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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. Protein kinases as signaling

switchboards are frequently deregulated in cancer and signify vulnerable nodes and potential therapeutic targets.
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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 . 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 . MAPK cascades are structured in three core protein kinases (MAP3K, MAP2K and

MAPK), which allows a tight regulation  (Figure 1).

The MAPK pathway interferes with the cell cycle machinery at many stages . 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 . While ERK signaling stimulates cyclin D1 expression

upon growth factor exposure, p38 signaling suppresses cyclin D1 expression . 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 . 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  (Figure 1).

Another layer of complexity is added as the ERK pathway regulates cell cycle progression dependent on the intensity and

duration of the stimulating signal . Whereas pronounced Raf activation triggers the induction of CDK4/6 inhibitor

p21  and inhibits G1/S progression, moderate Raf signaling promotes DNA synthesis and expression of cyclin D1 .

In addition, p38 stabilizes the p21  protein . High p21  levels induce a G1 arrest by binding to and inactivating G1

phase CDKs . 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 . Thus p38 serves as a sensor of DNA

damage and puts the break on the cell cycle at the G2/M border.
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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 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 . 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.

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 ,

glioma  and melanoma . While a mutant form of CDK4 associated with insensitivity towards the inhibitory INK4

proteins is found in familiar melanoma , no mutations have been identified so far in CDK6. Alterations for CDK6 include

overexpression, which is frequently found in hematologic malignancies . 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 . 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

. The proto-oncogene c-Jun not only drives angiogenesis together with CDK6 but may also regulate the expression of
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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 p16  . Thereby, CDK6 induces its own inhibitor p16 , 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 p16  determines whether CDK6 acts as a tumor-suppressor. In the absence of

p16  CDK6 turns into a proto-oncogene . 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 . Only the presence of CDK4,

which takes over cell cycle regulation, frees CDK6 to act as a transcriptional regulator .

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 . 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 p27  . In prostate cancer, androgen receptor-dependent transcription is

stimulated by direct binding of CDK6 . 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 differentiation . Interference with myeloid differentiation was also observed in

MLL/AF9-driven myeloid leukemia, where CDK6 inhibition triggered differentiation .

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 . As such, it represents one of

the most frequently mutated pathways in cancer . 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 . Mutations keep the Ras family of GTPases in an active GTP bound state  and

predominantly affect KRAS . Mutations in BRAF are the most common RAF mutations with one specific point mutation

(BRAF ) being present in more than 90% of cases . 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 .

Aberrant ERK signaling is also described in hematopoietic malignancies and promotes cell growth and survival . A

large subset of primary AML shows constitutively activated ERK signaling indicative for a crucial role in leukemogenesis

. In chronic myeloid leukemia (CML), the oncogenic fusion kinase BCR-ABL activates MAPK pathways that are

suggested to promote leukemogenesis . BCR-ABL inhibition is synergistic with inhibition of the ERK pathway and

induces apoptosis in BCR-ABL positive cells .

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 . Another example is the activating transcription factor 2 (ATF2), which is a direct

target of p38 . Phosphorylated ATF2 forms heterodimers with members of the Jun family to associate with AP-1 binding

sites, further enhancing expression of c-Jun .

Members of the AP-1 family interact with CDK6 on chromatin to regulate transcription . 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.

Figure 2. The interplay of CDK4/6 and the MAPK pathways in the context of AP-1. Adapted from . 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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