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Abstract:



MYC is a pleiotropic transcription factor that controls a number of fundamental cellular processes required for the proliferation and survival of normal and malignant cells, including the cell cycle. MYC interacts with several central cell cycle regulators that control the balance between cell cycle progression and temporary or permanent cell cycle arrest (cellular senescence). Among these are the cyclin E/A/cyclin-dependent kinase 2 (CDK2) complexes, the CDK inhibitor p27KIP1 (p27) and the E3 ubiquitin ligase component S-phase kinase-associated protein 2 (SKP2), which control each other by forming a triangular network. MYC is engaged in bidirectional crosstalk with each of these players; while MYC regulates their expression and/or activity, these factors in turn modulate MYC through protein interactions and post-translational modifications including phosphorylation and ubiquitylation, impacting on MYC’s transcriptional output on genes involved in cell cycle progression and senescence. Here we elaborate on these network interactions with MYC and their impact on transcription, cell cycle, replication and stress signaling, and on the role of other players interconnected to this network, such as CDK1, the retinoblastoma protein (pRB), protein phosphatase 2A (PP2A), the F-box proteins FBXW7 and FBXO28, the RAS oncoprotein and the ubiquitin/proteasome system. Finally, we describe how the MYC/CDK2/p27/SKP2 axis impacts on tumor development and discuss possible ways to interfere therapeutically with this system to improve cancer treatment.
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1. Introduction


The MYC oncogene family, consisting of MYC, MYCN, and MYCL, here collectively referred to as “MYC”, encodes transcription factors that contain a basic region/helix-loop-helix/leucine zipper (bHLHZip) type of DNA-binding and protein interaction domain. All MYC proteins heterodimerize with the obligatory bHLHZip protein MAX, which enables the MYC:MAX heterodimer to bind so-called E-box DNA sequences (CACGTG and similar sequences) situated in regulatory regions of target genes [1,2,3,4,5]. In doing so, MYC has the ability to regulate target genes by recruiting different cofactors participating in chromatin modification and remodeling and/or in the initiation and elongation of RNA Pol I, II, and III-mediated transcription. This involves protein–protein interactions with a number of proteins, engaging the evolutionary conserved MYC boxes (MB) 1–4 situated in the transactivation domain (TAD) and other parts of the MYC protein [5,6] (Figure 1, lower part). Examples of such cofactors are TRRAP, which binds MYC via MYC box 2 (MB2) and is part of the SAGA and other histone acetyl transferase (HAT) complexes [7]. MYC also binds the HAT-containing cofactor p300/CBP [8,9,10,11,12]. Post-translational modifications such as acetylation, methylation, phosphorylation and ubiquitylation at specific sites along histone tails play important roles in regulation of chromatin structure and transcription [13]. Recently two components of the multisubunit COMPASS/mixed lineage leukemia (MLL) histone H4 methylase complexes, WRD5 [14] and ASH2L [15], were found to interact with MYC, the former which seems to stabilize MYC’s interaction with chromatin [14], while interaction with the latter was shown to promote histone H3 lysine 27 (H3K27) demethylation and subsequent H3K27 acetylation [15]. H3K27 acetylation is like histone H3 lysine 4 (H3K4) methylation a mark for actively transcribed genes [16]. Further, the INI1/SNF5 subunit of ATP-dependent chromatin remodeling complexes has been reported to interact with the bHLHZip domain of MYC. The area around MYC box 1 (MB1), which like MB2 is part of the TAD, plays a regulatory role and interacts with a number of factors controlling MYC activity and turnover (see further below), as well as positive transcription elongation factor P-TEFb (cyclin T/CDK9) [17,18,19] and PAF1 [20], which play important roles in regulation of transcription elongation. In addition, MYC also interacts with other specific DNA-binding transcription factors including MIZ1, SP1 and SMADS [21,22,23]. The former takes part in MYC-mediated repression of transcription [24,25,26,27]. Repression is also mediated by MYC’s binding to SIN3 [28] and HDAC3 [29], which are part of histone deacetylase (HDAC) transcriptional repressor complexes. Through these protein–DNA and protein–protein interactions, MYC directly regulates transcription of a large number of genes, which in turn affects global transcription and protein synthesis, thereby controlling a number of fundamental processes in the cell including cell growth and division, cell survival and differentiation, metabolism, cellular senescence and stem cell functions [2,3,4,5,26,30,31,32,33].


Figure 1. MYC structure and interaction partners. Lower part: The structure of MYC with evolutionary conserved regions of MYC, including the MYC boxes (MB) 1–4 and basic region/helix-loop-helix/leucine zipper (bHLHZip) domain, are depicted as blue boxes. Proteins of interest for this review interacting with respective regions, including regulators of transcription/chromatin, components of E3 ubiquitin ligase complexes and proteins with other functions described in the text are indicated in light green, pink or violet, respectively. Upper part: Enlargement of MB1. Proteins involved in regulation of the phosphorylation status of threonine-58 (Thr-58) and serine-62 (Ser-62), and the biological output of these phosphorylations are indicated. Ser-62, which plays a role in regulating protein stability, transcription, proliferation and oncogenesis, is phosphorylated by indicated kinases. This phosphorylation facilitates glycogen synthase kinase 3β (GSK3β)-mediated phosphorylation of Thr-58, which is a signal for F-box protein FBX7-mediated proteasomal degradation linked to growth suppression and apoptosis. The activity of GSK3β is blocked by phosphorylation via the phosphatidylinositol-3-kinase (PI3K)/AKT pathway. The phosphorylation status of Ser-62 is also regulated by the protein phosphatase 2A (PP2A) with assistance from the PIN1 prolyl isomerase acting on proline-53 (Pro-53). PP2A can be blocked by endogenous inhibitory proteins such as cancerous inhibitor of PP2A (CIP2A). Proteins, depicted in black, represent factors with growth-promoting/oncogenic function, while those in orange represent growth/tumor-suppressive function in this context. PIN1, which plays a dual function, is depicted partly in black and partly orange. See the text for further explanation.
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The MYC oncogenes are key players in cancer initiation and progression, being critical for maintaining the tumorigenic state in numerous cancer types. Since they function as such a broad-ranged transcription factor, levels of MYC availability and magnitude of MYC activity need to be in tight control to balance the cell’s transcriptional output. This tight control is lost during tumor development. In contrast to many other oncogenes, the oncogenic features of the MYC family genes and gene products are mainly characterized by deregulated gene expression, caused by alterations at the DNA, RNA and/or protein levels through for instance gene amplification, chromosomal translocation, transcriptional deregulation or protein stabilization [2,3,4,5]. In fact, the MYC locus is the most frequently amplified locus across human tumors, leading to MYC overexpression [34]. Regulation of transcription of the MYC locus is very complex and is under the control of a number of different proximal promoter elements and distal enhancers, including super-enhancers, that are able to respond by numerous signaling pathways involved in cell proliferation, survival, differentiation or other cellular cues [2,5,30,35,36,37,38,39]. Deregulation of such signaling pathways in cancer therefore frequently leads to deregulation of MYC expression. Further, the MYC protein is subjected to a number of modifications that regulate MYC activity and/or turnover, including phosphorylation, ubiquitylation (proteolytic or non-proteolytic), acetylation and small ubiquitin-related modifier (SUMO)-ylation [3,4,40,41,42,43,44]. Cellular signal transduction pathways in turn regulate the activities of the enzymes responsible for these modifications. Regulation of MYC protein level occurs mainly by the ubiquitin/proteasome system and is also responsive to cell signaling. The MYC protein is very short-lived, having a half-life of around 30 min. A number of E3 ubiquitin ligases have been implicated in ubiquitylation of MYC, including SKP2, FBXW7, HUWE1/HECTH9, FBX29, βTRCP, TRUSS, PIRH2, FBXO28, CHIP and FBXL14 (for review see [40,44]). In addition, MYC protein levels are regulated at the level of mRNA translation through the 5′ cap mRNA-binding eIF4F complex but also through internal ribosomal entry site elements that are bound by eIF4A-containing complexes, both of which are controlled by mammalian target of rapamycin (mTOR) signaling [45,46,47,48].



This review focuses on regulation of MYC through protein–protein interactions and post-translational modifications at MYC-boxes 1 and 4 involving cyclin-dependent kinase 2 (CDK2), the cyclin-dependent kinase inhibitor p27KIP1 (referred to from now on as p27) and the S-phase kinase-associated protein 2 (SKP2), together constituting the CDK2/p27/SKP2 network, and the impact this pathway has on MYC-regulated transcription and tumorigenesis. We further elaborate on possible therapeutic interventions within this pathway as a potential new strategy to target MYC in cancer.




2. MYC Regulation by Phosphorylations in MYC-Box 1


The N-terminal MYC-box 1 (MB1) in the transactivation domain is one of the important regulatory regions of MYC, playing a role in transcriptional activity and transformation. It also encompasses a conserved phospho-degron, i.e., an amino acid sequence containing a phosphorylation site(s) involved in protein degradation [40,49]. Two phosphorylation sites in particular, threonine 58 (Thr-58) and serine 62 (Ser-62), are essential for this regulation (Figure 1, upper part). Ser-62 is phosphorylated by ERK and other mitogen-activated protein kinases (MAPK) as a result of mitogenic RAS or stress signaling [50,51,52,53,54,55,56] but also by cyclin-dependent kinases CDK2, CDK1 and CDK5 [54,57,58,59,60]. Further, the PIM1 kinase has been reported to be engaged in this phosphorylation [61,62], but it is unclear if this effect is direct or indirect. Phosphorylation at Ser-62 facilitates (“primes”) subsequent phosphorylation at the nearby Thr-58 site by glycogen synthase kinase 3β (GSK3β) [51,53,63]. The phosphorylated Thr-58/Ser-62 residues constitute a binding site for the F-box protein FBXW7 [64,65], which is the substrate binding subunit of a larger so-called SCF (Skp1–Cullin1–F-box) E3 ubiquitin ligase complex [66]. This results in poly-ubiquitylation and the subsequent degradation of MYC by the 26S proteasome. Mutation of Thr-58 occurs in about half of Burkitt’s lymphomas, leading to stabilization of MYC due to impaired proteasome turnover and evasion of apoptosis [53,67,68,69,70]. Loss of FBXW7 results in decreased turnover of MYC for the same reason, and has been reported in uterine, colorectal and bladder cancers, T-acute lymphoblastic leukemia (ALL) among other tumors [34,71,72]. Since GSK3β is negatively regulated by AKT phosphorylation [73], activation of the phosphatidylinositol-3-kinase (PI3K)/AKT pathway, for instance through RAS signaling can lead to stabilization of Ser-62-phosphorylated MYC by preventing GSK3β-mediated Thr-58 phosphorylation [53,74,75,76].



Adding another layer of complexity, Sears’ laboratory reported that degradation of MYC required PIN1-assisted de-phosphorylation at Ser-62 by protein phosphatase 2A (PP2A) [56]. According to this model, prolyl isomerization of proline 63 (Pro 63) from cis to trans by PIN1 in Thr-58/Ser-62 double phosphorylated MYC enables dephosphorylation of Ser-62 by PP2A, and subsequent FBXW7-mediated MYC degradation (Figure 1, upper part). In this process, Axin acts as a scaffold, bringing together phosphorylated MYC, GSK3β, PIN1, PP2A and FBXW7 [77]. Splice mutations in Axin affecting its scaffolding function occur in some cancers, thereby impairing MYC degradation [78]. Furthermore, Westermarck’s laboratory reported that de-phosphorylation of Ser-62 by PP2A was counteracted by the protein Cancerous Inhibitor of PP2A (CIP2A), leading to MYC stabilization [79]. CIP2A has been found to be overexpressed in many types of cancers [80].



It is, however, still unclear why de-phosphorylation of Ser-62 would be required for FBXW7-mediated degradation, since FBXW7 binds a double Ser-62/Thr-58 phosphorylated MYC peptide with as high or higher affinity [65], and since FBXW7 binds and ubiquitylates many other substrates in a double phosphorylated configuration similar to Ser-62/Thr-58 in MB1 [72]. Possibly, phosphorylated Ser-62 provides a binding site in the cell for another protein(s) stabilizing MYC, perhaps by excluding binding by FBXW7. This remains to be elucidated.




3. Role of Ser-62 Phosphorylation in the Regulation of MYC’s Biological Activity


Although still somewhat of a conundrum, evidence is accumulating that phosphorylation at Ser-62 not only primes for Thr-58 phosphorylation and MYC destruction, but also plays an independent role in MYC regulation (Figure 1, upper part). If the sole function of phosphorylated Ser-62 would be to stimulate Thr-58 phosphorylation, one would expect Ser-62 missense mutations to impact MYC in a similar way as Thr-58 mutations, namely stabilization of MYC and increased transforming capacity. However, it was reported early on that transformation of primary rat embryo fibroblasts (REFs) by RAS and MYC, was potentiated by MYC T58A but severely reduced by a S62A mutant [81,82], although this phenomenon may be linked to activated RAS signaling since it was not observed in the absence of mutant RAS [83]. Similar results were obtained in primary human fibroblasts transformed by RAS, MYC and telomerase (hTERT); HEK cells expressing RAS, hTERT and T58A MYC formed tumors in vivo, while RAS and hTERT in combination with S62A did not [56]. Using the primary REF system, our laboratory showed that wild-type (WT) MYC and T58A MYC suppressed RAS-induced cellular senescence, while the S62A mutant was unable to do so [58]. Taken together, these results suggest that the Thr-58 and Ser-62 phosphorylations support two independent, opposite functions, at least with respect to cooperation with RAS, and that mutation of the Ser-62 phosphorylation site interferes with MYC and RAS cooperativity during transformation (Figure 1, upper part). Further information about the biological role of Ser-62 comes from Sears’ laboratory, which utilized MYC knock-in mice where either WT MYC or MYC phosphorylation mutants were specifically expressed in mammary glands [84]. WT MYC increased mammary gland density but did not induce tumors. Interestingly, the MYC Ser-62 mutant mice displayed decreased mammary gland density and ductal branching compared to WT mice. Intriguingly, both MYC Ser-62 and Thr-58 mutant mice displayed genomic instability, but only MYC Thr-58 mutant mice developed carcinomas. This difference could be attributed to the onset, or lack thereof, of intrinsic tumor suppressor mechanisms. Indeed, expression of the Thr-58 mutant in the mammary gland suppressed apoptosis [84], and possibly also senescence, as reported in fibroblasts [58], while expression of the Ser-62 mutant did not.




4. Role of Ser-62 Phosphorylation in Stabilization of MYC


Why would Ser-62 phosphorylation increase the biological activity of MYC? One suggested mechanism is protein stabilization (Figure 1, upper part) [53], supported also by the observed de-phosphorylation of Ser-62 by PP2A during FBXW7-mediated ubiquitylation and degradation [56]. Serum stimulation or ectopic expression of RAS (which both induce Ser-62 phosphorylation) was reported to stabilize WT MYC but not the S62A mutant [53]. Further, inhibition of PP2A, which increases Ser-62 phosphorylation, stabilized MYC, while depletion of the PP2A inhibitory protein CIP2A, which decreases Ser-62 phosphorylation, destabilized MYC [56,79], thus demonstrating a good correlation between Ser-62 phosphorylation and MYC stability. CIP2A was also shown to be required for the induced MYC stability after serum stimulation [85].



Contradictory to these reports, CDK1-induced phosphorylation of MYCN at Ser 54 (which corresponds to MYC Ser-62 in the evolutionary conserved MB1) did not stabilize the protein during mitosis in neuronal cells, but instead resulted in rapid degradation of MYCN via GSK3β-mediated phosphorylation of Thr-50 (corresponding to MYC Thr-58). Further, inhibition of PP2A also increased degradation of MYC in this system, correlating with increased Ser-62 phosphorylation [60].



Although there seems to be a general agreement that Thr-58 phosphorylation destabilizes MYC, there are thus conflicting data on whether Ser-62 phosphorylation affects MYC stability. If Ser-62 phosphorylation stabilizes MYC, one would expect a S62A mutant to decrease stability. However, this mutant has been reported to exhibit a similar half-life to the WT MYC in REF52 cells [53], or increased stability such as in primary cerebellar granule neuron precursor cells [74] as well as in 2fTGH fibrosarcoma cells [58] compared to WT MYCN and WT MYC, respectively. Further, expression of this mutant in the mouse mammary gland suggested that it has increased stability compared to WT MYC [84,85].



What could be the explanation for these discrepancies? The literature seems to agree that as a priming event, Ser-62 phosphorylation does promote FBXW7-induced MYC degradation. However, the execution of this signal can be enhanced/speeded up or dampened/delayed by a number of other players, including PP2A, PIN1 and GSK3β in response to RAS, PI3K/AKT or WNT signaling, as mentioned above. In addition, FBXW7-induced degradation of MYC is fine-tuned by the de-ubiquitylation enzyme USP28 [86], which slows down poly-ubiquitylation, as well as by the E3 ligase βTRCP, which counteracts FBXW7 by conjugating mixed Ub chains to MYC that disfavors degradation. All these players will be differentially expressed or active in various tissues and phases of the cell cycle depending on proliferative potential or tumorigenic status. Under certain conditions, a “window of opportunity” may be created where Ser-62 phosphorylation transiently stabilizes MYC. Furthermore, one should remember that Ser-62 mutants might not be equivalent to unphosphorylated Ser-62. Destabilization may require an intact serine at position 62, potentially forming a binding site for a destabilizing factor or a site for a competing non-phosphate conjugation such as glycosylation [87]. The regulation of MYC stability by PP2A is further complicated by the finding that PP2A dephosphorylates an inhibitory phosphorylation site on GSK3β, thereby promoting Thr-58 phosphorylation [88]. This finding provides an alternative or additional explanation why PP2A inhibition stabilizes MYC. It is also important to remember that the overall speed of degradation of MYC in a certain situation will be the sum of the activity of a number of different MYC-targeting E3-ligases (see Introduction), many of which are responsive to signaling.



Taken together, although stabilization of MYC by Ser-62 phosphorylation may contribute to the increased potency of MYC in the biological systems described above, this is unlikely to be the sole explanation.




5. Role of Ser-62 Phosphorylation in MYC-Regulated Transcription


Experiments performed already in the early 90s using the MYC TAD fused to the DNA binding domain of GAL4 in promoter/reporter assays suggested that the activity of the MYC TAD was enhanced by serum stimulation or by ERK2, and was regulated during the cell cycle in a Ser-62 dependent manner [54,89]. Similar transient promoter/reporter experiments using full-length WT MYC or phospho-mutants acting on E-box-driven reporters have given conflicting results, from reduced to unaltered activity comparing WT MYC and a S62A mutant [51,90]. One explanation for the discrepancies could be that these experiments were carried out in exponentially growing unstimulated cells. Studying regulation of endogenous MYC-target genes, Watnik et al. [55] found that RAS-induced phosphorylation of Ser-62 via p38MAPK was required for repression of the thrombospondin (TSP-1) gene, a regulator of angiogenes, as well as activation of the well-known MYC target gene ornithine decarboxylase 1 (ODC1). Expression of the MYC S62A mutant reversed these changes in TSP-1 and ODC1 expression, and apparently behaved as a dominant negative mutant in this setting.



In what way could Ser-62 phosphorylation affect MYC-regulated transcription mechanistically? Benassi et al. [50] found that ERK-mediated phosphorylation of Ser-62 in response to oxidative stress resulted in recruitment of MYC to the promoter of the γ-glutamyl-cysteine synthetase (γ-GCS) gene—a key enzyme in glutathione synthesis. Although expressed at the same level as WT MYC, MYC S62A was not recruited to the promoter, and expression of this mutant increased oxidative stress-induced cell death. Our laboratory showed that MYC suppressed RAS-induced cellular senescence in REFs in a Ser-62-dependent but Thr-58-independent manner. Pharmacological inhibition of CDK2-mediated Ser-62 phosphorylation resulted in depletion of MYC from genes involved in senescence regulation despite continuous MYC expression, resulting in abrogation of MYC-mediated senescence suppression. These studies suggest that Ser-62 phosphorylation is involved in recruitment and maintenance of MYC at subsets of MYC-regulated genes involved in managing oncogene-induced and other types of stresses that can cause apoptosis or senescence [50,58].



The question remains how phosphorylation of Ser-62 affects the association of MYC with certain genomic loci and MYC-dependent gene regulation? Sears’ laboratory recently reported that the prolyl isomerase PIN1 increases the rate of recruitment of MYC to chromatin [91]. This required the phospho-binding and isomerase domains of PIN1 and phosphorylated MYC Ser-62, suggesting that PIN1 activity is involved at two steps in MYC regulation; firstly, by facilitating MYC recruitment to DNA and secondly by stimulating Thr-58/FBXW7-mediated turnover, both in a Ser-62-dependent manner. In addition, the authors demonstrated that PIN1 enhanced recruitment of cofactors involved in MYC-driven transcription to select promoters, including the HAT components p300 and GCN5, the P-TEFb subunit CDK9 and the INI1/SNF5 chromatin remodeling complex subunit. This correlated with increase histone acetylation and RNA polymerase II (pol II) presence at gene bodies, indicative of enhanced transcription elongation [91]. It is unclear from this study whether the recruitment of these cofactors is a consequence of PIN1’s effect on MYC DNA binding, or whether PIN1 primarily stimulates binding of these cofactors to MYC, which in turn leads to enhanced recruitment and affinity of MYC to chromatin, or both. It also remains to be clarified how PIN1-mediated isomerization through Ser-62 contributes to MYC and cofactor recruitment to chromatin.



Evidence is emerging that both the phosphorylated and unphosphorylated Ser-62 residue may act as binding sites for different factors. The tumor suppressor protein BIN1 was shown to interact with unphosphorylated Ser-62, but displaced upon Ser-62 phosphorylation [92]. Another study suggested that BIN1 inhibits transactivation of target genes by MYC and to mediate MYC-induced apoptosis [93,94], but it is still unclear how this works mechanistically. Recently, Jaenicke et al. [20] demonstrated that a peptide containing MB1 phosphorylated at Thr-58 and Ser-62 was able to interact with PAF1C, which is a transcription elongation factor facilitating RNA Pol II transcription through nucleosomal barriers [95]. This is consistent with findings that MYC promotes transcription elongation [17,96,97]. In addition, the PP2A inhibitor CIP2A mentioned above was reported to bind MYC in a Ser-62-dependent manner, thereby protecting Ser-62 from de-phosphorylation by PP2A [79]. Recently, Myant et al. [85] suggested that the interaction between Ser-62-phosphorylated MYC and CIP2A takes place at the nuclear lamina, where nuclear CIP2A is enriched, whereas the S62A mutant associated with these structures to a much lesser extent. According to Myant et al.’s model, Ser-62-phosphoryled MYC is recruited to lamin A/C-associated nuclear structures (LAS) by CIP2A, where it regulates genes localized to the LAS. The LAS is known to be enriched in heterochromatin, i.e., densely packed chromatin associated with gene silencing, but the extent of gene silencing/activation may depend on the local chromatin environment and regulatory sequences [98]. The authors further used a mouse model for intestinal regeneration after DNA damage, which requires MYC function [99,100], and found that depletion of CIP2A inhibited regeneration [85]. In accordance with the in vitro data, loss of Ser-62-phosphorylated MYC from the nuclear lamina and concomitant reduced expression of MYC target genes was observed in regenerating intestines of CIP2A deficient mice. Further, replacing the endogenous MYC allele with the S62A mutant led to reduced ability to rescue intestinal regeneration compared to the T58A mutant, despite similar expression levels.



Taken together these reports suggest that phospho-Ser-62-interacting proteins influence activity, target gene selection and intracellular localization of MYC (Figure 1, upper part).



Another important question is whether the transcriptional output of Ser-62 phosphorylated MYC is dictated by which kinase executes this phosphorylation. As mentioned above, suppression of RAS-induced cellular senescence by MYC involved CDK2-mediated phosphorylation of Ser-62 [58]. Surprisingly, while pharmacological inhibition of CDK2 resulted in reestablishment of RAS-induced senescence, inhibition of ERK or CDK1 had no impact on this process [58], arguing for a unique role of CDK2 in modulating MYC-regulated senescence. This may suggest that the different Ser-62 kinases play different roles in MYC regulation, possibly by also phosphorylating additional sites on MYC, which has been proposed for JNK, CDK2 and CDK5 [52,60] and that may influence the outcome. Other possibilities are that different Ser-62 kinases simultaneously and selectively phosphorylate other relevant substrates or carry out kinase-independent functions specific for each kinase, all of which may have an impact on MYC regulation and function.



To fully understand to role of Ser-62 phosphorylation, the repertoire of MYC target genes sensitive to this modification and the collection of MYC-interacting factors involved in this regulation need to be characterized in various tissues and in response to different signaling, for instance by genome-wide chromatin immunoprecipitation (ChIP) and RNA-sequencing and proteomics studies. Further, mice expressing phosphorylation mutants of MYC, some of which were exemplified above, could be depleted of Ser-62 kinase candidates by any of the currently available technologies (crosses with transgenic, strains, CRISPR/CAS9 or RNA interference (RNAi) techniques, etc.) to fully decipher the role of Ser-62 phosphorylation in regulating MYC transactivation activity and stability.



In the next sections we put particular focus on the role of CDK2, not only as a Ser-62 kinase but also with respect to its other substrates and interaction partners including p27 and SKP2, in MYC regulation.




6. The Crosstalk between MYC and CDK2


CDK2 is a core cell cycle component that is mainly active from late G1-phase and throughout the S-phase due to its activity being dictated by E-type and A-type cyclins fluctuating in their expression during the cell cycle (Figure 2). Growth factor signaling in G1-phase activates MYC, which stimulates cyclin E/CDK2 activity [101,102,103,104,105], in part by activating expression of cyclin D2 and CDK4 [106,107,108] (Figure 2). Cyclin D/CDK4 complexes contribute to CDK2 activation by sequestering the CDK2-inhibitor p27 [106,108]. In addition, MYC induces expression of components of the E3 ubiquitin ligase complex that targets p27 for proteasome-mediated turnover [109,110,111]. Buildup in cyclin E/CDK2 activity due to inhibition of p27 and increased cyclin E expression and stability finally force cells to transit into S-phase through phosphorylation of various targets [112,113,114] (Figure 2). Among the most important CDK2 substrates during G1-S progression are the RB-family of pocket proteins including the retinoblastoma protein (pRB) which is phosphorylated by cyclin E/CDK2 in cooperation with cyclin D/CDK4/6. This results in relieved transcription repression of S-phase genes by pRB in complex with E2F family transcription factors, leading to entry into S-phase [101,115,116,117,118,119,120,121]. There are numerous substrates reported for CDK2-cyclin E/A in addition to the RB-family of pocket proteins, some of which may represent functions distinct from cell cycle progression. Overall, many substrates are DNA-binding transcription factors, such as SMAD3, FOXM1, FOXO1, ID2, NFY, B-MYB and MYC [101], whereby CDK2 affects transcriptional output. Also other types of CDK2 substrates are reported including p27 [122,123,124] and the E3 ubiquitin ligase FBXO28 [9], both involved in MYC regulation [9,58,125] (see further below), the polycomb repressor protein EZH2 and the anti-apoptotic protein MCL1 [101].


Figure 2. Experiments performed in the early 1990s using the MYC transactivation domain (TAD) fused to the DNA binding domain of GAL4 in promoter/reporter assays suggested that the activity of the MYC TAD was enhanced by serum stimulation or by ERK2, and was regulated during the cell cycle in a Ser-62 dependent manner [54,89]. The mammalian cell cycle. The cell cycle phases, gap 1 (G1), DNA synthesis (S), gap 2 (G2) and mitosis (M) and the different cyclin/cyclin-dependent kinase (CDK) complexes and their periods of activity during the cell are illustrated. The retinoblastoma protein (pRB), which blocks entry into S phase through transcriptional repression of E2F family transcription factors, is inactivated by D-type/E-type-cyclin/CDK2/4/6 phosphorylation thus enabling G1-S phase transition. The activities of the CDK2 and CDK1 complexes are inhibited by the CDK inhibitor p27KIP1 (p27). The points of intervention by MYC in the cell cycle are depicted. Proteins depicted in black represent factors with growth-promoting/oncogenic function (with the exception of MYC, which is colored blue), while those in orange represent growth/tumor-suppressive function in this context.
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Progression and completion of S-phase is regulated by A-type cyclins, which in complex with CDK2 promotes DNA replication and have functions in DNA damage repair [101,126] (Figure 2). Cyclin E/A-CDK2 has been reported to phosphorylate substrates directly involved in DNA replication, including CDC6 and multiple MCM helicase proteins, which are part of the pre-replicative complex that builds up at origins of replication during the initial step of DNA replication [127,128,129,130]. In support of this, cyclin E-null cells failed to load MCM helicase into the pre-replication complex [131]. Part of the stimulatory effect of cyclin E/CDK2 on replication seems also to be stimulation of the expression of components of the pre-replication complex [132]. Interestingly, MYC has also been reported to interact with these pre-replicative complex components and to regulate DNA replication independent of its role in transcription [133].



Our research laboratory and the laboratory of Bruno Amati demonstrated a direct connection between MYC and CDK2 in modulating cellular senescence in normal cells and cancer cells [58,134]. Mouse embryo fibroblasts (MEFs) devoid of CDK2 showed similar initial proliferation rates compared to WT cells in response to MYC-activation, but displayed premature onset of senescence [134]. Inhibition of CDK2 using pharmacological inhibitors in MEF WT cells with activated MYC also lead to a pronounced senescence response [134], as did blocking CDK2 activity in rat embryo fibroblasts co-expressing MYC and oncogenic RAS [58]. Genetic depletion of CDK2 (CDK2-/-) significantly delayed MYC-driven lymphomagenesis in mice and induced senescence, while induction of senescence was not observed in WT CDK2 mice, in concordance with the observations from cultured fibroblasts [134]. Induction of senescence in MYC-activated CDK2-/- MEFs could be bypassed by caffeine and other conditions impairing DNA damage response (DDR) signaling, suggesting that CDK2 is involved in adaption to MYC-induced cellular stress. Deregulated expression/activity of MYC has been shown to induce DNA damage through increased production of reactive oxygen species (ROS) due to excessive metabolic activity and/or through increased replication stress caused by abrogation of cell cycle checkpoints leading to overstimulation of replication, ultimately resulting in genomic instability, chromosomal aberrations and aneuploidy [133,134,135,136,137,138,139,140]. CDK2 has been linked to DNA damage repair by multiple studies [141,142,143,144,145,146,147]. Mechanistically, CDK2 has been proposed to control resection of DNA double-strand breaks by phosphorylating C-terminal binding protein (CTBP)-interacting protein (CtIP), thereby enhancing CtIP interaction with the homologous repair protein BRCA1 and the exonuclease MRE11 [142,145,146,147]. Unlike the WRN protein, which is required to avoid MYC-induced replication stress [139], CDK2 rather seems to be involved in abrogating oxidative stress, as supported by Amati and colleagues’ observation that MYC-induced senescence in CDK2-/- MEFs could be rescued by antioxidants [134]. Onset of senescence is characterized by a substantial increase in oxidative stress [134], a feature observed also in other systems of oncogene-induced senescence as well as during senescence triggered by cell culture shock [148,149,150]. The work from Amati’s laboratory therefore suggested that such damage is kept in check by CDK2.



Further, our laboratory demonstrated that MYC is directly targeted by CDK2-mediated phosphorylation at Ser-62, an event counteracted by pharmacological inhibitors of CDK2 and by overexpression of p27. As mentioned above, MYC is phosphorylated at Ser-62 in response to oxidative stress, which was shown to be required for MYC to balance this stress [50], thus further connecting these two events. We showed that MYC/CDK2 interactions localized to promoters, driving MYC target genes of specific importance for senescence outcome, including hTERT, BMI-1, p16INK4A and p21CIP1 [58]. Further, the expression of these genes was sensitive to CDK2 activity, as demonstrated by genetic or pharmacological depletion/inhibition of CDK2 or by expression of p27 [58,134]. Phosphorylation of Ser-62 by CDK2 could therefore be part of an MYC adaption program limiting oncogene-induced stress and suppressing senescence. Interestingly, although MYC is known to induce DNA damage, as mentioned above, the expression of many of the genes encoding components of the DNA response and DNA repair machinery, such as RAD50, RAD51, BRCA1, BRCA2 and DNA-PKc are activated by MYC [151], and depletion of MYC has been shown to attenuate ATM signaling in response to DNA damage [152]. It remains to be investigated whether CDK2 and Ser-62 phosphorylation is required for these MYC activities. Clearly, more studies are warranted to delineate the role of CDK2 and MYC in DNA damage repair in normal and cancerous cells, and how the status of MYC affects this regulation.




7. The CDK2/p27/SKP2 Triangle


One of the gatekeepers for G1-S transition of the cell cycle is p27, which by binding to cyclin A/E-CDK2 in the nucleus blocks the catalytic activity of these complexes [153,154,155,156,157] (Figure 2 and Figure 3), thereby blocking CDK2-mediated phosphorylation of the substrates discussed in the previous section. The expression of p27 is induced by growth inhibitory signals such as tumor growth factor β (TGFβ), interferon-γ (IFN-γ), contact inhibition and loss of adhesion to extracellular matrix, as well as differentiation signals such as retinoic acid and vitamin D3 [10,158,159,160]. On the other hand, cyclin E/CDK2 can inactivate nuclear p27 by site-specific phosphorylation at threonine 187 (Thr-187), after which nuclear p27 is primed for proteasomal degradation by the SCFSKP2 ubiquitin ligase complex [10,122,123,124,158,159,160,161,162] (Figure 3).


Figure 3. The interconnections within the MYC/CDK2/p27/SKP2 network. The positive (arrow) and negative (block sign) interconnections within the MYC/CDK2/p27/SKP2 axis are illustrated. Some additional players connected to this network, including tumor growth factor β (TGFβ), interferon-γ (IFN-γ), the kinases PIM1, AKT and RSK, and the transcription factor E2F and pRB are also depicted. The arrows can symbolize physical interactions, phosphorylation, ubiquitylation or other actions. Proteins depicted in black represent factors with growth-promoting/oncogenic functions (with the exception of MYC, which is colored blue), while those in orange represent growth/tumor-suppressive functions in this context. The growth-promoting proteins within the network are in general stimulating each other’s expression and/or activity, thus generating a positive feedback loop. In contrast, the growth-promoting and growth-suppressive proteins are in general inhibiting each other’s expression and/or activity. See the text for further explanation.
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SKP2 was initially discovered as an interacting partner of the cyclin A/CDK2 complex [163], but was later identified as the substrate-binding F-box component of the multi-subunit SCF (Skp1–Cullin 1–F-box) E3 ubiquitin ligase complex SCFSKP2 [164,165,166]. As part of SCFSKP2, SKP2 binds to and targets numerous substrates, typically tumor suppressor proteins and oncoproteins linked to gene transcription, metabolism, cell survival, and cell cycle progression including, in addition to p27, p21CIP1, cyclin A, MYC, E2F1, p130, FOXO1, SMAD4, BRCA2, MLL, LKB1 and CDK9 [167]. The mode of ubiquitylation by SCFSKP2 may differ depending on target. As examples, SKP2 targets tumor suppressors such as p27 [161,162] and FOXO1 [168] through proteolytic K48-linked ubiquitylation, while LKB1 and the mTORC1-binding protein RAGA are targeted through non-proteolytic K63-linked ubiquitylation [169,170]. SKP2 also interacts with and triggers K63-linked ubiquitylation of the NBS1 subunit of the DNA damage-sensing MRE11/RAD50/NBS1 (MRN) complex upon DNA double strand breaks, leading to recruitment of ATM to the site of damage and stimulation of DNA repair by homologous recombination [171].



Genetic analysis using multiple SKP2 knockout systems suggests that SKP2 primarily functions as an oncogene [167]. For instance, SKP2 deletion was shown to abrogate tumor formation in the pituitary and prostate in mice devoid of the major tumor suppressors p53 and pRB [172]. Numerous cancers display poor prognosis if harboring overexpressed SKP2 protein [167]. p27 has been suggested to be the most essential target of SKP2, and SKP2 and p27 are very closely linked genetically. Genetic depletion of p27 was reported to completely restore the phenotypic defects in SKP2 knockout mice [173,174]. Nakayama’s laboratory found that p27 accumulates upon SKP2 ablation in the mouse, leading to nuclear enlargement, centrosome over duplication and delayed mitosis entry, a phenomenon not occurring in SKP2/p27 double knockout mice [173,175]. The effect on mitosis suggests that p27 inhibits mitotic CDK1 in addition to CDK2 (Figure 2). Indeed, authors found that p27 associated with both CDK1 and CDK2 in SKP2 knockout MEFs, resulting in reduced cyclin-CDK activity [173]. The ability of p27 to target CDK1 was confirmed in vivo by investigating the phenotypes of double knockout CDK2/p27 mice, where depletion of CDK2 did not revert the phenotype of p27 knockout mice [176]. Expression of SKP2 and p27 are inversely correlated in many human tumors [167,177,178,179], and p27 expression also correlates inversely with cyclin-dependent kinase subunit 1 (CKS1) [18,180], a co-factor for SCFSKP2-induced p27 degradation [181,182]. In addition to the CUL1-containing SCFSKP2 complex, SKP2 can also target p27 for ubiquitylation and degradation by another SCF complex containing CUL4A and the damaged DNA-binding protein DDB1, which is associated with the COP9 signalosome, a complex with isopeptidase activity [183].



Expression and activity of SKP2 are regulated at multiple levels including mRNA expression, protein degradation and intracellular localization. SKP2 mRNA expression is activated by both E2F1 and MYC, and is under negative regulation by pRB through repression of E2F (Figure 3) [109,184,185]. Kaelin’s laboratory reported that SKP2 is degraded by the E3 ligase Anaphase-Promoting Complex (APC) containing CDH1, the activator of APC during G1 phase of the cell cycle [186]. Following up this finding, Dyson’s laboratory later demonstrated that the degradation of SKP2 by APC-CDH1 was essential for pRB-induced G1-arrest [187]. The authors showed that pRB in fact interacts with CDH1 as part of a pRB–APC–CDH1–SKP2 complex promoting SKP2 degradation, and knockdown of CDH1 abrogated pRB-induced cell cycle arrest. In addition, pRB has been reported to interact with the N-terminus of SKP2, thereby blocking the ubiquitylation of p27 as part of pRB-induced G1-arrest, occurring even prior to repression of E2F target genes by pRB [188].




8. The Crosstalk between MYC and SKP2


As mentioned above, MYC is a direct activator of SKP2 gene expression around the G1-S transition [109]. Further, SKP2 stabilizes the MYC protein level indirectly by promoting ubiquitylation and degradation of the E3 ligase TRUSS [189] (which targets MYC for degradation [40,44]). On the other hand, our and Tansey’s laboratory showed that the SKP2 E3 ligase complex also targets MYC for ubiquitylation and degradation during the G1/S transition of the cell cycle [190,191]. Since both MYC and SKP2 are oncoproteins of importance for S-phase entry, this finding seemed counterintuitive. Interestingly, SCFSKP2 and the 26S proteasome associated together with MYC at target gene promoters, indicating that ubiquitylation and degradation of MYC occurred directly at the site of MYC activity. In fact, ubiquitylation of MYC through the SCFSKP2 complex appeared to have dual outcomes; in addition to proteasome degradation, SKP2 also promoted and was even required for MYC-driven transcription of cell cycle-associated genes and for MYC-induced S-phase entry. This suggested that SKP2 acts as a transcriptional cofactor for MYC and feeds back to MYC in a positive forward loop where MYC and SKP2 activate each other (Figure 3 and Figure 4) [190,191]. Subsequent studies showed that SKP2 participates in the regulation of subsets of MYC target genes of importance for proliferation and cancer development [20,192,193,194,195].


Figure 4. Role of ubiquitylation in MYC-driven transcription. Hypothetical model describing SKP2-mediated ubiquitylation and degradation of MYC at a MYC target gene promoter. Left: MYC (in complex with MAX) binds the promoter. SKP2 as part of an Skp1–Cullin1–F-box (SCF) E3 ligase complex is recruited to the promoter and starts ubiquitylating MYC. The 19S proteasome subcomplex, with or without the rest of the proteasome, and hypothetical ubiquitin-binding cofactors interacts with MYC via attraction to the growing ubiquitin chain. MYC also interacts with subunits of the RNA polymerase II (Pol II) complex and with positive transcription elongation factor P-TEFb; Middle: the recruited 19S complex and coactivators stimulate initiation and/or elongation of transcription. SKP2 may, as described for other transcription contexts, ubiquitylate P-TEFb and thereby contribute to transcription elongation. The ubiquitylation of MYC continues, producing longer ubiquitin chains and the 26S proteasome starts acting on MYC; Right: the proteasome degrades MYC and transcription is completed. SKP2, cofactors, P-TEFb and the proteasome dissociates and Pol II exits the promoter after the transcription termination site. A new round of transcription can initiate as newly synthesized MYC enters the promoter. See the text for further explanation.
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As discussed earlier, both MYC depletion, CDK2 inhibition/depletion and p27 activation cause senescence induction even in p53-independent MYC-driven systems through downregulation of MYC target genes involved in senescence suppression [58,134,196]. Interestingly, Pandolfi’s laboratory reported that genetic targeting of SKP2 or pharmacological inhibition of the SCFSKP2 complex also induced p53-independent cellular senescence [197]. A potential role for SKP2 in MYC-dependent suppression of senescence is, however, yet to be demonstrated.



The interaction between MYC and SKP2 is also subjected to competition from other proteins, affecting MYC’s transcriptional output. Hann’s laboratory reported that the tumor suppressor protein p19ARF, which is induced by MYC as a result of oncogenic stress, inhibits the interaction between MYC and SKP2 resulting in decreased MYC ubiquitylation, which in turn switches the repertoire of genes regulated by MYC towards induction of apoptosis [198]. SNIP1 is another protein that competes with SKP2 to bind MYC, thereby stabilizing MYC in the early G1 phase of the cell cycle, and possibly switching it into another mode of transcription activation through recruitment of p300 [193,199].




9. The Role of Ubiquitylation for MYC-Driven Transcription


The apparent connection between the transcriptional activity of MYC and its destruction by SKP2 is a good example of what has been called the “activation by destruction”, “Kamikaze” or “Black Widow” models of transcription [200,201,202,203,204]. According to this concept, destruction of the transcription factor is an integrated part of its activity, presumably as a way of keeping “dangerous” proteins under tight and timely control (Figure 4). In addition to MYC, this mechanism applies to many other oncogenic transcription factors and their cofactors, such as the estrogen, androgen, progesterone and retinoic receptors and cofactors associated with these receptors, SREBP, p53, HIF-1α and E2F-1 and the yeast transcription factors GCN4, GAL4, SPT23 and MGA2 [202,204,205]. However, ubiquitylation can also have non-proteolytic functions in regulation of transcription. Proteasomal degradation usually involves recognition of lysine 48 (K48)-linked poly-ubiquitin chains, while chains containing K63- or mixed linkages usually do not support degradation of substrates [206]. As mentioned above, SCFSKP2 conjugates K63-linked ubiquitin chains to certain substrates [169,170,171], while the linkage is assumed to be ubiquitin K48 in the case of MYC, although this has not been studied in detail [190,191]. Two other E3 ligases, HUWE1 (HECTH9) and FBXO28, which like SKP2 enhance MYC-driven transcription, promote ubiquitylation of MYC in a non-proteolytic manner [8,9], at least in the former case by forming K63-linked ubiquitin chains. However, HUWE1 is capable of inducing degradation of MYCN through K48-linkages [207]. The latter may reflect a substrate difference between MYC and MYCN or may depend on the cellular context, for instance what E2 subunit is engaged in different cell types.



What could be the mechanism(s) by which SKP2 and other E3 ligases promote MYC-driven transcription? There are several findings, both for MYC and other transcription factors, that gives some insight to how this might work:



(1) Recruitment of cofactors. Ubiquitin conjugated to transcription factors in the form of mono-, oligo- or poly-ubiquitylation with various types of linkage may serve as binding sites for cofactors with a role in transcription (Figure 4, left and middle part). For example, HUWE1/HECTH9 or FBXO28-mediated poly-ubiquitylation of MYC in the MB4 region results in recruitment of the cofactor/HAT p300, which contributes to the transcription process by acetylating histones, MYC or other substrates [10,13]. Using a MYC mutant with all lysines replaced by arginines, Jaenicke et al. [20] recently showed that this mutant, although capable of binding to chromatin, was unable to recruit certain cofactors, such as TRRAP, BRD4, and P-TEFb and did not support transcription. Reintroducing a single lysine at position 52 (K52), which became ubiquitylated but not acetylated, restored recruitment of BRD4. It remains to be investigated how the conjugated ubiquitin moieties contributes mechanistically to recruitment of cofactors in this case. However, a study of the viral transcription factor VP16 showed that conjugated ubiquitin within the VP16 TAD was directly involved in the binding of P-TEFb to the TAD, thereby stimulating transcription elongation [208]. In addition to ubiquitylation of MYC, it is conceivable that recruitment of SKP2 or other E3 ligases enables these to target also other chromatin-bound factors (Figure 4, middle part). For instance, SKP2 has been reported to ubiquitylate the CDK9 subunit of P-TEFb, thereby stimulating human immunodeficiency virus (HIV) Tat-mediated transcription elongation by facilitating ternary complex formation between P-TEFb, Tat and the Tat RNA-binding site (Tar) [209].



(2) Recruitment of the proteasome. Conjugated ubiquitin chains are bound by the 26S proteasome through interaction with ubiquitin-binding subunits of the 19S regulatory subcomplex [206]. The 19S regulatory particle contains a “base” and a “lid” structure and is connected to the 20S barrel-shaped catalytic core particle. The major binding activity to ubiquitylated proteins is contributed by subunits of the “lid”. The “base” consists of a hexameric ring of AAA ATPases, the function of which is to unfold the substrate, which is subsequently fed into the hollow interior of the 20S barrel structure where it is degraded [206].



So, why would recruitment of the proteasome to an ubiquitylated transcription factor stimulate transcription? There are different models for how this might work:



(a) Non-proteolytic role of the 19S regulatory subcomplex of the proteasome. There are a number of reports suggesting that the ATPase activity of the 19S AAA ATPase subunits could also participate in remodeling of transcription complexes in a non-proteolytic fashion in order to facilitate transcription (Figure 4, left and middle part). This was originally observed in yeast, where these AAA ATPases were found to be required for efficient transcription elongation, and physically interacted with elongation factors independent of the 20S core particle [210,211], and/or were involved in regulating nucleosome density in an ATPase dependent but non-proteolytic manner [212,213]. The ATP-ase activity of the 19S particle has also been shown to facilitate interactions between the SAGA HAT and Mediator complexes with promoter-bound transcription activators in yeast, thereby contributing to preinitiation complex (PIC) assembly at transcription start sites [214,215]. The AAA ATPase subunit SUG1 (RPT6) has been shown to interact with MYC and to be required for MYC-driven transcription in mammalian cells [203], but it is unclear if this occurred independently of or as part of the degradation process.



(b) Proteolytic role of the 26S proteasome. It is still not entirely clear if the 19S particle ever exist separated from the 20S proteasome particle in cells, and if it can be uncoupled from the catalytic activity of the proteasome. Studies of the distribution of 19S and 20S over the genome in yeast by ChIP suggest a very similar distribution [204]. There are numerous reports supporting the notion that the degradation is a necessary step in the transcription process—at the initiation, elongation and/or termination step—which may be necessary in order to restart another transcription cycle and thereby enable continued cycles of transcription (Figure 4, middle and right part). Both ubiquitylation and catalytic proteasome function seem to be required for MYC-driven transcription [20,216]. Further, cyclic turnover of the estrogen receptor α (ERα) receptor by the proteasome was demonstrated to be required both at ERα-induced initiation and elongation of transcription [217,218]. Also ubiquitin-dependent exchange of corepressor and coactivator complexes through proteasome-mediated degradation as part of transcription activation was reported for LIM homeodomain proteins and nuclear receptors [219,220]. According to a model proposed by Wu et al. [221] for the coactivator SRC-3, a phospho-dependent ubiquitin time clock is in operation; the interacting E3 ligase is sequentially building up mono-, oligo- and finally poly-ubiquitin chains on the substrate during which non-proteolytic transcription-promoting activities occur before the 26S proteasome terminates the process (Figure 4, middle part). It has also been suggested in the literature that different functions (ubiquitylation, ATPase activity, degradation) of the ubiquitin/proteasome system are active in different steps of the transcription cycle [222].



What discrete steps of the MYC-driven transcription cycle involve SKP2 and other parts of the ubiquitin/proteasome system? Although this has not been investigated specifically for SKP2, mutation of all potential ubiquitylation sites in MYC did not alter MYC’s chromatin association or RNA Pol II recruitment, but did affect recruitment of TRRAP/HATs and factors involved in transcription elongation such as BRD4 and P-TEFb [20]. These characteristics go well together with MYC’s well-established function in promoting histone acetylation and transcription elongation at promoters [7,17,19,96,223]. Further, both MYC and SKP2 have been implicated in the regulation of H3K4 trimethylation and H3K27 trimethylation and acetylation [14,15,224,225,226]—histone marks that are closely connected with actively transcribed genes and repressed genes, respectively [16]. Other described activities of SKP2 that may be relevant for MYC function, is its induction of degradation of macroH2A1, a histone variant that is associated with heterochromatin, resulting in activation of repressed genes, such as CDK8 [227]. MacroH2A1 is together with heterochromatin protein 1 (HP1) and histone H3 lysine 9 trimethylation (H3K9me3) part of senescence-associated heterochromatin foci [228], raising the question whether this activity could be part of MYC or SKP2-mediated repression of senescence [58,196,197].




10. The Crosstalk between MYC and p27


Recent studies have revealed an interesting antagonistic crosstalk also between MYC and p27. MYC represses p27 mRNA expression by blocking FOXO3a-mediated p27 transcription [229], but also stimulates p27 protein turnover in a number of ways. As mentioned above, MYC activates transcription of SKP2, CKS1 and other components of the SCFSKP2 E3 ligase complex and simultaneously stimulates the activity of cyclin E/CDK2, thereby targeting p27 for proteasome-mediated degradation (Figure 2 and Figure 3). On the other hand, p27 antagonizes MYC in at least two ways (Figure 5): (1) By inhibiting CDK2 and CDK1 activity, p27 blocks phosphorylation of MYC Ser-62, which is important for MYC activity and stability as discussed in previous sections; (2) Our laboratory recently demonstrated that p27 binds to and inhibits MYC also independently of CDK2, involving a region of MYC overlapping with MB4 and engaging the C-terminus of p27 [125]. This part of p27 does not participate in binding to or inhibiting CDK2, but contains multiple phosphorylation sites, including Thr-187 targeted by CDK2 and different sites phosphorylated by the kinases PIM1, RSK and AKT—the latter ones are important for nuclear export of p27 (Figure 3) [10,158,159,230,231,232]. However, the interaction between MYC and p27 was shown to take place in the nucleus and localized to chromatin [125].


Figure 5. Modulation of MYC-driven transcription by the CDK2/p27/SKP2 network. Hypothetical model describing the regulation of MYC and the interplay between CDK2, p27 and SKP2 at MYC target gene promoter. Left: MYC (in complex with MAX) is bound at a target gene promoter and is associated with cyclin E/A/CDK2. p27 binds CDK2 and MYC and represses CDK2 activity, thereby prohibiting CDK2-mediated phosphorylation of Ser-62. p27 promotes ubiquitylation and degradation of MYC via an unidentified E3 ubiquitin ligase. p27 may possibly also actively participate in repression of transcription, for instance through association with repressor complexes as has been described in other contexts; Right: CDK2 activity increases during G1-S phase transition or due to oncogenic events. This leads to phosphorylation of p27, of MYC Ser-62 and possibly other substrates at the promoter. Ser-62 phosphorylation results in increased MYC activity. SKP2 recognizes phosphorylated p27 and targets it for ubiquitylation and proteasomal degradation, thereby relieving p27 repression of MYC. SKP2 also ubiquitylates MYC and possibly other substrates at the promoter, and thereby stimulates transcription (see Figure 4). The combined effects of phosphorylation and ubiquitylation of MYC and the release of p27 contributes to transcription activation. Proteins depicted in black represent factors with growth-promoting/oncogenic functions (with the exception of MYC, which is colored blue), while orange represents growth/tumor-suppressive functions in this context. See the text for further explanation.
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How does the interaction with p27 affect MYC? IFN-γ-induced association of p27 with MYC at chromatin correlated with loss of total and Ser-62-phosphorylated MYC from target promoters, reduced expression of MYC target genes, growth arrest, differentiation and induction of senescence in myeloid tumor cells [58,125]. Ectopic or signal-induced expression of p27 was also followed by reduced MYC protein levels through increased turnover via the ubiquitin/proteasome system. Intriguingly, this was independent of the cyclin/CDK-binding domain of p27 but required the C-terminal domain, suggesting that this effect of p27 is linked to its binding to MYC and distinct from its canonical cell-cycle inhibitory function. This view is further supported by the observation that p27-induced senescence of MYC + RAS-transformed rodent fibroblasts was independent of Ser-62 phosphorylation status, likely as a result of induced MYC degradation [58,125].



Further, since p27-induced degradation of MYC seemed to be independent of the SKP2 and FBXW7 E3 ligase complexes, these results points to the existence of a-yet-to-be-identified proteolytic E3 ligase whose activity towards MYC is mediated through p27 (Figure 5, left part). Another possibility that cannot be excluded is that p27 binding displaces stabilizing proteins associating with MYC. The interaction with p27 occurs in a part of MYC overlapping with MB4 and the basic DNA-binding region, which contains multiple ubiquitylation/acetylation and phosphorylation sites [8,9,11,233,234,235,236]. Two E3 ligases, HUWE1/HECTH9 and FBXO28, stimulates non-proteolytic ubiquitylation in this region, resulting in recruitment of p300, as mentioned above [8,9]. Binding of FBXO28 to this region is dependent on phosphorylation of FBXO28 by CDK2, suggesting that binding of p27 and FBXO28 occur during different phases of the cell cycle. Given that E3 ligases can act either through proteolytic or non-proteolytic ubiquitylation [206], as described for SKP2 above, it is conceivable that E3s previously described as non-proteolytic towards MYC, such as HUWE1/HECTH9, could have a proteolytic role in a distinct context. Interestingly, HUWE1/HECTH9 was reported to target MYCN for proteolytic degradation [207], and might have this ability against MYC as well. In addition, the SIRT1 protein deacetylase, which also binds MYC overlapping the MB4 region, deacetylates lysine residues in this region, thereby promoting non-proteolytic ubiquitylation, stabilization and enhanced MYC activity [11]. SIRT1 has been reported as a negative regulator of p27 [237], and silencing of SIRT1 induced cellular senescence in a MYC-dependent manner [11], suggesting a possible competition between SIRT1 and p27 in binding to the MB4 region of MYC. In addition, the MB4 region is phosphorylated by PIM and CK2 kinases [62,238], in the former case resulting in MYC stabilization. PIM and CK2 also phosphorylate p27, resulting in nuclear export and degradation, respectively [10,158,159,232,239]. Clearly, future studies are warranted to resolve the conundrum of how MYC protein stability is regulated by p27.



An equally interesting possibility is that p27 more directly regulates the transcriptional activity of MYC (also in a CDK2/Ser-62-independent manner). As discussed above, binding of p27 to MYC may possibly compete with the binding of FBXO28, HUWE1/HECTH9 and SIRT1, which all stimulate MYC-induced transactivation, in the former cases by enhancing recruitment of p300. In this way, the outcome of p27 binding to MYC would be two-fold; reduced transcription of MYC target genes and degradation of MYC (Figure 5, left part). The notion of a more direct role of p27 in regulating transcription is further supported by recent publications suggesting that p27 interacts with the E2F4/p130 complex through its C-terminal domain and contributes to transcription repression by recruitment of SIN3/HDAC corepressor complexes [240]. It is conceivable that such a repression/degradation mechanism is similar (but opposite) to the “activation by destruction” or “Kamikaze” model discussed for SKP2 above, namely that binding of p27 to MYC would create a time window where transcription repressor proteins are recruited by p27 to target promoters prior to destruction of MYC and subsequent loss of p27 from the promoter (Figure 4 and Figure 5). One should however point out that there is no evidence at present that p27-induced turnover of MYC takes place at promoters. In any case, degradation of MYC may facilitate replacement of MYC with members of the MXD(MAD)-family of transcriptional repressors, which competes with MYC for binding MAX and recruits HDAC-containing co-repressor complexes to chromatin [3,5,42]. In fact, this could be one of the reasons why p27 and MXD1 cooperate in promoting terminal granulocytic differentiation, which is linked to down-regulation of MYC and cyclin E/CDK2 activity [241]. The crosstalk between MYC and p27 is also supported in vivo in p27 knockout mice, where lymphoma development was shown to co-occur with activation of MYC while such synergy could not be observed in p27 WT mice [242], thus strengthening the notion that p27 provides a negative feedback to MYC.



Considering that p27 is a target for CDK2 and SKP2, and that all three proteins can associate with MYC at chromatin, an intriguing possibility is that p27-mediated repression of MYC at target gene promoters is reversed during G1-S phase transition or in tumors through elevated cyclin E and/or SKP2 expression. In such a scenario, cyclin E/CDK2-induced phosphorylation of p27 would be followed by SKP2-mediated degradation and loss of p27 from promoters. Through phosphorylation of Ser-62 and ubiquitylation of MYC and possibly other targets at promoters, cyclin E/CDK2 and SKP2 would subsequently contribute to further activation of transcription (Figure 5, right part). The opposite scenario would take place in response to growth inhibitory signals such as IFN-γ, which induce high levels of p27, leading to inhibition of CDK2, p27 binding to MYC, MYC degradation and reversal to a repressed state of transcription, cell cycle exit, differentiation and/or senescence.



It should be emphasized that this model is hypothetical; it remains to be demonstrated whether p27, CDK2 and SKP2 coexist at the same promoters simultaneously. Future studies need to dissect how these factors are distributed across the genome, if they are co-dependent and what influence they have on the transcriptome in different cellular contexts, including cell cycle and senescence regulation.




11. Targeting the MYC/CDK2/SKP2/p27 Axis in Cancer


Does the crosstalk between MYC and p27 described above have any relevance for human cancer? Since p27 expression is predominantly regulated at the level of mRNA translation and protein turnover [158] and p27 down-regulates MYC protein (but not mRNA) level, we investigated expression of MYC and p27 protein levels in publicly available proteomics breast cancer data from The Cancer Genome Atlas (TCGA). We found a significant inverse correlation between MYC and p27 levels in breast cancer, which was particularly strong if looking at tumors with high p27 levels concomitant with low levels of phosphorylation at Threonine 157 (Thr-157) [125]. Thr-157 is targeted by the AKT, RSK and PIM1 kinases and redirects p27 to the cytoplasm (Figure 3) [10,158,159,230,231,232]. Low levels of phosphorylation at this site are therefore an indication of a higher fraction of nuclear p27 and hence an expected lower level of MYC protein as a result of increased MYC turnover. This correlation therefore is consistent with our finding that nuclear p27 interacts with MYC and targets it for degradation. Further, high p27 levels correlated with low levels of phosphorylated pRB, which is an indication of low CDK2 activity [125]. These observations are consistent with a recent report looking at MYC, p27 and phospho-Rb expression in breast and ovarian cancers [243]. Inverse correlations between MYC and p27 protein levels have also been observed in other disease models including chronic lymphocytic leukemia and gastritis [244,245].



While MYC is a bona fide oncogene transcribed from the most frequently amplified locus across human cancer types, p27 does not exhibit the typical tumor suppressor properties, mostly obvious from its chromosomal locus not displaying focal and frequent deletions in cancers [34]. This is plausibly explained by the opposite roles of nuclear and cytoplasmic p27 in human cancers. While nuclear p27 acts as a break on the cell cycle by inhibiting CDK2 [101] and MYC [125] as discussed here, cytoplasmic p27 promotes cancer cell migration and invasion [246,247]. Thus, when looking at the pool of p27 harboring tumor suppressive properties it is critical to examine nuclear p27 devoid of phosphorylations at C-terminal sites including Thr-157. The protein data sets in TCGA are getting constantly updated and should therefore contain sufficient material to study the relationships between MYC and nuclear p27 in the near future in a broader range of human tumors.



In addition to the relationship between MYC and p27, there is a well-established inverse correlation between SKP2 and p27 the expression in many human tumors as mentioned above, including thyroid, oral, breast, prostate, ovarian and lung cancer as well as lymphoma [10,158,159,160,167,177,178,179]. Overexpression of cyclin E is another cause of p27 downregulation, and occurs in several tumor types such as ovarian, uterine cancer, colorectal and bladder cancers as well as T-ALL, and can be caused by gene amplification or protein stabilization due to FBXW7 loss [34,72,248].



What possibilities are there to target the MYC/CDK2/SKP2/p27 axis in cancer, i.e., reducing the activity of MYC, CDK2 or SKP2, or boosting nuclear p27 expression? There are numerous potential ways that can be considered. One is to utilize pharmacological inhibitors of CDK1/2. Treatment with CDK1/2 inhibitors or depletion of CDK2 efficiently inhibit growth and/or induce apoptosis in triple negative/basal breast cancer, MYCN-amplified neuroblastoma and myeloid leukemia cell lines [58,134,249,250] and in mouse models of MYC-driven lymphoma and liver cancer [134,249]. Clinical trials using various CDK1/2-inhibitors have produced some encouraging results in hematopoietic malignancies, but have not been very effective in solid tumors compared with the more successful clinical outcomes from targeting their siblings CDK4/6 [248]. While this may be due to non-optimal patient stratification or limited tumor uptake, CDK2-inhibitors generally suffer from specificity problems. In fact, CDK2 inhibitors available in the clinic today are non-selective and also target CDK1 and CDK9 among other CDKs, causing side effects that reduce the therapeutic window of these drugs. Improved, more selective CDK2 inhibitors are therefore warranted. The MYC/CDK2/SKP2/p27 axis could also be therapeutically exploited on the RNA-level. One of us demonstrated recently that in vivo administration of microRNAs evolutionarily enriched to target multiple cyclins/CDKs, including cyclin E and CDK2, efficiently blunts the progression of patient-derived, treatment-refractory triple negative/basal breast cancers without detectable animal toxicity [251,252]. Another potential strategy is inhibition of cellular PP2A inhibitors using SET antagonist peptides, thereby reducing Ser-62 phosphorylation and MYC stability [253]. Other interesting approaches are to utilize small molecule inhibitors of the p27/SKP2 interaction, which stabilizes p27 [254,255,256]. Inhibitors blocking AKT, PIM1 and RSK kinases phosphorylating the C-terminus of p27 [10,158,159,230,231,232], which would favor nuclear accumulation of p27, are under clinical development [61,257,258]. With respect to targeting of MYC, downregulation of MYC mRNA expression can be achieved by bromodomain and extra-terminal motif (BET) inhibitors in certain tumor types, while targeting the PI3K/mTOR pathway is known to affect both MYC turnover and mRNA translation [46,47,75,259]. Attempts to target the MYC protein directly, for instance by small molecules interfering with the interaction between MYC and MAX, have been challenging and have not reached the clinic, but may be an option in the future [259,260,261].



Finally, the induction of p27 by cytokines like IFN-γ and TGF-β or by differentiation-, cell density- and adhesion-signals [10,158,159] has been shown to inhibit growth of MYC-driven tumor cells in different systems [58,241,262]. IFN-γ has been used in a broad range of clinical trials since the late 1980s [263] but its clinical use is, however, being limited due to adverse effects when over-stimulating the immune system [264]. IFN-γ is produced by CD4+ Th1 T-lymphocytes and plays an important role in immunosurveillance of tumors by activating cytotoxic T-cells that eliminates tumor cells [265]. However, IFN-γ and other cytokines produced by CD4+ Th1 T-cell can also target tumor cells directly thereby keeping tumors in check [266], possibly by inducing p27 as discussed here. Interestingly, CD4+ T-cells play a crucial role in eliminating tumors after MYC depletion in a Tet-driven MYC on/off mouse model system [267]. Immunotherapy has reached new levels thanks to cutting edge approaches to boost the innate and adaptive immune system, for instance through checkpoint blockade and vaccine development [268]. Technological advances in methods for purification, expansion and universal or tumor-specific activation of patient-derived T-cells could pave the way towards the elimination of MYC-driven tumors through local production of IFN-γ by CD4+ T-helper cells, which potentially would have the dual effect of upregulation of p27 expression in tumor cells together with increased immunosurveillance. Irvine’s laboratory used an ex vivo approach of expanding primary T-cells, able to differentiate into both CD4+ and CD8+ T-cells, subsequently followed by surface coating of these cells by nanoparticles containing the chemotherapeutic drug SN-38. Administration of such nanoparticle-loaded T-cells to mice with aggressive MYC-driven lymphoma resulted in several magnitudes of improved drug uptake in tumor-bearing lymph nodes leading to tumor regression [269]. Utilizing T-cell therapy combined with nanoparticles carrying next-generation drugs or RNAi targeting components of the MYC/CDK2/SKP2/p27 axis may be a new future solution to combat MYC-driven tumors.




12. Concluding Remarks and Future Perspectives


One of the most prominent oncogenic features of MYC is its ability to promote cell proliferation despite unfavorable conditions, which causes severe cellular stress, usually leading to cell death. This clearly limits MYC’s oncogenic potential. MYC therefore needs to cooperate with other factors in order to overcome these limitations, such as oncogenic RAS, the anti-apoptotic members of the BCL-2 family and mutated p53. This review has focused on the role of the CDK2/p27/SKP2 network, which is regulated by MYC but also feeds back to MYC through protein–protein interactions and post-translational modifications in positive or negative loops, thereby modulating MYC’s ability to regulate genes involved in cell cycle progression and senescence suppression.



There are a number of questions that remains to be answered concerning the interplay between MYC and the CDK2/p27/SKP2 network. It is still unclear what subsets of MYC target genes are under control of this network. Considering the well-documented role of CDK2, p27 and SKP2 in cell cycle regulation, genes involved in this process are good candidates, and examples of such genes have also been documented [58,125,191]. However, maintaining the cell cycle and suppression of senescence is not only about stimulating G1-S transition and other phases of the cell cycle, but also about coping with oncogene-induced stress. As discussed in this review, there are several indications that MYC Ser-62 phosphorylation and functions of CDK2, SKP2 and p27 are connected to coping with replicative and oxidative stress. One option is therefore that the role of the positive and negative regulators within this network is to maintain MYC-driven cell cycle progression under controlled and “safe” conditions. Further characterization of subsets of MYC target genes and cellular processes controlled by the MYC/CDK2/p27/SKP2 axis could be achieved, for instance, by genome-wide ChIP and RNA-sequencing and proteomics. Other issues for future research are how Ser-62 phosphorylation impacts on MYC activity mechanistically, how p27 promotes MYC degradation and whether p27 also plays a transcriptional role. It also remains to be seen whether SKP2 targets p27 in the context of a ternary complex with MYC, whether SKP2-induced ubiquitylation and degradation of p27 and MYC occurs at chromatin as part of a coactivator function and how this affects MYC-driven transcription mechanistically. Finally, many challenges lie ahead on how to efficiently and specifically target the components of the MYC/CDK2/p27/SKP2 axis for improved cancer treatment.
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