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Abstract. An uncontrolled cell cycle is an obvious marker of
tumor cells. The G1-S phase is an important restriction point
in the normal cell cycle, but in cancer cells the restriction
function is reduced, leading to uncontrolled cell proliferation.
Two cyclin-dependent kinases (CDKs), CDK4 and CDK®6,
play a crucial role in the G1-S phase transition. Inhibitors
of CDK4/6 are presently the subjects of numerous studies,
and PD 0332991, an inhibitor of CDK4/6, has been used to
treat hormone receptor (HR)-positive, advanced-stage breast
cancer. This inhibitor has also been studied in other cancers,
such as lung cancer. In this review, we will discuss the regula-
tion of the normal cell cycle transition from GI to S phase, the
most promising inhibitor of CDK4/6, PD 0332991, as applied
in different cancers, and finally we propose a mechanism
of acquired resistance as well as the incredible potential for
CDK4/6 inhibitors in the treatment of cancer. Briefly, we
assert that, going forward, a new treatment pattern for cancer
may be a combination therapy with a cell cycle inhibitor and a
molecular targeted drug.
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1. Introduction

Activating cyclin-dependent kinases (CDKs) promotes cell
cycle progression, and abnormal cell cycle regulation lies at
the heart of tumorigenesis (1), leading to uncontrolled cell
cycle progression and cell proliferation. Activated CDKs
lead to genomic instability (GIN), dysregulated proliferation,
and chromosomal instability (CIN), resulting in proliferative
advantages and susceptibility to genetic alterations (1). During
cell cycle progression, the restriction point from G1-S phase
is regulated by CDK4/6 and plays a crucial role in tumorigen-
esis; thus, inhibitors targeting this transition show promise as
clinical therapy (2). Recently, therapeutic regimens targeting
a dysregulated cell cycle caused by misregulated CDKs
have shown promise in the treatment of diverse cancers.
While the first generation of CDK4/6 inhibitors was quickly
abandoned because pan-CDK inhibition was toxic to normal
cells and led to unacceptable side effects (3), new CDK4/6
inhibitors, such as palbociclib, abemaciclib, and ribociclib
(Fig. 1), overcame the disadvantages of the first generation of
CDKA4/6 inhibitors, showing promising anticancer effects and
manageable toxicity. Of these three drugs, palbociclib and
ribociclib have recently been approved by the Food and Drug
Administration (FDA) as a new treatment strategy in combi-
nation with letrozole for hormone receptor (HR)-positive,
advanced-stage breast cancer, showing promising results for
these patients (4). Additionally, palbociclib has been success-
fully applied in multiple myeloma therapy. However, further
research is required to define the patients who would receive
the greatest benefit, test possible combination treatments in
other cancers, and interrogate acquired resistance. Finally,
to make efforts to establish new treatment pattern, cell cycle
inhibitor+molecular targeted drug. In this review, we discuss
normal cell cycle regulation associated with CDK4/6 inhibi-
tors as well as the use of palbociclib to treat different cancers
and its advantages in clinical application, and propose a new
cancer treatment pattern.
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Figure 1. The chemical structures of selective cyclin-dependent kinase (CDK) 4 and 6 inhibitors PD 0332991.

2. CDKs and cell cycle regulation

Cell cycle regulation is complex and comprises two major
phases: interphase and mitosis (M phase; Fig. 2). The former
can be subdivided into three phases: G1 phase for preparing
for DNA synthesis, S phase for DNA synthesis, and finally
G2 phase for preparing for cell division. The M phase includes
prophase, metaphase, anaphase, and telophase. After M phase,
one cell will have divided into two daughter cells. During
interphase, the GI1-S transition is a critical restriction point,
resulting in one of three fates for the cell: continue cycling,
exit active proliferation, or enter a quiescent (GO) state. Many
growth factors and inhibitors interact to coordinate cell cycle
progression, and the CDK4/6-Rb pathway (5,6) plays a central
role in regulating the G1 to S phase transition.

So far, 21 cyclin-dependent kinases (CDKs) have been iden-
tified in mammalian cells by the HUGO Gene Nomenclature
Committee (HGNC) and the Mouse Genomic Nomenclature
Committee (7). These CDKs can be categorized into cell
cycle related subfamilies and transcriptional subfamilies on
a functional basis (8). The former group includes CDK1 (9),
CDK4 (10), CDK6 and CDKS5 (11). The latter group
includes CDK7 (12), CDK8 (13), CDK9 (14), CDK11 (15-18)
and CDK20 (19). This transcriptional group can phosphory-
late the c-terminal domain (CTD) of RNAPII. CDKs can also
regulate cell cycle progression at different levels (12). For
example, CDK7 is a member of the CDK Activating Kinase
(CAK, CDK7/CycH/MATTI) complex and is involved in phos-
phorylating many CDKs (12).

Among the 21 CDKs, some are critical to drive cells
through G1 phase into S phase, such as CDK2, CDK4 and
CDK6. CDK2, consisting of 298 amino acids, is an important
CDK that is involved in the transition from G1 to S phase
and S phase progression (20). Abnormal CDK?2 activation
leads to cell cycle disorders and may induce tumorigenesis.
It has two associated cyclins that can regulate the cell cycle:
cyclins A and E (21). The cyclin A-CDK?2 complex is active
during S phase and the cyclin E-CDK?2 complex is involved in
the G1/S transition by phosphorylating the Rb protein (22,23).
Thus, CDK?2 inhibition can disrupt the proliferation of cancer

Figure 2. The possible mechanisms of EGFR-TKIs and its acquired resistance.

cells like prostate cancer (24), breast cancer (25) and non-small
cell lung cancer (26).

Two important cell cycle regulating CDKs are CDK4
and CDKG6, which have pivotal roles in the transition from
G1 to S phase. CDK4 and CDKG6 are similar in the ircrystal
structures and functions (27). External growth factors regu-
late CDK4 and CDK®6, facilitating their combination with
cyclin D (D1, D2, D3) to form CDK4/6-cyclin D complexes.
These complexes regulate progression through the checkpoint
from Gl1 to S phase in mammalian cells (10). Recent studies
have shown that CDK4 and CDK®6 can interact outside of the
context of cell cycle regulation, leading to tumorigenesis. For
example, CDK4 and CDK®6 affect vascular endothelial growth
factor (VEGF)-B and VEGF-A, respectively. They both have
also been identified as regulatorsof inflammatory cytokines
through activation of the nuclear factor (NF)-«B pathway (28).
CDK4 and CDK®6 are also associated with DNA repair (29),
senescence (30) and metabolism (31). In these non-cell cycle
functions, the kinase functions of CDK4 and CDK6 play
important roles; thus, selective molecules such as palboci-
clib (PD 0332991), ribociclib (LEEO11), and abemaciclib
(LY2835219) can disrupt CDK-associated pathways (Fig. 1).

Other functions of CDK family members are shown in
Table I. These CDKs all contribute to the progression of tumori-
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genesis, and some are critical cell cycle modulators. Thus, they
may be promising targets for novel cancer treatments.

3. The Rb-E2F pathway and tumorigenesis

The retinoblastoma tumor suppressor gene (Rb) was first
discovered in human retinoblastoma (1). It is an ancestral
protein that regulates cell cycle progression by promoting G1
to S phase entry. Multiple studies have shown that Rb func-
tions in diverse cellular pathways, including apoptosis and the
cell cycle. Inactivation of the Rb protein is an event that can
occur in most cancers. The mechanisms underlying this inac-
tivation include mutation of Rb itself, Rb loss by methylation
or chromosomal deletion, or via upstream signaling molecule
interactions such as INK4 and K-Ras (32).

Previous studies have identified three Rb family members:
Rb, p107, and p130. Not all organisms have all three members:
most lower and unicellular organisms have only one Rb-related
protein that functions in cell cycle progression (33). However,
in mammalian cells, Rb as well as the Rb-like proteins p130
and pl07 can all be detected and regulate the cell cycle with
BMYB (MYBL2) and Forkhead box M1(FOXM1) (34). In the
past few years, many experts have asserted that Rb is stronger
than pl07 or p130 with respect to a tumor suppressive func-
tion in the cell cycle. Rb gene knockout in mice results in
embryonic lethality, which is not seen in p107 or p130 deficient
mice (35,36). The precise mechanisms underlying differences
in Rb, p107 and p130 functions, however, remain unclear.

The other member of the Rb-E2F pathway is E2Fs, a
family of transcription factors that regulate cell cycle progres-
sion, cellular proliferation, and DNA synthesis (32). E2F is a
large family, members of which have many conserved DNA
binding domains that bind target promoters and could promote
or restrain target gene expression (37,38). The E2F family
includes ten members, most of which function as cell cycle
regulators. The first group includes the strong transcriptional
activators E2F1-E2F3a, which are regulated by Rb. The
second group comprises the passive repressors E2F3b-E2F5,
which interact with the other Rb family members, pl07 and
p130, to modulate transcriptional activity of target gene
promoters. The third group, E2F6, 7a, 7b and 8, have been
identified as active repressors of transcription (39,40). The first
group of E2Fs is responsible for promoting proliferation by
inhibiting the expression of growth inhibitory proteins like
pl6, p21 and p27 as well as promoting genes associated with
proliferation-related expression in the G1-S transition (41-43).
Unlike E2F1-3, E2F4 and E2F5 can be detected uniformly
in quiescent (GO) cells, and they function as repressors of
E2F-responsive genes (44-46). E2F7 and E2F8 are both
important during embryonic development and regulating the
E2F1-p53 apoptotic axis as repressors (47). They are highly
expressed in mid- to late S phase, and repress target gene
transcription in G1/S (48).

The Rb-E2F pathway is almost always disrupted in human
cancers. It is believed that this is the initial hit of most cancers,
including lung cancer. The Rb-E2F pathway can regulate
tumor progression, influencing angiogenesis and metastasis.
Usually, Rb is inactivated through mutation or deletion and
E2F transcription factors are activated, thus leading to
increased proliferation in almost all tumors.
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In early G1 phase, endogenous or exogenous mitogenic
stimuli function induce expression of cyclin D (D1, D2 and
D3), and activated cyclin D form complexes with CDK4 and
CDKG6, termed the cyclin D-CDK4/6 complex. The active
complex will then phosphorylate the C-terminal region of
Rb or other members of the Rb family, depending on cell
type (49,50). Hyper-phosphorylated Rb proteins release E2Fs,
allowing them to participate in synthesizing S phase initiating
proteins. While in the late G1 phase, the previous activation
in the early G1 will also participate in the generation of
molecules like cyclin E that will bind and activate CDK?2 in
the G1/S transition (51,52). The CDK2-cyclin E complex and
activated CDK?2 can potently phosphorylate and inactivate
Rb, simultaneously regulating the protein switch controlled
by E2Fs to participate in the transition from GI1 to S and DNA
replication.

Clearly understanding the mechanism of cell cycle regu-
lation can inform tumor treatment strategies. In the past few
years, many targeted therapies for cancer, such as Herceptin
and Tarceva, have emerged and changed clinical treatments;
however, patient responses are imperfect. Growth signaling
pathways are web-like, and blocking all possible cross-talking
pathways and feedback loops using one or two drugs is diffi-
cult or impossible. The cell cycle, however, is not like a growth
pathway: it is a one-way street (53). Thus, inhibitors of cell
cycle proteins may be promising in a therapeutic setting.

CDK2 inhibitors are promising and they can be divided into
two types according to their binding sites: ATP-competitive
and non-ATP-competitive inhibitors. ATP-competitive inhibi-
tors of CDK?2 have evolved into second-generation inhibitors,
although first generation inhibitors have low inhibitory effects
and potent side effects. Second-generation inhibitors of
CDK2 have strong anti-proliferative effects, and some are
being evaluated in ongoing preclinical and clinical trials,
including AT7519 (54), NU2058 (55) and P276-00 (56). The
other type of CDK2 inhibitor, non-ATP competitive inhibi-
tors Spa310 (58) and CIP (59), have high specificity and show
promise in clinical applications in the treatment of cancer. The
mechanisms of these inhibitors center around CDK2-cyclin
complexes and binding sites.

The CDK4/6 inhibitors palbociclib (PD0332991), abemaci-
clib (LY2835219), and ribociclib (LEEO11) have also been
studied in many types of cancers including breast cancer,
multiple myeloma, and lung cancer. Of these CDK inhibitors,
palbociclib in particular has been used in phase III clinical
trial development (60).

4. Palbociclib and its applications in different cancers

Palbociclib (PD0332991, Ibrance®, Pfizer Inc.) is an oral,
reversible small molecule inhibitor of cyclin-dependent
kinases 4 and 6 (CDK4/6). While CDK4/6 can bind cyclin D1,
resulting in Rb hyperphosphorylation, palbociclib can separate
CDK4/6-cyclin D1 complexes, blocking Rb phosphorylation
and preventing E2F1 release, thus leading to G1 phase arrest
and tumor growth suppression (61). The elimination half-life
of palbociclib is over 29 h. The primary metabolic region is
the liver, being metabolized by SULT2A1 and CYP3A, and
the primary excretion routes are feces (74.1%) and kidneys
(17.5%).
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5. Applications of palbociclib in different cancers

Since the 1990s, most cell cycle inhibitors produced by Roche,
Bristol-Myers Squibb, Kyowa Hakko Kirin, and others have
beenusedinclinical trials. However, these pioneering pan-CDK
inhibitors were halted soon thereafter due to a narrow thera-
peutic window, lack of efficacy in solid tumors, toxicity issues,
and challenges with dosing schedules. After years of develop-
ment, the current CDK4/6 inhibitors became more specific
and/or more potent. Specific inhibitors of CDK4/6 appear to
be less toxic, have mild bone marrow suppression, are able to
be orally administered, and facilitate dosing schedules. These
merits have led to their applications in different cancers (62). In
2004, a molecular biologist at Weill Cornell Medical College,
Selina Chen-Kiang, demonstrated that palbociclib functions
in blood cancer. In almost all cancers, including breast cancer,
mutation of Rbl or components regulating the CDK-RB-E2F
pathway is often observed. Thus, the use of cyclin-dependent
kinase (CDK) inhibitors to re-establish cell cycle control has
been an attractive therapy in the treatment of breast cancer.

6. Breast cancer

Breast cancer is the most commonly-diagnosed tumor in
women. More than 75% of patients diagnosed with metastatic
breast cancer are estrogen receptor and progesterone receptor
positive (HMR-positive). Compared with other types of meta-
static breast cancers, HMR-positive metastatic breast cancer has
a more favorable median overall survival (24-36 months) from
time of diagnosis (63). When treating this type of breast cancer,
the goal is to ensure quality of life, prolonging survival and post-
poning death. Previously, chemotherapy was thought to be the
first-line therapy for HMR-positive breast cancer. In February
2015, however, the Food and Drug Administration (FDA)
approved palbociclib as an initial endocrine-based therapy in
combination with letrozole in postmenopausal women with
HMR-positive, Her2-negative advanced breast cancer (64).
Palbociclib is also effective in HR-positive metastatic breast
cancer patients with fulvestrant (4).

Until now, the use of the selective CDK4/6 inhibitor
palbociclib combined with endocrine therapy to treat estrogen
receptor-positive breast cancer patients was the most successful
application of CDK inhibition. The data from the PALOMA-I
trials showed that letrozole plus palbociclib confers longer
median progression-free survival (PFS) than letrozole
alone. This study included two phases: phase I and phase II.
Slamon et al conducted the phase I portion of PALOMA-IL.
They assessed the safety and tolerability of palbociclib in
combination with letrozole; the most common side effects are
leucopenia, neutropenia, and fatigue. The two combined drugs
have no pharmacokinetic interaction. Twelve patients were
enrolled in this portion, nine of whom had stable disease for
=6 months, and three of whom had a partial response. Finn et a/
conducted the phase II portion including two cohorts. The
members enrolled in cohort 1 comprise an unselected popula-
tion to identify the safety and efficacy of the combination of
palbociclib and letrozole. In cohort 2, patients with cyclin D1
amplification and/or loss of pl6 were enrolled with the goal
of identifying the endpoint of investigator-assessed PFS. The
median PFS was 20.2 months for the combination as compared
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to 10.2 months for letrozole alone [hazard ratio (HR)=0.488;
95% confidence interval (CI), 0.319-0.748; 1-sided P=0.0004].
Both PALOMA-I phase studies showed that palbociclib
combined with letrozole confers more benefits to breast cancer
patients than letrozole alone, and that biomarker-selected
patients do not show improved OS.

In recent years, the results of PALOMA-2 showed that
in 666 postmenopausal patients with untreated, HR-positive,
HER2-negative, metastasis breast cancer treated with
palbociclib plus letrozole had longer PFS (24.8 months) and
ORR (42.1%) than letrozole with placebo (14.5 months and
34.7% respectively). The primary side effects observed in
this randomized, double-blind phase 3 trial are myelotoxic
effects; other side effects are identical to those observed in
PALOMA-1 (65). Biochemical analysis of this trial showed
that in the ER-positive, Rb-negative and pl6-negative
subgroup, PFS is also longer in patients treated with palbo-
ciclib and letrozole than with palbociclib and placebo. Thus,
the combination of palbciclib and letrozole shows significant
results in clinical trials.

PALOMA-3 (66), another important trial, was performed
to assess palbociclib in combination with fulvestrant in
asecond-line setting. Five hundred and twenty-one patients
were enrolled in this clinical trial; among them, two-thirds
received 125 mg palbociclib for 3 weeks on and 1 week off, and
one-third received a placebo. All patients in this study were
also administered 500 mg fulvestrant on days 1, 14, and 28,
then every 28 days thereafter. After 195 PES events, the results
of this double-blind trial were analyzed. Median PFS of the
palbociclib-fulvestrant and placebo-fulvestrant groups were
9.2 and 3.8 months, respectively (HR=0.42; 95% CI, 0.32-0.56;
P<0.001). The five most commonly-experienced side effects in
this trial were neutropenia, leukopenia, anemia, thrombocy-
topenia and fatigue. Aside from these adverse effects, febrile
neutropenia was observed in both arms at an incidence of
0.6%. PE was only seen in the palbociclib-fulvestrant groups
at an incidence of 0.9% (67).

Some investigators have also tested CDK4/6 inhibitor
monotherapy. A phase I study on palbociclib monotherapy
indicated that this drug has promising clinical efficacy and
a well-tolerated toxicity profile in patients with Rb-positive
advanced solid tumors and non-Hodgkin lymphoma (68). In
this study, 33 patients were enrolled and treated with palboci-
clib (once daily for 14 days on and 7 days off). Among them,
nine patients presented with stable disease and one exhibited
a partial response. Another CDK4/6 inhibitor, LEEO11, was
also investigated in a phase I study in patients with advanced
solid tumors. LEEO11 was well tolerated and almost 40%
of tested patients presented with stable disease; two exhib-
ited a partial response. Similarly, a single-agent study of
abemaciclib showed delayed disease progression and activity
in metastatic ER* breast cancer. While neutropenia is the
principal dose-limiting toxicity of palbociclib and LEEO11, it
is also a common side effect of cytotoxic agents. As opposed
to the neutropenia caused by cytotoxicity, palbociclib and
LEEO11-induced neutropenia is rapidly reversible (52). While
the principle side effect of abemaciclib is gastrointestinal-asso-
ciated toxicity, neutropenia is also seen, to a lesser extent. The
mechanisms of these differences in toxicity are not clear, and
require further research.



906

ER* breast cancer patients should be treated with endo-
crine therapy such as aromatase inhibitors (Als), fulvestrant,
ortamoxifen as a first line treatment. If a patient treated with
an endocrine agent then progresses, other types of endocrine
agents may confer benefits (53). However, nearly all patients
will experience an initial effect and eventually develop drug
resistance. Although the mechanism of acquired resistance to
endocrine therapy has been described in many reports, recent
studies have found mutations in the ER gene (ESR1) (69,70),
which occur most frequently in post-aromatase inhibitor
(AI)-treated breast cancer patients, termed acquired resis-
tance, but rarely occurs in primary breast cancer, which may
be an important point. It is hypothesized that the combination
of palbociclib and letrozole may reverse acquired resistance in
breast cancer patients.

7. Multiple myeloma

Multiple myeloma (MM), the second most common hemato-
poietic cancer, represents another successful application of
CDK4/6 inhibition. MM is a malignancy characterized by
the uncontrolled proliferation of clonal plasma cells with an
incidence of about 20,000 per year in the United States (71).
The standard treatment of alkylating agents combined with
steroids has been used for over 30 years (72). Other treatments
include stem cell transplantation with immunomodulatory
therapies and proteasome inhibitors. Although the appearance
of new therapies has reversed the poor outcomes associated
with relapsed/refractory multiple myeloma (RRMM) (73),
overall survival is far from optimal.

In MM, as in other cancers, dysregulation of the cell cycle
contributes to disease progression, and CDK4/6 disorders are
often seen in MM. Thus, palbociclib has been successfully
applied in recent years. A multicenter, open-label, phase I/II
study of palbociclib with bortezomib and dexamethasone in
RRMM has been completed (74). This study included two
phases: phase 1 and phase 2. The phase 1 study enrolled
Rb protein-positive patients with relapsed and/or refrac-
tory MM after =1 previous treatments and a life expectancy
>3 months to determine the maximum tolerated dose (MTD)
and recommended dose of palbociclib to be used in phase 2.
Two schedules were evaluated. For schedule A, palbociclib
was given orally once daily for days 1-21 of each 28-day
cycle, with 7 days off. For schedule B, palbociclib was given
orally once daily for 12 days of a 21-day cycle, with 9 days
off. For both schedules A and B, bortezomib was administered
intravenously on days 8, 11, 15, and 18 in each tested cycle.
Aproximately 30 min before the administration of bortezomib,
20 mg dexamethasone was given orally. Of the 21 patients who
were enrolled in phase 1, nine were grouped in Schedule A
(three patients were administered 100 mg palbociclib and the
remaining patients were administered 75 mg at the onset),
and 12 patients grouped in Schedule B (seven patients were
administered 100 mg palbociclib and the remaining patients
were administered 125 mg at the onset). Observed side effects
are shown in Table II.

For Schedule A, the objective response rate (ORR) was
16.7%. One patient who received 100 mg palbociclib had
progressive disease. Of the patients who received 75 mg
palbociclib, one had a very good partial response (20%;
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duration, 6.1 months), one had stable disease (20%; duration,
1 month), and the last three had progressive disease (60%).
For Schedule B, the ORR was 8%. In the 100 mg palbociclib
group, four patients had stable disease [57%; median (range)
duration, 3.2 (2.3-5.6) months] and three had progressive
disease (43%). In the 125 mg palbociclib group, one patient had
a very good partial response (20%; duration, 2.1 months), two
had stable disease (40%; duration, 6.0 and 10.9 months), one
had progressive disease (20%), and one had an indeterminate
response (20%). According to phase 1 analyses (Schedule A
and B), the dose schedule applied in phase 2 was 100 mg
palbociclibin combination with 1.0 mg/m?bortezomib and
20 mg dexamethasone.

Phase 2 of the study included two stages. Forty-two patients
were enrolled in phase 2, with 25 enrolled in stage 1 and 17 in
stage 2. The primary endpoint was antitumor activity based on
overall response rate (ORR). Safety, duration of response in
objective response patients, progression-free survival (PFS),
time to tumor progression, and overall survival (OS) were
secondary endpoints. Upon completion of phase 2, 32 patients
remained and 30 received =1 dose of study treatment; only
one patient completed the entire study treatment. Reasons for
discontinuation in the 31 patients who did not complete treat-
ment included disease progression (n=16; 53%), AE (n=4; 13%),
global health status deterioration (n=2; 7%); withdrawal of
consent (n=2; 7%), and other [n=5; 17%: moderate response
(n=2; 7%); lack of clinical benefit (n=1); and lack of efficacy
(n=1)]. Five (20%) of the 25 evaluable patients reached the
objective response. The objective response median (range)
time was 2.8 (0.7-3.5) months within four cycles. Eleven of
25 patients had stable disease lasting a median of 3.9 months.
Another seven patients had responses that preceded to
stage 2. Twenty-six percent of the patients maintained PFS
at 12 months, 17 patients had objective progression, 13 were
censored, and six ceased treatment before progression.

Phase 1 of this study identified that the treatment plan of
100 mg palbociclib + 1.0 mg/m?bortezomib + 20 mg dexa-
methasone is safe for patients. The most common side effect
seen in this study was thrombocytopenia, and the total burden
of side effects of this treatment regimen was light. In phase 2
of the study, the ORR was much higher in patients who had not
received bortezomib treatment than in those who had received
prior treatment with bortezomib (75).

The response topalbociclibin clinical settings in recent
years has been modest. This inhibitor can not target other
critical myeloma oncogenic kinases. Recently, Perumal ez al
discovered that a new dual inhibitor of CDK4 and ARKS5,
ON123300, can rapidly induce cell cycle arrest and apop-
tosis in vitro and can effectively shrink xenografted tumors
in vivo (76). AMPK-related protein kinase 5 (ARKS), which
is expressed in nearly all myeloma cell lines, is a member of
the AMPK family that is involved in tumor growth and inva-
sion (77). Thus, these results provide promising evidence for
ARKS inhibition and lay a solid foundation for developing the
next generation of CDK inhibitors.

8. Lung cancer

The application of CDK4/6 inhibitors in lung cancer has
also increased in recent years. Although the emergence of
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Table II. Treatment-related adverse events in phase 1* and phase 2°.
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A’

Schedule A (n=9)

Schedule B (n=12)

Total (N=21)

Phase 1 event, n (%)

Grade 1/2 Grade3 Grade4 Grade1/2 Grade3 Grade 4°

Grade 1/2 Grade 3 Grade 4

Thrombocytopenia 0 1(11) 7(78) 0 3(25) 5(42) 0 4(19) 12 (57)
Neutropenia 2 (22) 4 (44) 1(11) 1 (8) 217 3 (5 3(14) 6 (29) 4 (19)
Lymphopenia 0 0 0 4 (33) 0 1 (8) 4(19) 0 1(15)
Neutrophils decreased 0 0 0 4 (33) 1 (8) 0 4 (19) 1 (5) 0
Hemoglobin decreased 0 0 0 1 (8 2 (17) 0 1 (5 2 (10) 0
Leukopenia 0 0 0 2(17) 1 8) 0 2 (10) 1 (5 0
White blood cells 0 0 0 27 I (8) 0 2 (10) 1 (5 0
decreased
Anemia 1(11) 1(11) 0 0 217 0 1 (5 3(14) 0
Rash 0 0 0 27 0 0 2 (10) 0 0
B,

Schedule B (n=30)
Phase 2 event, n (%) Schedule A (not assessed) Grade 1/2 Grade 3¢ Grade 4
Thrombocytopenia - - - 3(10) 4 (13) 8 (27)
Anemia - - - 4 (13) 8 (27) 0
Fatigue - - - 10 (33) 2 (D) 0
Nausea - - - 9 (30) 0 0
Diarrhea - - - 6 (20) 0 0
Neutropenia - - - 1 (3) 3(10) 2(7)
Dyspnea - - - 4 (13) 0 0
Headache - - - 3(10) 0 0
Peripheral edema - - - 3 (10) 0 0
Nasopharyngitis - - - 3 (10) 0 0
Peripheral neuropathy - - - 4(13) 0 0
Leukopenia - - - 0 2 () 2(7)
Dizziness - - - 4 (13) 1 (3 0
Pyrexia - - - 6 (20) 0 0

*Events considered to be related to palbociclib alone or palbciclib and bortezomb and/or dexamethasone occurring in >1 patient in either
schedule. *Events considered related to palbociclib alone or palbociclib and bortezomib and/or dexamethasone occurring in 210% of patients.
“One patient experienced grade 4 febrile neutropenia. “Two patients experienced grade 3 febrile neutropenia.

targeted therapies in lung adenocarcinoma (LUAD) have led
to positive initial effects for patients with EGFR mutation
or EML4-ALK rearrangements, recent data have shown that
patients with LUAD have longer PFS when they are treated
with targeted therapy as compared to traditional chemo-
therapy (78). Unfortunately, despite the success of targeted
therapy in LUAD patients, almost all cases eventually recur
after a median of approximately 10 months from the onset of
treatment. This phenomenon may be the greatest challenge for
the application of targeted therapy in lung cancer.

Our group has found that the combination of EGFR
tyrosine kinase inhibitors (EGFR-TKIs) and palbociclib can
reduce proliferation and induce cell apoptosis and GO/G1 cell

cycle arrest in EGFR-TKI sensitive and resistant cell lines
to a greater extent than gefitinib alone. In vivo experiments,
we found that mice treated with palbociclib and gefitinib had
more rapid tumor regression and a delayed relapse pattern as
compared to mice treated with gefitinib alone. Tumors from
the experimental mice showed significantly reduced prolifera-
tion, increased apoptosis, and reduced angiogenesis (79).

In our department, many LUAD patients are treated with
EGFR-TKIs and eventually develop drug resistance. Three of
these patients are receiving palbociclib in an attempt to treat
their resistant disease, with fully informed consent. Two of
these patients developed stable disease and one had a partial
response to palbociclib. We previously reported a 63-year-old
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Table III. Cell cycle inhibitors.

LIU et al: MECHANISMS OF THE CDK4/6 INHIBITOR PALBOCICLIB (PD 0332991)

Name Mechanism of cell cycle inhibitor

BIX-01294 Could upregulate P21 and induces cell cycle arrest in the phase GO/G1 in acute T lymphoblastic
leukemia cells

OAMDP Induces S or G2/M phase arrest by modulating cycle regulatory proteins in hepatoma HepG?2 cells

MEK162 Downregulates and dephosphorylates the cell cycle checkpoint proteins CDK1/CDK2/WEEI in

glioblastoma
Tinospora cordifolia
Yangyinjiedu (YYJID)
Prim-O-glucosylcimifugin

CDK1 levels
Glucosamine

and upregulating p21 and p53

Arrests the cell cycle in GO/G1-phase in human oral squamous cell carcinoma cells
Induces G2/M phase arrest in lung cancer cells
Arrests acute lymphoblastic leukemia cells in G2/M phase by downregulating phosphorylated

Arrests renal cell carcinoma cells in GO/G1 phase by downregulating cyclin D1, CDK4 and CDK6

woman with bone and lung metastases who had received
gefitinib (250 mg per os (PO) daily) and zoledronic acid
(0.4 mg infusion monthly). After treatment, her metastasis was
controlled. However, a brain metastasis was found, indicating
that her disease had progressed and that she had developed
drug resistance to EGFR-TKI. The patient was then adminis-
tered palbociclib (100 mg PO) and gefitinib continued. Three
weeks later, an MRI examination revealed the brain metastasis
had disappeared, and the pain caused by bone metastasis was
reduced (79).

In KRAS-mutant non-small cell lung cancer (NSCLC)
patients, accounting for almost 20% of NSCLC patients, KRAS
mutation can constitutively activate mitogen-activated protein
kinase (MAPK) signaling, leading to increased prolifera-
tion. This mutation can also decrease efficacy and resistance
to chemotherapies and radiotherapy (80). Blocking KRAS
activity with small molecules remains difficult because K-RAS
can activate multiple pathways such as MEK/ERK, PI3K/AKT
and NF-xB (81); thus, targeted therapy in KRAS-mutant
NSCLC has not been widely employed. Recently, Lu et al
found that the combination of MEK (trametinib, GSK112012)
and CDK4/6 inhibition (palbociclib) can strongly reduce cell
proliferation in KRAS-mutant NSCLCs that were previous
resistant to MEK inhibitor in vitro and in vivo (82). Lu et al
elucidated that resistance to MEK inhibition is associated
with pl6 mutation status. The application of palbociclib in
KRAS-mutant NSCLC cells can trigger radio-sensitizing
effects, apoptosis, and cell cycle arrest with trametinib.

Aside from research on palbociclib use in lung cancer,
other CDK4/6 inhibitors such as abeamciclib (LY2835219)
and ribociclib (LEEO11) are also in different research stages
in squamous cell lung cancer (LUSQ). No effective small
molecule inhibitors have been discovered for the treatment of
LUSQ. However, a study profiling 178 patients showed that
CDK4/6-Rb-E2F pathway alterations are commonly observed
in LUSQ (83). Thus, CDK4/6 inhibitor maybe an attractive
target point in the treatment of LUSQ. In vitro, both palbociclib
and LEEOI11 can potently inhibit Rb phosphorylation at S780,
a canonical substrate of CDK4, in H157 and other cell lines.
Compared with LEEO11, palbociclib may be more effective.
Both CDK4/6 inhibitors can inhibit CDK4/6 and CDK9, and

Bypass of EGFR
re P""\’SC

Figure 3. The mechanisms of EGFR-TKIs acquired resistance in lung
cancer. The activation of the bypass of EGFR like Met, Her2, PIK3CA and
PDGEFR is the associated mechanism of EGFR-TKIs acquired resistance in
the treatment of lung cancer. The activated bypass of EGFR stimulates the
cell cycle pathway, Rb-E2Fs pathway, through PI3K and MAPK pathway.
Then the freed E2Fs participate in the lung cancer cell proliferation, and
resulting in acquired resistance.

palbociclib can also affect several other kinases, such as case
in kinase 2 and PIK3R4, that are associated with autophagy,
and several lipid kinases such as PIK3CD and PIP4K2A/B/C.
Palbociclib, but not LEEO11, was observed to modulate
autophagy and AKT pathway inhibition. The application of
CDKA4/6 inhibitors requires significant research before clinical
use, however. Additionally to these three CDK4/6 inhibitors,
other cell cycle inhibitors like enterolactone, a rich source of
the plant lignan secoisolariciresinol diglucoside, could inhibit
the growth of NSCLC cell lines by arresting the cell cycle in
G1 phase (84). Many mechanisms underlying the effects of
such drugs are not clear and the targeted persons have not been
identified, so there is a long way to go.

Some research has shown that the CDK4-Rb-E2F
pathway can regulate pancreatic -cell size and function,
skeletal muscle metabolism, and white adipose cell function.
Currently, palbociclib is in clinical trials for the treatment
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of primary brain tumors. According to previous research,
primary brain tumors like glioblastoma multiforme (GBM)
also have dysregulated CDK4/6 activity. Thus, palbociclib
may be a promising clinical drug that can be used in brain
tumor treatment. One problem to overcome for clinical
palbociclib use may be the blood-brain barrier (BBB), which
can limit the delivery of palbociclib to invasive regions of
GBM. A team of researchers have found that palbociclib is a
substrate for both P-glycoprotein and breast cancer resistance
protein, which are both efflux transporters involved in limiting
brain distribution of palbociclib. In murine experiments, they
have used the transporter-deficient and wild-type models to
compare palbociclib delivery to the brain: palbociclib delivery
in the transporter-deficient model was 115-fold higher than in
the wild-type model. These experimental results have positive
implications for the clinical use of palbociclib.

Though the future of CDK4/6 inhibitors is bright, many
significant problems remain. Which patients would most benefit
from such treatment need to be identified, acquired resistance
of CDK4/6 inhibitors must be interrogated, and a clear mecha-
nism of action must be determined. Once these problems have
been resolved, its combination with traditional therapy may
prove a safe and effective method to apply in cancer.

9. Future directions

Presently, the use of targeted therapy is thought to be prom-
ising for many kinds of cancers. However, the big hurdle that
must be resolved immediately is acquired resistance. We
found that acquired resistance is likely caused by mutation in
or amplification of the targeted kinase itself or activation of
a compensatory kinase (85-88). Both of these alterations can
lead to substantial tumor cell proliferation, as shown in Fig. 3.
Regarding acquired resistance, we hypothesize that blocking
one or two growth pathways is insufficient to inhibit tumor
cell proliferation. However, all cells must progress through the
cell cycle in order to proliferate; thus, cell cycle inhibitors may
be the promising agents that can be used to treat cancer. As
shown in Fig. 3, when EGFR or other growth pathways, such
as Met, Her2 or PDGFR, are mutated and activated, all down-
stream pathways will activate cell cycle progression. Thus, we
propose that cancer treatment should focus on combining cell
cycle inhibitors with small molecule inhibitors.

The FDA has approved the CDK4/6 inhibitor PD
0332991 for combination use in treating postmenopausal
ER-positive/HER2-negative advanced breast cancer with
letrozole as first-line therapy. Other combination therapies
including a cell cycle inhibitor and targeted therapy have been
described. In colorectal cancer (CRC) with KRAS mutation,
the combination of CDK4/6 and MEK inhibitors are effective
in CRC cells and will be studied in planned phase II clinical
trials (89). In cutaneous melanoma, PD 0332991 can be
combined with MEK inhibitor (89). CDK4/6 inhibitors can be
combined with phosphatidylinositol 3-kinase (PI3K) pathway
inhibitors for HR* breast cancer, and with RAF and MEK
inhibitors for melanoma with MAPK-activating mutations (2).

In addition to CDK4/6 inhibitors, other CDK and cell
cycle inhibitors (Table III) are being actively pursued, such
the first covalent inhibitor of CDK7, THZI1. This inhibitor
is a promising and effective drug that can suppress cancer
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progression, and Kwiatkowski ef al have asserted that it is an
effective anti-proliferative agent in blood cancers and Jurkat
cells (90). Thus, in almost every kind of tumor, dysregulation
of the cell cycle is often seen and leads to tumor progres-
sion. We therefore propose that combination therapy with
a cell cycle inhibitor and targeted drug may prove effective
in reversing acquired resistance and potentiate the effect of
targeted therapy.

Though the future of CDK4/6 inhibition is bright, many
questions remain including how to identify optimal patients,
understanding mechanisms of acquired resistance to CDK4/6
inhibitors, and overcoming acquired resistance. Nonetheless,
we assert that its combination with traditional therapy may be
a safe and effective means to treat cancer.
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