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Abstract

Cell cycle progression and cell proliferation are under precise and orches-
trated control in normal cells. However, uncontrolled cell proliferation 
caused by aberrant cell cycle progression is a crucial characteristic of can-
cer. Understanding cell cycle progression and its regulation sheds light on 
cancer treatment. Agents targeting cell cycle regulators (such as CDKs) 
have been considered as promising candidates in cancer treatment. 
Although the first-generation pan-CDK inhibitors failed in clinical trials 
because of their adverse events and low efficacy, new selective CDK 4/6 
inhibitors showed potent efficacy with tolerable safety in preclinical and 
clinical studies. Here we will review the mechanisms of cell cycle regula-
tion and targeting key cell cycle regulators (such as CDKs) in breast can-
cer treatment. Particularly, we will discuss the mechanism of CDK 
inhibitors in disrupting cell cycle progression, the use of selective CDK4/6 
inhibitors in treatment of advanced, hormone receptor (HR)-positive post-
menopausal breast cancer patients, and other clinical trials that aim to 
extend the utilization of these agents.
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12.1	 �Introduction

As the basic structural and functional unit of liv-
ing organisms, cells reproduce themselves by 
means of cell cycle process, during which they 
duplicate their genetic materials and distribute 
their DNAs equally into two equal cells (also 
called daughter cells). In eukaryotic cells, cell 
cycle progression takes place in steps. The first 
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step is called G1 phase, followed by the chromo-
somes replication in S phase. Then comes the G2 
phase which is followed by chromosomes segre-
gation in M phase [1]. Each step of cell cycle pro-
gresses in sequence, which is controlled by the 
actions of cyclins and their counterpart cyclin-
dependent kinases (CDKs). Human cells contain 
a large family of CDKs and cyclins. However, 
only a few certain subsets of CDK-cyclin com-
plexes are involved in cell cycle regulation [2]. 
The kinase activity of CDKs is controlled mainly 
by three different ways: the binding to their coun-
terpart cyclins, the binding to negative regulators 
(CDK inhibitors, CKI), and phosphorylation/
dephosphorylation of CDKs. The cell cycle is 
also supervised by checkpoints, which detect 
mistakes during DNA synthesis and chromosome 
segregation. CDKs activity interacts with check-
points, which halts cell cycle progression and 
causes cell cycle arrest. This cell cycle progres-
sion brake enables cells to fix these mistakes, 
thus preventing defected DNA from transmitting 
to daughter cells [3]. Deregulation of CDKs leads 
to uncontrolled proliferation and increases 
genomic and chromosomal instability, which 
plays a significant role in carcinogenesis [4].

Deregulation of cell cycle, leading to aberrant 
cell proliferation, is a characteristic of cancer. 
Deranged CDK4/6 axis in the G1/S transition 
and perturbations in G2/M transition mediated by 
CDK1/2 are pivotal carcinogenesis events. Given 
their important role in cell cycle regulation, 
CDKs could be promising targets in cancer treat-
ment. However, the first-generation pan-CDK 
inhibitors failed in preclinical/clinical trials 
because of the adverse events and low efficacy [3, 
5]. In recent years, new selective CDK 4/6 inhibi-
tors, including ribociclib, abemaciclib, and pal-
bociclib, have been proved to be promising 
anticancer drugs with remarkable effects and 
manageable toxicity. Among these agents, palbo-
ciclib was the first CDK4/6 inhibitor that received 
FDA approval for treating postmenopausal 
women with estrogen receptor (ER)-positive, 
HER2-negative advanced breast cancer in combi-
nation with letrozole (February 2015) or with ful-
vestrant (February 2016) [6, 7].

In this review, we will introduce the mecha-
nism of cell cycle progression, especially the 
aberrant cell cycle regulation in the development 
of breast cancer. We will also review the advan-
tage and disadvantage of the first-generation pan-
CDK inhibitors and the selective CDK4/6 
inhibitors. Because of the high efficacy and toler-
able adverse events of selective CDK4/6 inhibi-
tors in treating advanced ER-positive breast 
cancer patients, we will also discuss the potential 
use of CDK4/6 inhibitors in treatment beyond 
current indication, with an aim to extend the uti-
lization of these agents.

12.2	 �Cell Cycle and Its Regulation

Pioneer works by Lee Hartwell, Paul Nurse, and 
Tim Hunt demonstrated the mechanisms of mam-
malian cell division [1]. The well-established cell 
cycle regulation came from studies in yeast. Only 
one CDK (Cdc28  in Saccharomyces cerevisiae 
and Cdc2 in Schizosaccharomyces pombe) coop-
erated with its counterpart cyclins to regulate cell 
cycle progression in these simple cells. Although 
many new members of CDKs and cyclins have 
been identified in other species, only certain sub-
sets of CDKs and cyclins are responsible for cell 
cycle regulation in human cells [2].

During cell cycle progression, each of the 
main events takes place sequentially. After cyto-
kinesis is completed, daughter cells can either 
enter into the next stage of cell cycle or stay qui-
escence (also called G0). Cells initiate entry into 
cell cycle with the presence of extracellular sig-
nals such as growth factors. The cells that con-
tinue to divide need to go through the first stage 
(G1 phase) of the new cycle.

12.2.1	 �G1–S Phases

When cells enter into the cell cycle, mitogenic 
signals facilitate the synthesis of D-type cyclins 
(cyclin D1, D2, and D3) and relocation of 
CDK4/6 to nucleus, forming CDK4/6-cyclin D 
complexes. The interaction between CDK4/6 and 
cyclin D significantly enhances the kinase activity 

Z. Cai and Q. Liu



253

with a broader spectrum of substrate than other 
CDKs [8]. CDK4/6-cyclin D complexes phos-
phorylate retinoblastoma (Rb) protein family 
(including pRb, p107, and p130), which plays an 
important role in target gene suppression. 
Hypophosphorylated pRb prevents G1-S transi-
tion by blocking transcriptional activation of E2F 
and recruiting histone deacetylases to promoters 
of S-phase entry genes [9]. Once phosphorylated, 
inactivated pRb is released from E2F, which can 
then promote the transcription of E-type cyclins 
and other genes necessary for S-phase entry and 
DNA synthesis. Cyclin E binds to CDK2 and 
forms active CDK2-cyclin E complexes. At the 
end of G1, activated CDK2-cyclin E complexes 
facilitate Rb phosphorylation and cause the irre-
versible inactivation of Rb. This process, called 
the restriction point, is pivotal in carcinogenesis 
because alteration of the key regulators could 
lead to cell division without mitogenic stimuli 
[10]. In addition to Rb phosphorylation, CDK2-
cyclin E complexes participate in phosphoryla-
tion of other substrates that involve DNA 
replication, histone modification, DNA repair, 
and centrosome duplication and maturation [11].

Inactivation of Rb also promotes expression of 
A-type and B-type cyclins. Once cells enter into 
S phase, cyclin E is rapidly degraded by SCF-
Fbxw 7 ubiquitin ligase and then cleavage by 
proteasome, which leads to the inactivation of 
CDK2-cyclin E complexes [11]. With the accu-
mulation of cyclin A during S phase, CDK2, 
detached from cyclin E, interacts with the newly 
synthesized cyclin A. CDK2-cyclin A complexes 
can phosphorylate numerous proteins necessary 
for finishing S phase, including transcription fac-
tors, proteins relevant to DNA synthesis, DNA 
repair, histone modification, and cell cycle check-
points. After the completion of mitosis, CDK2 
activity might still exist. Pre-mitotic levels of 
CDK2 and p21CIP1 activity partially predict 
whether the postmitotic daughter cells continue 
to divide or become quiescent [12].

Another kinase, CDK3, which binds to cyclin 
C, may also be involved in Rb phosphorylation 
during G0-G1 transition. Considering that cyclin 
C expression is prior to cyclin D, Rb phosphory-
lation could be initiated by CDK3-cyclin 
C. CDK3 also interacts with cyclin E and cyclin 

A, but the role of CDK3 and its counterparts 
remains unclear [13] .

Cyclin-dependent kinase inhibitors (CKIs) also 
play a pivotal role in G1-S transition. The inhibitor 
of CDK4 (INK4) includes four structurally related 
proteins, p16INK4A, p15INK4B, p18INK4C, and p19INK4D, 
which consist of numerous ankyrin repeats. The 
INK4 proteins exclusively bind to CDK4/6 rather 
than other CDKs or cyclin D [14–18]. The cyclin-
dependent kinase inhibitor 1/kinase inhibitory pro-
teins (CIP/KIP), including, p21CDKN1A/CIP1, 
p27CDKN1B/KIP1, and p57CDKN1C/KIP2, can bind to all 
CDKs in varying degree, which have an alterna-
tive positive or negative regulatory role.

The INK4 proteins disrupt the interaction 
between CDK4/6 and cyclin D, by binding to the 
catalytic domains of CDK4/6, which subse-
quently inhibits the kinase activity [19]. For 
example, diverse oncoproteins prevent neoplastic 
transformation by inducing p16INK4A, which 
results in G1 arrest of the cell cycle and facilitates 
oncogene-induced senescence [20]. Similarly, 
p15INK4B suppresses epithelial cell proliferation 
with the presence of transforming growth factor-
B [21]. Therefore, in the development of cancer, 
cells must evade the oncogene-induced senes-
cence, which may occur through the loss of 
p16INK4A or loss of Rb [22, 23]. The loss of 
p16INK4A releases the CDK4/6 and subsequently 
activates Rb phosphorylation, leading to onco-
genic proliferation, whereas the loss of Rb causes 
dysregulation of downstream signaling in the cell 
cycle. Therefore, Rb is necessary for the p16INK4A-
mediated cell cycle arrest, and Rb-negative can-
cer has intrinsic resistance to p16INK4A or the 
agents of CDK4/6 inhibitors [24].

In contrast to INK4 proteins in control of 
CDK4/6, the CIP/KIPs family binds to CDK2-
cyclin E complexes, which potently inhibit kinase 
activity and thus stabilize cyclin E [11, 18]. p21CIP1, 
one of the most important target genes of p53, 
serves as a DNA damage checkpoint which blocks 
DNA synthesis, whereas p27KIP1 responses to mito-
genic signaling and relates to deregulated prolifera-
tion [25, 26]. At the basal level, both p21CIP1and 
p27KIP1 can bind to and stabilize CDK4/6-cyclin D 
complexes without inhibiting their kinase activity. 
The sequestered p21CIP1and p27KIP1 released from 
CDK4/6-cylin D complexes indirectly inhibit 

12  Cell Cycle Regulation in Treatment of Breast Cancer



254

CDK2-cyclin E complexes, which form an interac-
tion network between the cyclins and CDK inhibi-
tors [18, 27]. In addition, the inhibitory function of 
p27 was confirmed to rescue cyclin D1-null mice 
that displayed defects without p27 ablation [18]. 
However, different studies showed that p21CIP1and 
p27KIP1 proteins had no direct inhibitory effects on 
CDK4/6-cyclin D complexes. Instead, they were 
found to promote the assembly and proper nuclear 
translocation of the complexes [28, 29]. The role of 
p21CIP1and p27KIP1 in carcinogenesis remains 
elusive.

12.2.2	 �G2–M Phases

In late S phase, cyclin A binds to CDK1, forming 
CDK1-cyclin A complexes. Sharing similar sub-
strates with CDK2-cyclin B, CDK1-cylin A phos-
phorylates numerous proteins involved in DNA 
synthesis and cell cycle regulators [30, 31]. The 
precise roles of CDK1-cyclin A and CDK2-cyclin 
B in S to G2 transition and their difference still 
need further study. After the nuclear envelope 
breakdown, cyclin A is degraded via ubiquitin-
mediated proteolysis, whereas cyclin B becomes 
evident. The newly synthesized cyclin B binds to 
CDK1, forming CDK1-cyclin B complexes that 
may control G2-M transition and trigger mitosis 
[32]. CDK1-cyclin B is presumed to phosphorylate 
abundant substrates including microtubule-binding 
proteins, proteins relevant to translation, ubiquitin-
dependent proteolysis, replication, and other mito-
sis regulators. Cytoplasmic CDK1-cyclin B 
complexes also facilitate centrosome segregation 
through the phosphorylation of the centrosome-
associated motor protein Eg5 during prophase. In 
order to exit from mitosis, CDK1-cylin B com-
plexes are decomposed by the degradation of 
cyclin B regulated by the anaphase-promoting 
complex [33, 34].

12.2.3	 �Biological Function 
of Other CDKs

CDK5  Primarily active in postmitotic neurons, 
CDK5 interacts with p35 and p39, which are spe-
cific in brain tissue. CDK5-p35 and CDK5-p29 

complexes can phosphorylate numerous sub-
strates, which are relevant to neuronal cell cycle 
arrest and differentiation and apoptosis in neuro-
nal diseases. These substrates are involved in 
transcription, neuronal function, migration, and 
synaptic transmission [35–38].

CDK7  As a component of the CDK-activating 
kinase (CAK), CDK7 interacts with cyclin H, 
forming CDK7-cyclin H complexes. The CDK7-
cyclin H complexes are presumed to phosphory-
late and facilitate all cell cycle CDKs. Given its 
interaction with TFIIH and RNA polymerase III, 
CDK7-cyclin H may also function in the regula-
tion of transcription [39, 41].

CDK8 and CDK9  CDK8 and CDK9 cooperate 
with cyclin C and cyclin T, respectively. CDK8-
cyclin C and CDK9-cyclin T complexes regulate 
transcription by phosphorylating the large sub-
unit of RNA polymerase II. CDK8-cyclin C com-
plexes can also inhibit CAK activity by 
phosphorylating cyclin H.  Increased CDK8 
kinase activity is relevant to expression of 
β-catenin transcriptional targets and the inhibi-
tion of E2F1 targets apoptotic genes [41]. On the 
other hand, CDK9 interacts with cyclin H and 
cyclin K, forming P-TEFb transcription factors 
that regulate transcriptional elongation [42].

CDK10 and CDK11  Although its cyclin part-
ner has not been identified yet, CDK10 may 
function in the regulation of G2-M transition. 
CDK10 also modulates the trans-activation activ-
ity of Ets2 transcription factors, a regulator of 
CDK1 expression [43]. CDK11 binds to cyclin L 
and interacts with the general precursor mRNA 
splicing factors RNAPS1 and 9G8 and RNA 
polymerase II [44]. In addition to RNA process 
regulation, CDK11 is relevant to the duplication 
and maturation of centrosome, the assembly of 
spindle, the binding of chromatid, and the 
division of the cytoplasm at the end of mitosis 
[45–48].

CDK12 and CDK13  CDK12 (also called Crkrs) 
and CDK13 (also called CDC2L5) are involved 
in alternative splicing regulation by binding to 
cyclin L [45, 46].
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12.3	 �Cell Cycle Dysregulation 
in Breast Cancer

Breast cancer is a heterogeneous disease gener-
ated from various genetic and epigenetic muta-
tions of oncogenes and tumor suppressor genes 
that ruin homeostasis maintenance of prolifera-
tion, differentiation, and apoptosis in mammary 
epithelial cells. Under cell cycle dysregulation, 
decreased CDKs activities result in defective 
homeostasis, whereas hyperactivation of CDKs 
favors carcinogenesis by inducing uncontrolled 
cell division with subsequent development of 
malignant phenotypes. The mutations in CDKs 
and their regulators have been under extensive 
study. Dysregulation of the CDK4/6 axis and 
CDK2 has been emphasized in many human can-
cers including breast cancer due to its distinct 
mechanisms [49].

12.3.1	 �Cyclin D1 in ER-Positive Breast 
Cancer

Cyclin D1, encoded by CCND1 gene, was first 
described in carcinogenesis due to gene rear-
rangement—the chromosome 11p15:q13 inver-
sion in parathyroid adenoma [50]. Overexpression 
of cyclin D1, with an incidence of 45–50% in 
primary ductal carcinomas, is one of the most 
common oncogenic events in breast cancer [51]. 
In patients with luminal estrogen receptor(ER)-
positive breast cancer, activated ER signaling 
boosts the CCND1 transcription and leads to 
cyclin D1 overexpression [52]. In breast cancer 
cells, cyclin D1 is a direct target of estrogen sig-
naling and enhances cell proliferation [53]. 
Cyclin D1 can also bind to ER and enhance tran-
scriptional activity of ER through its CDK-
independent function, which probably reinforces 
the interaction of cyclin D1 and ER signaling in 
ER-positive luminal breast cancer [54]. 
Additional dysregulation in ER-positive breast 
cancers includes cyclin D1 gene amplification 
and gene translocation [5, 55]. In patients with 
primary breast cancer, cyclin D1 overexpression 
is restricted to specific pathological subtypes. For 

example, cyclin D1 overexpression exists in 
almost exclusively estrogen receptor-positive 
ductal carcinoma and in vast majority of lobular 
carcinoma [56, 57].

In mouse mammary tumor virus (MMTV)-
cyclin D1 transgenic mice model, overexpression 
of cyclin D1 results in mammary hyperplasia and 
development of mammary adenocarcinomas, 
implicating that cyclin D1 plays an important 
role in the development of breast cancer [58]. 
The distinction of cyclin D1 mRNA expression 
levels between benign and malignant lesion indi-
cates that cyclin D1 overexpression is pivotal in 
the transition from ductal carcinoma in situ to 
invasive breast cancer [59]. Cyclin D1 protein 
overexpression in mammary hyperplasia and 
intraductal breast carcinoma suggests that cyclin 
D1 protein is important at the very early stage of 
breast carcinogenesis and continues to have a 
crucial role throughout the development of 
malignancy [60]. In human breast cancer cells, 
induction of cyclin D1 accelerates G1 phase, 
which makes it possible for the arrested cells to 
complete the cell cycle [61]. Cyclin D1 knockout 
mice are protected from breast cancer induced by 
Ras or Neu oncogenes, rather than c-myc or 
Wnt-1 oncogenes, revealing that cyclin D1 is a 
mediator in carcinogenesis [62]. The oncogenic 
action of Neu oncogenes seems to reflect a 
requirement for the cyclin D1-CDK4/6 interac-
tions, since overexpression of p16 blocks carci-
nogenesis by Neu [63]. Taking together, cyclin 
D1 overexpression plays a critical role in evolu-
tion of breast cancer, and targeting cyclin D1 may 
be a feasible strategy in breast cancer treatment, 
specifically in patients with activated Neu-Ras 
pathways.

In addition to the CDK4/6-dependent activi-
ties, cyclin D1 has non-cell cycle-associated 
CDK-independent function, acting as 
transcriptional regulator in ER-positive breast 
cancer [64]. Cyclin D1 binds to the hormone-
binding domain of ER and subsequently facili-
tates the interaction between ER and its 
coactivators, leading to upregulation of 
ER-mediated transcriptional activity through a 
CDK4/6-independent mechanism [65, 66].
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12.3.2	 �Cyclin E in HER2-Positive 
Breast Cancer

In ER-positive breast cancer, cyclin E expression 
is at a low level. On the contrary, HER2-positive 
breast cancer is characterized by overexpression 
of cyclin E [67, 68]. Cyclin E overexpression also 
associates with poor differentiation [69], poor 
endocrine response [70], poor prognosis [71], 
and predicting sensitivity to cisplatin/Taxol che-
motherapy and trastuzumab [72, 73]. In mouse 
model, cyclin E overexpression results in mam-
mary hyperplasia and tumor formation at low 
incidence after long latency [74]. In breast cancer 
cell line, amplification of cyclin E results in a 
64-fold increase of cyclin E mRNAs that express 
cyclin E throughout all stages of cell cycle [75]. 
In addition to the overexpression of full-length 
50kD cyclin E, these cell lines overexpress other 
low molecular weight isoforms of cyclin E. These 
isoforms, lacking the amino terminus, are hyper-
active in activating substrates and accelerating 
the cell cycle progression through G1/S phase. 
The level of cyclin E and the summation level of 
cyclin E isoforms are shown to be strongly asso-
ciated with breast cancer patient survival [71]. 
Cyclin E overexpression coexists with HER2 
gene amplification in some patients with HER2-
positive breast cancers, which is generally asso-
ciated with poor survival and probably 
trastuzumab resistance [76]. Previous studies 
showed contradictory prognostic effects of cyclin 
E in breast cancer patients, which was possibly 
due to the use of varying breast cancer pheno-
types, different methods, and threshold values to 
evaluate the expression of cyclin E [77]. A recent 
study of 2494 patients with breast cancer shows 
that cytoplasmic cyclin E is a predictor of recur-
rence with the highest likelihood consistently 
across different patient cohort and subtypes, sug-
gesting cyclin E as a critical target in breast can-
cer treatment [78].

Cyclin E and HER2 interact with each other 
by various mechanisms in patients with HER2-
positive breast cancer. HER2 receptor-mediated 
carcinogenesis was shown to shorten G1 phase, 
resulting in aberrant cell cycle and subsequently 

uncontrolled proliferation, probably through 
upregulation of CDK2 activity [79]. Other stud-
ies demonstrated that HER2 straightly enhanced 
cyclin E activity since decreased HER2 signaling 
resulted in lower cyclin E expression, particularly 
the low molecular weight (LMW) isoforms, 
which in turn had prognostic and predictive roles 
in HER2-overexpressing breast cancer [80]. 
LMW-cyclin E binds to and activates CDK2 
more strongly, leading to increased CDK2 activ-
ity and decreased sensitivity of the LMW-
cyclinE-CDK2 complexes to inhibition by p21 
and p27 [81]. The mammary tumorigenesis 
caused by LMW-cyclin E requires CDK2 activ-
ity, indicating that anti-CDK2 therapy may have 
potential role in LMW-overexpressing human 
breast tumors [82].

12.3.3	 �CKIs in Breast Cancer

Cyclin-dependent kinase inhibitors (CKIs) func-
tion as tumor suppressors predominately in the 
end of G1 phase, which trigger DNA damage 
checkpoint to block impaired cells and initiate 
repair progression or apoptosis. Despite distinct 
mechanisms of tumor suppressor genes, the inter-
ferences of these genes lead to accumulation of 
mutation and eventually cause carcinogenesis. 
The INK4 proteins play a pivotal role in carcino-
genesis for the high incidence of p16INK4A and/or 
p15INK4B inactivation in various human cancers, 
including breast cancer [83].

p16INK4A  In normal breast tissue, the absence of 
p16INK4A is associated with hyper-methylation of 
p16INK4A gene, whereas hypo-methylation of 
p16INK4A is associated with expression of p16INK4A 
mRNA in breast cancer [84]. Overexpression of 
p16INK4A occurs in both grade 1 and grade 2 breast 
carcinomas with a marked decline in grade 3 
tumors [85]. A study in 14 breast cell lines 
showed that p16INK4A defect existed in 4 (29%) 
breast cell lines, 2 (14%) of which had p16INK4A 
gene methylation [86].These data suggest the 
role of p16INK4A is much more complex than pre-
viously hypothesized.
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p15INK4B  In 14 breast cancer cell lines, 3 (21%) 
have p15INK4B gene mutation, whereas no methyl-
ated one is found in primary breast carcinomas 
[86, 87]. Although the methylation of p15INK4B 
gene is common in leukemia and glioma, this 
mutant was rare in breast cancer, which suggests 
that the mechanism of p15INK4B gene inactivation 
may be more complicated in different organs 
[88].

p21CIP1  p21CIP1 has been long considered as a 
potential tumor suppressor gene, because p21CIP1-
null mice develop mammary tumor with the pres-
ence of Ras expression [89]. Nevertheless, the 
expression of p21CIP1 is suppressed in normal 
breast tissue, whereas the accumulation of p21CIP1 
is observed in breast tumor tissues [85]. Clinical 
study implicates that the cytoplasmic localization 
of p21CIP1 is relevant to HER2-overexpression, 
both of which predict poor prognosis in breast 
cancer patients [90].

p27KIP1  The p27KIP1 acts as another important 
tumor suppressor gene for mice with deficient 
p27KIP1 generated pituitary adenomas and dis-
plays higher risk of carcinoma when exposed to 
carcinogens [91]. The expression of p27KIP1 is at 
relatively high levels in normal breast, whereas 
the expression of p27KIP1 is decreased in tumor 
tissues, particularly in high-grade tumors [85, 
92].

12.4	 �Targeting CDKs in Breast 
Cancer Treatment

Breast cancer treatment is a combination of sur-
gery, chemotherapy, endocrine therapy, radio-
therapy, targeted therapy, and other therapies 
[93]. The critical role of CDKs and their counter-
parts in cell cycle regulation and carcinogenesis 
raises the possibility of targeting these molecules. 
The therapeutic value of targeting CDKs has 
been intensively investigated, especially the 
interphase CDKs (CDK1, CDK2, CDK4, CDK5, 
and CDK6). Nevertheless, their usages in breast 
cancer treatment as pharmaceutical targets still 
need further study [93]. The ideal CDK-targeted 

therapy requires interruption of specific CDKs 
signaling in malignant cells but spares other 
CDKs activities that are critical in normal cell 
cycle progress to achieve high efficacy and low 
toxicity. As mentioned above, dysregulation of 
the cyclin D-CDK4/6-Rb pathways may lead to 
acceleration of G1-S progression and uncon-
trolled proliferation. These observations enable 
the development of CDK4/6 inhibitors for spe-
cific transformed cells. Feasible CDK4/6 inhibi-
tors are supposed to decrease Rb phosphorylation 
and block cell cycle progression in cells with Rb 
persistent activation. In cells that lose Rb func-
tion, these agents may be ineffective. Thus, selec-
tion of appropriate patients for specific 
anti-CDK4/6 therapy depends on whether the 
cancer mainly relies on CDK4/6 axis dysregula-
tion to accelerate G1/S transition. Luminal 
ER-positive breast cancer, but not basal-like 
ER-negative breast cancer, is the subtype with 
amplication/overexpression of cyclin D1 and is 
suitable for anti-CDK4/6 therapy. Even for 
women with advanced ER-positive breast cancer 
who have developed resistance to endocrine ther-
apy, most of them still rely on cyclin D1-CDK4/6 
complexes to initiate the G1/S transition.

12.4.1	 �The First-Generation Pan-CDK 
Inhibitors

In the past two decades, numerous CDK inhibi-
tors have been discovered as potential therapeutic 
agents and evaluated in preclinical/clinical trials 
in different tumor models. However, none of the 
first-generation pan-CDK inhibitors, including 
flavopiridol, olomoucine, and roscovitine, 
achieved permission in clinical application. 
These agents fail to meet the expectation in 
preclinical/clinical studies, exhibiting limited 
activity and severe toxicity.

Among these first-generation inhibitors, flavo-
piridol, also known as alvocidib, has been exten-
sively investigated in more than 60 clinical trials 
up to now [49]. Flavopiridol derived from chro-
mone alkaloid inhibits kinase activities of several 
CDKs (CDK1, CDK2, CDK4, CDK6, CDK7, 
and CDK9). Although flavopiridol has limited 
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clinical effects in patients with hematological 
malignancies, including chronic lymphocytic 
leukemia, adverse events come out when the dose 
increases [94, 95]. Previous studies about flavo-
piridol showed disappointing results for the treat-
ment of breast cancer. No evident antitumor 
response was observed in two patients (6%) with 
advance breast cancer in a phase I trial [96]. 
Another phase I trial showed that only one patient 
(5%) with breast cancer might benefit from the 
combination of flavopiridol with 5-fluorouracil, 
leucovorin, and oxaliplatin (FOLFOX) [97].The 
most common adverse events, including hypo-
tension, neutropenia, fatigue, diarrhea, and nau-
sea, often lead to discontinuation of the trials. 
Since flavopiridol did not achieve expected suc-
cess as an ideal CDK inhibitor, no phase III trial 
was carried out, and the development of flavopiri-
dol was given up.

In parallel with flavopiridol, a phase I trial was 
carried out to evaluate roscovitine (also called 
R-roscovitine, CY-202, or seliciclib), which had 
an inhibitory effect on CDK1, CDK2, CDK5, 
and CDK7. Of the 56 patients receiving roscovi-
tine treatment, only one patient with hepatocel-
lular carcinoma achieved a partial response and 
sustained tumor stabilization [98]. In breast can-
cer cell line MCF-7, roscovitine was shown to 
suppress cell proliferation and reduce cell sur-
vival of endocrine-resistant breast cancer cells 
[99]. In vivo model of MCF-7 cell line, roscovi-
tine can synergize with the antitumor effect of 
doxorubicin without increasing toxicity [100]. 
These results reveal the potential therapeutic role 
of CDK2 inhibition in abrogating growth of 
endocrine-resistant breast cancer cells.

SNS032 (also called BMS-387032), with an 
inhibitory effect on CDK2, CDK7, and CDK9, 
has been shown to sensitize hypoxic and quies-
cent non-small cell lung cancer cells to radiation 
therapy. The inhibitory activity may rely on cell 
cycle independent of CDKs, including CDK7 
and CDK9, which are presumed to modulate 
DNA double-strand break repair [101]. Other 
studies show that AML cells treated with SNS-
032 are more susceptible to the cytotoxic effects 
of Ara-C, whereas SNS-032 fails to achieve 
expected clinical outcomes in patients with 

chronic lymphocytic leukemia and multiple 
myeloma [102, 103]. In a phase I trial of 21 
patients with metastatic solid tumors, only 3 
patients (15%) achieved a response of stable dis-
ease, while the results of 2 patients (10%) with 
advanced breast cancer were not published [104].

Dinaciclib (also called MK-7965 and 
SCH727965) is a potent pan-CDK inhibitor, with 
higher inhibitory effect on CDK1, CDK2, CDK5, 
and CDK9. It exhibits better inhibition of Rb 
phosphorylation, compared with flavopiridol 
[105]. Dinaciclib has been well tolerated in initial 
trials, and patients with advanced solid malignan-
cies, myeloma, and chronic lymphocytic leuke-
mia have received profitable clinical efficacy 
[105–107].However, a few studies on patients 
with advanced breast cancers showed disappoint-
ing outcomes. For example, a phase I trial in 
patients with metastatic triple-negative breast 
cancer revealed that the combination of dinaci-
clib and epirubicin might result in massive 
adverse events and failed to be an effective ther-
apy for metastatic triple-negative breast cancer 
[108]. Randomized phase II trial also received 
disappointing results, which compared the thera-
peutic efficacy of dinaciclib with the chemother-
apy drug capecitabine in patients with advanced 
breast cancer. Although dinaciclib monotherapy 
suppressed tumor progression with generally tol-
erated adverse events, its efficacy was inferior to 
capecitabine [109].

The reasons why the first-generation pan-
CDK inhibitors fail in clinical trials may be 
explained by the following. Firstly, the first-
generation pan-CDK inhibitors, with low speci-
ficity, may influence cell cycle progression in 
different aspects. It remains unknown what kind 
of CDKs are actually blocked in vivo and whether 
one may interfere with another. Secondly, the 
biomarkers for anti-CDKs therapy are unclear. 
Because of the inter- and intra-tumor heterogene-
ity of breast cancer, different subpopulations may 
respond totally differently to an identical agent. 
Therefore, the identification of sensitive subpop-
ulations and the selection for appropriate agents 
need to be further optimized. Thirdly, some of 
these CDKs inhibitors can also target proteins 
(such CDK9) that are crucial in cellular tran-
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scription and thus influence cell proliferation and 
apoptosis in both cancer cell and normal cells. 
The inhibition of transcriptional CDKs may pre-
vent carcinogenesis by inducing apoptosis of 
cancer cells. However, it limits the therapeutic 
dose of these nonselective agents because they 
fail to distinguish transformed cells from normal 
cells. As a result, severe adverse effects arise, 
such as hypotension, neutropenia, fatigue, diar-
rhea, and nausea [49, 93].

12.4.2	 �The Selective CDK4/6 
Inhibitors

Since cyclin D-CDK4/6 pathways alteration pro-
vides a proliferative and survival advantage to 
various cancers, including breast cancer, target-
ing CDK4/6 may achieve more therapeutic ben-
efits than targeting other CDKs. For example, 
CDK4/6 gene amplification and cyclin D1 gene 
amplification/translocation mainly exist in 
ER-positive breast cancer. Estrogen-mediated 
signaling can also lead to cyclin D1 overexpres-
sion. Preclinical studies in cell lines and xeno-
grafts have revealed that selective CDK4/6 
inhibitors have potent inhibitory effects on malig-
nancies with limited cytotoxicity [110].

Understanding the molecular structure of 
CDKs leads to the development of more selective 
CDK4/6 inhibitors [55].And up to now, three 
selective CDK4/6 inhibitors (palbociclib, riboci-
clib, and abemaciclib) have been widely studied 
in preclinical and clinical trials, with promising 
efficiency and manageable adverse events.

12.4.2.1	 �Palbociclib
Palbociclib (PD0332991) is one of the most well-
known selective CDK4/6 inhibitors discovered 
from a subset of pyridopyrimidine compounds 
according to its unprecedented levels of selectiv-
ity for CDK4 as well as its superior physical and 
pharmaceutical properties. In vitro, it has a prior 
selectivity for CDK4 and CDK6 
(IC50  =  0.011  μmol/L, 0.016  μmol/L, respec-
tively) but has limited activity against other 
CDKs or tyrosine kinases. In preclinical studies, 
palbociclib was shown to arrest cells exclusively 

in G1, decrease phospho-Rb and Ki-67, and 
reduce expression of E2F target genes in 
Rb-positive tumors. Consistent with its mecha-
nism of action, palbociclib failed to inhibit the 
growth of triple-negative breast cancer cell line 
with the feature of Rb deficiency [111]. Later 
study found that palbociclib might have inhibi-
tory activity in Rb-deficient cells, probably 
because of the supplementary function of other 
phosphorylate retinoblastoma (Rb) proteins like 
p107 or p130 [112].

Two phase I studies investigating the dose-
limiting toxicities (DLTs) and the maximum tol-
erated dose (MTD) of palbociclib were conducted 
in patients with relapsed or refractory cancer, 
including Rb-positive advanced solid tumors and 
non-Hodgkin’s lymphoma [113, 114]. A phase I 
study of 33 patients, who received palbociclib in 
2/1 schedule (palbociclib once daily for 2 weeks 
on treatment; 1  week rest), gained therapeutic 
benefits. A case of partial response was reported 
in the patient with testicular cancer, who received 
palbociclib 200 mg/d. Additional nine cases were 
reported to achieve stable disease for more than 
two cycles, and three cases maintained stable dis-
ease for more than ten  cycles. Although 
treatment-related adverse events happened in 29 
cases (88%), most of them were manageable 
[114]. Another study of 41 patients that adminis-
tered palbociclib once daily for 21 of 28  days 
(3/1 schedule) revealed that 10 (27%) patients 
maintained stable disease for more than 4 cycles 
and 6 of them achieved prolonged benefit for 
more than 10  cycles with tolerated toxicities 
[113]. Similar dose-limiting adverse events were 
observed, and the most common adverse event 
was neutropenia. Based on these studies, the 
MTD, 200 mg/d and 125 mg/d, respectively, was 
recommended for phase II study.

A phase II study of palbociclib for monother-
apy (125 mg/d; 3/1 schedule) was performed in 
37 patients with Rb-positive advanced breast 
cancer [115]. Most of these patients had hormone 
receptor (HR)-positive disease and were pre-
treated with two or more prior hormonal therapy 
or chemotherapy. The overall median progression-
free survival was 3.7 months, which was signifi-
cantly related to HR level as well as progression 
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on prior hormone treatment. Patients with 
HR-positive tumor had significantly longer 
progression-free survival than those with 
HR-negative tumors (4.5  months versus 
1.5  months). The progression-free survival in 
those with progression disease was associated 
with the number of previous prior hormone treat-
ment. As for the overall response rate, partial 
response (PR) was reported in two cases, and 
stable disease (SD) for more than 6  months 
existed in five cases. The clinical benefit rate 
(CBR  =  PR  +  6  months SD) was 19% overall, 
21% in HR positive, and 29% in patients with 
progress disease who previously received more 
than two prior hormone treatments. Notably, 
none of the markers (including Rb in nuclear, 
Ki67, p16 defect, and cyclin D1 overexpression) 
was relevant to either clinical benefit rate or 
progression-free survival. As for the safety and 
tolerability, 59 grade 3/4 adverse events were 
observed because of myelotoxicity. In addition, 
grade 3/4 neutropenia and leukopenia were 
observed in 19 cases (51%), grade 3/4 lymphope-
nia in 11 cases (30%), grade 3/4 thrombocytope-
nia in 7 cases (19%), and grade 3/4 anemia in 2 
cases (5%). Nine patients (24%) suspended treat-
ment, and 19 (51%) reduced drug dose due to 
cytopenias. Only one patient (3%) quitted the 
treatment after two  cycles due to a moderate 
fatigue [115]. Taking together, this study has 
revealed that single-agent palbociclib is potent in 
patients with Rb-positive advanced breast cancer, 
particularly in HR-positive and endocrine-
resistant patients, with manageable adverse 
events.

An open-label randomized phase I/II study 
(NCT00721409, also known as PALOMA-1/
TRIO-18) aimed to verify the effect and safety of 
the combination of palbociclib and letrozole in 
women with estrogen receptor (ER)-positive and 
HER2-negative breast cancer [116]. Previous 
phase I study demonstrated tolerable treatment-
related adverse events and no significant drug-
drug interaction, suggesting a dose of oral 
palbociclib 125 mg/d on 3/1 schedule in combi-
nation with letrozole 2.5 mg/d orally [117]. The 
phase II study included 165 patients from 50 sites 
in 12 countries, who were divided into two sepa-

rate cohorts. In cohort I, 66 women were recruited 
according to their estrogen receptor-positive and 
HER2-negative biomarker status alone. They 
received the combination of palbociclib 
(125 mg/d; 3/1 schedule) and letrozole (2.5 mg/d; 
continuously), compared with letrozole mono-
therapy. Meanwhile, in cohort II, 99 women with 
CCND1 amplification, loss of p16, or both were 
selected to receive the same treatment alloca-
tions. The primary intention of this study was to 
explore and analyze progression-free survival in 
cohort I.  Unexpectedly, a remarkable improve-
ment of progression-free survival was shown in 
cohort I with no evident association between 
prognosis and status of CCND1 or p16, leading 
to a combined analysis for both cohorts. Final 
analysis showed that median progression-free 
survival in combination therapy group versus 
monotherapy group was 20.2  months versus 
10.2  months. In concert with previous studies, 
neutropenia, leucopenia, and fatigue had higher 
incidence in combination therapy group. 
Although slight increased incidence of adverse 
events was reported in combination therapy 
group, most of them were low grade [116]. The 
promising results from PLAOMA-1/TRIO 18 
study allow FDA to speed up palbociclib 
approval. The combination therapy of palbociclib 
and letrozole is recommended as the prior 
endocrine-based therapy in postmenopausal 
women with estrogen receptor-positive, HER2-
negative advanced breast cancer [115].

A randomized, multicenter phase III study 
PALOMA-2 (NTC01740427) was carried out to 
validate the results in a larger population. In this 
double-blinded study, 666 patients with estrogen 
receptor-positive, HER2-negative breast cancer, 
who had not received prior treatment, were 
recruited. These patients were randomly divided 
into two groups in a 2:1 ratio, with 444 patients to 
receive palbociclib plus letrozole and 222 patients 
to receive placebo plus letrozole for the same 
treatment allocations as PLAOMA-1/TRIO18. 
The progression-free survival was assessed, as 
well as other indexes such as overall survival and 
clinical benefit response. In combination therapy 
group (palbociclib plus letrozole), the median 
progression-free survival was 24.8 months com-
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paring with 14.5  months in the monotherapy 
group (placebo plus letrozole). Neutropenia, leu-
kopenia, and anemia mainly occur in palbociclib 
plus letrozole group with a higher incidence. 
Results from PALOMA-2 verified that in post-
menopausal patients with ER-positive and 
HER2-negative advanced breast cancer, the com-
bination therapy of palbociclib and letrozole sig-
nificantly improved progression-free survival 
when compared with letrozole monotherapy. 
These findings indicate that selective CDK4/
CDK6 inhibitor can be used as first-line treat-
ment for the above patient group [118].

Another double-blinded, randomized phase 
III study PALOMA-3 (NCT01942135) con-
firmed the safety and efficacy of the combination 
of palbociclib and fulvestrant (a selective estro-
gen receptor degrader) in women with hormone 
receptor-positive, HER2-negative advanced 
breast cancer who were relapsed or refractory. 
Five hundred twenty-one patients were randomly 
divided in a 2:1 ratio into the combination ther-
apy group of palbociclib plus fulvestrant and the 
fulvestrant monotherapy group. The median 
progression-free survival was 9.2 months in the 
combination therapy group versus 3.8 months in 
the fulvestrant monotherapy group. The most 
common adverse events in the combination ther-
apy group were neutropenia, leukopenia, and 
anemia, with a much higher incidence than pla-
cebo plus fulvestrant group. PALOMA-3 was the 
first large trial to testify efficacy and safety of a 
selective CDK4/6 inhibitor in endocrine-resistant 
breast cancer [119, 120].

An increasing number of trials are assessing 
the safety and efficacy of palbociclib in different 
clinical conditions (including adjuvant therapy 
and neoadjuvant chemotherapy) and combining 
other drugs like trastuzumab with palbociclib in 
breast cancer treatment [121]. Given that palbo-
ciclib was synergistic with trastuzumab in HER2-
positive breast cancer cell, addition of palbociclib 
to HER2 targeted therapy has raised great interest 
[122]. Preclinical breast cancer models revealed 
that CDK4/6 controlling downstream of HER2 
served as a feasible therapeutic target in HER2-
positive breast cancer. Selective CDK4/6 inhibi-
tor palbociclib was synergistic with multiple 

HER2-targeted agents, which provided an addi-
tional mechanism to potently suppress the propa-
gation of T-DM1-resistant HER2-positive cancer 
cells [123]. A phase 1b trial is ongoing to evalu-
ate the combination therapy of palbociclib plus 
T-DM1.

12.4.2.2	 �Ribociclib
Ribociclib (LEE011) is another orally adminis-
tered small molecular with high selectivity to 
inhibit CDK4/6 at nanomolar concentrations, 
which reduces Rb phosphorylation, blocks cell 
cycle progression, and induces G1 arrest. In pre-
clinical studies, ribociclib was shown to have 
inhibitory activity in cancer cell lines and xeno-
graft models of neuroblastoma, liposarcoma, and 
ER-positive breast cancer [124, 125].

In a phase I trial, ribociclib was tested as a 
monotherapy in 132 patients with Rb-positive 
malignancies, including 20 patients with breast 
cancer. This trial explored the maximum toler-
ated dose (MTD), recommended dose for expan-
sion (RDE), and safety of ribociclib. The 
maximum tolerated dose (MTD) and the recom-
mended phase 2 dose (RP2D) were 900 and 
600  mg/day, respectively, on a 3/1 schedule. 
Among the 70 patients evaluated for MTD/RDE 
determination, 9 DLTs were observed during 
cycle 1. The most common DLTs were neutrope-
nia and thrombocytopenia. The Ki67 levels of 
skin and tumor tissues were decreased due to the 
ribociclib-mediated antiproliferative activity. 
Stable disease was reported in 43 cases (includ-
ing 8 progression-free cases for more than 
6 months). Partial response was observed in three 
cases (including one patient with ER-positive, 
PIK3CA-mutant, and CCND1-amplified breast 
cancer) [126].

In a recent phase Ib/II study involving patients 
with ER-positive, HER2-negative advanced 
breast cancer, ribociclib (600 mg/d;3/1 schedule) 
in combination with letrozole showed an accept-
able safety profile and exhibited promising clini-
cal activity, particularly in patients who had never 
received previous systemic treatment for 
advanced disease. Between previously untreated 
patients and previously treated patients, the over-
all response rate (ORR) was 83% versus 5%, 
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while the clinical benefit rate (CBR) was 73% 
versus 32% [127]. Since preclinical studies 
showed that ribociclib and the alpha-specific 
PI3K inhibitor alpelisib (BYL719) had synergis-
tic activity in PIK3CA-mutant breast cancer, a 
phase 1b/2 study was carried out to access the 
safety and efficacy of the combination with ribo-
ciclib and PI3K inhibitors [128]. A triplet combi-
nation with ribociclib, letrozole, and alpelisib 
was administered in patients with HR-positive, 
HER2-negative advanced breast cancer 
(NCT01872260). There were 41 patients receiv-
ing ribociclib (300–500 mg QD in 3/1 schedule) 
plus letrozole (2.5  mg QD continuous), 21 
patients receiving alpelisib (200–250  mg QD 
continuous) plus letrozole (2.5 mg QD continu-
ous), and 36 patients receiving ribociclib (300–
500  mg QD in 3/1 schedule) plus alpelisib 
(200–250  mg QD continuous) plus letrozole 
(2.5 mg QD continuous). Of the 27 patients eval-
uated for response, 2 (7%) patients had confirmed 
partial response, 4 (15%) patients had uncon-
firmed partial response, and 6 (22%) patients had 
stable disease with response of mild adverse 
events [129]. Another phase II study evaluated 
the biological activity of ribociclib plus letrozole 
compared with single-agent letrozole in the pre-
surgical condition of breast cancer 
(NCT01919229). The combination of ribociclib 
and letrozole reduced Ki67-positive cell fraction 
potently with tolerate adverse event [130]. To 
explore potential inhibitory effect of CDK4/6 
inhibitors in HER2-positive breast cancer, an 
ongoing open-label, phase 1b/2 clinical trial 
accesses the safety and efficacy of the combina-
tion of ribociclib and trastuzumab in comparison 
with T-DM1 monotherapy for patients with 
HER2-positive advanced or metastatic breast 
cancer (NCT02657343).

Three large, international, double-blinded, 
placebo-controlled phase III trials are evaluating 
the addition of ribociclib to endocrine therapy in 
patients with HR-positive, HER2-negative breast 
cancer. The MONALEESA-2 confirmed the 
combination therapy (ribociclib plus letrozole) as 
the prior treatment in patients with previously 
untreated HR-positive, HER2-negative advanced 
breast cancer (NCT01958021). A total of 668 

patients were randomly divided in a 1:1 ratio into 
the combination therapy group (ribociclib plus 
letrozole) and the letrozole monotherapy group. 
The trial met its primary end point, with the 
median duration of progression-free survival not 
reached in the combination therapy group versus 
14.7  months in the monotherapy group. The 
overall response rates were 40.7% in the combi-
nation therapy group and 27.5% in the monother-
apy group, including 9 (2.7%) complete response 
versus 7 (2.1%) and 127 (38%) partial response 
versus 85 (25.4%). The clinical benefit rates were 
79.6% in the combination therapy group versus 
72.8% in the monotherapy group. As for safety, 
more grade 3/4 adverse events arise in the combi-
nation therapy group (81.2%) than in the mono-
therapy group (32.7%). The most common 
adverse events were neutropenia (74.3% versus 
5.2%), nausea (51.5% versus 28.5%), infections 
(50.3% versus 42.4%), fatigue (36.5% versus 
30.0%), and diarrhea (35.0% versus 22.1%). The 
MONALEESA-3 (NCT02422615) is another 
ongoing phase III trial, which accesses the effi-
cacy and safety of the combination therapy of 
ribociclib plus fulvestrant for treatment of 
patients with untreated HR-positive, HER2-
negative advanced breast cancer. The primary 
end point of the study is progression-free sur-
vival, and the secondary end points include over-
all survival, overall response rate, and safety. The 
MONALEESA-7 (NCT02278120) is another 
ongoing phase III trial, which aims to assess the 
safety and efficacy of ribociclib or placebo in 
combination with tamoxifen and goserelin or a 
nonsteroidal aromatase inhibitor (NSAI) and 
goserelin for the treatment of premenopausal 
women with HR-positive, HER2-negative 
advanced breast cancer.

12.4.2.3	 �Abemaciclib
Abemaciclib (LY283521), another oral selective 
CDK4/6 inhibitor characterized with its clinical 
safety profile, is currently in clinical develop-
ment. At low nanomolar, abemaciclib strongly 
inhibits CDK4 and CDK6 and therefore reduces 
Rb phosphorylation, leading to cell cycle arrest 
in G1 and proliferation suppression, particularly 
in Rb-proficient breast cancer cell lines. Oral 
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administration of abemaciclib suppressed tumor 
growth in human tumor xenografts including 
various tumor subtypes in tumor-bearing mice 
[131, 132].

The first-in-human phase I study evaluated the 
safety and efficacy of abemaciclib for the treat-
ment of patients with solid tumors including 
breast cancer. In this trial, abemaciclib demon-
strated promising single-agent activity, and lim-
ited toxicities occurred with the increase of drug 
dose. A total of 225 patients were recruited, 
including 33 patients in dose escalation and 192 
patients in tumor-specific cohorts. The median 
progression-free survival was 8.8  months in 
HR-positive patients versus 1.1  months in 
HR-negative ones. Similarly, disease control rate 
could be associated with the HR status in patients 
who had been previously treated (HR positive, 
29 in 36 cases (81%) versus HR negative, 3 in 9 
cases (33%)). Based on the Rb inhibition and cell 
cycle arrest in normal cells and tumor cells, the 
maximum tolerated dose was 200  mg every 
12  hours. Among the most common treatment-
related toxicities, fatigue was manageable. 
Meanwhile, other toxicities occurred in gastroin-
testinal system, renal system, and hematopoietic 
system. A subgroup of 19 patients with 
HR-positive breast cancer received the combina-
tion therapy of abemaciclib plus fulvestrant. 
Partial responses were observed in four patients 
(21%) with no different adverse events compared 
to single-agent cohorts. The antitumor activity of 
abemaciclib in patients with HR-positive breast 
cancer was probably associated with TP53 rather 
than PIK3CA [133]. These results inspired the 
idea to test the combination of different therapies 
(letrozole, anastrozole, tamoxifen, exemestane, 
exemestane plus everolimus, trastuzumab) for 
patients with metastatic breast cancer in a phase 
1b multiple cohorts study (NCT02057133). A 
total of 65 patients were assigned into 6 cohorts 
to receive the combination therapy of abemaci-
clib and other drugs (such as letrozole, anastro-
zole, tamoxifen, and trastuzumab). This study 
indicates that the combination of abemaciclib 
and different therapies is promising for patients 
with metastatic breast cancer [134].

The phase II study MONARCH-1 
(NCT02102490) evaluated the safety and effi-
cacy of abemaciclib as monotherapy for patients 
with previously treated, advanced, or metastatic 
HR-positive/HER2-negative breast cancer who 
had progressive disease on or after endocrine 
therapy and chemotherapy. In 132 eligible 
patients, the confirmed overall response rate was 
19.7%, the clinical benefit rate was 42.4%, and 
the median PFS was 6.0 months, with a higher 
response rate than other CDK4/6 inhibitors [135]. 
Considering that abemaciclib can cross the 
blood-brain barrier, abemaciclib is supposed to 
have potential antitumor activity in patients with 
central nervous system metastases [136]. A cur-
rently ongoing phase II study (NCT02308020) is 
evaluating the efficacy of abemaciclib in patients 
with brain metastases from different solid pri-
mary tumors including HR-positive breast can-
cer. Another ongoing phase II study 
(NCT02675231) is exploring the efficacy of abe-
maciclib plus trastuzumab with or without ful-
vestrant or chemotherapy in patients with 
HR-positive, HER2-positive locally advanced or 
metastatic breast cancer. NeoMONARCH 
(NCT02441946) is a randomized, multicenter, 
open-label phase II neoadjuvant study comparing 
the biological effects of abemaciclib plus anas-
trozole, abemaciclib monotherapy, and anastro-
zole monotherapy in patients with early-stage 
HR-positive/HER2-negative breast cancer. Two 
hundred twenty-three patients were stratified by 
progesterone receptor status and tumor size and 
randomized into three groups at a ratio of 1:1:1 to 
receive abemaciclib (150 mg orally Q12H) plus 
anastrozole (1  mg orally QD), abemaciclib 
(150  mg orally Q12H), and anastrozole (1  mg 
orally QD) for 2 weeks followed by administra-
tion of abemaciclib (150 mg orally Q12H) plus 
anastrozole (1 mg QD) for the next 14 weeks. In 
a 9-month interim analysis, a single agent of abe-
maciclib or in combination with anastrozole 
exhibited significantly greater suppression of 
Ki67 after 2  weeks of dosing than anastrozole 
alone. Further results including safety, clinical 
efficacy, final Ki67, and RNA expression at sur-
gery are not reported yet [137].
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Two large, randomized, double-blinded, 
placebo-controlled, phase III studies are cur-
rently ongoing to confirm the effects of adding 
abemaciclib to fulvestrant and aromatase inhibi-
tors, respectively. MONARCH-2 (NCT02107703) 
aims to compare progression-free survival for 
women with HR-positive (HR+)/HER2-negative 
advanced breast cancer who are randomized in a 
2:1 ratio to receive either abemaciclib plus ful-
vestrant or fulvestrant alone. Another trial 
MONARCH-3 (NCT02246621) is to evaluate the 
effect of nonsteroidal aromatase inhibitors (anas-
trozole or letrozole) plus abemaciclib or placebo 
in postmenopausal women with breast cancer. 
Both trials use progression-free survival as pri-
mary end point and overall survival/ objective 
response rate as secondary end points.

12.5	 �Future Direction

Cell cycle dysregulation has been one of the most 
important therapeutic targets in cancer for many 
years. Selective CDK4/6 inhibitors have been 
recently approved by FDA to treat ER-positive 
advanced breast cancer, which takes more than 
two decades after the discovery of cyclin 
D1-CDK4/6 interaction. Many questions remain 
to be answered, including the biomarker, indica-
tion, and drug combination of anti-CDK4/6 ther-
apy. Anti-CDK4/6 therapy could be a promising 
strategy for treating high-risk early breast cancer 
patients, HER2-positive patients, or even triple-
negative breast cancer patients with functional 
Rb. More selective CDK2 inhibitors may also be 
useful in disrupting cyclin E-CDK2 function and 
treating a broader spectrum of cancer than 
CDK4/6 inhibitors.
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