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ABSTRACT

Imbalance of the cyclin D and cyclin-dependent kinase (CDK)
pathway in cancer cells may result in diversion away from
a pathway to senescence and toward a more proliferative
phenotype. Cancer cells may increase cyclin D-dependent
activity through a variety of mechanisms. Therapeutic in-
hibition of CDKs in tumors to negate their evasion of growth
suppressors has been identified as a key anticancer strategy. In
this review, we outline the development of CDK inhibitory
therapy in breast cancer, including the initial experience with
the pan-CDK inhibitor flavopiridol and the next generation of
oral highly selective CDK4 and CDK6 inhibitors PD0332991
(palbociclib), LEE011 (ribociclib), and LY2835219 (abemaci-
clib). Data from phase I and II studies in estrogen receptor-

positive (ER1) breast cancer demonstrate promising efficacy
with manageable toxic effects, chiefly neutropenia.We discuss
these studies and the phase III studies that are accruing or
nearingcompletion.Wedescribetheapplicationofsuchtherapy
to other breast cancer settings, including HER2-positive breast
cancer and the adjuvant treatment of early breast cancer. We
also discuss potential concerns surrounding the combination of
CDK inhibitors with chemotherapy and their effects on repair of
double-strand DNA breaks in cancer cells. Oral highly selective
CDKinhibitors showgreatpromise in improvingtheoutcomesof
patientswithER1breastcancer, althoughcautionmustapply to
their combination with other agents and in the early breast
cancer setting. The Oncologist 2015;20:483–490

Implications for Practice: Cyclin-dependent kinases (CDKs) interact with cyclin D proteins to play an integral role in cell cycle
progression and represent attractive therapeutic targets in many tumors, including breast cancer. A number of highly selective
inhibitors of CDK4andCDK6 (CDK4/6) are currently in clinical trial developmentwithoneagent recently approvedby theU.S. Food
andDrugAdministration for the treatmentof advancedER+,HER2-negativebreastcancer.This article reviews the roleofCDK4/6 in
tumorigenesisandsummarizestheclinical trial experiencewith inhibitorsof thesekinases inbreastcancer.Keyefficacyandtoxicity
data from the clinical trial experience to date have been reviewed. The planned further expansion of their role in breast cancer
therapies and potential concerns regarding combinations with other therapies are addressed.

INTRODUCTION

Insensitivity to antigrowth signals is a hallmark of cancer.
Human cells have developed a complex interplay of pro- and
antiproliferative signals, imbalance of which in cancer cells
may result in diversion away from a pathway to senescence
and toward a more proliferative phenotype. Phosphorylation
of antiproliferative retinoblastoma tumor suppressor protein
(Rb) and related proteins by cyclin-dependent kinases 4 and 6
(CDK4/6) in complex with cyclin D subunits allows increased
synthesis of genes important for DNA replication and thus
progression through the cell cycle. Cancer cells may increase
cyclin D-dependent activity through a variety of mechanisms.
These cell cycle proteins represent attractive targets for
therapeutic intervention in human cancers. In this review, we
have outlined the development of CDK4/6 inhibitory therapy
in breast cancer, including the initial experience with the pan-

CDK inhibitor flavopiridolandthenextgenerationoforalhighly
selective CDK4/6 inhibitors PD0332991 (palbociclib [Ibrance];
Pfizer Inc., New York, NY, http://www.pfizer.com), LEE011
(ribociclib), and LY2835219 (abemaciclib). We describe the
clinical studies exploring the combination of these novel
compounds with standard endocrine therapies in advanced
breast cancer. Potential future directions and combination
approaches are also addressed.

METHODS

A comprehensive literature review of all relevant clinical trials,
original research articles, review articles, and editorials in
the PubMed database concerning cyclin-dependent kinase
inhibitors in breast cancer was performed. The search
terms “CDK inhibitor,” “breast cancer,” “palbociclib,” “LEE011,”
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“LY2835219,” “abemaciclib,”and “flavopiridol”wereused.The
search was limited to human subjects and the English
language. Reference lists of key papers were also reviewed.
In addition, ongoing clinical trials using these agents were
identified from the NIH clinical trial registry (http://www.
clinicaltrials.gov) usingasearch incorporatingthenamesof the
selective CDK4/6 inhibitors and the term “breast cancer.”
Unpublished abstracts were identified by searching relevant
abstract resources including American Society of Clinical
Oncology, American Association for Cancer Research (AACR),
European Society for Medical Oncology databases.

The Cell Cycle and the Balance Between Senescence
and Proliferation
Insensitivity to antigrowth signals was identified as one of the
hallmarks of cancer byHanahan andWeinberg in their seminal
2000paperand its2011update [1,2].Cells reachakeycell cycle
checkpoint (theso-called restrictionpoint)duringtheG1phase
of the cell cycle, when they decide whether to continue into
the S phase and commit to another cycle of cell division or
withdraw into the quiescent G0 phase [3]. Antigrowth signals
influence the decision reached by the cell at this key point.The
cellular response to antigrowth signals from the extracellular
environment is largely controlled by the cell cycle machinery,
which regulates progression through the G1 phase (and from
there into the Sphase) of the cell cycle [1].These antiproliferative
signals are communicated through the retinoblastoma tumor
suppressor protein (Rb) and its relatives p107 and p130. Rb itself
is regulated by cyclin-CDK complexes, an evolutionarily con-
servedfamilyofserine-threonineproteinkinases[4].Progression
through the G1 to S phases requires phosphorylation of Rb by
the cyclin-dependent kinase CDK4 or the highly homologous
enzyme CDK6 in complex with their activating subunits cyclin
D1,D2, orD3 [5].HypophosphorylatedRb sequesters andalters
the function of the E2F family, leading to decreased expression
ofgenes involvedincell cycleprogressionfromG1toSphaseand
then replication and mitotic progression [6, 7]. In contrast, hy-
perphosphorylationofRbreduces itsability torepressactivityof
E2F transcription factors, resulting in increased synthesis of
genes with products that are essential for DNA replication.

Inhibition of CDK activity and G1/S phase progression is
mediated through the Cip-Kip family of universal CDK inhibitors
and the specific CDK4/6 inhibitors of the INK4 family, including
p16INK4a [8]. Many tumors increase cyclin D-dependent activity
and thereby escape senescence through multiple mechanisms
such as p16 inactivation,CDK4 amplification,CDK4mutationwith
loss of INK4 binding, cyclin D1 overexpression or by translocation
oramplificationof itsencodinggene,CCND1 [9].CyclinD1appears
to be essential for the development and maintenance of certain
breast cancers, with mice lacking cyclin D1 or CDK4 demonstrat-
ing resistance to growth of implanted breast cancers driven by
the HER2/neu oncogene [10–14]. Furthermore, acute inducible
shutdown of cyclin D1 function or inhibition of CDK4 function
with the CDK4/6 inhibitor palbociclib in adultmice bearingHER2/
neu-driven breast tumors results in tumor cell senescence [15].
CCND1amplification is a commonevent inhumanbreast cancers,
identified in 38%of theHER2-expressingmolecular subtype, 58%
of luminalB cancers, and29%of luminalAcancers [16];CDK4gain
is seen in 24%, 25%, and 14%, respectively.The interaction of Rb,
cyclinD,andCDK4/6 inthecell cycle is illustrated inFigure1.Cyclin

D1 has other non-CDK-dependent functions in tumorigene-
sis including induction of chromosomal instability (CIN) by
transcriptional regulation of CIN-related genes [17]. It is also
implicated in enhancement ofDNAdamage sensing and repair
in response to ionizing radiation and DNA damaging drugs,
induction of cellular migration and invasion, inhibition of mi-
tochondrial metabolism, and enhancement of angiogenesis
[18]. Because many of these functions are independent of its
interaction with CDK4/6, they would not be expected to be
affected by therapeutic inhibition of these CDKs. Moreover,
CDK6 has recently been found to have a kinase-independent
function in angiogenesis, representing a potentially separate
role for CDK6 inhibition in tumor therapy [19].

CDK6 has recently been found to have a kinase-
independent function in angiogenesis, representing
a potentially separate role for CDK6 inhibition in
tumor therapy.

The importance of the restriction point in determining
whether cells continue to divide or become quiescent and the
observed frequency of cyclin D-CDK4/6-INK4 pathway alter-
ations in tumor cells have fueled interest in therapies to inhibit
cyclin-dependent kinases. The chemical structures of CDK4/6
inhibitors discussed in this review (flavopiridol, palbociclib,
ribociclib, and abemaciclib) are illustrated in Figure 2. The
multi-CDK inhibitor dinaciclib is also being evaluated in clini-
cal studies in combination with chemotherapy in the triple-
negative subset of breast cancer [20, 21]; however, it targets
CDKs 1, 2, 5, and 9 rather than CDK4/6 and is reviewed
elsewhere [22]. Similarly, roscovitine (seliciclib) has been
evaluated in the phase I setting in patients with solid tumors,
withminimal disease stabilization seen inmonotherapy [23]. It
inhibitsCDKs1,2,5, and7but isapoor inhibitorofCDK4/6 [24].

Figure 1. The interaction of Rb, cyclin D, and CDK4/6 in cell cycle
progression. Hypophosphorylated Rb sequesters E2F family
members, leading to decreased expression of genes involved in
cell cycle progression from G1 to S phases. CDK4/6-cyclin D
complex phosphorylates Rb leading to loss of repression of E2F
factors, resulting in cell cycle progression. Cip-Kip and INK4 family
members inhibit cyclin-dependent kinase activity.

Abbreviations: CDK4/6, cyclin-dependent kinases4and6; E2F,
E2 transcription factor; P, phosphate group; Rb, retinoblastoma
tumor suppressor protein.
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AsearchofClinicalTrials.gov showsnoclinical studies currently
evaluating this agent in breast cancer therapy [25].

CDK4/6 Inhibition in Estrogen Receptor-Positive
Breast Cancer
Flavopiridol (alvocidib) belongs to a group of relatively
nonselectivepan-CDK inhibitors that also includesolomoucine
and roscovitine andwas the first CDK inhibitor to enter human
clinical trials [26]. It is an intravenously administered pan-CDK
inhibitor with targets including CDKs 1, 2, 4/6, and 7 [27]. It
induces G0 and G1 arrest in a variety of tumor cells, where-
as chemotherapy-induced S-phase delay may enhance its
cytotoxic effect [28]. Flavopiridol hashad largelydisappointing
results as single agent, whereas combination with chemo-
therapy appears to be more promising, especially in acute
leukemia [29]. Someearly activitywas seen inaphase I study in
patients with solid tumors (including breast cancer) treated
with docetaxel followed 4 hours later by escalating doses of
flavopiridol [30]. Limitations of flavopiridol include its in-
travenous route of administration, the requirement for
complex regimens in which administration must be timed
carefully after chemotherapy to achieve effect, and dose-
limiting toxicities including diarrhea and neutropenia.

The next generation of CDK inhibitors to reach therapeutic
clinical studies in breast cancer are more selective than the
pan-CDK inhibitors such as flavopiridol and include highly
selective inhibitors of CDK4/6. Preclinical models suggest
a particular role for CDK4/6 inhibition in estrogen receptor-
positive (ER1) breast cancer cells, including cells retaining
estrogen sensitivity and those with acquired estrogen re-
sistance. Cyclin D1 is a transcriptional target of ER, with
estrogen-mediated ER signaling resulting in increased ex-
pression of cyclin D1 RNA and protein, accompanied by
phosphorylation of Rb and G1/S phase transition [31–33].
Conversely, growth arrest induced by antiestrogens in ER1
breast cancer cells is accompanied by decreased cyclin D1
expression [34]. Furthermore, cyclin D1 augments estrogen-
dependent gene expression through ERa signaling [35].
Meanwhile, the development of endocrine resistance in ER1
breast cancer cells is associated with persistent cyclin D1

expression and Rb phosphorylation [36]. Direct evidence of
a particular role for CDK4/6 inhibition in ER1 cells comes from
the evaluation of the CDK4/6 inhibitor palbociclib in vitro in
a panel of molecularly characterized breast cancer cell lines
that demonstrated most activity in luminal cancers (including
those with conditioned estrogen resistance), whereas non-
luminal and basal types were most resistant [37].

Palbociclib
Palbociclib, formerly PD0332991, is the most clinically ad-
vanced CDK4/6 inhibitor.This agentwas selected froma group
of pyridopyrimidine compounds based on its selectivity
for CDK4, its ability to induce clean G1 arrest in MDA-MB-
435 tumor cells, and its superior physical and pharma-
ceutical properties [38]. It is a highly selective inhibitor of
CDK4 and the highly homologous enzyme CDK6 (which also
complexeswith cyclinD subunits andphosphorylates Rbat the
same sites). In preclinical studies, palbociclib demonstrated
in vitro and in vivo activity against Rb-positive tumors,
including significant tumor regression in certain xenograft
models [37–40].This was somewhat surprising because it had
beenpostulatedthat cell cycle-targetingagentswould result in
growth arrest without tumor regression. Palbociclib demon-
stratedmost activity in ER-positive breast cancer cell lineswith
luminal features in a panel ofmolecularly characterized breast
cancer cell lines [37]. Activity was also observed in a high
proportion of HER2-positive breast cancer cell lines, particu-
larly those with luminal features.

Palbociclib demonstrated most activity in ER-positive
breast cancercell lineswith luminal features inapanel
of molecularly characterized breast cancer cell lines.
Activity was also observed in a high proportion of
HER2-positive breast cancer cell lines, particularly
those with luminal features.

The key clinical studies of palbociclib in breast cancer are
summarized in Table 1. Palbociclib was first investigated in
humans in anopen-label phase I dose-finding study in patients
with Rb-positive solid tumors or lymphoma [41]. Palbociclib
was administered orally on a 2-week-on, 1-week-off (2/1)
schedule at doses ranging from 100 to 225 mg daily. It
demonstrated low to moderate interpatient pharmacokinetic
variability, with a general dose-dependent increase in expo-
sure over the range of 100–225 mg daily and was excreted
slowly with a mean t1/2 of 26.7 hours. The 200-mg daily dose
was established as the maximum tolerated dose, with
myelosuppression (particularly neutropenia) being the only
dose-limiting toxicitiy (DLT). This myelosuppressive effect is
consistentwith the expected effect of CDK inhibition in rapidly
dividing cell types and with preclinical models. A nadir in
absolute neutrophil count (ANC) and platelets was observed
at the end of the 2-week dosing period in cycle 1. This was
followed by a rebound in platelet and neutrophil counts, al-
though neutrophils did not tend to recover fully to pre-
treatment levels.

A separate 3-week-on, 1-week-off (3/1) schedule also
underwent phase I evaluation [42]. In that trial, 41 patients

Figure 2. Chemical structures and formulae of selected CDK4/6
inhibitors.
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with Rb-positive solid tumors or lymphoma were treated at
daily doses ranging from 25 to 150 mg daily. A half-life for
palbociclib of approximately 26 hours was confirmed. On this
3/1 schedule, a nadir of ANC and plateletswas observed at the
end of the dosing schedule, followed, as before, by a rebound
in counts. The DLT of neutropenia was seen starting at the
75-mg dose, but dose escalations continued cautiously because
this uncomplicatedneutropeniawas considered tolerable.The
recommended phase II dose was established as 125 mg daily
for the 3/1 schedule. The most common nonhematologic
adverse events were fatigue, diarrhea, nausea, and constipa-
tionandweremainly lowgrade.Nopatients in these twophase
I studies had clinically significant electocardiographic QT-
interval changes.

Single-agent palbociclib at 125 mg daily orally on the 3/1
schedule was evaluated in a phase II study in patients with
Rb-positive advanced breast cancer [43]. Partial responses
were seen in 2 of 28 (7%) evaluable patients, with stable
disease.6months in14%.No responses orprolongeddisease
stabilizations were seen in patients with ER-negative tumors.
The disappointing single-agent activity observed in this
chemotherapy-pretreated population suggests potential
cross-resistance with chemotherapy and increases the attrac-
tiveness of combining palbociclib with other agents, notably
endocrine therapy. As in the phase I studies, myelotoxicity
predominated, with grade 3/4 neutropenia in 50% and
thrombocytopenia in 21%,whereas no nonhematologic grade
3/4 toxicities were seen. This study was the first in which a
patient experienced a clinically significant neutropenia: febrile
neutropenia occurred during cycle 1 in a patientwhohadbeen
heavily pretreated with six prior chemotherapy regimens.

Letrozole is a nonsteroidal aromatase inhibitor approved
for the treatment of advanced hormone receptor-positive
(HR1) breast cancer in postmenopausal women [44]. A
multicenter randomized phase I/II study (NCT00721409,
known as PALOMA-1) evaluated the combination of palboci-
clib (at 125 mg orally each day on the 3/1 schedule) with
letrozole2.5mgdailycontinuouslyversus letrozolealone inthe
first-line treatment of ER1/HER22 advanced breast cancer in
postmenopausal women. An initial phase I study evaluated
safety and tolerability of the combination in an unselected

population. This phase I study demonstrated no significant
pharmacokinetic interaction between palbociclib and letro-
zole. It also yielded a promising early efficacy signal, with
a partial response rate of 33% in evaluable patients and
a clinical benefit rate of 67% [45]. The phase II component of
the study was divided into two parts: the first evaluated the
recommended phase II dosing (palbociclib 125 mg daily orally
on the 3/1 schedule plus letrozole 2.5 mg daily continuously
versus letrozole alone) in patients selected only by ER/HER2
status, and the second used the same treatment allocations in
patients further selected for CCND1 amplification and/or p16
loss. A total of 66 patients were enrolled in part 1, and 99were
enrolled in part 2. Exploratory analysis revealed no additional
predictive value of CCND1 status or p16 loss for palbociclib
efficacyover ER status alone; consequently, parts 1 and 2were
combined for an overall efficacy analysis. The addition of
palbociclib resulted in a statistically significant prolongation of
the primary endpoint of progression-free survival (PFS), which
was more than tripled in the combination arm at the second
interim analysis (26.1 vs. 7.5 months; hazard ratio: 0.37; 95%
confidence interval: 0.21–0.63; p , .001) [46, 47]. Combina-
tion treatment was extremely well tolerated. The most
frequent treatment-related adverse eventswere neutropenia,
leukopenia, anemia, and fatigue, and no cases of febrile
neutropenia were observed in this study. There were also
increased incidences of grade 3 or 4 infections and pulmonary
embolism in the combination arm (5% vs. 0% for both toxic
effects).These promising efficacy results led the U.S. Food and
Drug Administration (FDA) to assign a “breakthrough therapy”
designation to palbociclib for breast cancer treatment in April
2013.

Results of the final PFS efficacy analysis of PALOMA-1were
presented at the AACR annual meeting in April 2014 and have
been published subsequently [48]. An impressive improve-
ment in PFS was maintained in the palbociclib arm (20.2 vs.
10.2 months; p 5 .0004). A significant difference in overall
survival (OS) had not yet been seen at this analysis. Following
the AACR presentation, Pfizer submitted a new drug applica-
tion (NDA) with the FDA for palbociclib in combination with
letrozolefor thefirst-linetreatmentofwomenwithER1/HER22
advanced or metastatic breast cancer [49]. An NDA is the

Table 1. Selected phase II and III studies of palbociclib in breast cancer

Phase Study population Study title n Setting Treatment Comments Reference

II Rb-positive ABC — 28 Pretreated Palbociclib 125 mg daily,
3/1 schedule

PR in7% [43]

SD in 14%

I/II ER1/HER22 ABC PALOMA-1 165 (phase II) First line Letrozole plus palbociclib PFS of 20.2 months [47, 48]

Postmenopausal Letrozole plus placebo PFS of 10.2 months

III ER1/HER22 ABC PALOMA-2 450 First line Letrozole plus palbociclib Accrual complete [52]

Postmenopausal Letrozole plus placebo

III ER1/HER22 ABC PALOMA -3 417 Second line
or greater;
endocrine

Fulvestrant plus palbocicliba Accrual complete [53]

Pre- and
postmenopausal

Fulvestrant plus placeboa

Palbociclib dose was 125 mg daily orally on a 3/1 schedule in all studies.
aGoserelin (luteinizing hormone-releasing hormone analog) is coadministered with fulvestrant to premenopausal women in PALOMA-3.
Abbreviations:—, no data; 3/1, 3 weeks on, 1 week off; ABC, advanced breast cancer; PFS, progression-free survival; PR, partial response; Rb,
retinoblastoma tumor suppressor protein; SD, stable disease$6 months.
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vehicle through which drug manufacturers formally pro-
pose that the FDA approve a novel therapy for sales and
marketing. On February 3, 2015, the FDA granted accelerated
approval for palbociclib for this indication [50, 51]. Under the
accelerated approval regulations, results fromadditional well-
controlledstudiesare required toverifyanddescribe theclinical
benefit in more detail. In the case of palbociclib, these required
results will include the PFS and OS results from a large ran-
domized phase III study, PALOMA-2 (NCT01740427) [52]. The
design of this study mirrors the phase II component of the
PALOMA-1 study, with randomization between letrozole plus
palbociclib versus letrozole alone for women with advanced,
previously untreated ER1/HER22 breast cancer. A total of 450
patientswill beenrolledworldwide,with finaldatacollection for
the primary outcome measure of PFS expected in March 2015.

Meanwhile, the phase III PALOMA-3 study (NCT01942135)
is investigating hormonal therapy plus palbociclib in pre- and
postmenopausal patients whose disease has progressed after
prior endocrine therapy [53]. The endocrine therapy used in
PALOMA-3 is the estrogen receptor antagonist fulvestrant
(Faslodex; AstraZeneca, London, U.K., http://www.astrazeneca.
com),withcoadministrationof the luteinizinghormone-releasing
hormone analog goserelin in premenopausal patients to
induce chemical menopause. A search of ClinicalTrials.gov
shows that further studies are evaluating palbociclib in
otherbreast cancer clinical settings (adjuvant therapy, residual
disease after neoadjuvant chemotherapy) and in combina-
tion with other agents including paclitaxel and trastuzumab
emtansine (T-DM1) [54].

Combinations with HER2-targeted therapy are of key
interest, given the sensitivity observed inHER2-positive breast
cancer (especially with luminal features) in preclinical models
[37].There is a plausible biologic rationale for CDK inhibition in
HER2-positive breast cancer, given the frequent activation of
the cyclin D-CDK4 pathway in this breast cancer subtype [10].
Preclinical models demonstrate activity of palbociclib against
HER2-positive breast cancer, both as monotherapy and in
combination with HER2-targeting agents [40, 55, 56]. In
particular, the mode of action of CDK4/6 inhibitors appears
complementary to that of T-DM1, a recently approved anti-
body drug conjugate targeting the HER2 pathway [57]. In tumor
explants, palbociclib suppressed the proliferation of residual
clones of disease after T-DM1 therapy, indicating a potential
use in sequential therapy [56]. A currently accruing phase Ib
study will assess the combination of palbociclib with T-DM1
(NCT01976169) [58].

LEE011 (Ribociclib)
LEE011 is an orally bioavailable small molecule inhibitor of
CDK4/6 that exhibits highly specific inhibitory activity against
CDK4/cyclin D1 and CDK6/cyclin D3 complexes in isolated
enzyme assays [59]. In preclinical tumor models, LEE011 has
demonstratedadose-dependentantitumoractivity that tracks
well with CDK4/6 inhibition [60]. As with palbociclib, tumor
regression was seen in some in vivomodels. Inmousemodels,
LEE011 showed single-agent activity in melanomas with
activating mutations of BRAF or NRAS and in breast cancers
with intact estrogen receptor and/or activating aberrations of
PIK3CA and/or HER2 [60].

Animal pharmacokinetic studies indicate that the elimina-
tion of LEE011 may potentially be affected by coadministered
drugs that inhibit or induceCYP3A4,whereas LEE011may itself
inhibit CYP3A4, CYP1A2, and BSEP in a dose-dependent
manner [60]. As of January 17, 2014, 132 patients had been
treated with single-agent LEE011 in the first-in-human phase I
study (NCT01237236) [61]. Doses ranging from50 to 1,200mg
dailywereevaluatedona3/1schedule. Inaddition, continuous
dosing of LEE011 at 600 mg was evaluated (once daily for 28
days of a 28-day cycle). The most frequently reported adverse
events (AEs), regardless of study treatment relationship,
included neutropenia (40%), leukopenia (36%), nausea (35%),
and fatigue (27%). The majority of adverse events were grade
1 or 2 and reversible. Asymptomatic grade 2 Fridericia cor-
rected QT prolongation was observed with increasing fre-
quency starting at 600 mg. No new cardiac abnormalities
were observed in any patient. The recommended phase II
dosing was 600 mg/day on 21 days of the 28-day schedule.

LEE011 is currently being evaluated in ER1 breast cancer
and other tumor types including BRAF-mutant melanoma and
other solid tumors, as shown in a search of ClinicalTrials.gov
[62].The breast cancer studies include a phase Ib/II open-label
study in combination with letrozole and the phosphatidylino-
sitol 3-kinase (PI3K) inhibitor BYL719 (NCT01872260) [63]
and another phase Ib/II study with the steroidal aromatase
inhibitor exemestane and themammalian target of rapamycin
inhibitor everolimus (NCT01857193) [64].These combinations
are attractive, given preclinical evidence that CDK4/6 in-
hibition may overcome intrinsic and adaptive resistance to
PI3K inhibition [65]. Preliminarydata from16patients enrolled
in the exemestane/everolimus/LEE011 combination study
indicate that the triplet combination appears feasible [66].
Thephase II componentwill compare safety andefficacyof the
triplet regimen versus two doublets (exemestane plus ever-
olimus;exemestaneplus LEE011). Similarly, phase Idata for the
combination of LEE011 plus letrozole (n 5 10) and BYL719
(n 5 7) have been presented [67]. Both arms demonstrated
acceptable safety profiles, with neutropenia observed, as
expected with LEE011. Accrual to the third arm (LEE011,
BYL719plus letrozole)will proceed, followedbyplannedphase
II randomization between the triplet regimen and the two
doublets. Two studies are evaluating the combination of
LEE011 with letrozole in ER1/HER22 breast cancer: a
large phase III randomized double-blind placebo-controlled
study in women with previously untreated breast cancer
(MONALEESA-2, NCT01958021) and a smaller open-label
randomized presurgical pharmacodynamic study targeting
120 patients (MONALEESA-1, NCT01919229) [68, 69].

LY2835219 (Abemaciclib)
Abemaciclib is another selectiveoral CDK4/6 inhibitor that is in
earlyclinical trialdevelopment. Inpreclinical assessment itwas
found to selectively inhibit CDK4 and CDK6 with half maximal
inhibitory concentration values of 2 and 10 nM, respectively
[70, 71]. It is a potent inhibitor of Rb phosphorylation in vitro
and in vivo and induces G1-specific arrest and inhibition of
tumorgrowth[72]. Itwasevaluatedasmonotherapy inaphase
I study in patients with multiple tumor types at doses of
50–225 mg daily and 75–275 mg twice daily, followed by
expansion in 5 tumor types [73–75]. In the dose-escalation
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phase (n555), themaximumtolerateddose forevery 12-hour
dosingwas200mgwithdose-limitingtoxicityofgrade3fatigue
at 200 mg (1 of 6 evaluable patients) and 275 mg (2 of 3
evaluable patients) [73]. This study included a monotherapy
cohort of 47womenwith heavily pretreatedmetastatic breast
cancer.Abemaciclibmonotherapyachievedpartial response in
9 of 47women (19%),whereas 51%had stable disease [74]. All
of these breast cancer responses were in women with ER1
disease,witha response rateof 25% (9of 36) in this subset.The
disease control rate (defined for this study as partial responses
plus stable disease of any duration) for the entire study pop-
ulation was 70%, and 81% among the 36 women with ER1
breast cancer. Common treatment-related adverse events
includeddiarrhea,nausea, fatigue, vomiting, andneutropenia.
Neutropenia was the only grade 3/4 adverse event seen in
.5% of patients, occurring in 11%. A separate metastatic
breast cancer cohort (n 5 13) evaluated the combination of
abemaciclib 200mg twice daily plus fulvestrant [75].Themost
common possibly treatment-related AEs were diarrhea (8%
grade 3), fatigue (8% grade 3), neutropenia (33% grade 3),
nausea (no grade 3), vomiting (no grade 3), and leukopenia
(23% grade 3). There were no grade 4 events and no episodes
of febrile neutropenia. Eight confirmed and 3 unconfirmed
partial responses were observed.

Ongoing studies are assessing abemaciclib in the ER1
breast cancer population, both as monotherapy (MONARCH
1, NCT02102490) and in combination with endocrine agents,
according to ClinicalTrials.gov [76]. These studies include a
plannedphase III randomizeddouble-blindplacebo-controlled
trial of nonsteroidal aromatase inhibitors with or without
abemaciclib in previously untreated advanced hormone-
sensitive breast cancer (MONARCH 3, NCT02246621) [77].
In addition, an open-label safety study is assessing this CDK
inhibitor in combination with various standard hormone
therapies (letrozole, anastrozole, tamoxifen, exemestane, or
exemestane plus everolimus) with a primary outcomemeasure
of the number of patients with one or more drug-related
adverse events (NCT02057133) [78]. Finally, a randomized
double-blind placebo-controlled phase III study will compare
the combination of abemaciclib 200 mg twice daily orally on
days 1–28 of each 28-day cycle with fulvestrant 500 mg
intramuscularly on days 1 and 15 of cycle 1 and then on day 1
of cycle 2 and beyond versus fulvestrant alone (Monarch
2, NCT02107703) [79]. The primary endpoint will be PFS.

Palbociclib in Combination With Chemotherapy
Evaluation of palbociclib in triple-negative breast cancer cell
lines indicates potential antagonism between the cytostatic
effect of CDK4/6 inhibition and the cytotoxic effects of
chemotherapy agents [80]. Palbociclib maintained viability of
Rb-proficient (but not Rb-deficient) cells treated with
doxorubicin, resulting in recurrent cell growth after doxoru-
bicin exposure. Continuous coadministration of palbociclib
with paclitaxel also resulted in antagonization of the cytotoxic
effectsof thischemotherapyagent. Similarly, coadministration
ofpalbociclibwithdoxorubicinorcarboplatin inmousemodels
of Rb-proficient breast cancer resulted in lower cytotoxicity
than either chemotherapy agent alone [40]. As with flavopir-
idol, the timingofpalbociclib administrationmaybe important
with chemotherapy partners, with acute administration for

24 hours to synchronize cell populations prior to paclitaxel
administration leading to increased paclitaxel cytotoxicity
[80]. A potential deleterious effect of combining such agents
with chemotherapy is suggested by an observed shift in the
repair of DNA double-strand breaks induced by ionizing
radiation from the homologous recombination (HR) pathway
to the nonhomologous end joining (NHEJ) pathway [80]. HR
is a relatively error-free mechanism of double-strand break
repair because it relies on the sister chromatid as a repair
template,whereasNHEJ isamoreerror-pronemechanismthat
results in greater genomic instability and is implicated in
tumorigenesis [81]. The combination of CDK inhibitors with
radiation and/or DNA-damaging chemotherapy could theo-
retically result in tumor progression in the advanced cancer
setting. Similarly, caution must be used in the application of
such therapies in the adjuvant or neoadjuvant settings, in
which induction of genomic instability could result in the
potentially devastating development of secondary malignan-
cies. It is essential that any study applying CDK inhibitors to the
adjuvantorneoadjuvant settings take thesepotential negative
interactions with chemotherapy and radiation into account in
study design. Such concerns do not extend to combinations of
CDK4/6 inhibitors with endocrine therapy in the adjuvant
setting, and such combinations will be the focus of upcoming
clinical studies in early breast cancer.

CONCLUSION
The restoration of antigrowth signaling through inhibition of
cyclin-dependent kinases has been established as a promising
therapeutic strategy for human breast cancers and other
tumor types. Studies with first-generation inhibitors were
hampered by relative nonselectivity for CDK types and
complex administration schedules that would be difficult to
translate into clinical practice. Preclinical studies with next-
generation oral selective CDK4/6 inhibitors demonstrated
expected effects on target proteins and the ability to induce
G1 arrest. Early therapeutic clinical trials in HR1 breast
cancer have provided heartening efficacy signals. In particular,
the randomized phase II study of letrozole with or without
the CDK4/6 inhibitor palbociclib indicated a doubling of
progression-free survival for the combination therapy,
which—if borne out in the confirmatory phase III study—
would represent a major therapeutic advance for metastatic
HR1breastcancer. Similar studieswithotherselectiveCDK4/6
inhibitors are under way. The oral route of administration and
the relative absence of burdensome toxic effects would make
this therapeutic family very attractive to patients if the early
efficacy signals are replicated in these phase III studies.

The decision by the FDA to grant accelerated approval to
palbociclib in combination with letrozole was based on the
results fromonly165patientsenrolled in thePALOMA-1study.
It remains to be seen whether the impressive PFS benefits
observed in this small randomized study will be replicated in
the phase III PALOMA-2 study.The FDA approval adds another
option to the selection of first-line therapies available for the
management of advanced HR1 breast cancer. Reasonable
alternatives still include endocrine monotherapy with aroma-
tase inhibitors, fulvestrant,or tamoxifen. Selectionof treatment
for each patient should take individual patient factors into
account including comorbidities, anticipated compliance with
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treatment, blood count monitoring, the burden of metastatic
disease, and treatment-related toxicity. In addition, pharma-
coeconomic implications must be considered. The cost of com-
bination therapy with palbociclib will exceed that of endocrine
monotherapy many times over, given a planned retail cost of
Ibrance in the U.S. of $9,850 per month [82].

Ongoing studies are expanding the potential application of
these agents outside the ER-positive advanced breast cancer
setting, including adjuvant and neoadjuvant treatment of
patients with resectable breast cancer, treatment of patients
with residual cancer post neoadjuvant therapy, and combina-
tions with chemotherapy and other targeted therapies.

The results of clinical trials with oral CDK4/6 inhibitors to
date have offered promising glimpses of significant activity in
hormone-sensitive breast cancer. This activity, combined with
a favorable toxicityprofile,makes this familyof novel therapies

veryexciting. It is tobehoped that thecurrently accruingphase
III studies will build on this promise and confirm the place of
these therapies in the breast cancer armamentarium.
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