,

95%Cl, 0.409 to 0.723, p = 0.000021). Median PFS was 14.7 months
in the letrozol arm and was not yet reached in the combination arm.
Most common AEs were similar to MONARCH-2 trial, the most
frequent being diarrhea (81.3% vs. 29.8%), neutropenia (41.3% vs.
1.9%) and fatigue (40.1% vs. 31.7%).

Abemaciclib was approved by FDA in September 2017 and its
approval in Europe is foreseen for early 2018.

Table S1 includes currently ongoing phase II and phase III clin-
ical trials evaluating the role of CDK inhibitors in combination with
different agents in patients with early-stage and advanced breast
cancer. Table 1 details the main phase III clinical trials with the
three selective CDK4/6 inhibitors (palbociclib, ribociclib and
abemaciclib).

4.4. CDK inhibitors in neoadjuvant setting

Due to their favorable results in the metastatic setting, these
drugs are now being tested in the neoadjuvant or/and adjuvant
settings. Neoadjuvant treatment combinations with endocrine
therapy have reported an overall response rate (ORR) of 89% and a
pathological complete response (pCR) of 11% [77]. The NeoPAL
study [78], exploring the role of neoadjuvant palbociclib and
endocrine therapy in luminal-like early BC, included 106 patients
randomized after risk of recurrence (ROR) score defined by PAM50
assay to either endocrine therapy combined with palbociclib or to
chemotherapy. Clinical response rate (74.5% vs. 76%) and breast
conserving surgery rate (69.2% vs. 68.6%) were similar in the two
groups, with less toxicity in the endocrine therapy + palbociclib
arm.

For patients with residual disease after neoadjuvant treatment,
the combination of palbociclib and endocrine therapy is currently
being investigated in the PENELOPE-B trial (NCT18644746). Adju-
vant long-term (two years) CDK4/6 and endocrine therapy is also
currently being researched in the PALLAS trial (NCT02513394). As
seen with other therapies, using CDK4/6 inhibitors both in early
and in first lines setting for advanced disease generally leads to
development of treatment resistance, so identifying patients that
would benefit the most from this treatment is essential, as well as
identifying solutions for when resistance occurs.

Given the success of CDK4/6 inhibitors in ER-positive tumors
and also given some preclinical data showing some activity in
HER2-positive cell lines [27], testing the efficacy of these agents in
HER2-positive or ER-negative tumors was tested in neoadjuvant
setting and is currently ongoing for advanced disease. In neo-
adjuvant setting, the NA-PHER2 phase II trial [79] combined tras-
tuzumab, pertuzumab, palbociclib and fulvestrant in 35 patients
with ER-positive/HER2-positive tumors. Pathologic complete
response in breast and axillary nodes was obtained in 27% of the
patients (95% CI 12—46, n = 8) of the patients, with manageable
toxicity profile. The PATRICIA phase II trial [80] combines palboci-
clib and trastuzumab with or without letrozole in HER2+ advanced
breast cancer using a Simon 2-stage design (NCT02448420). In this
trial, 31 pretreated patients were included and further character-
ized according to PAM50. Compared to non-luminal-like disease,
luminal-like subtypes had a longer PFS (10.37 vs. 3.53 months,
p = 0.033), with a HR = 0.34 (95%CI 0.13—0.92,p = 0.033).

As CDK4 overexpression in HER2-positive tumors seems to
predict early occurrence of brain metastases [41], further research
in patients with HER2-positive disease is needed. One phase two,
Simon 2-stage study [81] is exploring the efficacy of abemaciclib in
patients with brain metastases, as it has shown preclinically to be
able to cross the blood-brain barrier. So far, 23 patients were
included in the first stage of the study, with an 8.7% of partial
response, providing preliminary evidence that abemaciclib has
antitumor efficacy in patients with brain metastases. Further
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Main characteristics and findings of phase III clinical trials with palbociclib, ribociclib and abemaciclib.

PALOMA 2 PALOMA 3 MONALEESA 2 MONARCH 2 MONALEESA-7
Design double blind, placebo-controlled double blind, placebo- double blind, placebo- double blind, placebo- double blind, placebo-
(2:1 ratio) controlled controlled controlled controlled
Patient Postmenopausal patients 1st line Any menopausal status 1st/  Postmenopausal women 1st Any menopausal status 1st/ Premenopausal women 1st
population  ABC Previously treated/ 2nd line ABC Previously line ABC Previously treated 2nd line ABC Previously line ABC Previously treated
untreated ECOG 0-2 treated ECOG 0-1 ECOG 0-1 treated ECOG 0-1 ECOG 0-1
Number of 666 521 668 669 672
patients
CDK4/6 palbociclib palbociclib ribociclib abemaciclib ribociclib
inhibitor
tested
Endocrine letrozole fulvestrant letrozole fulvestrant letrozole/anastrozole
combination or tamoxifen
therapy
Primary PFS PFS PFS PFS PFS
endpoint
Overall Not reported Not reported Not reported Not reported Not reported
survival
QoL study No difference between arms Delayed deterioration with  No difference between arms Not reported yet Delayed deterioration with
palbociclib ribociclib
Median PFS 24.8 vs 14.5 months 9.5 vs 4.6 months Not reached vs 14.7 months 16.4 vs 9.3 months 23.8 vs. 13 months
(CDK4/6 inh
vs control)
Hazard ratio  0.58 0.46 0.56 0.55 0.55
ESMO-MCBS 3 4 3 3 4
Reference 2 3 65 74 67

PFS — progression-free survival.

Table 2
Molecular alterations involving the RB pathway according to subtype [20].

Luminal A Luminal B Basal-like Her2-positive

1. Cyclin D1 amplification 49% 58% 9% 38%
2. CDK4 gain 14% 25% — 24%
3. Expression of CDKN2C  Low - High -
4, Expression of RB1 High - Low -

CDK — cyclin-dependent kinase; RB1- retinoblastoma, Her2-human epidermal
growth factor receptor.

research is needed to confirm the findings in this important and
underserved subgroup of patients.

Triple negative breast cancer, characterized generally as an
aggressive phenotype and absence of ER, PR and HER2 receptors,
remains a heterogeneous group of diseases, with a paucity of
treatment options. However, recent preclinical data have suggested
a susceptibility of the luminal androgen receptor (LAR) subtype of
TNBC to CDK4/6 inhibitors, especially in overcoming anti-androgen
resistance [82]. In order to address this question, a phase II trial
assessing the combination of palbociclib and bicalutamide for AR-
positive metastatic TNBC is currently ongoing (NCT02605486).

5. The ESMO magnitude of clinical benefit scale (ESMO-MCBS)
for CDK inhibitors and their incorporation in international
guidelines

The ESMO-MCBS [83] is a validated tool used to objectively
assess the benefit provided by new cancer therapies, offering a
relative ranking of the magnitude of benefit from a given treatment
in a given indication and setting.

For the non-curative setting, the scale provides a score between
1 (lowest benefit) and 5 (highest benefit). Depending on the pri-
mary endpoint of the trial, different forms are to be used. If only PFS
benefit is seen, a score of 5 cannot be obtained. After grading for
efficacy, the scale mandates an evaluation of quality of life; if a
treatment improves quality of life the score may be increased by 1
point, but if it does not improve quality of life neither provides an

OS benefit, then the score is downgraded by 1 point.

All three CDK4/6 inhibitors, when used in the 1st line setting
(based on the efficacy results of Paloma-2, Monaleesa-2 and
Monarch-2 trials), reach a score of 3 for efficacy. Since no OS benefit
or improvement in quality of life was yet seen in this setting, the
final score is a 3.

Palbociclib use in the 2nd line setting reaches a score of 4 for the
efficacy results of Paloma-3 trial; since it also leads to an
improvement of quality of life, the score is upgraded 1 point (final
score: 4, pending OS results).

Abemaciclib use in the 2nd line setting has a provisional score of
3 based on the efficacy results of Monarch-3, and waiting for the
results of the quality of life and OS analyses.

Based on these results, the ESO-ESMO ABC Consensus Guide-
lines considers the addition of a CDK4/6 inhibitor to an aromatase
inhibitor, in naive patients or pre-exposed to endocrine therapy,
one of the preferred treatment options [84]. Patients relapsing less
than 12 months from the end of adjuvant aromatase inhibitor were
not included in the published studies and may not be suitable for
this combination [84]. In patients previously exposed to an aro-
matase inhibitor, the addition of a CDK4/6 inhibitor to fulvestrant,
is considered by the ABC Guidelines one of the preferred treatment
options, if a CDK4/6 inhibitor was not previously used [84].

NCCN guidelines (version 2.2017) suggest the use of palbociclib
or ribociclib in combination with letrozole as a treatment option for
first-line therapy for postmenopausal patients with HR+/HER-2
negative metastatic breast cancer [85]. Premenopausal patients
with HR+/HER-2 negative advanced disease should be given OFS
with gonadotropin-releasing hormone analogue if they are planned
to be treated with palbociclib or ribociclib in combination with
letrozole. Those postmenopausal women or those premenopausal
women receiving OFS with an LHRH agonist, with HR+/HER-2
negative metastatic breast cancer that have progressed on or af-
ter prior adjuvant or first-line endocrine therapy, could be offered
the combination of palbociclib and fulvestrant. Importantly, if there
is further disease progression while on a CDK4/6 inhibitor and
letrozole, there are no evidence-based data to support an additional
line of CDK4/6 inhibitor [85].
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ASCO guidelines recommend the addition of palbociclib to a
nonsteroidal Al may be offered to postmenopausal women with
treatment-naive HR-positive MBC, because progression-free sur-
vival (PFS) but not overall survival (OS) was improved compared
with letrozole alone. In addition, fulvestrant and palbociclib may be
offered to patients who experienced progression during prior
treatment with Als with or without one line of prior chemotherapy,
because PFS was improved compared with fulvestrant alone. Only
patients without prior exposure to cyclin-dependent kinase 4/6
inhibitors should be offered this combination [86].

6. Biomarkers

As with all therapeutic agents in Oncology, not all patients need
to be treated or derive significant benefit from CDK 4/6 inhibitors.
The identification of predictive biomarkers for treatment response
is of crucial importance, since it would allow costs savings and
spare patients who do not benefit from unnecessary toxicities.
However and so far, no clinical predictors (such as visceral vs non-
visceral disease, disease-free interval and luminal-A-like or
luminal-B-like disease) have been identified that would clearly
demonstrate which patients will benefit from the addition of CDK4/
6 inhibitors and which will not [87].

In addition, there are also currently no known tissue or blood
biomarkers that would predict benefit from CDK inhibitors. A
biomarker analysis showed that neither amplification of cyclin D1,
loss of p16, or PIK3CA mutational status nor hormone-receptor
expression level affected response to combined therapy with pal-
bociclib and endocrine agents [3,52]. Preclinical data suggested a
positive correlation between cyclin D and Rb protein with in vitro
response, as well as a negative correlation with p16 expression
[25—27]. Unfortunately, the prospective evaluation of these bio-
markers in the phase Il Paloma-1 trial (Rb localization, Ki67 levels,
p16 expression or cyclin D1 amplification) did not show any sig-
nificant correlation with clinical or PFS benefit [88]. However,
another study of single agent palbociclib suggested that increased
Rb levels and a low Ki67 or a loss of p16 expression might be linked
to response [89]. The real significance of Ki67 levels and p16
expression is still under study and some ongoing trials
(NCT01976170; NCT01320592) only enroll patients with Rb over-
expression. Extensive biomarker analysis in the PALOMA-2 trial
also did not reveal any additional useful biomarkers except ER
positivity that could indicate an increased sensitivity to CDK4/6
inhibitors [90].

7. Conclusions and future directions

Metastatic/Advanced BC is still an incurable disease and when
evaluating new treatment options for affected patients it is crucial
to consider not only efficacy but also their toxicity and impact in
overall quality of life.

Improved knowledge of endocrine resistance in HR+/HER-2
negative ABC has helped to develop inhibitors of cyclin-
dependent kinases 4/6. Selective CDK4/6 inhibitors, palbociclib,
ribociclib and abemaciclib have been found to be effective in the
treatment of this ABC subtype by significantly improving
progression-free survival when combined to endocrine agents,
both in the 1st and 2nd settings.

While the emergence of CDK4/6 inhibitors is changing the
current clinical practice landscape for Luminal-like ABC, many
questions remain: a) OS results are still awaited and may change
the clinical implementation of these agents; b) the best sequencing
of all available treatment options for this subtype of ABC is
currently unknown; ¢) how do combinations of CDK4/6
inhibitors + endocrine therapy and mTOR inhibitors + endocrine

therapy compare with each other and with chemotherapy is also
unknown; d) the mechanisms of resistance to CDK inhibitors need
further research and the best treatment after progression on CDK
inhibitors needs to be identified.

Despite the scarce or conflicting preclinical data, combining
CDK4/6 inhibitors with other approved treatments such as
chemotherapy, radiation therapy or immunotherapy should be
further investigated in clinical trials. Taking into account the het-
erogeneity of breast cancer subtypes, these approaches may be
applicable in certain subgroups of patients. As each type of breast
cancer treatment comes with different side effects, indicators such
as quality of life, toxicity profile and drug-drug interactions should
be taken into account when designing these clinical trials.

The development of adequate tools to evaluate quality of life in
the advanced setting will allow for an accurate assessment of the
impact of these new agents in the quality of life of ABC patients,
considering its higher toxicity when compared to endocrine ther-
apy alone, as well as the need for closer monitoring mainly of he-
matological parameters.

Finally, further biomarker analysis studies are indispensable to
better select patients who derive the greatest benefit from CDK4/6
inhibitors, in both early and advanced settings. The costs of these
new agents limit their affordability and accessibility for many ABC
patients around the world and make their use in an unselected
breast cancer population, unsustainable in the majority of
countries.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.breast.2018.10.001.

References

[1] Osborne C, Schiff R. Mechanisms of endocrine resistance in breast cancer.
Annu Rev Med 2011;62:233—47.
Finn R, Martin M, Rugo H, Jones S, Im S, Gelmon K, et al. Palbociclib and
letrozole in advanced breast cancer. N Engl ] Med 2016;375(20):1925—36.
Cristofanilli M, Turner NC, Bondarenko I, Ro ], Im S, Masuda N, et al. Fulves-
trant plus palbociclib versus fulvestrant plus placebo for treatment of
hormone-receptor-positive, HER-2 negative metastatic breast cancer that
progressed on previous endocrine therapy (PALOMA-3): final analysis of the
multicentre, double-blind, phase 3 randomized controlled trial. Lancet Oncol
2016;17(4):425-39.

Alberts B, Johnson A, Lewis ], Raff M, Roberts K, Walter P. Molecular biology of

the cell. 2002. 4th ed. New York, NY: Garland Science.

[5] Sherr CJ. Cancer cell cycles. Science 1996;274(5293):1672—7.

[6] Giacinti C, Giordiano A. Rb and cell cycle progression. Oncogene 2006;25:

5220-7.

Chen HZ, Tsai SY, Leone G. Emerging roles of E2Fs in cancer: an exit from cell

cycle control. Nat Rev Canc 2009;9(11):785—-97.

Johnson ], Thijssen B, McDermott U, Garnett M, Wessels LF, Bernards R. Tar-

geting the Rb-E2F pathway in breast cancer. Oncogene 2016;35(37):4829—35.

Hamilton E, Infante JR. Targeting CDK4/6 in patients with cancer. Cancer Treat

Rev 2016;45:129-38.

[10] VanArsdale T, Boshoff C, Arndt KT, Abraham RT. Molecular pathways: tar-
geting the cyclin D-CDK 4/6 axis for cancer treatment. Clin Canc Res
2015;21(13):2905—-10.

[11] Serrano M, Hannon GJ, Beach D. A new regulatory motif in cell-cycle control
causing specific inhibition of cyclin D/CDK4. Nature 1993;366(6456):704—7.

[12] Russo AA, Tong L, Lee JO, Jeffrey PD, Pevletich NP. Structural basis for inhi-
bition of the cyclin-dependent kinase Cdk6 by the tumor suppressor
p16INK4a. Nature 1998;395(6699):237—43.

[13] Jeffrey PD, Tong L, Pavletich NP. Structural basis of inhibition of CDK-cyclin
complexes by INK4 inhibitors. Genes Dev 2000;14(24):3115-25.

[14] Choi Y], Anders L. Signaling through cyclin D-dependent kinases. Oncogene
2014;33:1890—903.

[15] Parker BW, Kaur G, Nieves-Neira W, et al. Early induction of apoptosis in
hematopoietic cell lines after exposure to flavopiridol. Blood 1998;91:
458—-65.

[16] Byrd JC, Peterson BL, Gabrilove ], et al. Treatment of relapsed chronic lym-
phocytic leukemia by 72-hour continuous infusion or 1-hour bolus infusion of
flavopiridol: results from Cancer and Leukemia Group B study 19805. Clin
Canc Res 2005;11:4176—-81.

[2

3

[4

[7

[8

[9


https://doi.org/10.1016/j.breast.2018.10.001
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref1
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref1
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref1
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref2
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref2
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref2
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref3
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref4
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref4
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref5
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref5
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref6
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref6
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref6
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref7
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref7
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref7
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref8
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref8
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref8
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref9
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref9
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref9
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref10
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref10
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref10
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref10
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref11
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref11
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref11
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref12
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref12
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref12
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref12
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref13
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref13
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref13
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref14
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref14
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref14
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref15
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref15
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref15
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref15
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref16
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref16
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref16
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref16
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref16

16

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

D. Ribnikar et al. / The Breast 43 (2019) 8—17

Bose P, Simmons GL, Grant S. Cyclin-dependent kinase inhibitor therapy for
hematologic malignancies. Expet Opin Invest Drugs 2013;22(6):723—38.
Dean JL, Thangavel C, McClendon AK, Reed CA, Knudsen ES. Therapeutic CDK
4/6 inhibition in breast cancer: key mechanisms of response and failure.
Oncogene 2010;29(28):4018—32.

Rivadeneira DB, Mayhew CN, Thangavel C, Sotillo E, Reed CA, Grana X, et al.
Proliferative suppression by CDK 4/6 inhibition: complex function of the
retinoblastoma pathway in liver tissue and hepatoma cells. Gastroenterology
2010;138(5):1920—-30.

Koboldt DC, Fulton RS, Mclellan MD, et al. Comprehensive molecular portraits
of human breast tumours. Nature 2012;490:61—70.

Eeckhoute J. A cell-type-specific transcriptional network required for estrogen
regulation of cyclin D1 and cell cycle progression in breast cancer. Gene Dev
2006;20:2513—-26.

Stendahl M, Kronblad A Rydén L, Emdin S, Bengtsson NO, Landberg G. Cyclin
D1 overexpression is a negative predictive factor for tamoxifen response in
postmenopausal breast cancer patients. Br ] Canc 2004;90:1942—8.

Fry DW, Bedford DC, Harvey PH, Fritsch A, Keller PR, Wu Z, Dobrusin E,
Leopold WR, Fattaey A, Garrett MD. Cell cycle and biochemical effects of PD
0183812. ] Biol Chem 2001;276:16617—23.

Sun Y, Li Y-X, Wu H-J, Wu S-H, Wang YA, Luo D-Z, Liao DJ. Effects of an
indolocarbazole-derived CDK4 inhibitor on breast cancer cells. ] Canc 2011;2:
36-51.

Fry DW, Harvey PJ, Keller PR, et al. Specific inhibition of cyclin-dependent
kinase 4/6 by PD 0332991 and associated antitumor activity in human tu-
mor xenografts. Mol Canc Therapeut 2004;3(11):1427—-38.

Dean JL, Thangavel C, Mcclendon AK, Reed CA, Knudsen ES. Therapeutic CDK4/
6 inhibition in breast cancer: key mechanisms of response and failure.
Oncogene 2010;29:4018—-32.

Finn RS, Dering ], Conklin D, Kalous O, Cohen DJ, Desai AJ, et al. PD 0332991, a
selective cyclin D kinase 4/6 inhibitor, preferentially inhibits proliferation of
luminal estrogen receptor-positive human breast cancer cell lines in vitro.
Breast Cancer Res 2009;11(5):R77.

Thangavel C, Dean ]JL, Ertel A, Knudsen KE, Aldaz CM, Witkiewicz AK, Clarke R,
Knudsen ES. Therapeutically activating RB: reestablishing cell cycle control in
endocrine therapy-resistant breast cancer. Endocr Relat Canc 2011;18:
333—45.

Miller TW, Balko JM, Fox EM, et al. ER -dependent E2F transcription can
mediate resistance to estrogen deprivation in human breast cancer. Cancer
Discov 2011;1:338-51.

Vijayaraghavan S, Karakas C, Doostan I, Chen X, Bui T, Yi M, et al. CDK4/6 and
autophagy inhibitors synergistically induce senescence in Rb positive cyto-
plasmic cyclin E negative cancers. Nat Commun 2017;8:15916.
Herrera-Abreu MT, Palafox M, Asghar U, et al. Early adaptation and acquired
resistance to CDK4/6 inhibition in estrogen receptor—positive breast cancer.
Cancer Res 2016;76(8):2301—13. https://doi.org/10.1158/0008-5472.CAN-15-
0728.

Rader ], Russell MR, Hart LS, et al. Dual CDK4/CDK6 inhibition induces cell-
cycle arrest and senescence in neuroblastoma. Clin Canc Res 2013;19:
6173-82.

Zhang Y-X, Sicinska E, Czaplinski JT, et al. Antiproliferative effects of CDK4/6
inhibition in CDK4-amplified human liposarcoma in vitro and in vivo. Mol
Canc Therapeut 2014;13:2184—93.

Lenihan C, Bouchekioua-Bouzaghou K, Abdulghani R, Chupin ], Shia A,
Schmid P. Abstract P3-03-12: CDK4/6 inhibitor resistant ER-positive cells
remain dependent on estrogen signalling and retain sensitivity to endocrine
therapy. Cancer Res Amn Assoc Canc Res 2017;77(4 Supplement). P3-03-12.
Vora SCAR, Juric D, Kim N, et al. CDK 4/6 inhibitors sensitize PIK3CA mutant
breast cancer to PI3K inhibitors. Cancer Cell 2014;26:136—49.

Gao H, Korn JM, Ferretti S, et al. High-throughput screening using patient-
derived tumor xenografts to predict clinical trial drug response. Nat Med
2015;21:1318-25.

Torres-Guzman R, Calsina B, Hermoso A, Baquero C, Alvarez B, Amat ], et al.
Preclinical characterization of abemaciclib in hormone receptor positive
breast cancer. Oncotarget 2017;8(41):69493—507.

Slamon D, Clark G, Wong S, Levin W, Ullrich A, Mcguire W. Human breast
cancer: correlation of relapse and survival with amplification of the HER-2/
neu oncogene. Science 1987;235:177—82.

Goel S, DeCristo M], Watt AC, BrinJones H, Sceneay ], Li BB, et al. CDK4/6 in-
hibition triggers anti-tumour immunity. Nature 2017;548(7668):471—5. Na-
ture Publishing Group.

Schaer DA, Beckmann RP, Dempsey JA, Huber L, Forest A, Amaladas N, et al.
The CDK4/6 inhibitor abemaciclib induces a T cell inflamed tumor microen-
vironment and enhances the efficacy of PD-L1 checkpoint blockade. Cell Rep
2018;22(11):2978—94.

Duchnowska R, Jassem ], Thorat MA, Morimiya A, Sledge GW, Li L, Biernat W,
Szczylik C, Steeg PS, Badve SS. Gene expression analysis for prediction of early
brain metastasis (BM) in HER2-positive (HER2 ) breast cancer patients (pts).
J Clin Oncol 2008;26. 1019—-1019.

Zhao R, Yang H-Y, Shin J, Phan L, Fang L, Che T-F, Su C-H, Yeung S-CJ, Lee M-H.
CDK inhibitor p57Kip2is downregulated by Akt during HER2-mediated
tumorigenicity. Cell Cycle 2013;12:935—43.

Choi YH, Yoo YH. Taxol-induced growth arrest and apoptosis is associated
with the upregulation of the Cdk inhibitor, p21WAF1/CIP1, in human breast
cancer cells. Oncol Rep 2012;28(6):2163-9.

[44]

[45]

[46]

Roberts PJ, Bisi JE, Strum JC, Combest AJ, Darr DB, Usary JE, Zamboni WC,
Wong K-K, Perou CM, Sharpless NE. Multiple roles of cyclin-dependent kinase
4/6 inhibitors in cancer therapy. JNCI: J Natl Cancer Inst 2012;104:476—87.
Dean JL, Mcclendon AK, Knudsen ES. Modification of the DNA damage
response by therapeutic CDK4/6 inhibition. J Biol Chem 2012;287:29075—87.
Witkiewicz AK, Balaji U, Eslinger C, et al. Integrated patient-derived models
delineate individualized therapeutic vulnerabilities of pancreatic cancer. Cell
Rep 2016;16(7):2017-31.

[47] Jones RA, Robinson TJ, Liu JC, et al. RB1 deficiency in triple-negative breast

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

cancer induces mitochondrial protein translation. J Clin Invest 2016;126(10):
3739-57.

Schwartz GK, LoRusso PM, Dickson MA, et al. Phase I study of PD 0332991, a
cyclin-dependent kinase inhibitor, administered in 3-week cycles (Schedule
2/1). Br J Canc 2011;104(12):1862—-8.

Flaherty KT, Lorusso PM, Demichele A, et al. Phase I, dose-escalation trial of
the oral cyclin-dependent kinase 4/6 inhibitor PD 0332991, administered
using a 21-day schedule in patients with advanced cancer. Clin Canc Res
2012;18(2):568—76.

DeMichele A, Clark AS, Heitjan D, et al. A phase II trial of an oral CDK 4/6
inhibitor, PD 0332991, in advanced breast cancer (abstract 519). ] Clin Oncol
2013;(suppl):31.

Malorni L, Curigliano G, Minisini AM, Cinieri S, Tondini CA, D'Hollander K,
et al. Palbociclib as single agent or in combination with the endocrine therapy
received before disease progression for estrogen receptor-positive, HER2-
negative metastatic breast cancer: TREnd trial. Ann Oncol 2018;29(8):
1748—54. Oxford University Press.

Finn RS, Crown JP, Lang I, et al. The cyclin-dependent kinase 4/6 inhibitor
palbociclib in combination with letrozole versus letrozole alone as first-line
treatment of estrogen receptor-positive, HER-2-negative, advanced breast
cancer (PALOMA-1/TRIO-18): a randomized phase 2 study. Lancet Oncol
2015;16(1):25—-35.

Finn RS, Crown JP, Ettl ], et al. Efficacy and safety of palbociclib in combination
with letrozole as first-line treatment of ER-positive, HER-2 negative, advanced
breast cancer: expanded analyses of subgroups from the randomized pivotal
trial PALOMA-1/TRIO-18. Breast Cancer Res 2016;18(1):67.

Finn RS, Martin M, Rugo HS, Jones S, Im S-A, Gelmon K, et al. Palbociclib and
letrozole in advanced breast cancer. N Engl ] Med 2016;375(20):1925—36.
Rugo H, Dieras V, Gelmon KA, et al. Impact of palbociclib plus letrozole on
health related quality of life (HRQOL) compared with letrozole alone in
treatment naive postmenopausal patients with ER+ HER2- metastatic breast
cancer (MBC): results from PALOMA-2. Ann Oncol 2016;27(suppl 6). vi69
(225PD).

Rugo H, Dieras V, Gelmon KA, Finn R, Slamon D, Miguel M, et al. Impact of
palbociclib plus letrozole on health related quality of life (HRQOL) compared
with letrozole alone in treatment naive postmenopausal patients with ER+
HER2- metastatic breast cancer (MBC): results from PALOMA-2. Ann Oncol
2016;27:68-99.

Harbeck N, lyer S, Turner N, Cristofanilli M, Ro ], André F, et al. Quality of life
with palbociclib plus fulvestrant in previously treated hormone receptor-
positive, HER2-negative metastatic breast cancer: patient-reported out-
comes from the PALOMA-3 trial. Ann Oncol 2016;27:1047—54.

Turner NC, Ro ], Andre F, et al. Palbociclib in hormone-receptor-positive
advanced breast cancer. N Engl ] Med 2015;373(3):209—19.

Turner NC, Andre F, Cristofanilli M, et al. Treatment post progression in
women with endocrine-resistant ER+/HER2-negative advanced breast cancer
who received palbociclib plus fulvestrant in PALOMA-3. SABCS; 2016. P4-22-
06.

Verma S, Bartlett CH, Schnell P, et al. Palbociclib in combination with ful-
vestrant in women with hormone receptor-positive/HER2-negative advanced
breast cancer: detailed safety analysis from a multicenter, randomized,
placebo-controlled, phase III study (PALOMA-3). Oncol 2016;21(10):1165—75.
Harbeck N, Iyer S, Turner N, et al. Quality of life with palbociclib plus ful-
vestrant in previously treated hormone receptor-positive, HER2-negative
metastatic breast cancer: patient-reported outcomes from the PALOMA-3
trial. Ann Oncol 2016;27(6):1047—54.

Infante JR, Shapiro G, Witteveen P, Gerecitano JF, Ribrag V, Chugh R, et al.
A phase I study of the single agent CDK 4/6 inhibitor LEEO11 in patients with
advanced solid tumors and lymphomas. ASCO Meet Abstracts 2014;32(15
Suppl). abstr 2528.

Goel S, Wang Q, Watt AC, Tolaney SM, Dillon DA, Li W, et al. Overcoming
therapeutic resistance in HER-2 positive breast cancers with CDK4/6 in-
hibitors. Cancer Cell 2016;29(3):255—69.

Curigliano G, Gomez Pardo P, Meric-Bernstam F, Conte P, Lolkema MP, Beck JT,
et al. Ribociclib plus letrozole in early breast cancer: a presurgical, window-of-
opportunity study. Breast 2016;28:191—-8.

Hortobagyi GN, Stemmer SM, Burris HA, Yap YS, Sonke GS, Paluch-Shimon S,
et al. Ribociclib as first-line therapy for HR-positive, advanced breast cancer.
N Engl ] Med 2016;375(18):1738—48.

Hortobagyi GN, Stemmer SM, Burris HA, Yap YS, Sonke GS, Paluch-Shimon S,
et al. Updated results from MONALEESA-2, a phase III trial of first-line ribo-
ciclib plus letrozole versus placebo plus letrozole in hormone receptor-
positive, HER2-negative advanced breast cancer. Ann Oncol 2018;29(7):
1541-7.

Tripathy D, Im S-A, Colleoni M, Franke F, Bardia A, Harbeck N, et al. Ribociclib
plus endocrine therapy for premenopausal women with hormone-receptor-


http://refhub.elsevier.com/S0960-9776(18)30301-1/sref17
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref17
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref17
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref18
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref18
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref18
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref18
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref19
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref19
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref19
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref19
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref19
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref20
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref20
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref20
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref21
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref21
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref21
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref21
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref22
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref22
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref22
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref22
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref22
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref23
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref23
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref23
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref23
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref24
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref24
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref24
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref24
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref25
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref25
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref25
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref25
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref26
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref26
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref26
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref26
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref27
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref27
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref27
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref27
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref28
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref28
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref28
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref28
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref28
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref29
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref29
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref29
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref29
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref30
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref30
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref30
https://doi.org/10.1158/0008-5472.CAN-15-0728
https://doi.org/10.1158/0008-5472.CAN-15-0728
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref32
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref32
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref32
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref32
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref33
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref33
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref33
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref33
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref34
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref34
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref34
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref34
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref35
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref35
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref35
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref36
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref36
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref36
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref36
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref37
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref37
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref37
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref37
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref37
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref38
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref38
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref38
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref38
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref39
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref39
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref39
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref39
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref40
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref40
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref40
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref40
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref40
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref41
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref41
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref41
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref41
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref41
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref42
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref42
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref42
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref42
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref43
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref43
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref43
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref43
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref44
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref44
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref44
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref44
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref45
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref45
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref45
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref46
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref46
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref46
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref46
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref47
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref47
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref47
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref47
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref48
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref48
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref48
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref48
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref49
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref49
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref49
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref49
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref49
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref50
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref50
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref50
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref51
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref51
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref51
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref51
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref51
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref51
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref52
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref52
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref52
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref52
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref52
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref52
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref53
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref53
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref53
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref53
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref54
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref54
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref54
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref55
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref55
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref55
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref55
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref55
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref55
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref56
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref56
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref56
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref56
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref56
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref56
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref57
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref57
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref57
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref57
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref57
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref57
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref58
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref58
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref58
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref59
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref59
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref59
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref59
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref59
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref60
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref60
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref60
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref60
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref60
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref61
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref61
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref61
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref61
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref61
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref62
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref62
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref62
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref62
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref63
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref63
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref63
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref63
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref64
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref64
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref64
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref64
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref64
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref65
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref65
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref65
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref65
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref66
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref66
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref66
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref66
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref66
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref66
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref67
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref67

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

D. Ribnikar et al. / The Breast 43 (2019) 8—17 17

positive, advanced breast cancer (MONALEESA-7): a randomised phase 3 trial.
Lancet Oncol. Elsevier 2018;19(7):904—15.

Rugo H, Nanda S, Koustenis A. Abstract P6-11-12: subgroup Analysis by prior
treatment and disease burden in MONARCH 1: a phase 2 study of mono-
therapy abemaciclib, a CDK4 & 6 inhibitor, in patients with HR+/HER2 met-
astatic breast cancer (MBC) following chemotherapy. Cancer Res 2017;77(4
Supplement). P6-11-12-P6-11-2.

Goetz Matthew P, Toi Masakazu, et al. MONARCH 3: a randomized phase III
study of anastrozole or letrozole plus abemaciclib, a CDK4/6 inhibitor, or
placebo in first-line treatment of women with HR+, HER2-locoregionally
recurrent or metastatic breast cancer (MBC). J Clin Oncol 2015;33(15_
suppl). TPS624-TPS624.

Dickler MN, Tolaney SM, Rugo HS, et al. MONARCH 1, a phase II study of
abemaciclib, a CDK4 and CDK®6 inhibitor, as a single agent, in patients with
refractory HR/HER2 — metastatic breast cancer. Clin Canc Res 2017;23(17):
5218-24. 2017.

Gelbert LM, Cai S, Lin X, Sanchez-Martinez C, Del Prado M, Lallena M]J, et al.
Preclinical characterization of the CDK4/6 inhibitor LY2835219: in vivo cell
cycle-dependent/independent antitumor activities alone/in combination with
gemcitabine. Invest N Drugs 2014;32(5):825—37.

Patnaik A, Rosen LS, Tolaney SM, Tolcher AW, Goldman JW, Gandhi L, et al.
Abstract CT232: clinical activity of LY2835219, a novel cell cycle inhibitor
selective for CDK4 and CDKG, in patients with metastatic breast cancer. Cancer
Res. Amn Assoc Canc Res 2014;74(19 Supplement). CT232-CT232.

Patnaik A, Rosen LS, Tolaney SM, et al. Clinical activity of LY2835219, a novel
cell cycle inhibitor selective for CDK4/6, in combination with fulvestrant for
patients with hormone receptor positive (HR+) metastatic breast cancer. May
2014 (abstract 534). Presented at ASCO, Chicago, IL.

Sledge Jr GW, Toi M, Neven P, Sohn ], Inoue K, Pivot X, et al. MONARCH-2:
abemaciclib in combination with fulvestrant in women with HR+/HER-2
advanced breast cancer who had progressed while receiving endocrine
therapy. ] Clin Oncol: Off ] Amn Soc Clinical Oncol 2017. JCO2017737585.
Lallena M], Boehnke K, Torres R, Hermoso A, Amat ], Calsina B, et al. Abstract
3101: in vitro characterization of abemaciclib pharmacology in ER+ breast
cancer cell lines. Cancer Res 2015;75(15 suppl). 3101-01.

Di Leo A, Toi M, Campone M, Sohn ], Paluch-Shimon S, Huober ], et al. 2360_
PRMONARCH 3: abemaciclib as initial therapy for patients with HR+/HER2-
advanced breast cancer. Ann Oncol 2017;28(suppl_5). Oxford University
Press.

Chow LW, Lam C-K, Loo WT. Abstract P6-11-04: OOTR-NOO7: a phase II
neoadjuvant study of letrozole plus palbociclib in postmenopausal patients
with ER positive, HER2 negative breast cancer. Cancer Res Amn Assoc Canc
Res 2015 May 1;75(9 Supplement). P6-11-04-P6-11-04.

Cottu P, D'Hondt V, Dureau S, Lerebours F, Desmoulins I, Heudel P-E, et al.
LBA9Letrozole and palbociclib versus 3rd generation chemotherapy as

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

neoadjuvant treatment of minal breast cancer. Results of the UNICANCER-
eoPAL study. Ann Oncol 2017;28:v605—49.

Gianni L, Bisagni G, Colleoni M, Del Mastro L, Zamagni C, Mansutti M, et al.
Neoadjuvant treatment with trastuzumab and pertuzumab plus palbociclib
and fulvestrant in HER2-positive, ER-positive breast cancer (NA-PHER2): an
exploratory, open-label, phase 2 study. Lancet Oncol. 2018;19(2):249—56.
Elsevier.

Ciruelos E, Villagrasa P, Paré L, Oliveira M, de la Pena L, Pernas S, et al. Abstract
P5-20-19: PAMS50 intrinsic subtype predicts survival outcome in HER2-
positive/hormone receptor-positive metastatic breast cancer treated with
palbociclib and trastuzumab: a correlative analysis of the PATRICIA (SOLTI 13-
03) trial. Cancer Res. Amn Assoc Canc Res 2018;78(4 Supplement). P5-20-19-
P5-20—-19.

Tolaney SM, Lin NU, Thornton D, Klise S, Costigan TM, Turner PK, et al. Abe-
maciclib for the treatment of brain metastases (BM) secondary to hormone
receptor positive (HR+), HER2 negative breast cancer. ] Clin Oncol 2017;35:
1019. https://doi.org/10.1200/JC0.2017.35.15_suppl.1019.

Rampurwala M, Wisinski KB, O'Regan R. Role of the androgen receptor in
triple-negative breast cancer. Clin Adv Hematol Oncol 2016;14(3):186—93.
Cherny NI, Dafni U, Bogaerts ], Latino NJ, Pentheroudakis G, Douillard J-Y, et al.
ESMO-magnitude of clinical benefit scale version 1.1. Ann Oncol 2017;28(10):
2340—-66.

Cardoso F, Senkus E, Costa A, Papadopoulos E, Aapro M, André F, et al. 4th
ESO—ESMO international Consensus guidelines for advanced breast cancer
(ABC 4)t. Ann Oncol 2018 Aug 1;29(8):1634—57.
https://www.nccn.org/professionals/physician_gls/pdf/breast_blocks.pdf, pp:
56, 133.

Rugo HS, Rumble RB, Macrae E, Barton DL, Connolly HK, Dickler MN, et al.
Endocrine therapy for hormone receptor - positive metastatic breast cancer:
american Society of Clinical Oncology Guideline. J Clin Oncol 2016;34(25):
3069—-103.

Hamilton E. The elusive hunt for CDK inhibitor biomarkers. June 2018. Paper
presented at: ASCO Annual Meeting. IL, USA.

Demichele A, Clark AS, Tan KS, et al. CDK 4/6 inhibitor palbociclib
(PD0332991) in Rb advanced breast cancer: phase II activity, safety, and
predictive biomarker assessment. Clin Canc Res 2014;21:995—-1001.

Clark A, Lal P, Tan K, Heitjan D, Feldman M, Zhang P, et al. Abstract P2-16-20:
biomarkers to predict response to the CDK 4/6 inhibitor, palbociclib (PD
0332991) in a single-agent phase II trial in advanced breast cancer: cancer
Res. Amn Assoc Canc Res 2013;73(24 Supplement). P2-16-20-P2-16—20.
Finn R, Jiang Y, Rugo H, Moulder SL, Im S-A, Gelmon KA, et al. Biomarker
analyses from the phase 3 PALOMA-2 trial of palbociclib (P) with letrozole (L)
compared with placebo (PLB) plus L in postmenopausal women with ER +/
HER2— advanced breast cancer (ABC). Ann Oncol 2016;27(suppl_6). Oxford
University Press.


http://refhub.elsevier.com/S0960-9776(18)30301-1/sref67
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref67
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref67
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref68
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref69
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref69
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref69
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref69
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref69
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref69
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref70
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref70
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref70
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref70
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref70
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref70
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref71
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref71
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref71
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref71
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref71
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref72
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref72
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref72
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref72
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref73
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref73
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref73
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref73
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref73
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref74
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref74
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref74
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref74
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref74
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref75
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref75
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref75
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref75
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref76
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref76
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref76
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref76
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref76
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref77
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref77
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref77
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref77
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref78
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref78
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref78
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref78
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref78
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref79
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref79
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref79
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref79
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref79
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref79
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref80
https://doi.org/10.1200/JCO.2017.35.15_suppl.1019
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref82
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref82
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref82
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref83
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref83
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref83
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref83
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref84
https://www.nccn.org/professionals/physician_gls/pdf/breast_blocks.pdf
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref86
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref86
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref86
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref86
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref86
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref87
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref87
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref88
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref88
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref88
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref88
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref89
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref89
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref89
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref89
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref89
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90
http://refhub.elsevier.com/S0960-9776(18)30301-1/sref90

	Targeting CDK4/6 pathways and beyond in breast cancer
	1. Introduction
	2. Biology of cyclin-dependent kinases and its inhibitors
	2.1. Cyclin-dependent kinases in cell cycle regulation
	2.2. CDK 4/6 inhibitors

	3. Preclinical data about CDK 4/6 inhibitors in various breast cancer subtypes
	3.1. CDK 4/6 inhibitors in ER-positive breast cancer
	3.2. CDK 4/6 inhibitors in HER-2-positive breast cancer
	3.3. CDK 4/6 inhibitors in other settings

	4. Clinical data about CDK 4/6 inhibitors in various breast cancer subtypes
	4.1. Palbociclib
	4.1.1. Phase I data
	4.1.2. Phase II data
	4.1.3. Phase III data

	4.2. Ribociclib
	4.2.1. Phase I-II data
	4.2.2. Phase III data

	4.3. Abemaciclib
	4.3.1. Phase I-II data
	4.3.2. Phase III data

	4.4. CDK inhibitors in neoadjuvant setting

	5. The ESMO magnitude of clinical benefit scale (ESMO-MCBS) for CDK inhibitors and their incorporation in international guidelines
	6. Biomarkers
	7. Conclusions and future directions
	Appendix A. Supplementary data
	References


