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Abstract

:

p21cip1/waf1 mediates various biological activities by sensing and responding to multiple stimuli, via p53-dependent and independent pathways. p21 is known to act as a tumor suppressor mainly by inhibiting cell cycle progression and allowing DNA repair. Significant advances have been made in elucidating the potential role of p21 in promoting tumorigenesis. Here, we discuss the involvement of p21 in multiple signaling pathways, its dual role in cancer, and the importance of understanding its paradoxical functions for effectively designing therapeutic strategies that could selectively inhibit its oncogenic activities, override resistance to therapy and yet preserve its tumor suppressive functions.
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1. Introduction


Cell cycle checkpoint mechanisms are crucial for the protection and maintenance of genome integrity during exposure to multiple stress signals. Damaged cells can then be eliminated by apoptosis if the damage is not corrected [1]. Deregulations in these checkpoint mechanisms promote cancer development [2] and negatively influence anticancer treatment strategies [3]. One important regulator of cell cycle progression is the cyclin-dependent kinase inhibitor p21cip1/waf1, which is transactivated by p53 and is known to exert dual role during tumorigenesis [4].



Cell cycle progression is tightly controlled by cyclins and cyclin-dependent kinases (CDKs), the sequential activation of which allows for the initiation of and transition between different phases of the cell cycle. Initially, CDK4 and CDK6 associate with D-type cyclins, which are activated in response to mitogenic stimuli [5]. The activated cyclin/CDK complexes then phosphorylate and inactivate members of the retinoblastoma (Rb) protein family, including pRb, thus promoting progression through G1 phase and entry into the cell cycle [5]. In addition, CDK3 is thought to promote G0/G1 transition by interacting with C-type cyclins to phosphorylate pRb [6]. CDK2 activation by E-type cyclins may also be required for completion of G1 [5]. Following DNA synthesis, A- and B-type cyclins bind and activate CDK1, promoting mitosis [7].



CDKs possess several structural features that contribute to their activation. These features include cyclin-binding domain and ATP-binding domain. Most CDKs also possess activating and inhibitory phosphorylation sites [8]. The binding of inhibitory proteins, known as CDK inhibitors or CKIs, restrains the activity of CDKs [7,8]. Interestingly, CDKs and CKIs have roles beyond cell cycle regulation, as they regulate transcription, DNA damage repair, epigenetic mechanisms, and neuronal functions [8].



p21cip1/waf1 is a well-known potent universal CDK inhibitor that belongs to the CIP/Kip family of CKIs [9]. p21 binds and inhibits cyclin-CDK2, cyclin-CDK1, and cyclin-CDK4,6 complexes and thus, inhibits cell cycle progression during G1 and S phases [10,11]. If upregulated, p21 causes cell growth arrest at the G2 phase [12] and is required, together with p53, for sustained G2 arrest following DNA damage [13]. Notably, p21 interacts with both cyclins and CDK subunits with the kinase inhibitory domain found in the NH2 region, and thus inhibits unbound cyclins and CDKs independently. However, p21 possess higher affinity for the cyclin-associated CDK complexes. Interestingly, p21 can sometimes stabilize and activate CDK complexes depending on its abundance [14]. In addition to inhibiting CDKs, p21 interacts directly with E2F complexes and inhibits E2F transcription factor activity, leading to growth arrest [4]. Accumulating evidence also points to an important role for p21 in mediating p53-dependent regulation of cell cycle-related genes, whereby activation of p21 results in the stabilization of dimerization partner, RB-like, E2F and multi-vulval class B (DREAM) complex that is implicated in the downregulation of these genes [15,16,17]. It also binds to proliferating cell nuclear antigen (PCNA) and modulates various DNA repair processes [11]. Additionally, p21 promotes cellular senescence through various mechanisms, including gene expression regulation [18] and ROS accumulation in normal fibroblasts and in p53-negative cancer cells [11]. p21 mediates its various biological activities by sensing and responding to multiple stimuli, via p53-dependent and independent pathways. It is known to act as a tumor suppressor mainly by inhibiting cell cycle progression and allowing DNA repair. However, substantial evidence indicates that p21 has oncogenic activities that result mainly from apoptosis inhibition [9,19]. Significant advances have been made in elucidating the potential role of p21 in promoting tumorigenesis. In this review, we focus on the different mechanisms of p21 regulation and its deregulation during tumorigenesis. We further discuss the involvement of p21 in multiple signaling pathways, its dual role in cancer, and the importance of understanding its paradoxical functions for effectively designing therapeutic strategies that could selectively inhibit its oncogenic activities, override resistance to therapy and yet preserve its tumor suppressive functions.




2. p53-Dependent and Independent Induction of p21


2.1. p53-Dependent Transcriptional Regulation of p21


p21 is tightly regulated at the transcriptional and post transcriptional levels. p53, a tumor suppressor gene and the guardian of the genome, is a major transcriptional regulator of p21 [20]. The latter is encoded by cyclin-dependent kinase inhibitor 1A (CDKN1A) gene that is located on chromosome 6p21.2 in humans [20]. There are two highly conserved p53-responsive elements (p53-RE) in the p21 promoter to which p53 directly binds to activate p21 transcription [21]. Interestingly, a smaller protein p21B is also produced by the p21 gene [22] from an alternative promotor (P2 promotor) that also contains a p53-RE [21]. p53 activity is induced by multiple extrinsic signals, such as chemicals and radiation, and by several intrinsic stress signals, such as replication stress and DNA damage. Thereby, p53 responds by transcriptionally upregulating the appropriate gene targets, including p21 (Figure 1) [23]. p53 post-translational modifications, including acetylation and phosphorylation, have been shown to enhance its stabilization and activation in response to stress stimuli and activation of DNA damage response and repair pathways [4,24,25]. In response to DNA damage, acetylated p53 recruits TFIID subunit, TAF1, to the p53-RE on p21 [26]. In addition, p53 acetylation, at the K164 residue in the DNA-binding domain by p300/CREB-binding protein (p300/CBP) coactivator family, is important for the activation of p21 gene [27]. DNA damage-induced p53 mediates transcription initiation of p21 gene by recruiting the histone variant H2A.Z that renders the promotor region more permissive to transcription [28]. Following DNA damage, p53 is phosphorylated by Ataxia telangiectasia mutated (ATM) and RAD3-related (ATR). ATR and ATM phosphorylate and activate two members of the serine/threonine kinase family, CHK1 and CHK2, respectively. In turn, CHK1 and CHK2 further phosphorylate and activate p53 [29].



Numerous cellular factors interact with p53 and activate it to regulate p21 transcription. A good example is BRCA1, which recruits p300/CPB that acetylates and stabilizes p53 [30]. Pin1 has been also shown to regulate p53 stability and therefore the transcriptional activation of p21 in response to DNA damage [31]. This occurs by inducing conformational changes in p53 and thereby facilitating its phosphorylation at Ser-33 and -46 [32]. GADD34, a DNA damage-inducible protein, promotes the phosphorylation of p53 and subsequent p21 transcription [4]. Cell division autoantigen 1 (CDA1) enhances stabilization of p53 by inhibiting MDM2, a ligase that mediates p53 degradation, and thus promotes p21 transactivation [33]. Moreover, the histone acetyltransferase monocytic leukemia zinc finger (MOZ) directly interacts with p53 and induces expression of p21 after recruitment of the MOZ-p53 complex to the p21 promotor [34]. The proapoptotic Ras effector NORE1A induces p21 transcription by promoting p53 nuclear localization [35]. A member of the Krüppel-like transcription factor (Klf) family that regulate cellular proliferation, KLF4, mediates damage-induced p53 response by upregulating p21 expression and inducing cell cycle arrest at G1 phase [36].




2.2. p53-Independent Transcriptional Regulation of p21


Several other molecules induce the expression of p21 independent of p53 (Figure 1). These include transcription factors that use responsive elements in the proximal p21 promotor to induce the expression of p21 in response to various stimuli, such as butyrate, phorbol myristate acetate (PMA) and nerve growth factor (NGF) [23]. Examples include pRb [37], Sp1, and Sp3 [38]. Double homeobox 4 (Dux4), a transcription factor that induces G1 phase arrest, enhances the expression of p21 in a Sp1-dependent manner [39]. CDX2, a member of the caudal-related homeobox gene family, transactivates p21 promotor [40]. Moreover, integrin β1 was shown to enhance transcription of p21 by recruiting Sp1 to p21 promotor region [41]. Several nuclear receptors also activate p21 expression by binding to its RE, independent of p53. These include vitamin D receptors, retinoid receptors, and androgen receptors [38]. The latter is thought to form a complex with CBP/p300 and Sp1 [38]. A member of the Klf family, Klf6, is recruited to p21 promotor and is acetylated by p300-CREBBP to induce p21 transcription [42]. Several other transcription factors also induce p21, these factors were reviewed by Gartel and Tyner [23] and include signal transducers and activators of transcription (STAT), E2F-1/E2F-3, Smads, AP2, BETA2, GAX, CCAAT/enhancer binding protein-α (C/EBPα), C/EBPβ, and myoblast determination protein 1 (MYOD1) [23]. Importantly, p21 can be induced by extracellular antiproliferative signals including TGF-β, in a p53-independent fashion, by activating several transcription factors, such as Sp1 and Smads [43].





3. Post Transcriptional Regulation of p21


3.1. Phosphorylation, Stability, and Subcellular Localization of p21


Phosphorylation of p21 protein confers an additional level of regulation, and subsequently affects the stability and subcellular localization of p21. The ability of p21 to regulate cell cycle and other processes relies largely on its subcellular localization. Thr-145 and Ser-146 sites are phosphorylated by Pim-1, PKC, and Akt1 kinases. Phosphorylation at Thr-145 inhibits the nuclear translocation of p21 in breast cancer cells and promotes p21 stability (Figure 2) [20]. Ser-146 phosphorylation mediated by Akt1 enhances p21 stabilization and promotes cell survival [31]. It has been also documented that phosphorylation of p21 at Thr-145 or Ser-146 disrupts the binding of p21 with PCNA [4]. Phosphorylation at Ser-146 by different PKCs has shown conflicting results and has been a matter of debate. For example, phosphorylation at Ser-146 by PKCδ increases p21 stability [44]. Conversely, phosphorylation at Ser-146 by PDK1-activated PKCζ results in p21 degradation [45]. Similarly, glycogen synthase kinase-3 (GSKβ) phosphorylates Thr-57 and decreases the stability of p21 by inducing its degradation [38]. Interestingly, cyclin E- CDK2 complex phosphorylates p21 at Ser-130, which results in the ubiquitin-dependent degradation of p21 [38,46]. On the other hand, JNK and p38 phosphorylate p21 at Ser-130 and increase its stability [20].




3.2. Ubiquitin-Dependent Degradation of p21


Ubiquitin-dependent proteasomal degradation confers an important regulatory mechanism for p21 stability, and thereby for cell cycle progression control. p21 is targeted for ubiquitylation and degradation by multiple cell cycle-related ligases at different stages of the cell cycle [20]. For example, a study has shown that Anaphase Promoting Complex/Cyclosome and its activator Cdc20 (APC/CCdc20) control the degradation of p21 in prometaphase, and thus promote the full activation of CDK1, which is needed for the progression of mitotic events [47]. Other studies have shown that SCFSkp2 and CRL4Cdt2 target p21 for degradation during S phase [46,48]




3.3. Ubiquitin-Independent Degradation of p21


Ubiquitin-independent degradation of p21 has been also observed in a number of studies [49]. It has been established that p21 can directly bind the C8 alpha-subunit of the 20S proteasome, resulting in the assembly of the proteasome, independent of ubiquitylation [50]. Strikingly, MDM2 mediates the degradation of p21, independent of its ubiquitin E3 ligase activity [51].





4. Deregulation of p21 in Cancer


Being a tumor suppressor, p21 is usually downregulated in many types of cancer and contributes to poor prognosis of patients and decreased overall survival [19,38]. p21-deficient mice show a defective G1 checkpoint control, but do not develop spontaneous tumors [52]. Although p21 mutations are rare, they have been reported in a number of human cancers, including Burkitt’s Lymphoma [53], melanomas [54], thyroid carcinomas [55], and breast cancer [56].



The decreased expression of p21 correlates with mutations in the genes that activate and repress CDKN1 transcription. These genes undergo gain of function or upregulation and loss of function or downregulation, respectively [38]. Given that p21 is a direct target of p53, loss of p53 activity leads to downregulation of p21 in many types of cancer [20,38]. The most known suppressor of p21 transcription is c-Myc [57]. The latter is a proto-oncogene whose overexpression during cancer results in the activation of other oncogenes and suppression of many growth arrest genes including p21 [57]. It has been documented that c-Myc mediates estrogen-dependent breast cancer cell proliferation by targeting p21 and thus contributing to estrogen resistance to therapies in ERα-positive breast tumors [58]. The transcription factor AP4 has been also shown to repress p21 expression by binding to recognition motifs in the promotor region of p21 [59]. Interestingly, AP4 is induced by c-Myc and is required for c-Myc-mediated cell cycle reentry of breast cancer cells. Moreover, the induction of c-Myc and repression of p21, possibly through the activation of the β-catenin/TCF-4 complex that controls c-Myc activity [60], has been postulated to play a critical role in colorectal cancer [61]. The mechanistic basis of p21 repression by c-Myc has been addressed by many studies and reviewed by Jung et al. [20]. It has been suggested that the binding of c-Myc to Sp1/Sp3 transcription factors on the proximal promotor region of p21 mediates this repression. Association of c-Myc with and inhibition of Miz1, an initiator sequence binding factor, is known to mediate p21 repression by c-Myc [20].



Tbx2, which is amplified in some breast cancers, regulates senescence and oncogenesis, at least in part, through the regulation of p21 expression [62]. Histone deacetylase 4 (HDAC4) promotes gastric cancer progression by downregulating p21 [63]. Human MORC2 (microrchidia family CW-type zinc-finger 2), a chromatin regulator during DNA-damage response and a transcriptional repressor, was found to be upregulated in gastric cancer, whereby it represses p21 expression by recruiting HDAC1 to p21 promotor, in a p53-independent manner [64]. A study has reported that cell division cycle 27 (CDC27), a core subunit of the anaphase-promoting complex/cyclosome, downregulates p21 mRNA levels to promote proliferation of colorectal cancer cells [65].



The interaction of p21 with PCNA mediates the ubiquitination and degradation of p21 by a component of the CRL4 E3 ubiquitin ligase family, known as CRLCDT2 or DTL in UV-irradiated cells and neoplastic cell lines [66,67].



Loss of cell cycle control promotes tumorigenesis and reflects a crucial hallmark of cancer [2]. In particular, most human cancers manifest an impaired G1/S checkpoint control, most commonly caused by mutations in p53, a major regulator of G1/S checkpoint [68]. Interestingly, it has been documented that p21 is important for p53-dependent G1 arrest in human cancer cells [69]. Due to its significant implication in cell cycle regulation, p21 is often targeted in many types of cancers to counteract or enhance the tumor suppressor activities it exerts. For example, Inhibitor of Growth 2 (ING2) is a tumor suppressor that is downregulated in human cancers. ING2 is known to activate p21 expression by modifying the methylation patterns at the p21 promotor; however, the loss of ING2 in cancer results in decreased expression of p21 and increased progression from G1 to S phase [70].



In contrast, the overexpression of p21, together with an observed oncogenic activity, has been detected in many human cancers associated with poor prognosis, including breast, cervical, prostate cancer, gliomas, and acute myeloid leukemia (AML). It has been shown that Ras oncogene, which is frequently mutated and activated in human cancers, induces p21 promotor partly through the transcription factor E2F1 in a p53-independent fashion [71]. Overexpression of cytoplasmic p21 has been found to exert antiapoptotic effects and confer chemotherapeutic resistance in tumor cells [72]. In fact, p21 can act as either a tumor suppressor or an oncogene depending on cell type, stress factors, and p53 state. The latter is the major determinant of p21 properties and activities, as p21 functions to inhibit carcinogenesis in a p53-proficient environment while it promotes tumorigenesis in a p53-deficient environment [11]. It is now well established that p21 exerts different effects on tumorigenesis when localized within different subcellular compartments. When in the nucleus, p21 functions as a tumor suppressor. In contrast, when localized and overexpressed in the cytoplasm, p21 functions as an oncogene, as evidenced from immunohistochemistry studies using human tumor cells and tissues [38,73]. Cytoplasmic localization of p21 is associated with cell growth and survival, by promoting the assembly of the D-type cyclins with CDK4 and CDK6 and inhibiting apoptosis, respectively [38]. The assembly and activation of this complex by p21 is dependent on the abundance of p21 in vitro and in vivo [14]. p21 in the cytoplasm may also act as a chaperone for cyclin E to initiate G1/S progression. It is suggested that when p53 is damaged or lost, cytoplasmic p21 may exert the above-mentioned oncogenic effects, in addition to facilitating cell migration [11]. On the other hand, nuclear localization of p21 favors its tumor suppressive activities by inhibiting cell division and growth. p21 can also downregulate some DNA repair pathways in the nucleus and induce senescence [11,38,74]. Importantly, the relation between p53 status and p21 subcellular localization is not fully understood. So far, two studies have shown conflicting results in this regard. In one study, the high cytoplasmic levels of p21 were found to be associated with high p53 and cyclin B levels in breast cancer [75]. In another study, the nuclear localization of p21 was associated with p53 detection and PCNA expression in multiple myeloma [76]. Others have reported a correlation between p21 downregulation and increased p53 detection, but the subcellular localization of p21 was not mentioned [38]. Taken together, p21 can exert opposing roles in cancer by directly or indirectly regulating the activity of oncogenes and tumor suppressors. In the nucleus, p21 generally inhibits cyclin-CDK complexes, thus leading to the direct inhibition of cell proliferation. Nuclear p21 has indirect negative effects on cell cycle-related genes and oncogenes, such as c-Myc. It also interferes with the activities of several transcription factors. p21 also represses the transcription of anti-apoptotic genes. In contrast, cytoplasmic accumulation of p21 results in cell cycle progression and direct apoptosis inhibition through interfering with the activity of several caspases. Overall, p21 confers a broad range of interaction with many proteins and critical players in tumorigenesis, which partly explains its dual function in the cytoplasm versus the nucleus, depending on the proteins available in each compartment and the type of interactions that occur. The identification of novel targets would reveal new functions for p21 in each compartment and would provide a better understanding of the role of its cytoplasmic re-localization in promoting oncogenesis.




5. Functions of p21


5.1. Role of p21 in Cell Cycle


Growth stimuli sequentially activate CDKs to promote cell cycle. One of the major events that occur early during the cell cycle is pRb phosphorylation by cyclin D-CDK4/6. Phosphorylation of pRb is indispensable for the G1/S transition as it releases the sequestered E2F transcription factors and allows for the transactivation of genes important for the exit from G1 and the entry into S phase. CyclinE/CDK2 complex is activated to further phosphorylate pRb and ensure complete separation of E2F from the hyperphosphorylated pRb [77]. CDK3 associates with cyclin C to phosphorylate pRb, preceding pRb phosphorylation by CDK4, CDK6, and CDK2. This facilitates the exit of cells from the G0 phase and entry into G1 phase [6].



The role of p21 in cell cycle control is well established. p21 can directly inhibit cyclin-dependent kinase activities by interacting with their N-terminal domains or indirectly by interfering with the phosphorylation of CDK1 and CDK2 [38]. p21 binds the cyclin subunit through a conserved cyclin-binding motif 1 (Cy1), which is present in the N-terminal region. Additionally, p21 binds through redundant weak motif, Cy2, in its C-terminal region. These binding motifs are indispensable for p21-mediated inhibition of cyclin-CDK complexes. p21 interacts with CDK through a CDK-binding motif or kinase site in the N-terminal region for optimal inhibition [19]. Interestingly, p21 shares similar structural Cy motifs with other regulators of cell cycle, which enables it to compete with and disrupt the interactions between these regulators and the CDK-cyclin complexes. For example, p107 and p130, two structurally similar members of the pRb family, have a cyclin-binding domain Cy1 that is distinct from the E2F-binding domain, which allows them to interact with and inhibit cyclinE/CDK2 or cyclinA/CDK2 complexes [38]. Cdc25A is a phosphatase that activates cyclinE/CDK2 complex through association with the complex and dephosphorylation of CDK2, thereby mediating G1-S transition. It has been shown that cdc25A has a cyclin binding motif that is similar to Cy1. The presence of a similar motif in the N terminal regions of p21 and cdc25A allows for a competitive antagonism in the regulation of cell cycle progression [38]. p21 mediates cell cycle arrest in G1 phase primarily by inhibiting the activity of cyclinA/CDK2 and cyclinE/CDK2 [10]. As a result, cyclin/CDK2 complexes cannot phosphorylate pRb, and thus E2F transcription factors remain sequestered and unable to promote entry into S phase [38]. In line with this finding, mouse embryonic fibroblasts (MEFs) from mice lacking p21 have shown an impaired G1 checkpoint control [52]. In response to γ-irradiation, p21 can also inhibit CDK1 and prevent G1/S transition in CDK2−/− cells which is due to the ability of CDK1 to substitute for CDK2 [78]. Several reports indicate that p21 mediates G1/S checkpoint control by interacting with the central region of PCNA [38,79]. This interaction, which is mediated by the C-terminal domain of p21, displaces DNA replication enzymes from PCNA and directly blocks DNA synthesis [38] However, these findings were limited to in vitro models, as p21 is usually downregulated in vivo during the S phase [80].



Previous work has identified the involvement of p21 in G2 checkpoint control. It is important to note that p21 has low affinity for cyclin B/CDK1 in comparison to other cyclin/CDK complexes [81]. However, mechanisms of p21-mediated G2 phase arrest include inactivating cyclinB/CDK1 complexes [13] by inhibiting CDK-activating kinase (CAK) and thereby inhibiting CDK-1 activating Thr161 phosphorylation [82]. p21 has been also demonstrated to associate with and inactivate cyclin A-CDK1/2 complexes. p21 promotes the long-term inactivation of cyclinB1/CDK1 complexes by nuclear sequestration and inhibition of CAK and cdc25, in response to genotoxic stress [81].



Studies on p21 deficiency highlight the role of p21 in normal mitotic processes. Loss of p21 results in centriole overduplication and consequently an abnormal increase in centrosome number in tumor cells [13]. p21 is important for controlling CDK1 activity during mitosis since the deficiency of p21 in tumor cells has been shown to cause multiple mitotic defects including prolonged mitosis, abnormal chromosomal segregation and cytokinesis [83]. On the other hand, induced overexpression of p21 inhibits mitosis and inhibits CDK1/cyclin B1 kinase activity [82]. Similar to p21 loss, p21 overexpression also results in polyploidy; however, it also leads to partial inhibition of CDK1 activity [12].



Nonetheless, it has been suggested that p21 can promote cell growth possibly by functioning as an adaptor protein that induces the assembly, nuclear translocation, and activation of cyclin D/CDK4 in human tumor cells, resulting in cell proliferation [14,84]. These studies highlight a potential conflicting role of p21 in promoting oncogenesis through activation of cell cycle regulators [84]. The opposite cell cycle regulatory roles of p21 seem to depend on p21 expression level, whereby at low levels p21 promotes cyclin D1/CDK4 complex assembly and activation. The positive interaction of p21 with these complexes may serve to titrate p21 and free cyclin/CDK2 complexes from the inhibitory effect of p21 during cell cycle progression. In contrast, at high levels, p21 exerts inhibitory effects on the kinase activity of the CDK4 complex. These findings were further confirmed in vivo as the absence of p21 was found to contribute to reduced cyclin D-dependent kinase activity. However, the requirement of p21 for cell cycle progression remains unclear and requires further investigation in other cell systems and animal models [52,85], especially that different cell types show different levels of p21 protein in vivo [86], and during different phases of the cell cycle [87]. Future in vivo investigations of the dual role of p21 in cell cycle progression will help determine its role in the different hallmarks of cancer.




5.2. Role of p21 in Apoptosis


Multiple studies shed light on the potential role of p21 in modulating apoptosis and tumorigenesis. p21 is a negative regulator of p53-dependent and p53-independnet apoptosis in cancer cells [88]. Several mechanisms have been described for apoptosis inhibition by p21. These include direct interaction with and inhibition of several apoptosis regulatory proteins, such as protease precursors and kinases [89,90,91]. p21 interacts with procaspase 3, through its first N-terminal 33 amino acids, preventing the conversion of the inactivated procaspase 3 into its active form, thus inhibiting Fas-mediated apoptosis [89]. p21 also mediates the repression of caspase 2 in a p53-dependent manner [92]. On the other hand, p21 is cleaved by caspases during DNA damage-induced apoptosis [90]. Reports show that cytoplasmic p21 inhibits apoptosis signal-regulating kinase 1 (ASK1) and stress-activated MAP kinase cascade and acts as an inhibitor of apoptosis [91]. p21 also induces genes with known mitogenic or anti-apoptotic effects [18].



DNA damage results in two scenarios: Apoptosis or p21-dependent cell cycle arrest. In cases where p53-dependent p21 induction is repressed or p21 protein is inactivated by caspase-mediated cleavage, p53-dependent apoptosis is the end result [11]. Following exposure to DNA-damaging agents, human cancer cell lines undergo p21-mediated cell cycle arrest. However, the subsequent cleavage of p21 by caspase 3 results in apoptosis induction [93]. p53 point mutations that affect p53’s ability to transactivate p21 resulted in a more potent induction of apoptosis as compared to wild-type p53 [94].



c-Jun induces p53-dependent apoptosis partly by negatively regulating the association of p53 with p21 promotor. In contrast, c-Jun-deficient cells undergo p21-mediated cell cycle arrest in response to UV [95]. Interleukin 3 (IL-3) was shown to play a role in the induction of p21 and cell cycle arrest in irradiated Baf-3 murine hematopoietic cells with wild-type p53. This was further supported by the observation that the radiation of these cells in the absence of IL-3 resulted in weaker induction of p21 and thus, cell death [88,96]. p21 antisense therapy radiosensitizes human colon cancer to apoptosis [81].



Gartel and Tyner [88] reviewed the effect of several drugs on p21 and consequently, on cellular response and apoptosis. For example, when administered with the DNA-damaging drug Adriamycin, the immunosuppressive agent triptolide enhanced apoptosis by upregulating p53 expression and repressing p21 transcription. Adriamycin induces p53-dependent and -independent apoptosis; however, the expression of p21 counteracts the effect of this drug. This is supported by the fact that Adriamycin-treated HCT116 human colon carcinoma cell line undergoes cell cycle arrest whereas Adriamycin-treated p21-null HCT116 cells undergo apoptosis. Moreover, inhibition of CDK2 activity seems to be a mechanism by which p21 negatively regulates apoptosis. Overexpression of p21 in human osteosarcoma cells with wild-type p53 protects cells from apoptosis induced by the cancer chemotherapeutic drug etoposide [88].



The effects of oxidative stress on p21 was also reviewed [88]. Hydrogen peroxide (H2O2) can activate two different pathways: p53-dependent apoptosis and p53-dependent and -independent induction of p21 that protects cells from apoptosis. Nitric oxide and hyperoxia are known to induce p53-dependent and -independent activation of p21 and cell cycle arrest in macrophages, vascular smooth muscle cells, and HCT116 cancer cells. Interestingly, antisense p21 impairs nitric oxide-induced G1 arrest and sensitizes cells to apoptosis. Similarly, hyperoxia induces apoptosis in HCT116 cells, in the absence of p53 or p21. p21 seems to protect cells from oxidative stress, whereby it increases survival of mice, following hyperoxic lung injury [97].



p21 has been also shown to negatively regulate p53-independent apoptosis. Signals including TGF-β, TNF-α, IFN-γ, and histone deacetylase inhibitors may simultaneously induce both p53-independent apoptosis and p53-independent upregulation of p21 [23]. TGF-β induces cell cycle arrest or apoptosis to inhibit cellular proliferation. The induction of p21 in TGF-β-treated colon cancer cells correlated with reduced cyclin E-associated kinase activity in vitro and reduced pRb phosphorylation in vivo, suggesting that p21 sensitizes cancer cells to TGF-β-induced cell cycle arrest [98]. However, p21 mediates resistance to TGF-β-induced apoptosis [88]. Like TGF-β, TNF-α induces p21 expression and apoptosis in malignant Ewing tumor and breast cancer cells in a NF-κB-dependent manner. p21 antisense oligonucleotides sensitizes cells to TNF-α-mediated apoptosis [88]. IFN-γ induces p21 in a STAT1-dependent fashion, which in turn induces G1 arrest and inhibits apoptosis. Histone deacetylase induce p21 through Sp1 binding sites in the p21 promotor, which causes cell cycle arrest and/or apoptosis in human colon cancer and leukemia cells [88].



Interestingly, p21 has a conflicting role in promoting apoptosis. This finding is based on several reports showing that p21 overexpression enhances apoptosis response to cisplatin in glioma cells and ovarian carcinoma cells in vitro [99]. Moreover, p21 enhances MAPK-dependent apoptosis that is stimulated by bile acid in hepatocytes [100]. p21 also promotes ceramide-induced apoptosis by increasing the expression of the proapoptotic protein Bax [101]. CD95/Fas signaling induces p21 to promote apoptosis in T lymphocytes [102]. Additionally, a proapoptotic function of p21 has been found in differentiating granulocytes, whereby IL-3 was reported to inhibit p21-dependent apoptosis [103]. Thus, p21 may have pro-or anti-apoptotic effects depending on cell type, stress factors, and nature of apoptotic stimulus. Moreover, p21’s response to different drugs depends on the mode of action of the drug and on cellular context. As discussed above, the subcellular localization of p21 is a critical determinant of its role in apoptosis, whereby cytoplasmic p21 is free to interact with and inhibit positive regulators of apoptosis [91]. In addition, p21-induced apoptosis appears to be an alternative or a complementary process to cell cycle arrest following DNA damage and may also depend on p53 status. Thus, it would be challenging to infer whether p21 has a direct role in apoptosis, apart from its direct interaction with apoptotic proteins in the cytoplasm. On the other hand, p21 accumulation in the nucleus correlates with enhanced apoptosis in response to specific drugs [99]. However, it is not clear whether p21 is essential for apoptosis. Many studies have shown induction/repression of p21 in response to various apoptotic and anti-apoptotic stimuli, however, few studies have reported or addressed the molecular pathway(s) affected downstream of p21. Gene expression profiling and protein-protein interaction studies, that account for p53 status in the studied model systems, are recommended to gain a global picture of the multiple functions mediated by p21 and to explore the possible molecular mechanism by which p21 affects apoptosis.




5.3. Role of p21 in DNA Repair


Evidence from multiple studies indicates that p21 has a dual role in DNA repair processes [104,105,106]. p21 allows DNA repair by inhibiting cell cycle progression and apoptosis; however, it is well established that p21 interacts with PCNA and competes with several DNA repair components associated with PCNA [107]. p21 interferes with PCNA-DNMT1 binding, which is required for DNA repair and synthesis [19]. Moreover, p21 or p21-derived PCNA interacting peptide inhibit mismatch repair activity and PCNA-dependent base excision repair [38]. p21 also inhibits the interaction between PCNA and translesion DNA synthesis (TLS) enzyme, thereby modulating DNA replication and repair following UV irradiation [104]. p21 was also shown to inhibit PCNA ubiquitination that is required for the PCNA-dependent repair after UV irradiation [105]. On the other hand, the UV-triggered p21 degradation and removal from replication forks is crucial for facilitating damaged-DNA replication and preserving genomic stability [11].



The role of p21 in nucleotide excision repair (NER) regulation is controversial [108]. Defects in NER genes lead to a rare genetic disorder, known as xeroderma pigmentosum, and consequently skin cancer [109]. The xeroderma pigmentosum group E gene product DDB2, which is also a component of the CRL4 E3 ubiquitin ligase complex, recognizes DNA damage in NER and promotes p53 degradation and the consequent downregulation of p21 in UV-irradiated cells [110]. Interestingly, p21 upregulation has been shown to inhibit NER activity in DDB2−/− mice, whereas its deletion restores NER activity, further confirming the role p21 in repressing NER activity [110]. In contrast, it was reported that p21 did not inhibit NER in vivo [104] and that p21−/− cells showed NER deficiency [111]. Another mechanism by which p21 regulates NER is through binding to p300 acetyl transferase, disrupting the association between p300 and PCNA, and promoting DNA repair [106]. p21 modulates the interaction between p300 and XPG, the 3′-endonuclease that mediates the incision/excision step, and thus, influences the acetylation of XPG [112].



p21 is also involved in double-strand break (DSB) repair pathway, whereby it colocalizes with proteins involved in DNA repair, such as Rad50, MRE11, and PCNA at DNA damage sites induced by heavy ions [113]. p21 participates in the two major pathways that repair DSB: The error-free mechanism based on Homologous recombination (HR) and the error-prone process, nonhomologous DNA-end-joining (NHEJ). p21−/− cells exhibit reduced replication-coupled HR and increased MRE11 nuclear foci and CDK-mediated BRCA2 phosphorylation [114]. p21 foci accumulate at irradiated DSB sites, which are mainly repaired by NHEJ. The accumulation of EGFP-p21 was detected in both normal and transformed cell lines and was independent of p53 and NHEJ factors Ku70, Ku80, and DNA-PK. Instead it occurred in a PCNA-dependent fashion [115].



It has been reported that the downregulation of the major DNA repair factor histone H2AX is mediated by Her2/NeuT oncogene and involves the p21-CDK-Rb pathway, resulting in suppression of DNA repair while promoting DNA instability in Her2-positive cancer [116].



Taken together, the abovementioned findings show a direct role of p21 in DNA repair processes via regulating PCNA interactions with multiple DNA repair factors. Others have suggested that p21 promotes DNA repair through inducing cell cycle arrest during low levels of DNA damage, whereas high levels of DNA damage result in p21 degradation and apoptosis induction [81]. Thus, the extent of genotoxic stress and the pathways affected downstream may determine the role of p21 in genome stability. Further exploration of the different DNA repair proteins that interact with p21 may help elucidate the detailed mechanisms involving p21 during DNA damage in physiological systems. Importantly, a computational analysis may be essential for distinguishing direct and indirect p21-protein interaction networks and reconstructing signaling pathways involving p21 [117]. Such analyses may provide a new perspective pertaining to the role of p21 in DNA repair processes.




5.4. Role of p21 in Transcriptional Regulation


p21 can have positive or negative effects on transcriptional regulation in response to DNA damage [118,119,120]. p21 can repress transcription by inhibiting cyclin-CDK complexes, and thus inhibit phosphorylation of pRb and repress E2F-dependent transcription of many genes [118]. It can also function as a transcriptional cofactor by directly binding and regulating the activity of several transcription factors, including NF-κB, E2F, and estrogen receptors [118,121,122]. p21 also negatively regulates expression levels and stability of p53 [123]. It has been shown that p21 associates with STAT3; the overexpression of p21 in vivo reduced the transcriptional activity of STAT3 without affecting its DNA binding activity [124]. Moreover, p21 can repress E2F-dependent transcription, not only through CDK inhibition but also through direct interaction and inactivation of E2F transcription factors [125]. p21 suppresses c-Myc-dependent transcription by binding to its N-terminal region and interfering with c-Myc-Max complex formation. The binding of c-Myc with p21 competes with PCNA and modulates DNA synthesis and replication [126]. It was also reported that p21 down regulates myc and cdc25A genes by binding to the promotors of these genes, after being recruited together with STAT3 and E2F in response to DNA damage. The recruitment of p21 is associated with downregulation of histone H4 acetylation and inhibition of p300 histone acetylase recruitment [127]. p21 and acetyltransferase p/CAF regulate TGF-β transcriptional activity on several tumor-promoting genes by regulating Smad3 acetylation and DNA binding. The regulatory mechanism mediated by p21 was associated with tumor cell invasion and lymph node involvement in tissues obtained from breast cancer patients [128].



It has been reported that p21 inhibition of the polo-like kinase 1 (PLK1) is mediated in part by two promotor elements, cell cycle-dependent element (CDE) and cell cycle genes homology region (CHR), whereas the inhibition of topoisomerase IIα (TOPO IIα) promotor by p21 is mediated through CDE and not CHR. These DNA sequences are implicated in the regulation of cell cycle-dependent transcription and have been identified in the proximity of the initiation start site in the promotors of genes inhibited by p21, such as cyclin B1 and PLK1 [129]. CDE was also found in most of the promotors of the S-phase and mitotic control genes regulated by p21 in human leukemia cells and primary keratinocytes. The identified genes included cyclin E2 gene (CCNE2), CDK2, KIF4A, and WEE [130].



p21 is a negative transcriptional regulator of Glucocorticoid-induced tumor necrosis factor receptor (GITR), which exerts anti-apoptotic functions in T lymphocytes and keratinocytes. By downregulating GITR, p21 enhances the UVB-induced apoptosis and response to DNA damage in skin keratinocytes [131].



p21 can also positively regulate gene transcription mediated by several transcription factors. It enhances transcriptional activation by Estrogen receptor (ERα) through two mechanisms [119,120]. The first is through inhibition of CDK2 activity, which subsequently alleviates the CDK2-mediated block on CREB-binding protein (CBP), thus enhancing CBP histone acetyltransferase (HAT) activity and amplifying ERα activity [120]. The second is through associating with CBP and ERα, which facilitates the recruitment of CBP to the receptor and regulates interactions responsible for transcriptional activation of ERα [122].



p21 regulates transcription through a third mechanism that involves interaction with co-activators, such as p300 or CBP [119]. It negatively regulates Wnt gene transcription by binding to Wnt4 gene promotor in association with E2F-1 and inhibiting the recruitment of p300 to the promotor, resulting in histone hypoacetylation and transcription repression [132]. The binding of cyclin/CDK complexes with p300 inhibits the interaction between p300 and NF-κB, thereby suppressing NF-κB-dependent transcription. On the other hand, p21 alleviates this inhibition by restricting the activity of cyclin/CDK complexes and promoting p300-mediated transcription [119]. p21 induces the transcriptional activity of p300 through indirect interaction with the CRD1 motif, a discrete inhibitory domain within p300 and CBP [133]. p21 upregulation has been reported to reduce p300 and contribute to the down regulation of the DNA methyltransferases DNMT1, hence regulating DNA methylation in mammalian cell division [134].



p21 regulates many other genes involved in cell division, senescence, and aging [18]. Examples include t-TGase, which has been implicated in cell differentiation, carcinogenesis, apoptosis, and aging. p21 induction of cathepsin B, PAI-1, fibronectin, and N-acetylgalactosamine-6-sulfate sulfatase has been associated with arthritis [18]. p21 also represses the transcription of high mobility group box 2 (HMGB2) during radiation-induced senescence through the ATM-p53-p21 DNA damage pathway. Notably, HMGB2 is a protein involved in transcription, chromatin remodeling, recombination, and senescence [135].



It has been also shown that p21 mediates inflammation suppression by reducing the expression of TNF-α and IL-1β in macrophages [136]. In contrast, no inflammatory response was observed in p21-knock out mice in lung inflammation induced by cigarette smoke [137].



As part of the p53-DREAM pathway, p21 has been shown to indirectly downregulate many genes involved in DNA repair (e.g., BRCA1, BRCA2, H2AX), apoptosis (neuroepithelial cell transforming 1 (NET1), serine/threonine kinase 17b (STK17B), and in cell cycle regulation (E2F1, CHEK2, and CDK1) [16]. Thus, p21 is a multifaceted protein that is at the center of a complex network of molecular pathways that interacts with several key transcriptional players to regulate the transcription of a broad range of genes. This in turn extends the regulatory function of p21 beyond direct cell cycle control to indirectly regulating cell proliferation, apoptosis, and DNA repair. Importantly, genome-wide expression analysis of normal versus tumor cells would shed light on the multifaceted nature of p21. To explore this nature of p21, and to overcome the limitations of individual studies and their significant variations, bioinformatic tools must be implemented to provide an integrative and more precise and accurate analysis of datasets [138]. Appropriate prediction tools have revolutionized our understanding of the growing complexity of many proteins and may be helpful in unraveling direct and indirect mechanisms mediated by the crosstalk between p21 and various oncogenic and tumorigenic pathways during carcinogenesis.





6. Targeting p21 in Cancer Therapeutics


Studies on the role of p21 in cancer therapeutics report contradictory results regarding its role as a mediator of chemosensitivity or chemoresistance. Initial studies have shown that p21 inhibits initiator apoptotic caspase cleavage by TNF-related apoptosis-inducing ligand (DR4/TRAIL) receptor, thus suppressing apoptosis and enhancing survival of human breast and colon cancer cells [139]. It has been suggested that p21 protects human colorectal carcinoma cells from prostaglandin A2-mediated apoptosis by inducing cellular growth arrest [140]. Other studies reported that murine embryonic fibroblasts (MEFs) and HCT-116 cells lacking p21 were sensitive to cisplatin and nitrogen mustard [141,142]. In contrast, augmented p21 expression in lung carcinoma cell line correlated with growth inhibition and enhancement of chemosensitivity to the potent anticancer agent cisplatin [143]. An earlier study has shown that p21 is targeted by miR-33b-3p to promote the survival of A549 human lung cancer cells and their resistance to cisplatin [144]. Furthermore, miR-520g mediated resistance of colorectal cancer cells to 5-fluorouracil (5-FU)- or oxaliplatin-induced apoptosis in vitro and reduced the tumor growth inhibitory effect of 5-FU in vivo partly through downregulating p21 expression [145].



Some anticancer drugs function partly through their ability to induce the expression of p21. For example, histone deacetylase (HDAC) inhibitors induce the expression of p21 through Sp1 binding sites in the p21 promotor, in a p53-independent manner. Trichostatin A promotes p21 expression, and consequently cell cycle arrest and apoptosis, in human gastric carcinoma, oral carcinoma, and multiple myeloma cell lines [146,147]. The HDAC inhibitors, Butyrate and SAHA, induce p21 and apoptosis in human colon cancer and myelomonocytic leukemia cells, respectively [146]. Moreover, fluvastatin and lovastatin act as general HDAC inhibitors and have been shown to induce p21 expression in human cervical HeLa cells [148]. A study has shown that triptolide, a diterpenoid epoxide extracted from the Chinese plant Tripterygium wilfordii, upregulated p21 expression and caused G1 phase arrest in colon cancer cells [149]. Similarly, ascochlorin, an isoprenoid antibiotic, induced the expression of p53 and p21 and inhibited colon cancer cell growth by downregulating c-Myc expression [150]. Senescence induced by the DNA-methylating drug temozolomide is dependent on the upregulation of p21 in glioblastoma cells [151]. In addition, small molecule inhibitors of p21 have been devised and include butyrolactone I (BL), sorafenib and UC2288, which is structurally related to sorafenib [72]. BL is a potent inhibitor of p21 that functions by inducing p21 proteasomal degradation in a p53-independent manner. Sorafenib, a tyrosine kinase inhibitor, was effective in reducing p21 levels in renal and hepatocellular carcinoma cells, and its combination with other cytotoxic drugs shows additive effects, suggesting that sorafenib may act as a sensitizing agent for chemotherapeutics used to treat renal cell carcinoma (RCC) by modulating p21 levels. UC2288 significantly reduces cytosolic but not nuclear p21 levels, which is associated with reduced RCC growth, independent of p53 [72]. UC2288 is particularly a promising small inhibitor of p21 which targets oncogenic p21 without affecting global p21 expression levels and without affecting p53 [72]. The use of these drugs may depend on the type of cancer and mode of action of the drug itself. While p21 inducers may serve as promising therapy to treat cancers in which p21 loss correlates with poor prognosis, p21 inhibitors may slow the progression of tumors that upregulate p21.




7. Conclusions and Future Directions


The universal CDK inhibitor p21, which was previously thought to play a tumor suppressive role is now well recognized as an important two-faced molecule with remarkable oncogenic activities. This duplicity seems to be based on its role in induction/suppression of apoptosis, its subcellular localization, and is cell type dependent. In addition to controlling cell cycle and promoting cellular senescence, p21 functions as a positive and negative regulator of transcription in response to DNA damage. Given that p21 promotes its effects through the complex interaction with multiple players involved in tumorigenesis, the challenge lies in devising specific therapeutic agents that could inhibit the oncogenic activities of p21 without interfering with its tumor suppressor functions. Therapeutic strategies targeting cytoplasmic p21 may provide a new approach for the treatment of cancer and thus alleviate the resistance to chemotherapy.
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Figure 1. p53-dependent and p53-independent transcriptional regulation of p21. Chemicals, radiation, replication stress, and DNA damage induce the activity of p53. As a result, p53 activates the transcription of p21 by directly binding highly conserved p53-responsive elements (p53-RE) found in the p21 promotor. Acetylated p53 recruits TFIID subunit, TAF1, to the p53-RE on p21 in response to DNA damage. BRCA1-recruited p300/CREB-binding protein (p300/CBP) coactivator family mediates the acetylation of p53 and the activation of p21 gene. p53 recruits the histone variant H2A.Z to promote p21 transcription. p53 is phosphorylated and activated by ATM-CHK2, and ATR-CHK1 pathways in response to DNA damage. Pin1 and GADD34 promote the phosphorylation and stability of p53, and hence the transcriptional activation of p21 following DNA damage. Cell division autoantigen 1 (CDA1) inhibits MDM2, stabilizes p53, and thus promotes p21 transactivation. The histone acetyltransferase monocytic leukemia zinc finger (MOZ) directly interacts with p53 and induces the expression of p21. The proapoptotic Ras effector NORE1A induces p21 transcription by promoting p53 nuclear localization. pRb, Sp1, Sp3, and CDX2 transcription factors induce the expression of p21 in response to various stimuli, such as butyrate, phorbol myristate acetate (PMA) and nerve growth factor (NGF), independent of p53. Double homeobox 4 (Dux4) and Integrin β1 enhance the expression of p21 in a Sp1-dependent manner. Several nuclear receptors also activate p21 expression by binding to its RE, and include vitamin D receptors, retinoid receptors, and androgen receptors. The latter forms a complex with CBP/p300 and Sp1. Several other transcription factors also induce p21 and include signal transducers and activators of transcription (STAT), E2F-1/E2F-3, Smads, AP2, BETA2, GAX, CCAAT/enhancer binding protein-α (C/EBPα), C/EBPβ, and myoblast determination protein 1 (MYOD1). Importantly, p21 can be induced by TGF-β, in a p53-independent fashion, by activating Sp1 and Smads. 






Figure 1. p53-dependent and p53-independent transcriptional regulation of p21. Chemicals, radiation, replication stress, and DNA damage induce the activity of p53. As a result, p53 activates the transcription of p21 by directly binding highly conserved p53-responsive elements (p53-RE) found in the p21 promotor. Acetylated p53 recruits TFIID subunit, TAF1, to the p53-RE on p21 in response to DNA damage. BRCA1-recruited p300/CREB-binding protein (p300/CBP) coactivator family mediates the acetylation of p53 and the activation of p21 gene. p53 recruits the histone variant H2A.Z to promote p21 transcription. p53 is phosphorylated and activated by ATM-CHK2, and ATR-CHK1 pathways in response to DNA damage. Pin1 and GADD34 promote the phosphorylation and stability of p53, and hence the transcriptional activation of p21 following DNA damage. Cell division autoantigen 1 (CDA1) inhibits MDM2, stabilizes p53, and thus promotes p21 transactivation. The histone acetyltransferase monocytic leukemia zinc finger (MOZ) directly interacts with p53 and induces the expression of p21. The proapoptotic Ras effector NORE1A induces p21 transcription by promoting p53 nuclear localization. pRb, Sp1, Sp3, and CDX2 transcription factors induce the expression of p21 in response to various stimuli, such as butyrate, phorbol myristate acetate (PMA) and nerve growth factor (NGF), independent of p53. Double homeobox 4 (Dux4) and Integrin β1 enhance the expression of p21 in a Sp1-dependent manner. Several nuclear receptors also activate p21 expression by binding to its RE, and include vitamin D receptors, retinoid receptors, and androgen receptors. The latter forms a complex with CBP/p300 and Sp1. Several other transcription factors also induce p21 and include signal transducers and activators of transcription (STAT), E2F-1/E2F-3, Smads, AP2, BETA2, GAX, CCAAT/enhancer binding protein-α (C/EBPα), C/EBPβ, and myoblast determination protein 1 (MYOD1). Importantly, p21 can be induced by TGF-β, in a p53-independent fashion, by activating Sp1 and Smads.



[image: Cancers 11 01475 g001]







[image: Cancers 11 01475 g002 550] 





Figure 2. Post-transcriptional regulation of p21. Pim-1, PKC, and Akt1 kinases phosphorylate Thr-145 and Ser-146 sites on p21 protein. Phosphorylation at Thr-145 promotes cytoplasmic translocation and stability of p21. Ser-146 phosphorylation mediated by Akt1 enhances p21 stabilization and promotes cell survival. Phosphorylation of p21 at either site disrupts the interaction between p21 and PCNA, thus inhibiting CRL4-mediated ubiquitination and degradation of p21. Phosphorylation at Ser-146 by PKCδ increases p21 stability, whereas phosphorylation of the same serine by PDK1-activated PKCζ results in p21 degradation. Similarly, glycogen synthase kinase-3 (GSKβ) phosphorylates Thr-57 and induces p21 degradation. JNK and p38 phosphorylate p21 at Ser-130 and increase its stability. Cyclin E- CDK2 complex phosphorylates p21 at Ser-130, resulting in the ubiquitin-dependent degradation of p21. Cell cycle-related ligases mediate ubiquitination and degradation of p21, and include Anaphase Promoting Complex/Cyclosome and its activator Cdc20 (APC/CCdc20), SCFSkp2, and CRL4Cdt2. p21 can directly bind the C8 alpha-subunit of the 20S proteasome, mediating proteasome assembly and ubiquitylation-independent degradation of p21. Strikingly, MDM2 mediates the degradation of p21 independent of its ubiquitin E3 ligase activity. 
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