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Abstract: Despite the development of targeted therapies and novel inhibitors, cancer remains an
undefeated disease. Resistance mechanisms arise quickly and alternative treatment options are
urgently required, which may be partially met by drug combinations. Protein kinases as signaling
switchboards are frequently deregulated in cancer and signify vulnerable nodes and potential
therapeutic targets. We here focus on the cell cycle kinase CDK6 and on the MAPK pathway and on
their interplay. We also provide an overview on clinical studies examining the effects of combinational
treatments currently explored for several cancer types.
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1. Introduction

Tumorigenesis requires that cells hijack regulatory networks to obtain their full oncogenic
potential. The MAPK (mitogen-activated protein kinase) pathway is a tightly regulated signaling
cascade frequently mutated or deregulated in cancer. Extra- and intracellular stimuli activate
the MAPK cascade that regulates a broad variety of cellular programs including proliferation,
differentiation, stress responses and apoptosis [1]. The best-studied MAPK pathways are the
extracellular signal-regulated kinase (ERK) and stress-activated MAPK (c-Jun N-terminal kinase
JNK and p38) pathways (Figure 1). While the ERK pathway is predominantly activated by growth
factors to drive survival and cell growth, activation of the JNK or p38 pathway is accomplished by
environmental stressors and inflammatory cytokines and is associated with apoptosis and growth
inhibition [1]. MAPK cascades are structured in three core protein kinases (MAP3K, MAP2K and
MAPK), which allows a tight regulation [1] (Figure 1).

The MAPK pathway interferes with the cell cycle machinery at many stages [1,2]. Transcriptional
regulation of cell cycle components by MAPKs links cyclin-dependent kinases (CDKs) to the MAP
kinase cascade. MAPKs regulate the expression levels of D-type cyclins, key players of the cell cycle [2].
While ERK signaling stimulates cyclin D1 expression upon growth factor exposure, p38 signaling
suppresses cyclin D1 expression [2]. Changing the levels of D-type cyclins impacts on the activation
of their cell cycle partners, the cyclin-dependent kinases 4 and 6 (CDK4 and CDK6). CDK4 and
its close homologue CDK6 play a crucial role in various cancer types. Both are part of the G1 cell
cycle checkpoint and allow the cell to enter into the S-phase [3]. When bound to D-type cyclins,
CDK4/6 phosphorylate the retinoblastoma (Rb) proteins to release Rb-mediated repression on E2F
target genes that drive G1 to S progression [4,5] (Figure 1).
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In addition, p38 stabilizes the p21Cip1 protein [8]. High p21Cip1 levels induce a G1 arrest by binding 
to and inactivating G1 phase CDKs [9]. However, p38 also affects later phases of the cell cycle by 
interfering at the G2/M checkpoint. p38 activation initiates a G2 arrest as the immediate response to 
UV exposure [10,11]. Thus p38 serves as a sensor of DNA damage and puts the break on the cell cycle 
at the G2/M border. 

 
Figure 1. Overview of the best-studied MAPK signaling cascades and their interplay with the cell 
cycle machinery. MAPK cascades consist of three core kinases. The general pattern of the core kinases 
is shown in the box on the left. The three core kinases are activated by upstream kinases (MAP4Ks, 
Ras). Activation is indicated by the arrows. Activated MAPKs translocate into the nucleus (indicated 
by the dashed arrows) and induce expression of their target genes. Target genes of MAPKs are among 
others genes encoding D-type cyclins. They bind and activate cell cycle kinases CDK4 and 6 leading 
to phosphorylation on Rb (indicated by the star symbol) and to release of Rb-mediated repression of 
E2F target genes resulting in progression of the cell cycle to the S-phase. Members of the CIP/KIP and 
the INK protein families inhibit CDK4/6 as indicated by the “T-lines”. 

The MAPK cascade and the CDK4/6 signaling complex are frequently deregulated or mutated 
in a variety of cancer types, which prompted the development of small molecular weight inhibitors 
that made it to clinic. Their impact is limited by resistance development, which evolves rapidly when 
drugs are used as monotherapy. One important strategy to avoid resistance development is the use 
of drug combinations. On the one hand combinational treatment may lead to a more efficient 
eradication of tumor cells if the drugs act synergistically. On the other hand it may support 
resensitization of tumor cells with acquired resistance. Tumors treated with MAPK inhibitors often 

Figure 1. Overview of the best-studied MAPK signaling cascades and their interplay with the cell cycle
machinery. MAPK cascades consist of three core kinases. The general pattern of the core kinases is
shown in the box on the left. The three core kinases are activated by upstream kinases (MAP4Ks, Ras).
Activation is indicated by the arrows. Activated MAPKs translocate into the nucleus (indicated by
the dashed arrows) and induce expression of their target genes. Target genes of MAPKs are among
others genes encoding D-type cyclins. They bind and activate cell cycle kinases CDK4 and 6 leading to
phosphorylation on Rb (indicated by the star symbol) and to release of Rb-mediated repression of E2F
target genes resulting in progression of the cell cycle to the S-phase. Members of the CIP/KIP and the
INK protein families inhibit CDK4/6 as indicated by the “T-lines”.

Another layer of complexity is added as the ERK pathway regulates cell cycle progression
dependent on the intensity and duration of the stimulating signal [6,7]. Whereas pronounced
Raf activation triggers the induction of CDK4/6 inhibitor p21Cip1 and inhibits G1/S progression,
moderate Raf signaling promotes DNA synthesis and expression of cyclin D1 [7].

In addition, p38 stabilizes the p21Cip1 protein [8]. High p21Cip1 levels induce a G1 arrest by
binding to and inactivating G1 phase CDKs [9]. However, p38 also affects later phases of the cell cycle
by interfering at the G2/M checkpoint. p38 activation initiates a G2 arrest as the immediate response to
UV exposure [10,11]. Thus p38 serves as a sensor of DNA damage and puts the break on the cell cycle
at the G2/M border.

The MAPK cascade and the CDK4/6 signaling complex are frequently deregulated or mutated in
a variety of cancer types, which prompted the development of small molecular weight inhibitors that
made it to clinic. Their impact is limited by resistance development, which evolves rapidly when drugs
are used as monotherapy. One important strategy to avoid resistance development is the use of drug
combinations. On the one hand combinational treatment may lead to a more efficient eradication of
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tumor cells if the drugs act synergistically. On the other hand it may support resensitization of tumor
cells with acquired resistance. Tumors treated with MAPK inhibitors often acquire resistance after
only a short period. One prominent mechanism of acquired resistance in this context is reactivation of
the MAPK pathway and upregulation of cyclin D1 [12]. Simultaneous inhibition of CDK4/6, the main
binding partner of cyclin D thus represents a promising treatment strategy to block proliferation of
tumor cells and delay or overcome resistance to MAPK inhibitors.

We here discuss the interference of CDK6 and MAPK cascades in cancer and focus on currently
available inhibitors in preclinical and clinical contexts, which may open therapeutic options for
combined targeted therapy.

2. The Role of CDK6 in Cancer

Cyclin D–CDK4/6 activation is frequently deregulated in cancer. Despite overlapping functions in
cell cycle regulation, CDK4 and CDK6 dysregulation is linked to different cancer types. High levels of
CDK4 are common in sarcoma [13], glioma [14] and melanoma [15]. While a mutant form of CDK4
associated with insensitivity towards the inhibitory INK4 proteins is found in familiar melanoma [15],
no mutations have been identified so far in CDK6. Alterations for CDK6 include overexpression,
which is frequently found in hematologic malignancies [16,17]. The unique functions of CDK6 as a
transcriptional regulator in the hematopoietic system, which is not shared by CDK4 may partly explain
this pattern.

CDK6 may exert tumor promoting and tumor suppressing functions. On the one hand,
the kinase-dependent function of CDK6 in the cell cycle machinery is exploited by rapidly proliferating
tumor cells to rush through the cell cycle. In addition, the function of CDK6 as transcriptional regulator
interferes with tumor progression at multiple levels. As transcriptional regulator, CDK6 together
with the activator protein 1 (AP-1) member c-JUN, controls vascular endothelial growth factor A
(VEGF-A) expression to regulate angiogenesis [18]. AP-1 is a dimeric complex composed of members
of the JUN, FOS, ATF and MAF protein families. Different AP-1 dimers bind distinct DNA sites to
regulate transcription of their target genes [19]. The proto-oncogene c-Jun not only drives angiogenesis
together with CDK6 but may also regulate the expression of CDK6 itself. C-Jun binds to the CDK6
promoter region and thereby prevents promoter methylation and thus silencing to maintain high CDK6
expression levels. The strong interplay of CDK6 and c-Jun leads to the suggestion that CDK6 might also
interact with other AP-1 members to fulfill specific functions. This relationship needs to be analyzed in
great detail for different disease entities to understand and develop novel treatment options.

At the flip side of the coin, CDK6 suppresses tumorigenesis by forming complexes with STAT3
and cyclin D to induce expression of the tumor suppressor p16INK4a [18,20]. Thereby, CDK6 induces its
own inhibitor p16INK4a, which is viewed as a feedback loop and internal control mechanism protecting
the cell from high CDK6 levels and uncontrolled cell proliferation. Thus, the presence of p16INK4a

determines whether CDK6 acts as a tumor-suppressor. In the absence of p16INK4A CDK6 turns into a
proto-oncogene [18,20]. In addition, the balanced expression of CDK4 and CDK6 is crucial to allow
CDK6 to act as transcriptional regulator as has been shown in melanoma cells [21]. Only the presence
of CDK4, which takes over cell cycle regulation, frees CDK6 to act as a transcriptional regulator [21].

A high expression of Cyclin D1 and CDK4 is frequently found in breast cancer and deregulation
of this pathway contributes to uncontrolled proliferation in hormone receptor-positive breast
cancer [22–25]. Estradiol allows for the rapid progression through the G1 phase of the cell cycle
by mediating activation of G1 CDKs, enhancing expression of cyclin D1 and inactivation of the CDK
inhibitor p27KIP [26]. In prostate cancer, androgen receptor-dependent transcription is stimulated by
direct binding of CDK6 [27]. Overexpression of CDK6 thereby contributes to prostate cancer progression.

The frequent overexpression of CDK6 in leukemia and lymphoma has put a focus on CDK6
dependent functions in the hematopoietic system. CDK6 binds RUNX1, a master regulator
of hematopoietic differentiation and blocks RUNX1 binding to DNA and thereby myeloid
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differentiation [28]. Interference with myeloid differentiation was also observed in MLL/AF9-driven
myeloid leukemia, where CDK6 inhibition triggered differentiation [29].

3. The Role of MAPKs in Cancer

MAPKs are activated by various stimuli and are involved in growth control; it is thus not
surprising that dysregulation is linked to initiation and maintenance of numerous cancer types.
The Ras/Raf/MEK/ERK signaling cascade is predominantly activated by growth factors and promotes
cell proliferation and survival [30,31]. As such, it represents one of the most frequently mutated
pathways in cancer [30]. Mutations occur in different components of the pathway with RAS and RAF
being mutational hotspots and considered oncogenic drivers. They are most commonly mutated in
lung, colon, pancreatic cancer and melanoma [30,32]. Mutations keep the Ras family of GTPases in an
active GTP bound state [32] and predominantly affect KRAS [33]. Mutations in BRAF are the most
common RAF mutations with one specific point mutation (BRAFV600E) being present in more than 90%
of cases [33,34]. Mutations of MEK and ERK are less frequent, but are associated with a poor prognosis
in many cancer types and do not co-occur with RAS or RAF mutations [33].

Aberrant ERK signaling is also described in hematopoietic malignancies and promotes cell growth
and survival [35]. A large subset of primary AML shows constitutively activated ERK signaling
indicative for a crucial role in leukemogenesis [36]. In chronic myeloid leukemia (CML), the oncogenic
fusion kinase BCR-ABL activates MAPK pathways that are suggested to promote leukemogenesis [32].
BCR-ABL inhibition is synergistic with inhibition of the ERK pathway and induces apoptosis in
BCR-ABL positive cells [37].

Deregulated ERK signaling activates transcription factors that contribute to transformation.
Transcription and activation of proto-oncogenic members of the AP-1 family depends on MAPK
signaling. Mutations in the MAPK pathway affect AP-1 functions, which contributes to transformation.
ERK, p38 and JNK regulate the expression of different AP-1 members via ternary complex factors
(TCFs; Figure 2). AP-1 members are also subject to phosphorylation by the MAPK pathway as has
been shown for the c-FOS protein [38]. Another example is the activating transcription factor 2 (ATF2),
which is a direct target of p38 [39]. Phosphorylated ATF2 forms heterodimers with members of the Jun
family to associate with AP-1 binding sites, further enhancing expression of c-Jun [40].
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Figure 2. The interplay of CDK4/6 and the MAPK pathways in the context of AP-1. Adapted from [19,41].
Activating signals pass through the MAPK cascade until they reach MAPKs (indicated by the dashed
arrows at the top). MAPKs activate ternary complex factors (TCF), MEF2C, ATF2 and JUN (indicated
by the arrows) that translocate into the nucleus (indicated by the lower dashed arrows) and induce
expression of FOS and JUN.
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Members of the AP-1 family interact with CDK6 on chromatin to regulate transcription [18].
AP-1 transcription factors might thereby represent the link between the MAPK pathway and CDK6 to
enable the crosstalk between these programs contributing to transformation and tumor maintenance.

4. The Unique Dual Role of p38

p38 MAPK has been classified as a tumor-suppressor based on its proapoptotic and growth
inhibitory functions but may act as a tumor promoter under certain conditions. This dual role of p38
most likely accounts for the fact that p38 is rarely mutated or inactivated in cancer [42]. During early
phases of tumorigenesis, p38 suppresses tumor formation by inducing apoptosis in response to stress
including carcinogens [42,43], reactive oxygen species (ROS) [44–46] or oncogene expression [47,48].
At later time points p38 may switch gear and promote tumor formation by driving gene expression
programs characteristic for transformed cells. The dual function of p38 is best exemplified in breast
cancer where active p38 suppresses the initiation of mammary tumorigenesis [49] but later on is
associated with shorter survival and poor prognosis [50]. To date, what triggers the switch from a
tumor suppressor to tumor promoter remains elusive and needs further investigation.

During transformation, cancer cells are highly sensitive to signals activating stress activated
protein kinases (SAPKs, JNK and p38). Low signal intensities are required for stimulation compared to
non-transformed cells and trigger apoptosis building a barrier against malignant transformation [51].
In transformed cells, cytostatic drugs including cisplatin or etoposide specifically activate SAPKs
and induce apoptosis due to enhanced ROS levels [51,52]. In colon cancer cells, cisplatin induces
a pronounced p38 activation provoking ROS accumulation and p53 activation [53]. Similar effects
were observed in the CML cell line K562 where p38 is required for apoptosis induction upon imatinib
treatment [54]. In K562 cells, p38 inhibition promotes myeloid cell differentiation and apoptosis via
enhanced JNK activation upon arsenic trioxide. This shows the high complexity of MAPK signaling
cross-talks [55]. Similarly, p38 inhibition enhances the chemotherapeutic effects of taxanes and
irinotecan in breast and colon cancer models, respectively [56,57]. P38 phosphorylation was even
considered a biomarker indicative of irinotecan-resistance in colon cancer [57]. We are only at the
beginning of understanding how p38 shapes tumor formation and therapeutic responses.

5. CDK6 as a Target in Cancer Therapy

Cell proliferation is tightly controlled and alterations in the regulatory network driving the cell
cycle machinery frequently promote tumorigenesis. Aberrant activation of CDKs is a common event
in cancer and CDKs represent obvious drug targets. Apart from non-selective agents that block CDKs,
small molecular weight inhibitors with dual specificity for the close homologues CDK4 and CDK6
have been FDA approved for the treatment of breast cancer [25,58,59]. Selective targeting of CDK4/6 by
the ATP-competitive inhibitors palbociclib [60], abemaciclib [61] and ribociclib [62] induces cell cycle
arrest via prevention of Rb phosphorylation (Figure 3a). Besides the obvious effects on cell cycle arrest,
the effects of CDK4/6 inhibition go well beyond and include induction of a senescence-like state and an
improved tumor surveillance [63]. Cells harboring alterations or mutations in genes promoting the
activation of D-type cyclins are particularly sensitive towards CDK4/6 inhibition [64]. Preclinical studies
identified luminal estrogen receptor (ER)-positive cell lines as highly sensitive towards the growth
inhibiting effect of CDK4/6 inhibitor palbociclib and verified synergistic effects upon combination
with the ER antagonist tamoxifen [65]. The FDA approval of palbociclib for treatment of ER-positive,
v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 (ErbB2)-negative breast cancer
patients was a major breakthrough [66–68]. The basis was laid in the phase II PALOMA-1/TRIO-18
clinical study in patients with previously untreated, advanced-stage, ER-positive, ErbB2-negative
breast cancer [66]. Patients were randomly assigned for treatment with either the aromatase inhibitor
letrozole alone or in combination with palbociclib. Strikingly, the addition of palbociclib to endocrine
therapy almost doubled the progression-free survival with the principal toxicity being neutropenia.
The follow-up phase III PALOMA-2 study confirmed and expanded the efficacy and safety data for the
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same treatment [69]. In the phase III PALOMA-3 study, patients with advanced-stage, hormone receptor
positive, ErbB2-negative breast cancer that had progressed after endocrine therapy were assigned
for treatment with either the endocrine therapeutic agent fulvestrant alone or in combination with
palbociclib [68]. The positive results of the studies led to FDA approval of palbociclib in combination
with letrozole and fulvestrant as initial or second-line treatments, respectively.
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The safety and antitumor efficacy of ribociclib in breast cancer patients was assessed in the
MONALEESA clinical program, which led to the FDA approval of ribociclib in this context [70].
This study series enrolled patients with hormone receptor positive, ErbB2-negative advanced breast
cancer. MONALEESA-2 and 3 trials showed improved progression-free survival of patients treated
with ribociclib in combination with letrozole or fulvestrant as first-line therapy or after chemotherapy,
respectively [71,72].

Abemaciclib has demonstrated antitumor efficacy and an improved safety profile in a phase I
clinical trial in a variety of different tumors even as a single agent [73]. The most promising results
were seen in breast cancer and non-small cell lung cancer (NSCLC) patients and prompted further
studies. In the phase III JUNIPER study, previously chemotherapy treated patients with advanced
stage NSCLC patients with KRAS mutations showed improved response rates and progression-free
survival, which supports further investigations [74]. The MONARCH study series enrolled patients
with hormone receptor positive, ErbB2-negative advanced breast cancer and led to FDA approval
of abemaciclib as initial endocrine-based therapy in combination with an aromatase inhibitor [75].
Further, abemaciclib was approved as second-line treatment either in combination with fulvestrant or
as monotherapy [76,77].

Even though the three inhibitors all have CDK4 and CDK6 as primary kinase targets, novel studies
describe significant differences in the transcriptional, proteomic and phenotypic changes induced by
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palbociclib, ribociclib and abemaciclib [78]. While palbociclib and ribociclib have similar selectivity
and efficacy profiles, abemacilib has greater selectivity for CDK4 than CDK6 [61] and generally shows
weaker target specificity. Abemaciclib also inhibits CDK1 and CDK2 and thus resembles more a
pan-CDK inhibitor [78,79]. This might be an explanation for abemaciclib being the only CDK4/6
inhibitor approved as monotherapy for ER-positive, ErbB2-negative advanced or metastatic breast
cancer. Additionally, the toxicity profiles of the three inhibitors differ. The dose-limiting toxicity for
palbociclib and ribociclib was determined by neutropenia as a primary adverse event, which led to a
treatment schedule that includes a 7 day treatment pause after 3 weeks of inhibitor administration [80].
Abemaciclib can be administered on a continuous schedule as it caused less neutropenia [73].

Apart from the three CDK4/6 inhibitors that have already entered the clinics, there are a number
of novel inhibitors developed that have shown impressive antitumor activity in preclinical studies
(Table 1). A novel modality of inhibition is explored by MMD37K, the first ATP non-competitive
CDK4/6 inhibitor. Its structure is derived from the endogenous CDK4/6 inhibitor p16INK4a coupled to a
cell penetrating sequence. MMD37K has shown a promising cytotoxic, cytostatic and antitumor effect
in vitro and in vivo [81]. Another new CDK4/6 inhibitor, trilaciclib, prevents chemotherapy-induced
myelosuppression. It arrests hematopoietic stem and progenitor cells in the bone marrow in the G1
phase during chemotherapy treatment, protecting them from chemotherapy-induced damage [82,83].
Trilaciclib is in this context beneficial over the other CDK4/6 inhibitors as it can be administered
intravenously and has a shorter half-life that matches the duration of the chemotherapy treatment [82].
Several clinical trials with trilaciclib are currently ongoing in patients with hormone receptor negative
breast cancer and small cell lung cancer (NCT03041311 and NCT02978716). First phase I/II clinical
trials already showed a better chemotherapy tolerability of patients treated with trilaciclib [84,85].
Additionally, SHR6390, a novel CDK4/6 inhibitor has recently entered clinical studies (Table 1).
SHR6390 has shown potent antitumor activity in different tumor models and favorable pharmacokinetics
and pharmacodynamics in preclinical studies [86,87].

Overall, a deeper understanding of biomarkers of response and resistance and accurate definitions
of pharmacokinetics and pharmacodynamics for all inhibitors are needed. Due to unique binding
strategies and activities of the CDK4/6 inhibitors, we would expect different inhibitions of distinct
CDK6 complexes and therefore of specific CDK6 functions. Only an exact analysis and understanding
of the overlapping and unique consequences of treatments with different inhibitors will enable the
optimization of treatment schedules and expansion of administration of CDK4/6 inhibitors to various
types of cancers.

The synergistic effects of endocrine therapy and CDK4/6 inhibitors are considered to result from
blocking CDK4/6 while in parallel reducing their binding partner, the D type cyclins. Endocrine therapy
reduces ER signaling, which dampens D type cyclin expression [88,89]. Inhibition of CDK4/6 by small
molecular inhibitors further reduces Rb-phosphorylation to block proliferation [63]. Nevertheless,
the effect of CDK4/6 inhibition extends to breast cancer patients with acquired resistance to endocrine
therapy. Usually, ER signaling can be inhibited by antiestrogens. However, there is also a
hormone-independent transcriptional program induced by ER that activates E2F target genes, which is
prevented by CDK4/6 inhibition [90]. This dual effect of CDK4/6 inhibitors on cell cycle control and
transcriptional regulation is currently exploited in many clinical studies. Single-arm studies evidenced
clinical activity of CDK4/6 inhibitors in a subset of patients suffering from mantle cell lymphoma,
liposarcoma, melanoma, non-small cell lung cancer, glioblastoma, neuroblastoma and malignant
rhabdoid tumors [73,91–93].
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Table 1. Overview of novel CDK4/6 inhibitors in clinical trials.

Clinicaltrials.gov
Identifier. Phase Treatment Drug Target Target Disease Primary Results

NCT03041311 II trilaciclib plus
etoposide/carboplatin/atezolizumab

CDK4/6 plus
chemotherapy/immune

therapy
small cell lung cancer N/A

NCT02514447 Ib/IIa trilaciclib plus topotecan CDK4/6 plus chemotherapy small cell lung cancer better tolerability of
chemotherapy

NCT02499770 Ib/IIa trilaciclib plus
etoposide/carboplatin CDK4/6 plus chemotherapy small cell lung cancer better tolerability of

chemotherapy

NCT02978716 II trilaciclib plus gemcitabine
plus carboplatin CDK4/6 plus chemotherapy hormone receptor negative

breast cancer N/A

NCT03480256 I SHR6390 plus pyrotinib CDK4/6 plus ErbB ErbB2 positive gastric cancer partial response

NCT04095390 II SHR6390 plus pyrotinib plus
letrozole/capecitabine

CDK4/6 plus ErbB
plus endocrine

therapy/chemotherapy
ErbB2 positive breast cancer N/A

NCT03772353 Ib/II SHR6390 plus pyrotinib
plus letrozole

CDK4/6 plus ErbB plus
endocrine therapy

hormone receptor positive,
ErbB2 positive breast cancer N/A

NCT03481998 Ib/II SHR6390 plus
letrozole/anastrozole/fulvestrant

CDK4/6 plus
endocrine therapy

hormone receptor positive,
ErbB2 negative breast cancer N/A

NCT03966898 III SHR6390 plus letrozole/anastrozole CDK4/6 plus
endocrine therapy

hormone receptor positive,
ErbB2 negative breast cancer N/A

N/A = not available.

Clinicaltrials.gov
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As CDK6 is frequently overexpressed in hematologic malignancies [16,17], inhibition of CDK6
appears a promising treatment option and numerous clinical studies are underway. Several preclinical
evaluations showed the effects of CDK4/6 inhibitor treatment in different leukemia entities [94].
FLT3-mutated human AML cell lines are particularly sensitive towards palbociclib treatment and react
with apoptosis induction, which was verified in murine leukemia models [95]. An increased cytotoxicity
is induced upon combinatorial treatment with palbociclib and FLT3 inhibitors [96]. The promising
potential of the dual inhibition was exploited to develop AMG 925, a dual inhibitor for FLT3 and
CDK4/6 that is currently tested [97,98]. In MLL-rearranged AML, CDK6 inhibition results in growth
inhibition and myeloid differentiation and palbociclib treatment induces prolonged survival of mice
in vivo [29]. Clinical trials in MLL-rearranged leukemia are underway (NCT02310243).

CDK4/6 inhibitors target the kinase activity leaving kinase-independent effects unaffected. This is
of relevance as some of the CDK6-mediated transcriptional effects are exerted in a kinase-independent
manner. A prominent example is JAK2V617F-driven myeloproliferative neoplasm (MPN), where CDK4/6
kinase inhibition does not mimic the anticancer effects induced by deletion of CDK6 [99]. Targeting
kinase-dependent and kinase-independent effects of CDK6 may be thus beneficial for MPN patients
and patients suffering from other cancer types. Homologue-selective degraders for CDK6 have been
developed and were able to significantly reduce leukemia burden in xeno-transplant experiments
of Philadelphia chromosome-positive acute lymphoid leukemia with superior effects compared to
CDK4/6 kinase inhibition [100]. Their clinical impact remains to be determined. When treating patients
with CDK4/6 inhibitors, the fact that CDK6 antagonizes p53 responses under oncogenic stress needs to
be taken into consideration. Low levels of CDK6 pressure the cells to mutate p53, which can currently
not be entirely excluded to occur also in cancer patients treated with CDK6 inhibitors [101].

When combined with other drugs, some peculiarities of CDK4/6 inhibition must be taken into
account. CDK4/6 inhibitor treatment may dampen the effects of cytostatic and cytotoxic drugs [102]
as some cytostatic drugs interfere with DNA replication in the S phase, which is prevented upon
CDK4/6 inhibition. On the other hand, when applied sequentially CDK4/6 inhibitors have recently
been shown to enhance cytotoxicity by preventing recovery of cancer cells as shown in pancreas cancer.
CDK4/6 inhibition is considered to interfere with expression of proteins involved in homologous
recombination that are required for recovery after drug-induced DNA-damage [103].

6. Resistance to CDK4/6 Inhibitors

Despite the success of CDK4/6 inhibitors, there is on the one hand a significant subset of treated
patients that has an innate resistance and does not respond. On the other hand, prolonged treatment
eventually provokes resistance, which has been attributed to the loss of the Rb tumor-suppressor or
cyclin D1, activation of CDK2, cyclin E1 and amplification of CDK6 [104–106]. The identification of
biomarkers predicting the responsiveness towards CDK4/6 inhibitors is of great importance [79,107].
Factors that might predict primary resistance were already assessed during early clinical trials of
palbociclib. As high expression levels of Cyclin D1 and CDK4 are frequently found in breast cancer and
contribute to uncontrolled proliferation, they are potential candidates for biomarkers. Even though
preclinical data suggested a correlation between amplification of CCND1, the gene encoding cyclin
D1 and sensitivity towards palbociclib [65], CCND1 levels did not qualify as predictive biomarkers
in patients [66,108]. Higher levels of activated CDK4 are linked to a better response to palbociclib
treatment [109]. In the clinics, patients with high CDK4 levels are prone to endocrine therapy resistance,
which can be reduced by CDK4/6 inhibitor treatment [110]. Amplifications of CDK6 were also found in
breast cancer cell lines with acquired abemaciclib resistance and knock-down of CDK6 was sufficient
to restore sensitivity [111]. As innate inhibitor of CDK4/6, also p16INK4a might serve as a biomarker for
responsiveness towards CDK4/6 inhibitors. Low levels of p16INK4a lead to enhanced CDK4/6 activity
suggesting a higher sensitivity towards CDK4/6 inhibitors. However, expression levels of p16INK4a

were not predictive for response to treatment [66,108].
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Further downstream of CDK6, Rb regulates the expression of E2F target genes and is thus a possible
biomarker that is independent of the CDK4/6 status. High levels of Rb are correlated with higher
sensitivity towards CDK4/6 inhibitors in preclinical studies and downregulation of Rb is considered
as a mechanism of acquired palbociclib resistance [65,112,113]. In hormone receptor positive breast
cancer patients, loss of RB is relatively rare [66,110]. These patients, however, benefitted less from
CDK4/6 inhibitor treatment than patients with intact RB [114].

The CDK2–cyclin E complex is not only downstream of CDK4/6–cyclin D in cell cycle progression
but is also able to compensate for CDK4/6 inhibition in phosphorylating Rb [115,116]. Thus, changes in
the CDK2–cyclin E complex might be involved in both primary and acquired resistance to CDK4/6
inhibitors. High levels of cyclin E1 were found in hormone receptor positive breast cancer cell lines
with acquired resistance to palbociclib [117,118] and the cyclin E1/Rb ratio was proposed as a marker
for palbociclib resistance [118]. Additionally, in the clinics, patients with low cyclin E1 levels respond
better to palbociclib treatment compared to those with cyclin E1 overexpression [119].

The definition and detailed understanding of biomarkers of treatment response and resistance
mechanisms is of great importance and will give rise to new therapeutic options that prevent or
overcome resistance. Resensitization of tumor cells with acquired resistance has been shown in breast
cancer patients with acquired resistance to endocrine therapy [90].

7. MAPK as Target in Cancer Therapy

With the ERK signaling cascade being frequently mutated, efforts to target its components have
a long-standing history. Ras has long been considered undruggable, due to the absence of any
deep hydrophobic pocket on its surface that could serve as a binding site for a small molecular
inhibitor [33,120]. Approaches to inhibit farnesyltransferases that are required to link RAS to the cell
membrane by post-translational modification failed [121] as KRAS and NRAS were able to circumvent
farnesyltransferase to get post-translationally modified and located to the membrane [30,122]. A new
inhibitor targets a recently described pocket on the surface of the KRASG12C mutant [123]. Clinical trials
in patients with advanced KRASG12C-mutant solid tumors are ongoing [124] (NCT03600883).

The kinase Raf offers therapeutic opportunities more readily. Sorafenib was a first-generation
Raf inhibitor designed to inhibit Raf-1 [31,125,126] (Figure 3b). Sorafenib also showed activity against
B-Raf and other protein kinases including VEGFR, PDGFR and Flt3 [127]. Sorafenib was first approved
by the FDA in 2005 for the treatment of renal cell carcinoma [128], which was later extended to the
treatment of advanced stage hepatocellular and thyroid carcinoma. The predominant mutation of
BRAF prompted the development of the BRAF inhibitors vemurafenib [129] and dabrafenib [130],
which were FDA approved as mono-therapeutic agents in BRAFV600E-mutant melanoma. The Raf
inhibitor encorafenib [131] has recently entered the clinics for the treatment of metastatic colorectal
cancer with BRAFV600E mutations in combination with the MEK inhibitor binimetinib [132] (Table 2).
The combination is designed to block resistance development.

Table 2. Overview on FDA-approved combined or single-agent MEK inhibitor treatments.

Raf Inhibitor MEK Inhibitor Target Disease References

dabrafenib trametinib melanoma, thyroid cancer,
non-small cell lung cancer [133–135]

vemurafenib cobimetinib melanoma [136]

encorafenib binimetinib melanoma, metastatic colorectal cancer
with BRAFV600E mutations [132,137]

trametinib advanced melanoma with BRAFV600E

and BRAFV600K mutations
[138]
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Resistance towards Raf inhibitors evolves months after initiation of therapy and is related to
reactivation of the ERK pathway, overexpression of the epidermal growth factor receptor activating
Ras or upregulation of the PI3K pathway [12,139–141]. Key mechanisms of ERK signaling reactivation
include mutations in RAS and MEK and amplification of BRAF [142,143]. Simultaneous blocking
of Raf and MEK prevents reactivation of ERK signaling and delays resistance development [144].
Several combinations to block RAF and MEK have been approved already for the treatment of cancers
harboring BRAF mutations (Table 2).

Inhibition of ERK is used to prevent the development of resistance caused by reactivation of the
ERK pathway upon Ras or MEK blockade. Preclinical studies in KRAS-mutant murine tumor models
showed synergistic effects upon combined inhibition of MEK and ERK [145]. This prompted clinical
trials with the ERK inhibitor GDC-0994 for advanced or metastatic solid tumor patients (Table 3).
In BRAFV600E-mutant melanoma xenograft models the ERK inhibitor ulixertinib (BVD-523) showed
impressive synergistic growth-inhibitory effects upon combination with BRAF inhibitors. The effects
extended to in vivo models with acquired resistance to BRAF and MEK mono- or combinational
therapies [146]. Ulixertinib is therefore currently explored in clinical trials [147] (Table 3). Further ERK
inhibitors are currently tested in clinical trials alone or in combination with other agents [148] (Table 3).

The tumor suppressive and tumor promoting role of p38 MAPK renders p38 a complex therapeutic
target [42] (Figure 3c). Numerous preclinical studies explored consequences of p38 inhibition.
Lung cancer appears to be sensitive to p38 inhibition. KRAS-mutant NSCLC cells react with synergistic
antitumor effects to the MEK inhibitor selumetinib and the p38 inhibitor ralimetinib [149]. In line,
epithelial p38 was assigned a crucial role in the progression of KRASG12V-driven lung cancer and
p38 has been implicated in transformation and proliferation of lung cancer cells in in vivo models.
High levels of p38 correlate with poor survival in lung adenocarcinoma patients [150]. Of note,
studies combining p38 inhibition in conjunction with chemotherapeutic agents such as cisplatin,
irinotecan or arsenic trioxide showed opposing results and led to the acceleration of tumor growth
upon p38 inhibition [53–55,57,151–153]. No p38 inhibitor has been approved for clinical use but clinical
trials are ongoing in advanced cancer patients with the p38 inhibitor ralimetinib (Table 3). In addition,
the p38 inhibitor SCIO-469 is currently tested in phase II studies in patients with multiple myeloma or
myelodysplastic syndrome (MDS; Table 3).
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Table 3. Overview of clinical trials with novel MAPK inhibitors.

Clinicaltrials.gov
Identifier Phase Treatment Drug Target Target Disease Primary Results

NCT03600883 I/II AMG 510 KRAS G12C advanced solid tumors with KRAS
p.G12C mutation N/A

NCT01875705 I GDC-0994 ERK advanced or metastatic solid tumors partial response

NCT02457793 I GDC-0994 plus cobimetinib ERK plus MEK advanced or metastatic solid tumors overlapping adverse events

NCT01781429 I BVD-523 (ulixertinib) ERK advanced solid tumors partial response

NCT02296242 I/II BVD-523 (ulixertinib) ERK AML, MDS N/A

NCT04198818 I/II HH2710 ERK advanced solid tumors N/A

NCT04081259 I LY3214996 ERK AML N/A

NCT01393990 I
LY2228820 (ralimetinib)

monotherapy or LY2228820 plus
midazolam/tamoxifen

p38/sedative/endocrine
therapy advanced tumors N/A

NCT01663857 Ib/II LY2228820 (ralimetinib)
plus gemcitabine plus carboplatin p38 plus chemotherapy recurrent platinum-sensitive

ovarian cancer
improvement of

progression free survival

NCT02860780 I LY2228820 (ralimetinib)
plus prexasertib p38 plus CHK1 advanced or metastatic tumors N/A

NCT00095680 II SCIO-469 monotherapy or SCIO-469
plus bortezomib p38/proteasome multiple myeloma N/A

NCT00113893 II SCIO-469 p38 MDS, hematologic diseases N/A

N/A = not available; AML = acute myeloid leukemia; MDS = myelodysplastic syndrome.

Clinicaltrials.gov
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8. Combinatorial Treatment with CDK4/6 and MAPK Inhibitors

The successful combination of endocrine therapy and CDK4/6 inhibition in breast cancer is
considered to be the consequence of ER-signaling mediated reduction of cyclin D1 expression and
blocking CDK4/6 kinase function [88,89]. Other factors that influence the expression of cyclin D1 are thus
debated as potential therapeutic targets to be combined with CDK4/6 inhibitors. RAS/RAF/MEK/ERK
signaling that regulates cyclin D1 expression is one opportunity [154]. The complex functions of the
ERK pathway on tumor formation and the additional transcriptional role of CDK6 make it likely that
additional effects contribute to the pronounced tumor inhibitory effects.

This is also evident in preclinical studies that revealed synergistic effects upon combination of
RAF inhibitors with the CDK4/6 inhibitor abemaciclib. This combination led to tumor regression
in xenograft models with KRAS, NRAS or BRAF mutations [155]. Although the synergistic effects
were discussed to result from pronounced inhibition of Rb phosphorylation [155] also BRAF-mutant
melanoma xenograft models with acquired resistance towards the BRAF inhibitor vemurafenib led to
regression of tumor growth upon combination. Abemaciclib treatment induces apoptosis in BRAF
inhibitor resistant cell lines, whereas it induces cell cycle arrest in non-resistant cells [156].

The functions of CDK6 go well beyond its role as a cell cycle kinase. Any explanation for
potential synergistic effects of MAPK and CDK4/6 inhibitors must consider the transcriptional activity
of CDK6. On the DNA level, CDK6 interacts with the AP-1 member c-Jun to induce expression of
VEGF-A promoting angiogenesis [18]. It is tempting to speculate that c-Jun might not be the only
AP-1 transcription factor cooperating with CDK6 in regulation of oncogenic transcriptional programs
(Figure 4). Given the fact that MAPKs not only regulate the expression of AP-1 transcription factors
but also activate them, inhibition might also interfere with their activity to regulate transcription in
conjunction with CDK6. When combined with MAPK-inhibitors, CDK4/6 inhibitors may not only
block the kinase activity of CDK6 but may also interfere with kinase-independent transcriptional
functions of CDK6 indirectly blocked by MAPK inhibitors via interfering with AP-1 activity.

An additional concept for the synergistic effects of CDK4/6 and MAPK inhibition has been
described in melanoma where CDK6 mediates resistance towards BRAF inhibitor treatment.
Resistance towards BRAF inhibitors is restricted to enhanced CDK6 expression and not shared
by other CDKs. BRAF inhibitor resistant melanoma cells display elevated CDK6 levels paralleled by
increased expression and chromatin binding of the CDK6 partner c-Jun [157]. C-Jun itself mediates
BRAF inhibitor resistance and promotes invasion and cell survival during drug adaptation [158].
The interaction of c-Jun with CDK6 may be the molecular link explaining BRAF inhibitor resistance
in the presence of high CDK6 levels. The key role of CDK6 is also evident as combined treatment of
the BRAF inhibitor resistant melanoma cell lines with palbociclib and vemurafenib resensitized the
cells [157].



Pharmaceuticals 2020, 13, 418 14 of 26

Pharmaceuticals 2020, 13, x FOR PEER REVIEW 14 of 26 

 

 
Figure 4. Regulation of transcription mediated by CDK6 and AP-1. CDK6 is not only a cell cycle kinase 
but also has transcriptional functions. Together with cofactors like JUN (indicated by the star symbol) 
and potentially also other AP-1 factors it regulates transcription of target genes like VEGF-A [18]. 
Inhibition of MAPK (indicated by the “T-lines”) blocks activation of AP-1 (indicated by the arrows) 
and its translocation to the nucleus (indicated by the dashed arrow) and thus might interfere with 
tumor promoting transcriptional complexes containing CDK6. Blocking of CDK6 with small-molecule 
inhibitors only inhibits kinase-dependent functions. The transcriptional roles of CDK6 can be 
dependent or independent of its kinase activity. Thus, treatment with CDK4/6 inhibitors only partially 
blocks the transcriptional functions of CDK6 (indicated by the dashed “T-line”). 

These findings were replicated in murine xenograft models of mucosal melanoma where 
combined inhibition of MEK and CDK4/6 in cells harboring oncogenic BRAF fusions significantly 
reduced tumor growth [159]. Similarly, combinational therapy with trametinib and palbociclib 
significantly reduced tumor size in NRAS-mutant melanoma transplantation models [160]. 
Accordingly, in a phase I clinical study, the combination of ribociclib and binimetinib in NRAS-
mutant melanoma showed encouraging clinical activity [161]. Clinical trials are currently probing 
treatment with BRAF and MEK inhibitors in combination with ribociclib in BRAF-mutant melanoma 
and other solid tumors with BRAFV600 mutations (Table 4). It is currently unclear how NRAS and MEK 
mutations interfere with RB-mediated cell cycle checkpoint control [160]. MEK inhibitors can only 
incompletely block cell cycle progression compared to RAS inhibition, therefore a combination with 
CDK4/6 inhibitors may be of advantage. This treatment combination could at least partially 
compensate for the lack of RAS inhibitors. 

Synergistic effects were also observed in xenograft models of KRAS-mutant colorectal cancer 
upon treatment with a combination of trametinib and palbociclib where a pronounced tumor 
regression in vivo was observed [162]. This prompted a phase II clinical trial in KRAS- or NRAS-mutant 
colorectal cancer patients testing binimetinib and palbociclib in combination (Table 4). 

The KRAS oncogene is one of the most frequently mutated genes in NSCLC and renders 
treatment difficult. NSCLC frequently harbors mutations in cyclin D/CDK4/6/Rb signaling pathways. 
A synergistic growth inhibition was obtained in a RAS-driven NSCLC xenograft model upon 
treatment with the MEK inhibitor selumetinib in combination with palbociclib [163]. Palbociclib 
treatment induced downregulation of survivin, an effect that depends on the mutational status of 

Figure 4. Regulation of transcription mediated by CDK6 and AP-1. CDK6 is not only a cell cycle kinase
but also has transcriptional functions. Together with cofactors like JUN (indicated by the star symbol)
and potentially also other AP-1 factors it regulates transcription of target genes like VEGF-A [18].
Inhibition of MAPK (indicated by the “T-lines”) blocks activation of AP-1 (indicated by the arrows)
and its translocation to the nucleus (indicated by the dashed arrow) and thus might interfere with
tumor promoting transcriptional complexes containing CDK6. Blocking of CDK6 with small-molecule
inhibitors only inhibits kinase-dependent functions. The transcriptional roles of CDK6 can be dependent
or independent of its kinase activity. Thus, treatment with CDK4/6 inhibitors only partially blocks the
transcriptional functions of CDK6 (indicated by the dashed “T-line”).

These findings were replicated in murine xenograft models of mucosal melanoma where combined
inhibition of MEK and CDK4/6 in cells harboring oncogenic BRAF fusions significantly reduced tumor
growth [159]. Similarly, combinational therapy with trametinib and palbociclib significantly reduced
tumor size in NRAS-mutant melanoma transplantation models [160]. Accordingly, in a phase I clinical
study, the combination of ribociclib and binimetinib in NRAS-mutant melanoma showed encouraging
clinical activity [161]. Clinical trials are currently probing treatment with BRAF and MEK inhibitors
in combination with ribociclib in BRAF-mutant melanoma and other solid tumors with BRAFV600

mutations (Table 4). It is currently unclear how NRAS and MEK mutations interfere with RB-mediated
cell cycle checkpoint control [160]. MEK inhibitors can only incompletely block cell cycle progression
compared to RAS inhibition, therefore a combination with CDK4/6 inhibitors may be of advantage.
This treatment combination could at least partially compensate for the lack of RAS inhibitors.
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Table 4. Overview of ongoing clinical trials with combined CDK4/6 and MAPK inhibitor treatment.

Clinicaltrials.gov
Identifier Phase Treatment Drug Target Target Disease Primary Results

NCT02159066 II LGX818 (encorafenib) plus
binimetinib plus ribociclib

BRAF plus MEK1/2
plus CDK4/6 BRAF-mutated melanoma N/A

NCT01543698 Ib/II LGX818 (encorafenib) plus
binimetinib plus ribociclib

BRAF plus MEK1/2
plus CDK4/6 tumors with BRAFV600 mutations N/A

NCT03981614 II binimetinib plus palbociclib MEK1/2 plus CDK4/6 advanced stage colorectal carcinoma
with NRAS or KRAS mutations N/A

NCT03170206 I/II binimetinib plus palbociclib MEK1/2 plus CDK4/6 advanced stage NSCLC with
KRAS mutations N/A

NCT02780128 I ceritinib plus trametinib
plus ribociclib

ALK plus MEK1/2
plus CDK4/6

relapsed neuroblastoma with ALK or
MAPK mutations N/A

NCT03454035 I BVD-523 (ulixertinib) plus palbociclib ERK plus CDK4/6 pancreatic cancer and other
solid tumors N/A

NCT02065063 I/II palbociclib plus trametinib CDK4/6 plus MEK1/2 solid tumors N/A

NCT03132454 I palbociclib plus
sorafenib/decitabine/dexamethasone

CDK4/6 plus
Raf-1/chemotherapy recurrent or refractory leukemia N/A

NCT01781572 Ib/II ribociclib plus binimetinib CDK4/6 plus MEK1/2 advanced NRAS-mutant melanoma partial response

N/A = not available; NSCLC = non-small cell lung cancer; ALK = anaplastic lymphoma kinase.

Clinicaltrials.gov
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Synergistic effects were also observed in xenograft models of KRAS-mutant colorectal cancer upon
treatment with a combination of trametinib and palbociclib where a pronounced tumor regression
in vivo was observed [162]. This prompted a phase II clinical trial in KRAS- or NRAS-mutant colorectal
cancer patients testing binimetinib and palbociclib in combination (Table 4).

The KRAS oncogene is one of the most frequently mutated genes in NSCLC and renders
treatment difficult. NSCLC frequently harbors mutations in cyclin D/CDK4/6/Rb signaling pathways.
A synergistic growth inhibition was obtained in a RAS-driven NSCLC xenograft model upon treatment
with the MEK inhibitor selumetinib in combination with palbociclib [163]. Palbociclib treatment
induced downregulation of survivin, an effect that depends on the mutational status of CDKN2A,
encoding the CDK inhibitor p16INK4a. Cells with mutated CDKN2A hyperproliferate independently
of high CDK4/6 levels. Mutations in p16INK4a might influence the composition of transcriptional
complexes involving CDK6. Palbociclib treatment in CDKN2A-deleted tumors mimics p16INK4A

inhibition as palbociclib targets kinase monomers, which is not competed by CDKN2A in mutant
cells [164,165]. Currently, a phase I/II clinical study in advanced KRAS-driven NSCLC patients is
investigating the combinational treatment with palbociclib and binimetinib (Table 4).

In neuroblastoma, activating mutations of the MAPK pathway are a common feature upon
relapse [166]. Sensitivity towards treatment with MEK inhibitors and CDK4/6 inhibition seems to have
an inverse correlation. Combinational treatment of binimetinib and ribociclib inhibited tumor growth
in a synergistic manner in neuroblastoma in xenograft models [167]. These results provoked a clinical
trial in relapsed neuroblastoma patients harboring activating MAPK mutations treated with trametinib
and ribociclib (Table 4).

CDK4/6 inhibition is well established and considered a major success for ER-positive,
ErbB2-negative patients. For the treatment of ErbB2-positive breast cancers, a new drug is
under development. Pyrotinib acts as a pan-HER kinase inhibitor and concomitantly suppresses
RAS/RAF/MEK/ERK signaling. First results in a phase I clinical trial are promising [168,169]. Moreover,
a combination of pyrotinib in combination with palbociclib, showed synergistic antitumor activity in a
preclinical xenograft model [170].

Besides CDK4/6, cyclin D1 may represent a valuable target for cancer therapy. CCND1 itself is
considered a proto-oncogene and is frequently amplified and overexpressed in various cancers [171].
Cyclin D1 knockout mice are resistant to breast cancer initiation despite expression of oncogenes like
ErbB2 or Ras [172]. Pharmacologically, D-type cyclins are difficult to target as they lack enzymatic
activity. Thus, cyclin D1 may be indirectly targeted by compounds that lead to reduced expression of
CCND1 or inhibit its primary binding partner CDK4/6 [173].

In summary, the combinatorial inhibition of the MAPK pathway and CDK4/6 activation shows
promising results in preclinical studies and in first clinical studies. The beneficial effects are attributed
to cell cycle inhibition and an altered transcriptional regulation of CDK6 and AP-1. Fighting cancer at
two fronts by interfering with two distinct regulatory networks should benefit patients and help to
prevent resistance development.

9. Future Perspectives

The MAPK pathway and the cell cycle machinery are among the most frequently mutated
cellular networks in cancer, which are now successfully targeted by small-molecular weight inhibitors.
Novel therapeutic opportunities may evolve from a better understanding of the tumor promoting
role of the p38 MAPK cascade. Another area for new developments is combinational therapy to
prevent and overcome drug resistance. Resistance towards CDK4/6 inhibitors is associated with MAPK
activation and subsequent sensitization towards MEK inhibition. Thus, combining CDK4/6 inhibitors
with MAPK inhibition seems a particular promising approach [174]. It will be important to identify
biomarkers to define who benefits from such combinational treatment. The mutational status of RB
and CDKN2A represents starting points. To understand the interaction of CDK6-AP1 complexes and
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their regulation of oncogenic gene expression programs opens another field of novel opportunities,
which will be facilitated by the development of degraders specific for CDK6.
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59. Malínková, V.; Vylíčil, J.; Kryštof, V. Cyclin-dependent kinase inhibitors for cancer therapy: A patent review
(2009–2014). Expert Opin. Pat. 2015, 25, 953–970. [CrossRef]

http://dx.doi.org/10.18632/oncotarget.279
http://www.ncbi.nlm.nih.gov/pubmed/21789792
http://dx.doi.org/10.1158/0008-5472.CAN-15-0173
http://www.ncbi.nlm.nih.gov/pubmed/26377941
http://dx.doi.org/10.1016/j.tibs.2007.06.007
http://dx.doi.org/10.1074/jbc.274.12.7936
http://dx.doi.org/10.1016/j.molcel.2005.10.038
http://dx.doi.org/10.1016/j.ccr.2006.12.013
http://dx.doi.org/10.1046/j.1365-2443.2003.00620.x
http://www.ncbi.nlm.nih.gov/pubmed/12581156
http://dx.doi.org/10.1128/MCB.22.10.3389-3403.2002
http://dx.doi.org/10.1038/ng1317
http://www.ncbi.nlm.nih.gov/pubmed/14991053
http://dx.doi.org/10.1002/cncr.11940
http://dx.doi.org/10.1128/MCB.21.20.6913-6926.2001
http://www.ncbi.nlm.nih.gov/pubmed/11564875
http://dx.doi.org/10.1016/j.semcancer.2004.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15219620
http://dx.doi.org/10.1007/s10495-007-0082-8
http://www.ncbi.nlm.nih.gov/pubmed/17505786
http://dx.doi.org/10.1074/jbc.M400590200
http://www.ncbi.nlm.nih.gov/pubmed/15056660
http://dx.doi.org/10.1158/0008-5472.CAN-05-3699
http://dx.doi.org/10.1158/0008-5472.CAN-10-2726
http://dx.doi.org/10.1016/j.bmcl.2015.05.100
http://dx.doi.org/10.1517/13543776.2015.1045414


Pharmaceuticals 2020, 13, 418 20 of 26

60. Toogood, P.L.; Harvey, P.J.; Repine, J.T.; Sheehan, D.J.; VanderWel, S.N.; Zhou, H.; Keller, P.R.; McNamara, D.J.;
Sherry, D.; Zhu, T.; et al. Discovery of a potent and selective inhibitor of cyclin-dependent kinase 4/6.
J. Med. Chem. 2005, 48, 2388–2406. [CrossRef]

61. Gelbert, L.M.; Cai, S.; Lin, X.; Sanchez-Martinez, C.; del Prado, M.; Lallena, M.J.; Torres, R.; Ajamie, R.T.;
Wishart, G.N.; Flack, R.S.; et al. Preclinical characterization of the CDK4/6 inhibitor LY2835219:
In-vivo cell cycle-dependent/independent anti-tumor activities alone/in combination with gemcitabine.
Investig. New Drugs 2014, 32, 825–837. [CrossRef] [PubMed]

62. Kim, S.; Loo, A.; Chopra, R.; Caponigro, G.; Huang, A.; Vora, S.; Parasuraman, S.; Howard, S.; Keen, N.;
Sellers, W.; et al. LEE011: An orally bioavailable, selective small molecule inhibitor of CDK4/6– Reactivating
Rb in cancer. Mol. Cancer Ther. 2013, 12, 2528.

63. Goel, S.; DeCristo, M.J.; McAllister, S.S.; Zhao, J.J. CDK4/6 Inhibition in Cancer: Beyond Cell Cycle Arrest.
Trends Cell Biol. 2018, 28, 911–925. [CrossRef]

64. Gong, X.; Litchfield, L.M.; Webster, Y.; Chio, L.C.; Wong, S.S.; Stewart, T.R.; Dowless, M.; Dempsey, J.; Zeng, Y.;
Torres, R.; et al. Genomic Aberrations that Activate D-type Cyclins Are Associated with Enhanced Sensitivity
to the CDK4 and CDK6 Inhibitor Abemaciclib. Cancer Cell 2017, 32, 761–776.e6. [CrossRef] [PubMed]

65. Finn, R.S.; Dering, J.; Conklin, D.; Kalous, O.; Cohen, D.J.; Desai, A.J.; Ginther, C.; Atefi, M.; Chen, I.;
Fowst, C.; et al. PD 0332991, a selective cyclin D kinase 4/6 inhibitor, preferentially inhibits proliferation
of luminal estrogen receptor-positive human breast cancer cell lines in vitro. Breast Cancer Res. 2009,
11, R77. [CrossRef]

66. Finn, R.S.; Crown, J.P.; Lang, I.; Boer, K.; Bondarenko, I.M.; Kulyk, S.O.; Ettl, J.; Patel, R.; Pinter, T.;
Schmidt, M.; et al. The cyclin-dependent kinase 4/6 inhibitor palbociclib in combination with letrozole versus
letrozole alone as first-line treatment of oestrogen receptor-positive, HER2-negative, advanced breast cancer
(PALOMA-1/TRIO-18): A randomised phase 2 study. Lancet Oncol. 2014, 16, 25–35. [CrossRef]

67. Turner, N.C.; Ro, J.; André, F.; Loi, S.; Verma, S.; Iwata, H.; Harbeck, N.; Loibl, S.; Huang Bartlett, C.; Zhang, K.;
et al. Palbociclib in Hormone-Receptor–Positive Advanced Breast Cancer. N. Engl. J. Med. 2015, 373, 209–219.
[CrossRef] [PubMed]

68. Cristofanilli, M.; Turner, N.C.; Bondarenko, I.; Ro, J.; Im, S.-A.; Masuda, N.; Colleoni, M.; DeMichele, A.;
Loi, S.; Verma, S.; et al. Fulvestrant plus palbociclib versus fulvestrant plus placebo for treatment of
hormone-receptor-positive, HER2-negative metastatic breast cancer that progressed on previous endocrine
therapy (PALOMA-3): Final analysis of the multicentre, double-blind, phase 3 randomised controlled trial.
Lancet Oncol. 2016, 17, 425–439.

69. Finn, R.S.; Martin, M.; Rugo, H.S.; Jones, S.; Im, S.-A.; Gelmon, K.; Harbeck, N.; Lipatov, O.N.; Walshe, J.M.;
Moulder, S.; et al. Palbociclib and Letrozole in Advanced Breast Cancer. N. Engl. J. Med. 2016,
375, 1925–1936. [CrossRef]

70. Yardley, D.A. MONALEESA clinical program: A review of ribociclib use in different clinical settings.
Futur. Oncol. 2019, 15, 2673–2686. [CrossRef]

71. Hortobagyi, G.N. Ribociclib for the first-line treatment of advanced hormone receptor-positive breast cancer:
A review of subgroup analyses from the MONALEESA-2 trial 11 Medical and Health Sciences 1112 Oncology
and Carcinogenesis 11 Medical and Health Sciences 1103 Clinical Sciences. Breast Cancer Res. 2018, 20, 123.
[CrossRef] [PubMed]

72. Slamon, D.J.; Neven, P.; Chia, S.; Fasching, P.A.; De Laurentiis, M.; Im, S.-A.; Petrakova, K.; Bianchi, G.V.;
Esteva, F.J.; Martín, M.; et al. Phase III Randomized Study of Ribociclib and Fulvestrant in Hormone
Receptor–Positive, Human Epidermal Growth Factor Receptor 2–Negative Advanced Breast Cancer:
MONALEESA-3. J. Clin. Oncol. 2018, 36, 2465–2472. [CrossRef] [PubMed]

73. Patnaik, A.; Rosen, L.S.; Tolaney, S.M.; Tolcher, A.W.; Goldman, J.W.; Gandhi, L.; Papadopoulos, K.P.;
Beeram, M.; Rasco, D.W.; Hilton, J.F.; et al. Efficacy and safety of Abemaciclib, an inhibitor of CDK4 and
CDK6, for patients with breast cancer, non–small cell lung cancer, and other solid tumors. Cancer Discov.
2016, 6, 740–753. [CrossRef] [PubMed]

74. Goldman, J.W.; Mazieres, J.; Barlesi, F.; Dragnev, K.H.; Koczywas, M.; Göskel, T.; Cortot, A.B.; Girard, N.;
Wesseler, C.; Bischoff, H.; et al. A Randomized Phase III Study of Abemaciclib Versus Erlotinib in Patients with
Stage IV Non-small Cell Lung Cancer With a Detectable KRAS Mutation Who Failed Prior Platinum-Based
Therapy: JUNIPER. Front. Oncol. 2020, 10, 2338. [CrossRef]

http://dx.doi.org/10.1021/jm049354h
http://dx.doi.org/10.1007/s10637-014-0120-7
http://www.ncbi.nlm.nih.gov/pubmed/24919854
http://dx.doi.org/10.1016/j.tcb.2018.07.002
http://dx.doi.org/10.1016/j.ccell.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29232554
http://dx.doi.org/10.1186/bcr2419
http://dx.doi.org/10.1016/S1470-2045(14)71159-3
http://dx.doi.org/10.1056/NEJMoa1505270
http://www.ncbi.nlm.nih.gov/pubmed/26030518
http://dx.doi.org/10.1056/NEJMoa1607303
http://dx.doi.org/10.2217/fon-2019-0130
http://dx.doi.org/10.1186/s13058-018-1050-7
http://www.ncbi.nlm.nih.gov/pubmed/30340505
http://dx.doi.org/10.1200/JCO.2018.78.9909
http://www.ncbi.nlm.nih.gov/pubmed/29860922
http://dx.doi.org/10.1158/2159-8290.CD-16-0095
http://www.ncbi.nlm.nih.gov/pubmed/27217383
http://dx.doi.org/10.3389/fonc.2020.578756


Pharmaceuticals 2020, 13, 418 21 of 26

75. Goetz, M.P.; Toi, M.; Campone, M.; Sohn, J.; Paluch-Shimon, S.; Huober, J.; Park, I.H.; Trédan, O.; Chen, S.-C.;
Manso, L.; et al. MONARCH 3: Abemaciclib As Initial Therapy for Advanced Breast Cancer. J. Clin. Oncol.
2017, 35, 3638–3646. [CrossRef]

76. Dickler, M.N.; Tolaney, S.M.; Rugo, H.S.; Cortes, J.; Dieras, V.; Patt, D.; Wildiers, H.; Hudis, C.A.;
O’Shaughnessy, J.; Zamora, E.; et al. MONARCH 1, a phase II study of abemaciclib, a CDK4 and CDK6
inhibitor, as a single agent, n patients with refractory HR+/HER2- metastatic breast cancer. Clin. Cancer Res.
2017, 23, 5218–5224. [CrossRef]

77. Sledge, G.W.; Toi, M.; Neven, P.; Sohn, J.; Inoue, K.; Pivot, X.; Burdaeva, O.; Okera, M.; Masuda, N.;
Kaufman, P.A.; et al. MONARCH 2: Abemaciclib in combination with fulvestrant in women with
HR+/HER2-advanced breast cancer who had progressed while receiving endocrine therapy. J. Clin. Oncol.
2017, 35, 2875–2884. [CrossRef]

78. Hafner, M.; Mills, C.E.; Subramanian, K.; Chen, C.; Chung, M.; Boswell, S.A.; Everley, R.A.; Liu, C.; Walmsley, C.S.;
Juric, D.; et al. Multiomics Profiling Establishes the Polypharmacology of FDA-Approved CDK4/6 Inhibitors
and the Potential for Differential Clinical Activity. Cell Chem. Biol. 2019, 26, 1067–1080.e8. [CrossRef]

79. Schoninger, S.F.; Blain, S.W. The ongoing search for biomarkers of CDK4/6 inhibitor responsiveness in breast
cancer. Mol. Cancer Ther. 2020, 19, 3–12. [CrossRef]

80. Flaherty, K.T.; LoRusso, P.M.; DeMichele, A.; Abramson, V.G.; Courtney, R.; Randolph, S.S.; Shaik, M.N.;
Wilner, K.D.; O’Dwyer, P.J.; Schwartz, G.K. Phase I, dose-escalation trial of the oral cyclin-dependent kinase 4/6
inhibitor PD 0332991, administered using a 21-day schedule in patients with advanced cancer. Clin. Cancer Res.
2012, 18, 568–576. [CrossRef]

81. Bozhenko, V.K.; Kulinich, T.M.; Kudinova, E.A.; Boldyrev, A.; Solodkij, V.A. New targeted anti CDK4/6
peptide MM-D37K. J. Clin. Oncol. 2013, 31, e13545. [CrossRef]

82. Bisi, J.E.; Sorrentino, J.A.; Roberts, P.J.; Tavares, F.X.; Strum, J.C. Preclinical Characterization of G1T28:
A Novel CDK4/6 Inhibitor for Reduction of Chemotherapy-Induced Myelosuppression. Mol. Cancer Ther.
2016, 15, 783–793. [CrossRef] [PubMed]

83. He, S.; Roberts, P.J.; Sorrentino, J.A.; Bisi, J.E.; Storrie-White, H.; Tiessen, R.G.; Makhuli, K.M.; Wargin, W.A.;
Tadema, H.; Van Hoogdalem, E.J.; et al. Transient CDK4/6 inhibition protects hematopoietic stem cells from
chemotherapy-induced exhaustion. Sci. Transl. Med. 2017, 9, aal3986. [CrossRef] [PubMed]

84. Hart, L.L.; Ferrarotto, R.; Andric, Z.G.; Beck, J.T.; Subramanian, J.; Radosavljevic, D.Z.; Zaric, B.; Hanna, W.T.;
Aljumaily, R.; Owonikoko, T.K.; et al. Myelopreservation with Trilaciclib in Patients Receiving Topotecan
for Small Cell Lung Cancer: Results from a Randomized, Double-Blind, Placebo-Controlled Phase II
Study. Adv. Ther. Available online: https://link.springer.com/article/10.1007/s12325-020-01538-0 (accessed on
15 October 2020). [CrossRef]

85. Weiss, J.M.; Csoszi, T.; Maglakelidze, M.; Hoyer, R.J.; Beck, J.T.; Domine Gomez, M.; Lowczak, A.; Aljumaily, R.;
Rocha Lima, C.M.; Boccia, R.V.; et al. Myelopreservation with the CDK4/6 inhibitor trilaciclib in patients with
small-cell lung cancer receiving first-line chemotherapy: A phase Ib/randomized phase II trial. Ann. Oncol.
2019, 30, 1613–1621. [CrossRef] [PubMed]

86. Long, F.; He, Y.; Fu, H.; Li, Y.; Bao, X.; Wang, Q.; Wang, Y.; Xie, C.; Lou, L. Preclinical characterization
of SHR6390, a novel CDK 4/6 inhibitor, in vitro and in human tumor xenograft models. Cancer Sci. 2019,
110, 1420–1430. [CrossRef] [PubMed]

87. Wang, J.; Li, Q.; Yuan, J.; Wang, J.; Chen, Z.; Liu, Z.; Li, Z.; Lai, Y.; Gao, J.; Shen, L. CDK4/6 inhibitor-SHR6390
exerts potent antitumor activity in esophageal squamous cell carcinoma by inhibiting phosphorylated Rb
and inducing G1 cell cycle arrest. J. Transl. Med. 2017, 15, 127. [CrossRef]

88. Watts, C.K.W.; Sweeney, K.J.E.; Warlters, A.; Musgrove, E.A.; Sutherland, R.L. Antiestrogen regulation of cell
cycle progression and cyclin D1 gene expression in MCF-7 human breast cancer cells. Breast Cancer Res. Treat.
1994, 31, 95–105. [CrossRef]

89. Prall, O.W.J.; Sarcevic, B.; Musgrove, E.A.; Watts, C.K.W.; Sutherland, R.L. Estrogen-induced activation
of Cdk4 and Cdk2 during G1-S phase progression is accompanied by increased cyclin D1 expression
and decreased cyclin-dependent kinase inhibitor association with cyclin E-Cdk2. J. Biol. Chem. 1997,
272, 10882–10894. [CrossRef]

90. Miller, T.W.; Balko, J.M.; Fox, E.M.; Ghazoui, Z.; Dunbier, A.; Anderson, H.; Dowsett, M.; Jiang, A.;
Adam Smith, R.; Maira, S.M.; et al. ERα-dependent E2F transcription can mediate resistance to estrogen
deprivation in human breast cancer. Cancer Discov. 2011, 1, 338–351. [CrossRef]

http://dx.doi.org/10.1200/JCO.2017.75.6155
http://dx.doi.org/10.1158/1078-0432.CCR-17-0754
http://dx.doi.org/10.1200/JCO.2017.73.7585
http://dx.doi.org/10.1016/j.chembiol.2019.05.005
http://dx.doi.org/10.1158/1535-7163.MCT-19-0253
http://dx.doi.org/10.1158/1078-0432.CCR-11-0509
http://dx.doi.org/10.1200/jco.2013.31.15_suppl.e13545
http://dx.doi.org/10.1158/1535-7163.MCT-15-0775
http://www.ncbi.nlm.nih.gov/pubmed/26826116
http://dx.doi.org/10.1126/scitranslmed.aal3986
http://www.ncbi.nlm.nih.gov/pubmed/28446688
https://link.springer.com/article/10.1007/s12325-020-01538-0
http://dx.doi.org/10.1007/s12325-020-01538-0
http://dx.doi.org/10.1093/annonc/mdz278
http://www.ncbi.nlm.nih.gov/pubmed/31504118
http://dx.doi.org/10.1111/cas.13957
http://www.ncbi.nlm.nih.gov/pubmed/30724426
http://dx.doi.org/10.1186/s12967-017-1231-7
http://dx.doi.org/10.1007/BF00689680
http://dx.doi.org/10.1074/jbc.272.16.10882
http://dx.doi.org/10.1158/2159-8290.CD-11-0101


Pharmaceuticals 2020, 13, 418 22 of 26

91. Geoerger, B.; Bourdeaut, F.; DuBois, S.G.; Fischer, M.; Geller, J.I.; Gottardo, N.G.; Marabelle, A.; Pearson, A.D.J.;
Modak, S.; Cash, T.; et al. A phase I study of the CDK4/6 inhibitor ribociclib (LEE011) in pediatric patients with
malignant rhabdoid tumors, neuroblastoma, and other solid tumors. Clin. Cancer Res. 2017, 23, 2433–2441.
[CrossRef] [PubMed]

92. Dickson, M.A.; Schwartz, G.K.; Louise Keohan, M.; D’Angelo, S.P.; Gounder, M.M.; Chi, P.; Antonescu, C.R.;
Landa, J.; Qin, L.X.; Crago, A.M.; et al. Progression-free survival among patients with well-differentiated or
dedifferentiated liposarcoma treated with cdk4 inhibitor palbociclib a phase 2 clinical trial. JAMA Oncol.
2016, 2, 937–940. [CrossRef] [PubMed]

93. Leonard, J.P.; LaCasce, A.S.; Smith, M.R.; Noy, A.; Chirieac, L.R.; Rodig, S.J.; Yu, J.Q.; Vallabhajosula, S.;
Schoder, H.; English, P.; et al. Selective CDK4/6 inhibition with tumor responses by PD0332991 in patients
with mantle cell lymphoma. Blood 2012, 119, 4597–4607. [CrossRef] [PubMed]

94. Uras, I.Z.; Sexl, V.; Kollmann, K. CDK6 inhibition: A novel approach in AML management. Int. J. Mol. Sci.
2020, 21, 2528. [CrossRef]

95. Wang, L.; Wang, J.; Blaser, B.W.; Duchemin, A.M.; Kusewitt, D.F.; Liu, T.; Caligiuri, M.A.; Briesewitz, R.
Pharmacologic inhibition of CDK4/6: Mechanistic evidence for selective activity or acquired resistance in
acute myeloid leukemia. Blood 2007, 110, 2075–2083. [CrossRef]

96. Uras, I.Z.; Walter, G.J.; Scheicher, R.; Bellutti, F.; Prchal-Murphy, M.; Tigan, A.S.; Valent, P.; Heidel, F.H.;
Kubicek, S.; Scholl, C.; et al. Palbociclib treatment of FLT3-ITD+ AML cells uncovers a kinase-dependent
transcriptional regulation of FLT3 and PIM1 by CDK6. Blood 2016, 127, 2890–2902. [CrossRef]

97. Keegan, K.; Li, C.; Li, Z.; Ma, J.; Ragains, M.; Coberly, S.; Hollenback, D.; Eksterowicz, J.; Liang, L.;
Weidner, M.; et al. Preclinical evaluation of AMG 925, a FLT3/CDK4 dual kinase inhibitor for treating acute
myeloid leukemia. Mol. Cancer Ther. 2014, 13, 880–889. [CrossRef]

98. Li, Z.; Wang, X.; Eksterowicz, J.; Gribble, M.W.; Alba, G.Q.; Ayres, M.; Carlson, T.J.; Chen, A.; Chen, X.;
Cho, R.; et al. Discovery of AMG 925, a FLT3 and CDK4 dual kinase inhibitor with preferential affinity for
the activated state of FLT3. J. Med. Chem. 2014, 57, 3430–3449. [CrossRef]

99. Uras, I.Z.; Maurer, B.; Nivarthi, H.; Jodl, P.; Kollmann, K.; Prchal-Murphy, M.; Milosevic Feenstra, J.D.;
Zojer, M.; Lagger, S.; Grausenburger, R.; et al. CDK6 coordinates JAK2V617F mutant MPN via NF-kB and
apoptotic networks. Blood 2019, 133, 1677–1690. [CrossRef]

100. De Dominici, M.; Porazzi, P.; Xiao, Y.; Chao, A.; Tang, H.-Y.; Kumar, G.; Fortina, P.; Spinelli, O.; Rambaldi, A.;
Peterson, L.F.; et al. Selective inhibition of Ph-positive ALL cell growth through kinase-dependent and
independent effects by CDK6-specific PROTACs. Blood 2020, 135, 1560–1573. [CrossRef]

101. Bellutti, F.; Tigan, A.-S.; Nebenfuehr, S.; Dolezal, M.; Zojer, M.; Grausenburger, R.; Hartenberger, S.;
Kollmann, S.; Doma, E.; Prchal-Murphy, M.; et al. CDK6 Antagonizes p53-Induced Responses during
Tumorigenesis. Cancer Discov. 2018, 8, 884–897. [CrossRef] [PubMed]

102. Dean, J.L.; McClendon, A.K.; Knudsen, E.S. Modification of the DNA damage response by therapeutic
CDK4/6 inhibition. J. Biol. Chem. 2012, 287, 29075–29087. [CrossRef] [PubMed]

103. Salvador-Barbero, B.; Álvarez-Fernández, M.; Zapatero-Solana, E.; El Bakkali, A.; del Menéndez, M.C.;
López-Casas, P.P.; Di Domenico, T.; Xie, T.; VanArsdale, T.; Shields, D.J.; et al. CDK4/6 Inhibitors Impair
Recovery from Cytotoxic Chemotherapy in Pancreatic Adenocarcinoma. Cancer Cell 2020, 37, 340–353.e6.
[CrossRef] [PubMed]

104. Gu, G.; Dustin, D.; Fuqua, S.A. Targeted therapy for breast cancer and molecular mechanisms of resistance to
treatment. Curr. Opin. Pharm. 2016, 31, 97–103. [CrossRef]

105. Garrido-Castro, A.C.; Goel, S. CDK4/6 Inhibition in Breast Cancer: Mechanisms of Response and Treatment
Failure. Curr. Breast Cancer Rep. 2017, 9, 26–33. [CrossRef]

106. Comstock, C.E.S.; Augello, M.A.; Goodwin, J.F.; De Leeuw, R.; Schiewer, M.J.; Ostrander, W.F.; Burkhart, R.A.;
McClendon, A.K.; McCue, P.A.; Trabulsi, E.J.; et al. Targeting cell cycle and hormone receptor pathways in
cancer. Oncogene 2013, 32, 5481–5491. [CrossRef]

107. Sharifi, M.N.; Anandan, A.; Grogan, P.; O’Regan, R.M. Therapy after cyclin-dependent kinase inhibition in
metastatic hormone receptor-positive breast cancer: Resistance mechanisms and novel treatment strategies.
Cancer 2020, 126, 3400–3416. [CrossRef]

108. DeMichele, A.; Clark, A.S.; Tan, K.S.; Heitjan, D.F.; Gramlich, K.; Gallagher, M.; Lal, P.; Feldman, M.; Zhang, P.;
Colameco, C.; et al. CDK 4/6 Inhibitor palbociclib (PD0332991) in Rb+ advanced breast cancer: Phase II
activity, safety, and predictive biomarker assessment. Clin. Cancer Res. 2015, 21, 995–1001. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-16-2898
http://www.ncbi.nlm.nih.gov/pubmed/28432176
http://dx.doi.org/10.1001/jamaoncol.2016.0264
http://www.ncbi.nlm.nih.gov/pubmed/27124835
http://dx.doi.org/10.1182/blood-2011-10-388298
http://www.ncbi.nlm.nih.gov/pubmed/22383795
http://dx.doi.org/10.3390/ijms21072528
http://dx.doi.org/10.1182/blood-2007-02-071266
http://dx.doi.org/10.1182/blood-2015-11-683581
http://dx.doi.org/10.1158/1535-7163.MCT-13-0858
http://dx.doi.org/10.1021/jm500118j
http://dx.doi.org/10.1182/blood-2018-08-872648
http://dx.doi.org/10.1182/blood.2019003604
http://dx.doi.org/10.1158/2159-8290.CD-17-0912
http://www.ncbi.nlm.nih.gov/pubmed/29899063
http://dx.doi.org/10.1074/jbc.M112.365494
http://www.ncbi.nlm.nih.gov/pubmed/22733811
http://dx.doi.org/10.1016/j.ccell.2020.01.007
http://www.ncbi.nlm.nih.gov/pubmed/32109375
http://dx.doi.org/10.1016/j.coph.2016.11.005
http://dx.doi.org/10.1007/s12609-017-0232-0
http://dx.doi.org/10.1038/onc.2013.83
http://dx.doi.org/10.1002/cncr.32931
http://dx.doi.org/10.1158/1078-0432.CCR-14-2258


Pharmaceuticals 2020, 13, 418 23 of 26

109. Raspé, E.; Coulonval, K.; Pita, J.M.; Paternot, S.; Rothé, F.; Twyffels, L.; Brohée, S.; Craciun, L.; Larsimont, D.;
Kruys, V.; et al. CDK 4 phosphorylation status and a linked gene expression profile predict sensitivity to
palbociclib. Embo Mol. Med. 2017, 9, 1052–1066. [CrossRef]

110. Finn, R.S.; Liu, Y.; Zhu, Z.; Martin, M.; Rugo, H.S.; Dieras, V.; Im, S.A.; Gelmon, K.A.; Harbeck, N.; Lu, D.R.; et al.
Biomarker analyses of response to cyclin-dependent kinase 4/6 inhibition and endocrine therapy in women
with treatment-naïve metastatic breast cancer. Clin. Cancer Res. 2020, 26, 110–121. [CrossRef]

111. Yang, C.; Li, Z.; Bhatt, T.; Dickler, M.; Giri, D.; Scaltriti, M.; Baselga, J.; Rosen, N.; Chandarlapaty, S.
Acquired CDK6 amplification promotes breast cancer resistance to CDK4/6 inhibitors and loss of ER signaling
and dependence. Oncogene 2017, 36, 2255–2264. [CrossRef] [PubMed]

112. Dean, J.L.; Thangavel, C.; McClendon, A.K.; Reed, C.A.; Knudsen, E.S. Therapeutic CDK4/6 inhibition in
breast cancer: Key mechanisms of response and failure. Oncogene 2010, 29, 4018–4032. [CrossRef]

113. Malorni, L.; Piazza, S.; Ciani, Y.; Guarducci, C.; Bonechi, M.; Biagioni, C.; Hart, C.D.; Verardo, R.; Di Leo, A.;
Migliaccio, I. A gene expression signature of retinoblastoma loss-of-function is a predictive biomarker of
resistance to palbociclib in breast cancer cell lines and is prognostic in patients with ER positive early breast
cancer. Oncotarget 2016, 7, 68012–68022. [CrossRef]

114. Li, Z.; Razavi, P.; Li, Q.; Toy, W.; Liu, B.; Ping, C.; Hsieh, W.; Sanchez-Vega, F.; Brown, D.N.;
Da Cruz Paula, A.F.; et al. Loss of the FAT1 Tumor Suppressor Promotes Resistance to CDK4/6 Inhibitors via
the Hippo Pathway. Cancer Cell 2018, 34, 893–905.e8. [CrossRef] [PubMed]

115. Alevizopoulos, K.; Vlach, J.; Hennecke, S.; Amati, B. Cyclin E and c-Myc promote cell proliferation in the
presence of p16(INK4a) of hypophosphorylated retinoblastoma family proteins. Embo J. 1997, 16, 5322–5333.
[CrossRef] [PubMed]

116. Patel, P.; Tsiperson, V.; Gottesman, S.R.S.; Somma, J.; Blain, S.W. Dual inhibition of CDK4 and CDK2
via targeting p27 tyrosine phosphorylation induces a potent and durable response in breast cancer cells.
Mol. Cancer Res. 2018, 16, 361–377. [CrossRef]

117. Herrera-Abreu, M.T.; Palafox, M.; Asghar, U.; Rivas, M.A.; Cutts, R.J.; Garcia-Murillas, I.; Pearson, A.;
Guzman, M.; Rodriguez, O.; Grueso, J.; et al. Early adaptation and acquired resistance to CDK4/6 inhibition
in estrogen receptor-positive breast cancer. Cancer Res. 2016, 76, 2301–2313. [CrossRef]

118. Guarducci, C.; Bonechi, M.; Benelli, M.; Biagioni, C.; Boccalini, G.; Romagnoli, D.; Verardo, R.; Schiff, R.;
Osborne, C.K.; De Angelis, C.; et al. Cyclin E1 and Rb modulation as common events at time of resistance to
palbociclib in hormone receptor-positive breast cancer. Npj Breast Cancer 2018, 4, 38. [CrossRef]

119. Turner, N.C.; Liu, Y.; Zhu, Z.; Loi, S.; Colleoni, M.; Loibl, S.; DeMichele, A.; Harbeck, N.; André, F.;
Bayar, M.A.M.; et al. Cyclin E1 expression and palbociclib efficacy in previously treated hormone
receptor-positive metastatic breast cancer. J. Clin. Oncol. 2019, 37, 1169–1178. [CrossRef]

120. Cox, A.D.; Fesik, S.W.; Kimmelman, A.C.; Luo, J.; Der, C.J. Drugging the undruggable RAS: Mission Possible?
Nat. Rev. Drug Discov. 2014, 13, 828–851. [CrossRef]

121. Gibbs, J.B.; Oliff, A.; Kohl, N.E. Farnesyltransferase inhibitors: Ras research yields a potential cancer
therapeutic. Cell 1994, 77, 175–178. [CrossRef]

122. Whyte, D.B.; Kirschmeier, P.; Hockenberry, T.N.; Nunez-Oliva, I.; James, L.; Catino, J.J.; Bishop, W.R.; Pai, J.K.
K- and N-Ras are geranylgeranylated in cells treated with farnesyl protein transferase inhibitors. J. Biol. Chem.
1997, 272, 14459–14464. [CrossRef] [PubMed]

123. Ostrem, J.M.; Peters, U.; Sos, M.L.; Wells, J.A.; Shokat, K.M. K-Ras(G12C) inhibitors allosterically control
GTP affinity and effector interactions. Nature 2013, 503, 548–551. [CrossRef] [PubMed]

124. Fakih, M.; O’Neil, B.; Price, T.J.; Falchook, G.S.; Desai, J.; Kuo, J.; Govindan, R.; Rasmussen, E.; Morrow, P.K.H.;
Ngang, J.; et al. Phase 1 study evaluating the safety, tolerability, pharmacokinetics (PK), and efficacy of
AMG 510, a novel small molecule KRAS G12C inhibitor, in advanced solid tumors. J. Clin. Oncol. 2019,
37, 3003. [CrossRef]

125. Lyons, J.F.; Wilhelm, S.; Hibner, B.; Bollag, G. Discovery of a novel Raf kinase inhibitor. In Endocrine-Related
Cancer; Bioscientifica: Bristol, UK, 2001; Volume 8, pp. 219–225.

126. Lee, J.T.; McCubrey, J.A. BAY-43-9006 Bayer/Onyx. Curr. Opin. Investig. Drugs 2003, 4, 757–763. [PubMed]
127. Wilhelm, S.M.; Carter, C.; Tang, L.Y.; Wilkie, D.; McNabola, A.; Rong, H.; Chen, C.; Zhang, X.; Vincent, P.;

McHugh, M.; et al. BAY 43-9006 exhibits broad spectrum oral antitumor activity and targets the RAF/MEK/ERK
pathway and receptor tyrosine kinases involved in tumor progression and angiogenesis. Cancer Res. 2004,
64, 7099–7109. [CrossRef]

http://dx.doi.org/10.15252/emmm.201607084
http://dx.doi.org/10.1158/1078-0432.CCR-19-0751
http://dx.doi.org/10.1038/onc.2016.379
http://www.ncbi.nlm.nih.gov/pubmed/27748766
http://dx.doi.org/10.1038/onc.2010.154
http://dx.doi.org/10.18632/oncotarget.12010
http://dx.doi.org/10.1016/j.ccell.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30537512
http://dx.doi.org/10.1093/emboj/16.17.5322
http://www.ncbi.nlm.nih.gov/pubmed/9311992
http://dx.doi.org/10.1158/1541-7786.MCR-17-0602
http://dx.doi.org/10.1158/0008-5472.CAN-15-0728
http://dx.doi.org/10.1038/s41523-018-0092-4
http://dx.doi.org/10.1200/JCO.18.00925
http://dx.doi.org/10.1038/nrd4389
http://dx.doi.org/10.1016/0092-8674(94)90308-5
http://dx.doi.org/10.1074/jbc.272.22.14459
http://www.ncbi.nlm.nih.gov/pubmed/9162087
http://dx.doi.org/10.1038/nature12796
http://www.ncbi.nlm.nih.gov/pubmed/24256730
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.3003
http://www.ncbi.nlm.nih.gov/pubmed/12901237
http://dx.doi.org/10.1158/0008-5472.CAN-04-1443


Pharmaceuticals 2020, 13, 418 24 of 26

128. Escudier, B.; Szczylik, C.; Eisen, T.; Stadler, W.M.; Schwartz, B.; Shan, M.; Bukowski, R.M. Randomized phase
III trial of the Raf kinase and VEGFR inhibitor sorafenib (BAY 43–9006) in patients with advanced renal cell
carcinoma (RCC). J. Clin. Oncol. 2005, 23, LBA4510. [CrossRef]

129. Chapman, P.B.; Robert, C.; Larkin, J.; Haanen, J.B.; Ribas, A.; Hogg, D.; Hamid, O.; Ascierto, P.A.; Testori, A.;
Lorigan, P.C.; et al. Vemurafenib in patients with BRAFV600 mutation-positive metastatic melanoma:
Final overall survival results of the randomized BRIM-3 study. Ann. Oncol. 2017, 28, 2581–2587. [CrossRef]

130. Hauschild, A.; Grob, J.J.; Demidov, L.V.; Jouary, T.; Gutzmer, R.; Millward, M.; Rutkowski, P.; Blank, C.U.;
Miller, W.H.; Kaempgen, E.; et al. Dabrafenib in BRAF-mutated metastatic melanoma: A multicentre,
open-label, phase 3 randomised controlled trial. Lancet 2012, 380, 358–365. [CrossRef]

131. Li, Z.; Jiang, K.; Zhu, X.; Lin, G.; Song, F.; Zhao, Y.; Piao, Y.; Liu, J.; Cheng, W.; Bi, X.; et al. Encorafenib (LGX818),
a potent BRAF inhibitor, induces senescence accompanied by autophagy in BRAFV600E melanoma cells.
Cancer Lett. 2016, 370, 332–344. [CrossRef]

132. Kopetz, S.; Grothey, A.; Yaeger, R.; Cuyle, P.-J.A.R.; Huijberts, S.; Schellens, J.H.M.; Elez, E.; Fakih, M.;
Montagut Viladot, C.; Peeters, M.; et al. Updated results of the BEACON CRC safety lead-in: Encorafenib
(ENCO) + binimetinib (BINI) + cetuximab (CETUX) for BRAFV600E-mutant metastatic colorectal cancer
(mCRC). J. Clin. Oncol. 2019, 37, 688. [CrossRef]

133. Long, G.V.; Hauschild, A.; Santinami, M.; Atkinson, V.; Mandal, M.; Chiarion-Sileni, V.; Larkin, J.; Nyakas, M.;
Dutriaux, C.; Haydon, A.; et al. Adjuvant dabrafenib plus trametinib in stage III BRAF-mutated melanoma.
N. Engl. J. Med. 2017, 377, 1813–1823. [CrossRef] [PubMed]

134. Subbiah, V.; Cabanillas, M.E.; Kreitman, R.J.; Wainberg, Z.A.; Cho, J.Y.; Keam, B.; Schellens, J.H.M.; Soria, J.C.;
Wen, P.Y.; Zielinski, C.; et al. Dabrafenib and trametinib treatment in patients with locally advanced or
metastatic BRAF V600–mutant anaplastic thyroid cancer. J. Clin. Oncol. 2018, 36, 7–13. [CrossRef] [PubMed]

135. Planchard, D.; Kim, T.M.; Mazieres, J.; Quoix, E.; Riely, G.; Barlesi, F.; Souquet, P.J.; Smit, E.F.; Groen, H.J.M.;
Kelly, R.J.; et al. Dabrafenib in patients with BRAFV600E-positive advanced non-small-cell lung cancer:
A single-arm, multicentre, open-label, phase 2 trial. Lancet Oncol. 2016, 17, 642–650. [CrossRef]

136. Ascierto, P.A.; McArthur, G.A.; Dréno, B.; Atkinson, V.; Liszkay, G.; Di Giacomo, A.M.; Mandalà, M.;
Demidov, L.; Stroyakovskiy, D.; Thomas, L.; et al. Cobimetinib combined with vemurafenib in advanced
BRAFV600-mutant melanoma (coBRIM): Updated efficacy results from a randomised, double-blind, phase 3
trial. Lancet Oncol. 2016, 17, 1248–1260. [CrossRef]

137. Dummer, R.; Ascierto, P.A.; Gogas, H.J.; Arance, A.; Mandala, M.; Liszkay, G.; Garbe, C.; Schadendorf, D.;
Krajsova, I.; Gutzmer, R.; et al. Overall survival in patients with BRAF-mutant melanoma receiving
encorafenib plus binimetinib versus vemurafenib or encorafenib (COLUMBUS): A multicentre, open-label,
randomised, phase 3 trial. Lancet Oncol. 2018, 19, 1315–1327. [CrossRef]

138. Robert, C.; Flaherty, K.T.; Hersey, P.; Nathan, P.D.; Garbe, C.; Milhem, M.M.; Demidov, L.V.; Hassel, J.C.;
Rutkowski, P.; Mohr, P.; et al. METRIC phase III study: Efficacy of trametinib (T), a potent and selective MEK
inhibitor (MEKi), in progression-free survival (PFS) and overall survival (OS), compared with chemotherapy
(C) in patients (pts) with BRAF V600E/K mutant advanced or metastatic melanoma (MM). J. Clin. Oncol.
2012, 30, LBA8509. [CrossRef]

139. Van Allen, E.M.; Wagle, N.; Sucker, A.; Treacy, D.J.; Johannessen, C.M.; Goetz, E.M.; Place, C.S.;
Taylor-Weiner, A.; Whittaker, S.; Kryukov, G.V.; et al. The genetic landscape of clinical resistance to
RAF inhibition in metastatic melanoma. Cancer Discov. 2014, 4, 94–109. [CrossRef]

140. Girotti, M.R.; Pedersen, M.; Sanchez-Laorden, B.; Viros, A.; Turajlic, S.; Niculescu-Duvaz, D.; Zambon, A.;
Sinclair, J.; Hayes, A.; Gore, M.; et al. Inhibiting EGF receptor or SRC family kinase signaling overcomes
BRAF inhibitor resistance in melanoma. Cancer Discov. 2013, 3, 158–167. [CrossRef]

141. Shi, H.; Hugo, W.; Kong, X.; Hong, A.; Koya, R.C.; Moriceau, G.; Chodon, T.; Guo, R.; Johnson, D.B.;
Dahlman, K.B.; et al. Acquired resistance and clonal evolution in melanoma during BRAF inhibitor therapy.
Cancer Discov. 2014, 4, 80–93. [CrossRef]

142. Shi, H.; Moriceau, G.; Kong, X.; Lee, M.K.; Lee, H.; Koya, R.C.; Ng, C.; Chodon, T.; Scolyer, R.A.; Dahlman, K.B.;
et al. Melanoma whole-exome sequencing identifies V600E B-RAF amplification-mediated acquired B-RAF
inhibitor resistance. Nat. Commun. 2012, 3, 724. [CrossRef] [PubMed]

143. Trunzer, K.; Pavlick, A.C.; Schuchter, L.; Gonzalez, R.; McArthur, G.A.; Hutson, T.E.; Moschos, S.J.;
Flaherty, K.T.; Kim, K.B.; Weber, J.S.; et al. Pharmacodynamic effects and mechanisms of resistance to
vemurafenib in patients with metastatic melanoma. J. Clin. Oncol. 2013, 31, 1767–1774. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/jco.2005.23.16_suppl.lba4510
http://dx.doi.org/10.1093/annonc/mdx339
http://dx.doi.org/10.1016/S0140-6736(12)60868-X
http://dx.doi.org/10.1016/j.canlet.2015.11.015
http://dx.doi.org/10.1200/JCO.2019.37.4_suppl.688
http://dx.doi.org/10.1056/NEJMoa1708539
http://www.ncbi.nlm.nih.gov/pubmed/28891408
http://dx.doi.org/10.1200/JCO.2017.73.6785
http://www.ncbi.nlm.nih.gov/pubmed/29072975
http://dx.doi.org/10.1016/S1470-2045(16)00077-2
http://dx.doi.org/10.1016/S1470-2045(16)30122-X
http://dx.doi.org/10.1016/S1470-2045(18)30497-2
http://dx.doi.org/10.1200/jco.2012.30.18_suppl.lba8509
http://dx.doi.org/10.1158/2159-8290.CD-13-0617
http://dx.doi.org/10.1158/2159-8290.CD-12-0386
http://dx.doi.org/10.1158/2159-8290.CD-13-0642
http://dx.doi.org/10.1038/ncomms1727
http://www.ncbi.nlm.nih.gov/pubmed/22395615
http://dx.doi.org/10.1200/JCO.2012.44.7888
http://www.ncbi.nlm.nih.gov/pubmed/23569304


Pharmaceuticals 2020, 13, 418 25 of 26

144. Paraiso, K.H.T.; Fedorenko, I.V.; Cantini, L.P.; Munko, A.C.; Hall, M.; Sondak, V.K.; Messina, J.L.; Flaherty, K.T.;
Smalley, K.S.M. Recovery of phospho-ERK activity allows melanoma cells to escape from BRAF inhibitor
therapy. Br. J. Cancer 2010, 102, 1724–1730. [CrossRef] [PubMed]

145. Merchant, M.; Moffat, J.; Schaefer, G.; Chan, J.; Wang, X.; Orr, C.; Cheng, J.; Hunsaker, T.; Shao, L.;
Wang, S.J.; et al. Combined MEK and ERK inhibition overcomes therapy-mediated pathway reactivation in
RAS mutant tumors. PLoS ONE 2017, 12, e0185862. [CrossRef] [PubMed]

146. Germann, U.A.; Furey, B.F.; Markland, W.; Hoover, R.R.; Aronov, A.M.; Roix, J.J.; Hale, M.; Boucher, D.M.;
Sorrell, D.A.; Martinez-Botella, G.; et al. Targeting the MAPK signaling pathway in cancer: Promising
preclinical activity with the novel selective ERK1/2 inhibitor BVD-523 (ulixertinib). Mol. Cancer Ther. 2017,
16, 2351–2363. [CrossRef]

147. Sullivan, R.J.; Infante, J.R.; Janku, F.; Jean Lee Wong, D.; Sosman, J.A.; Keedy, V.; Patel, M.R.; Shapiro, G.I.;
Mier, J.W.; Tolcher, A.W.; et al. First-in-Class ERK1/2 Inhibitor Ulixertinib (BVD-523) in Patients with MAPK
Mutant Advanced Solid Tumors: Results of a Phase I Dose-Escalation and Expansion Study. Cancer Discov.
2018, 8, 184–195. [CrossRef]

148. Chin, H.; Lai, D.; Falchook, G. Extracellular signal-regulated kinase (ERK) inhibitors in oncology clinical
trials. J. Immunother. Precis. Oncol. 2019, 2, 10. [CrossRef]

149. Sunaga, N.; Miura, Y.; Tsukagoshi, Y.; Kasahara, N.; Masuda, T.; Sakurai, R.; Kaira, K.; Hisada, T.
Dual inhibition of MEK and p38 impairs tumor growth in KRAS-mutated non-small cell lung cancer.
Oncol. Lett. 2019, 17, 3569. [CrossRef]

150. Vitos-Faleato, J.; Real, S.M.; Gutierrez-Prat, N.; Villanueva, A.; Llonch, E.; Drosten, M.; Barbacid, M.;
Nebreda, A.R. Requirement for epithelial p38α in KRAS-driven lung tumor progression. Proc. Natl. Acad.
Sci. USA 2020, 117, 2588–2596. [CrossRef]

151. Pranteda, A.; Piastra, V.; Stramucci, L.; Fratantonio, D.; Bossi, G. The p38 mapk signaling activation in
colorectal cancer upon therapeutic treatments. Int. J. Mol. Sci. 2020, 21, 2773. [CrossRef]

152. Pedersen, I.M.; Buhl, A.M.; Klausen, P.; Geisler, C.H.; Jurlander, J. The chimeric anti-CD20 antibody
rituximab induces apoptosis in B-cell chronic lymphocytic leukemia cells through a p38 mitogen activated
protein-kinase-dependent mechanism. Blood 2002, 99, 1314–1319. [CrossRef] [PubMed]

153. Pereira, L.; Igea, A.; Canovas, B.; Dolado, I.; Nebreda, A.R. Inhibition of p38 MAPK sensitizes tumour
cells to cisplatin-induced apoptosis mediated by reactive oxygen species and JNK. Embo Mol. Med. 2013,
5, 1759–1774. [CrossRef] [PubMed]

154. Yamamoto, T.; Ebisuya, M.; Ashida, F.; Okamoto, K.; Yonehara, S.; Nishida, E. Continuous ERK Activation
Downregulates Antiproliferative Genes throughout G1 Phase to Allow Cell-Cycle Progression. Curr. Biol.
2006, 16, 1171–1182. [CrossRef] [PubMed]

155. Chen, S.-H.; Gong, X.; Zhang, Y.; Van Horn, R.D.; Yin, T.; Huber, L.; Burke, T.F.; Manro, J.; Iversen, P.W.;
Wu, W.; et al. RAF inhibitor LY3009120 sensitizes RAS or BRAF mutant cancer to CDK4/6 inhibition by
abemaciclib via superior inhibition of phospho-RB and suppression of cyclin D1. Nat. Publ. Gr. 2018,
37, 821–832. [CrossRef]

156. Yadav, V.; Burke, T.F.; Huber, L.; Van Horn, R.D.; Zhang, Y.; Buchanan, S.G.; Chan, E.M.; Starling, J.J.;
Beckmann, R.P.; Peng, S. Bin The CDK4/6 inhibitor LY2835219 overcomes vemurafenib resistance resulting
from MAPK reactivation and cyclin D1 upregulation. Mol. Cancer 2014, 13, 2253–2263. [CrossRef]

157. Li, Z.; Wang, B.; Gu, S.; Jiang, P.; Sahu, A.; Chen, C.H.; Han, T.; Shi, S.; Wang, X.; Traugh, N.; et al.
CRISPR Screens Identify Essential Cell Growth Mediators in BRAF Inhibitor-resistant Melanoma.
Genom. Proteom. Bioinform. 2020, 18, 26–40. [CrossRef]

158. Ramsdale, R.; Jorissen, R.N.; Li, F.Z.; Al-Obaidi, S.; Ward, T.; Sheppard, K.E.; Bukczynska, P.E.; Young, R.J.;
Boyle, S.E.; Shackleton, M.; et al. The transcription cofactor c-JUN mediates phenotype switching and BRAF
inhibitor resistance in melanoma. Sci. Signal. 2015, 8, ra82. [CrossRef]

159. Kim, H.S.; Jung, M.; Kang, H.N.; Kim, H.; Park, C.W.; Kim, S.M.; Shin, S.J.; Kim, S.H.; Kim, S.G.; Kim, E.K.; et al.
Oncogenic BRAF fusions in mucosal melanomas activate the MAPK pathway and are sensitive to MEK/PI3K
inhibition or MEK/CDK4/6 inhibition. Oncogene 2017, 36, 3334–3345. [CrossRef]

160. Kwong, L.N.; Costello, J.C.; Liu, H.; Jiang, S.; Helms, T.L.; Langsdorf, A.E.; Jakubosky, D.; Genovese, G.;
Muller, F.L.; Jeong, J.H.; et al. Oncogenic NRAS signaling differentially regulates survival and proliferation
in melanoma. Nat. Med. 2012, 18, 1503–1510. [CrossRef]

http://dx.doi.org/10.1038/sj.bjc.6605714
http://www.ncbi.nlm.nih.gov/pubmed/20531415
http://dx.doi.org/10.1371/journal.pone.0185862
http://www.ncbi.nlm.nih.gov/pubmed/28982154
http://dx.doi.org/10.1158/1535-7163.MCT-17-0456
http://dx.doi.org/10.1158/2159-8290.CD-17-1119
http://dx.doi.org/10.4103/JIPO.JIPO_17_18
http://dx.doi.org/10.3892/ol.2019.10009
http://dx.doi.org/10.1073/pnas.1921404117
http://dx.doi.org/10.3390/ijms21082773
http://dx.doi.org/10.1182/blood.V99.4.1314
http://www.ncbi.nlm.nih.gov/pubmed/11830481
http://dx.doi.org/10.1002/emmm.201302732
http://www.ncbi.nlm.nih.gov/pubmed/24115572
http://dx.doi.org/10.1016/j.cub.2006.04.044
http://www.ncbi.nlm.nih.gov/pubmed/16782007
http://dx.doi.org/10.1038/onc.2017.384
http://dx.doi.org/10.1158/1535-7163.MCT-14-0257
http://dx.doi.org/10.1016/j.gpb.2020.02.002
http://dx.doi.org/10.1126/scisignal.aab1111
http://dx.doi.org/10.1038/onc.2016.486
http://dx.doi.org/10.1038/nm.2941


Pharmaceuticals 2020, 13, 418 26 of 26

161. Sosman, J.A.; Kittaneh, M.; Lolkema, M.P.J.K.; Postow, M.A.; Schwartz, G.; Franklin, C.; Matano, A.;
Bhansali, S.; Parasuraman, S.; Kim, K. A phase 1b/2 study of LEE011 in combination with binimetinib
(MEK162) in patients with NRAS -mutant melanoma: Early encouraging clinical activity. J. Clin. Oncol. 2014,
32, 9009. [CrossRef]

162. Lee, M.S.; Helms, T.L.; Feng, N.; Gay, J.; Chang, Q.E.; Tian, F.; Wu, J.Y.; Toniatti, C.; Heffernan, T.P.;
Powis, G.; et al. Efficacy of the combination of MEK and CDK4/6 inhibitors in vitro and in vivo in KRAS
mutant colorectal cancer models. Oncotarget 2016, 7, 39595–39608. [CrossRef] [PubMed]

163. Zhou, J.; Zhang, S.; Chen, X.; Zheng, X.; Yao, Y.; Lu, G.; Zhou, J. Palbociclib, a selective CDK4/6
inhibitor, enhances the effect of selumetinib in RAS-driven non-small cell lung cancer. Cancer Lett. 2017,
408, 130–137. [CrossRef]

164. Guiley, K.Z.; Stevenson, J.W.; Lou, K.; Barkovich, K.J.; Kumarasamy, V.; Wijeratne, T.U.; Bunch, K.L.;
Tripathi, S.; Knudsen, E.S.; Witkiewicz, A.K.; et al. P27 allosterically activates cyclin-dependent kinase 4 and
antagonizes palbociclib inhibition. Science 2019, 366, eaaw2106. [CrossRef]

165. Nebenfuehr, S.; Kollmann, K.; Sexl, V. The role of CDK6 in cancer. Int. J. Cancer 2020, ijc.33054. [CrossRef]
166. Eleveld, T.F.; Oldridge, D.A.; Bernard, V.; Koster, J.; Daage, L.C.; Diskin, S.J.; Schild, L.; Bentahar, N.B.;

Bellini, A.; Chicard, M.; et al. Relapsed neuroblastomas show frequent RAS-MAPK pathway mutations.
Nat. Genet. 2015, 47, 864–871. [CrossRef] [PubMed]

167. Hart, L.S.; Rader, J.A.; Raman, P.; Batra, V.; Russell, M.R.; Tsang, M.; Gagliardi, M.; Chen, L.; Martinez, D.;
Li, Y.; et al. Preclinical therapeutic synergy of MEK1/2 and CDK4/6 inhibition in neuroblastoma.
Clin. Cancer Res. 2017, 23, 1785–1796. [CrossRef] [PubMed]

168. Li, X.; Yang, C.; Wan, H.; Zhang, G.; Feng, J.; Zhang, L.; Chen, X.; Zhong, D.; Lou, L.; Tao, W.; et al.
Discovery and development of pyrotinib: A novel irreversible EGFR/HER2 dual tyrosine kinase inhibitor
with favorable safety profiles for the treatment of breast cancer. Eur. J. Pharm. Sci. 2017, 110, 51–61.
[CrossRef] [PubMed]

169. Ma, F.; Li, Q.; Chen, S.; Zhu, W.; Fan, Y.; Wang, J.; Luo, Y.; Xing, P.; Lan, B.; Li, M.; et al. Phase I Study
and Biomarker Analysis of Pyrotinib, a Novel Irreversible Pan-ErbB Receptor Tyrosine Kinase Inhibitor, in
Patients With Human Epidermal Growth Factor Receptor 2–Positive Metastatic Breast Cancer. J. Clin. Oncol.
2017, 35, 3105–3112. [CrossRef] [PubMed]

170. Zhang, K.; Hong, R.; Kaping, L.; Xu, F.; Xia, W.; Qin, G.; Zheng, Q.; Lu, Q.; Zhai, Q.; Shi, Y.; et al.
CDK4/6 inhibitor palbociclib enhances the effect of pyrotinib in HER2-positive breast cancer. Cancer Lett.
2019, 447, 130–140. [CrossRef]

171. Santarius, T.; Shipley, J.; Brewer, D.; Stratton, M.R.; Cooper, C.S. A census of amplified and overexpressed
human cancer genes. Nat. Rev. Cancer 2010, 10, 59–64. [CrossRef]

172. Yu, Q.; Geng, Y.; Sicinski, P. Specific protection against breast cancers by cyclin D1 ablation. Nature 2001,
411, 1017–1021. [CrossRef] [PubMed]

173. Musgrove, E.A.; Caldon, C.E.; Barraclough, J.; Stone, A.; Sutherland, R.L. Cyclin D as a therapeutic target in
cancer. Nat. Rev. Cancer 2011, 11, 558–572. [CrossRef] [PubMed]

174. De Leeuw, R.; McNair, C.; Schiewer, M.J.; Neupane, N.P.; Brand, L.J.; Augello, M.A.; Li, Z.; Cheng, L.C.;
Yoshida, A.; Courtney, S.M.; et al. MAPK Reliance via acquired CDK4/6 inhibitor resistance in cancer.
Clin. Cancer Res. 2018, 24, 4201–4214. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1200/jco.2014.32.15_suppl.9009
http://dx.doi.org/10.18632/oncotarget.9153
http://www.ncbi.nlm.nih.gov/pubmed/27167191
http://dx.doi.org/10.1016/j.canlet.2017.08.031
http://dx.doi.org/10.1126/science.aaw2106
http://dx.doi.org/10.1002/ijc.33054
http://dx.doi.org/10.1038/ng.3333
http://www.ncbi.nlm.nih.gov/pubmed/26121087
http://dx.doi.org/10.1158/1078-0432.CCR-16-1131
http://www.ncbi.nlm.nih.gov/pubmed/27729458
http://dx.doi.org/10.1016/j.ejps.2017.01.021
http://www.ncbi.nlm.nih.gov/pubmed/28115222
http://dx.doi.org/10.1200/JCO.2016.69.6179
http://www.ncbi.nlm.nih.gov/pubmed/28498781
http://dx.doi.org/10.1016/j.canlet.2019.01.005
http://dx.doi.org/10.1038/nrc2771
http://dx.doi.org/10.1038/35082500
http://www.ncbi.nlm.nih.gov/pubmed/11429595
http://dx.doi.org/10.1038/nrc3090
http://www.ncbi.nlm.nih.gov/pubmed/21734724
http://dx.doi.org/10.1158/1078-0432.CCR-18-0410
http://www.ncbi.nlm.nih.gov/pubmed/29739788
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Role of CDK6 in Cancer 
	The Role of MAPKs in Cancer 
	The Unique Dual Role of p38 
	CDK6 as a Target in Cancer Therapy 
	Resistance to CDK4/6 Inhibitors 
	MAPK as Target in Cancer Therapy 
	Combinatorial Treatment with CDK4/6 and MAPK Inhibitors 
	Future Perspectives 
	References

