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The cyclin/CDK inhibitor p57Kip2 belongs to the Cip/Kip family, with p21Cip1 and p27Kip1, and is the least studied member of the family. Unlike the other family members, p57Kip2 has a unique role during embryogenesis and is the only CDK inhibitor required for embryonic development. p57Kip2 is encoded by the imprinted gene CDKN1C, which is the gene most frequently silenced or mutated in the genetic disorder Beckwith–Wiedemann syndrome (BWS), characterized by multiple developmental anomalies. Although initially identified as a cell cycle inhibitor based on its homology to other Cip/Kip family proteins, multiple novel functions have been ascribed to p57Kip2 in recent years that participate in the control of various cellular processes, including apoptosis, migration and transcription. Here, we will review our current knowledge on p57Kip2 structure, regulation, and its diverse functions during development and homeostasis, as well as its potential implication in the development of various pathologies, including cancer.
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INTRODUCTION

The cell division cycle is the fundamental process by which a cell duplicates its cytoplasmic and nuclear contents and divides in two genetically identical daughter cells. Cell cycle progression is driven by specific combinations of heterodimeric cyclin/CDK (cyclin-dependent kinase) complexes that license progression from one cell cycle phase to the next. In these complexes, the CDK is the catalytic subunit that has serine/threonine kinase activity and the cyclin subunit allows CDK activation and determines substrate specificity (Malumbres and Barbacid, 2005; Suryadinata et al., 2010). These actors are finely regulated at the level of transcription, localization, post-translational modifications (mainly phosphorylation) and protein degradation. Another level of regulation is their association with inhibitory partners called CKIs (Cyclin-dependent Kinase Inhibitor). CKIs are divided in two families according to their structure, CDK binding specificity and evolutionary origin: the INK4 family and the Cip/Kip family (Sherr and Roberts, 1999; Besson et al., 2008; Suryadinata et al., 2010).

The INK4 family (Inhibitors of CDK4) is composed of four proteins, p16INK4A, p15INK4B, p18INK4C, and p19INK4D that specifically bind to CDK4 and CDK6 and inhibit their interaction with D-type cyclins, thus preventing their activation (Sherr and Roberts, 1999; Besson et al., 2008). In contrast, members of the Cip/Kip family, p21Cip1/Waf1 (p21) (Harper et al., 1993), p27Kip1 (p27) (Polyak et al., 1994; Toyoshima and Hunter, 1994) and p57Kip2 (p57) (Lee et al., 1995; Matsuoka et al., 1995) bind to both CDK and cyclin subunits and have the ability to inhibit all cyclin/CDK complexes (Sherr and Roberts, 1999; Besson et al., 2008). Cip/Kip proteins share a conserved cyclin/CDK interaction domain in their N-terminal part, but diverge in their C-termini, suggesting that they play specific roles (Yoon et al., 2012). By inhibiting CDK activity, CKIs block proliferation and they are considered as tumor suppressor.

More recently, the characterization of the CKI interaction networks indicates that Cip/Kip family members plays multiple functions in the cell and that their roles are not restricted to cell cycle control but also extends to the regulation of other cellular processes (Besson et al., 2008).

In this review, we focus on the least studied Cip/Kip family member, p57, and give an overview of its regulation, multiple functions in physiology and implication in pathology.



THE CDKN1C GENE

p57 is encoded by CDKN1C, located in the telomeric region of chromosome 11 at 11p15.5 in human (Matsuoka et al., 1995), and in the distal region of chromosome 7 in mice (Hatada and Mukai, 1995). CDKN1C contains four exons and three introns and p57 is encoded only from exons 2 and 3 (Tokino et al., 1996).

CDKN1C is a paternally imprinted gene, with preferential expression from the maternal allele (Matsuoka et al., 1996). The 11p15.5 locus contains a cluster of genes submitted to genomic imprinting. Parental or genomic imprinting is a process required for normal embryonic development that involves epigenetic modifications of a gene causing its monoallelic expression in a parental-dependent manner (Monk et al., 2019). Imprinted genes are commonly found in clusters, which contain imprinting control regions (ICRs) that are enriched in CpG islands and are differentially methylated on each allele. These regions also often include non-coding antisense RNAs that are essential for maintaining imprinting (Reik and Walter, 2001). Interestingly, the region homologous to 11p15.5 on murine chromosome 7 has the same gene cluster arrangement, highlighting the importance of this organization for the regulation of these genes. This locus covers about 1 Mb and is organized in two domains controlled by two regulatory centers, ICR1 and ICR2 (Figure 1).
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FIGURE 1. Imprinting control of the 11p15.5 locus. The 11p15.5 locus is organized in two domains, telomeric and centromeric, each controlled by an imprinting control region (ICR). Imprinting of the telomeric region is controlled by ICR1, which allows repression of H19 and expression of IGF2 on the paternal allele, and reciprocal expression on the maternal allele. ICR2 controls imprinting of the centromeric domain. Methylation of ICR2 leads to the suppression of the LIT1 antisense RNA of the KCNQ1OT1 locus, allowing the expression of p57 from the maternal allele.


ICR1 in the telomeric domain controls the reciprocal expression of H19 (maternal expression) and IGF2 (paternal expression). The expression of these two genes depends on the same pair of enhancers whose access is regulated by ICR1 (Leighton et al., 1995). On the maternal allele, unmethylated ICR1 is bound by CTCF (CCCTC-binding factor), a zinc-finger protein with insulating activity, preventing the interaction of the enhancers with the IGF2 promoter, but allowing activation of the H19 promoter, which is expressed. Conversely, on the paternal allele, CTCF does not recognize the methylated ICR1, allowing the interaction of the enhancers with the IGF2 promoter and its expression, while H19 is repressed (Hark et al., 2000; Eggermann et al., 2014b).

The centromeric domain is approximately 800 kb in size and contains several ubiquitously imprinted genes, including KCNQ1, KCNQ1OT1 (KCNQ1 Opposite strand/antisense transcript 1, a.k.a. LIT1 [Long QT intron transcript 1]), CDKN1C, SLC22A18, and PHLDA2, whose expression is regulated by ICR2. ICR2, located in intron 10 of KCNQ1 corresponding to the KCNQ1OT1 promoter, is methylated on the maternal allele, which represses KCNQ1OT1 expression and thereby allows maternal expression of all the other genes of the domain. Conversely, ICR2 is unmethylated on the paternal allele, allowing KCNQ1OT1 expression. KCNQ1OT1 is a non-coding antisense RNA that represses in cis the other genes of the domain (Fitzpatrick et al., 2002; Eggermann et al., 2014b) (Figure 1). KCNQ1OT1 directly binds to chromatin at the promoters of the imprinted genes and recruits histone methyltransferase complexes such as EZH2 (Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit) and EHMT2 (Euchromatic Histone Lysine Methyltransferase 2), resulting in a repressive chromatin state (Pandey et al., 2008). In addition, KCNQ1OT1 recruits DNMT1 (DNA methyltransferase 1) to these promoters, causing their hypermethylation and reinforcing paternal repression (Mohammad et al., 2010). Imprinting defects in this locus are one of the most frequent cause of development of several syndromes (see below). Some genes in this locus are imprinted only in the placenta in mice (Ascl2, CD81, and Tssc4) (Shmela and Gicquel, 2013).



REGULATION OF CDKN1C EXPRESSION

p57 expression is finely regulated by many signals and transcription factors. CDKN1C promoter analysis revealed the presence of several consensus sites for various transcription factors, including several SP1 (Stimulatory protein-1) sites, a Glucocorticoid response element (GRE) site, and a TATA box. The transcription factors E47, E2F1 and EGR1 (Early growth response gene 1), Tcf4, Hif1-α, as well as MyoD, via a p73 dependent mechanism, all promote p57 expression (Samuelsson et al., 1999; Rothschild et al., 2006; Vaccarello et al., 2006; Ma and Cress, 2007; Roeb et al., 2007; Wierenga et al., 2014). Stimulation with glucocorticoids or BMPs also induce p57 expression (Samuelsson et al., 1999; Gosselet et al., 2007; Shi and Liu, 2011; Zhang et al., 2015). Conversely, p57 transcription is repressed by the Notch effectors Hes1 and Herp2, as well as Id2 and PAX3-FOXO1 (Rothschild et al., 2006; Jia et al., 2007; Roeb et al., 2007; Riccio et al., 2008). TGF-β signals have antagonistic roles depending on cell type. Indeed, the TGF-β/Smad pathway stimulates p57 expression in hematopoietic stem cells, whereas it induces its degradation in osteoblasts (Urano et al., 1999; Scandura et al., 2004). The CDKN1C promoter is strongly regulated by methylation on the numerous CpG islands located upstream and downstream of the transcription start site, which appears to play a critical role in mediating p57 silencing in cancers (see below).

In carcinomas, multiple micro-RNAs have been shown to repress p57 expression. For example, p57 is targeted by miR221/222 in gastric, lung and hepatocellular cancers, promoting cell proliferation and tumor growth (Fornari et al., 2008; Kim et al., 2009; Wang et al., 2013). Similarly, p57 expression is down-regulated by miR25 in glioma and gastric cancer (Kim et al., 2009; Zhang et al., 2015) and by miR21 in prostate cancer (Mishra et al., 2014). In the context of stem cells, p57 is regulated by miR92. In human embryonic stem cells, miR92-b targets p57, promoting G1/S transition and stem cell proliferation (Sengupta et al., 2009). Conversely, in pancreatic cancer p57 is targeted by miR92-a, and miR92-a is downregulated in chemoresistant cancer stem cells, leading to p57 upregulation, which promotes cancer stem cell quiescence and treatment resistance (Cioffi et al., 2015). Recently, Long Non-Coding RNAs (lncRNAs) other than KCNQ1OT1 have also been identified as regulators of p57 expression. LncRNAs may regulate gene expression by several mechanisms, either acting as scaffolds, guides or by interacting with chromatin modifying proteins (Fatica and Bozzoni, 2014). Several lncRNAs overexpressed in cancer, notably SNHG17 in colorectal and gastric cancer, SH3PXD2A-AS1 in colorectal cancer, or LncRNA00511 in non-small cell lung carcinoma, were shown to downregulate p57 via their interaction with EZH2, the catalytic subunit of the Polycomb Repressive Complex 2 (PRC2), a methyltransferase that causes chromatin condensation (Sun et al., 2016; Ma et al., 2017, 2018; Zhang et al., 2019a). Inversely, LINC00628 is downregulated in colorectal cancer, which is associated with poor prognosis, and its interaction with EZH2 leads to p57 upregulation (Zhang et al., 2020). Other mechanisms have been identified, for instance in gastric cancer, the LncRNA ARHGAP27P1 activates p57 expression through binding to JMJD3 (Jumonji-Domain containing 3), causing demethylation of the p57 promoter (Zhang et al., 2019b).

Over the past few years, RNA modifications were shown to play an important role in RNA stability and translation and it appears that aberrant modifications are involved in tumorigenesis (Chen et al., 2019). NSUN2 (NOP2/Sun RNA methyltransferase 2), the main enzyme catalyzing 5-methylcytosine (m5C) formation, is upregulated in gastric cancer and promote cell proliferation and tumorigenesis via m5C methylation of the p57 mRNA, repressing p57 expression (Mei et al., 2020).

Unlike other Cip/Kip family members, p57 exhibits a tissue-specific expression pattern with marked variations of expression from embryogenesis to adulthood. During embryogenesis, p57 is strongly expressed from E9.5 to birth, with peak expression at key stages of differentiation in each organ. p57 is present in all three embryonic germ layers (endoderm, mesoderm, and ectoderm), and is found in the majority of organs: cartilage, skeletal muscle, heart, nervous system, and parenchymal organs (intestine, pancreas, lungs, adrenals, thymus, gonad, and kidney) as well as in extra-embryonic tissues. After E13.5, its expression strongly decreases in most tissues, but persists in skeletal muscle, kidney, intestine, palate, and lens (Nagahama et al., 2001; Westbury et al., 2001). In adults, p57 is expressed in post-mitotic cells of a limited number of tissues (heart, brain, lungs, skeletal muscle, placenta, kidney, gonads, intestine, and more weakly in the liver and spleen), which distinguishes it from the ubiquitous expression of p27 and p21 (Lee et al., 1995; Matsuoka et al., 1995).



p57 STRUCTURE AND REGULATION

p57Kip2 is a protein of 316 amino acids in human and 335 in mice, with an apparent molecular weight of 57 kDa. The murine p57 protein is organized into four domains (Figure 2): domain I comprises the cyclin/CDK binding domain and has high homology to p21 and p27. Domain II is a Proline-rich region of 82 amino acids, followed by domain III of 107 amino acids rich in acidic residues (glutamic and aspartic acids). Finally, domain IV comprises a conserved motif called the QT domain presenting homology with p27 (QT motif) and p21 (PCNA binding domain). Human p57 is conserved in the C- and N-terminal parts, however, the central domains II and III are replaced by a single distinct domain rich in Proline/Alanine repeats, the PAPA domain (Figure 2) (Lee et al., 1995; Matsuoka et al., 1995). It is important to note that, like other Cip/Kip family proteins, p57 is an intrinsically unstructured protein that adopts a tertiary conformation only after binding to its different partners (Adkins and Lumb, 2002; Lacy et al., 2004).
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FIGURE 2. Structure of the p57Kip2 protein. Cip/Kip proteins are highly conserved in their N-terminal domain that mediates binding to cyclins and CDKs, but diverge in their C-terminal part. Nevertheless, the C-terminus of p57 presents some homology with p21 (PCNA binding domain) and p27 (QT motif). Murine and human p57 are conserved in their N- and C-terminal domains but the central domains (II and III) in mice are substituted by a unique PAPA domain in human (II). The N-terminal CDK binding/inhibitory domain (KID) of p57 is subdivided in three domains: a cyclin binding domain (1), a CDK binding domain (2) and a 310 helix (3). The C-terminal QT domain (238–316) of p57 presents strong homology to the p27 QT motif at amino acids 302–316. It also contains three other conserved motifs: a PCNA binding domain (272–297) similar to p21, a nuclear localization signal (NLS, 278–281), and a CDK phosphorylation site (T310). Through its diverse domains p57 is able to interact with multiple partners involved in numerous cellular process, such as MyoD, b-Myb, LIMK1, PCNA, or JNK.


The N-terminal domain I is necessary and sufficient for cyclin/CDK complex inhibition. This domain is subdivided in three regions: a cyclin binding domain, a CDK binding site and a 310 helix. The 310 helix is not required for binding to cyclin/CDKs but allows inhibition of Cyclin A/CDK2 and Cyclin E/CDK2 activity by inserting into the catalytic pocket of CDK2, thus blocking ATP hydrolysis, as reported for p27 (Russo et al., 1996; Hashimoto et al., 1998). This N-terminal domain also mediates the interaction with transcription factors such as b-Myb and MyoD (Reynaud et al., 2000; Joaquin and Watson, 2003). The PAPA domain is unique to p57 and may confer to p57 distinct functionalities from p21 and p27 via the interaction with different proteins. For example, this central region of p57 interacts with the kinase LIMK1, a Rho effector involved in regulation of actin polymerization (Yokoo et al., 2003). Finally, the C-terminal QT domain of p57 shares homology with the C-termini of both p27 (QT motif) and p21 (PCNA binding site). Importantly, the PCNA binding site of p57 was found to participate in mediating growth inhibition (Watanabe et al., 1998) and gain-of-function mutations in this domain were later discovered to cause the development of growth-restriction syndromes such as IMAGe (intrauterine growth restriction, metaphyseal dysplasia, adrenal hypoplasia congenita, and genital anomalies) and Silver Russell (see below) (Arboleda et al., 2012; Brioude et al., 2013b). The QT domain of p57 also mediates interaction with the stress-activated protein kinase JNK1 (Chang et al., 2003). A putative Nuclear Localization Sequence (NLS) consensus site has been identified, at the C-terminus of p57 by homology with p27 (Lee et al., 1995). Finally, the C-terminus of p57 contains a consensus site for CDK2 phosphorylation on Thr310 in human (Thr329 in mice) that allows degradation of p57, similarly to Thr187 on p27 (Kamura et al., 2003).

The degradation of p57 is mediated by the proteasome. Phosphorylation of Thr310 by cyclin E/CDK2 complexes creates a binding site for the F-box protein Skp2, leading to p57 ubiquitination by the Skp2-SCF (Skp1, Cullin, F-box) complex and to its degradation by the proteasome (Kamura et al., 2003). A second F-box protein, FBL12, has been involved in p57 degradation. In osteoblasts, TGFβ1 stimulates FBL12 expression that interacts with p57 phosphorylated on Thr310 and causes its proteasomal degradation independently of Skp2 (Kim et al., 2008).



ANIMAL MODELS OF p57

Knockout of Cdkn1c in mice (p57KO) causes embryonic (approximately 10% of mutant embryos die between E13 and E16) and perinatal lethality, with less than 10% of animals surviving to adulthood (Yan et al., 1997; Zhang et al., 1997). p57KO embryos display numerous developmental abnormalities that are mainly caused by defects in differentiation and increased apoptosis. For example, p57KO mice frequently exhibit cleft palate, abdominal wall closure defects (umbilical hernia and omphalocele) associated with defective abdominal muscle development, truncation or shortening of the intestine, bone shortening and ossification delay due to defective chondrocyte differentiation, adrenal hyperplasia, renal dysplasia, and increased apoptosis in the lens (Table 1) (Yan et al., 1997; Zhang et al., 1997; Susaki et al., 2009). Consistent with Cdkn1c imprinting, animals inheriting a null allele from their mother (p57+/–m) exhibit a phenotype similar to homozygous p57–/– animals. Importantly, a transgenic approach to insert a second Cdkn1c allele outside of the imprinted locus (i.e., two expressed copies of Cdkn1c) caused intrauterine growth restriction and embryonic lethality (Andrews et al., 2007). Thus, these studies have shown that unlike other CDK inhibitors, p57 is required for embryonic development and that expression of a single Cdkn1c allele is required.


TABLE 1. Summary of phenotypes observed in p57KO, p57p27KI, and p57CK– mice.

[image: Table 1]Indeed, mice lacking p21 develop normally and are tumor free for the first 7 months (Deng et al., 1995), however aging mice (∼16 months) spontaneously develop tumors of hematopoietic, endothelial or epithelial origin (Martin-Caballero et al., 2001). Consistent with its CDK inhibitory function, p21 loss accelerates the development of Ras-induced mammary and salivary tumors (Adnane et al., 2000). Similarly, p27 loss does not cause overt developmental defects, however p27KO mice are significantly larger and present multiple organ hyperplasia due to increased cell proliferation, and display retinal dysplasia and female sterility (Fero et al., 1996; Nakayama et al., 1996). p27 deficient animals spontaneously develop pituitary tumors within a few months and are dramatically more susceptible to carcinogenesis induced by genotoxic agents or oncogene activation (Fero et al., 1996, 1998; Nakayama et al., 1996). Moreover, p27 acts as a haploinsufficient tumor suppressor, as p27 heterozygote mice also display a predisposition to tumor development induced by carcinogens or irradiation (Fero et al., 1998) or in conjunction with inactivation of another tumor suppressor such as PTEN (Di Cristofano et al., 2001). Finally, an inactivating mutation in p27 was discovered in rats as the cause of MENX (Multiple Endocrine Neoplasia X) syndrome. This mutation is a tandem duplication of eight nucleotides causing a frameshift leading to rapid degradation of p27 and decreased p27 protein level (Pellegata et al., 2006). Subsequently, six germline mutations of p27 have been identified as the origin of a rare MEN syndrome in humans called MEN4 (Pellegata et al., 2006; Marinoni and Pellegata, 2011).

A number of functional redundancies and compensatory mechanisms between CKIs have been highlighted by the generation of double or triple mutants, as well as knock-in mutants (Tables 1, 2). Interestingly, double p27–/–/p57KO or p21–/–/p57KO knockout in mice exacerbate certain phenotypes of p57KO mice. There is worsening of placental and lens defects, and increased embryonic lethality in p27–/–/p57KO animals (Zhang et al., 1998). On the other hand, p21–/–/p57KO double mutation aggravates skeletal defects, and causes the appearance of phenotypes not observed in the single mutants, such as impaired lung and skeletal muscle development (Zhang et al., 1999). Triple p21–/–/p27–/–/p57KO knockout animals exhibit phenotypes similar to p27–/–/p57KO mice and die between E11.5 and E15.5 (Tateishi et al., 2012) (Table 2) (for detailed review see, Ciemerych and Sicinski, 2005).


TABLE 2. Phenotypes associated with loss of Cip/Kip proteins in mice.

[image: Table 2]In addition, a p57p27KI knock-in mouse model, where the coding sequence of p27 was inserted in the p57 locus, revealed significant functional redundancy between p27 and p57 when compared with p57KO mice, as p27 corrects certain phenotypes caused by the absence of p57, highlighting the importance of CDK inhibition by p57 during development (Table 1) (Susaki et al., 2009). Nevertheless, several phenotypes of p57KO mice, such as kidney dysplasia, abdominal wall defects or adrenal hyperplasia, are not restored in p57p27KI mutants, indicating that p57 plays specific functions during development (Table 1) (Susaki et al., 2009). Generation of another knock-in mutant, p57CK–, in which p57 no longer binds to cyclin/CDK complexes due to four point mutations, provided genetic evidence of cyclin/CDK independent functions of p57 during development (Duquesnes et al., 2016). Indeed, some phenotypes of p57KO mice are completely absent in p57CK– mice, such as kidney dysplasia and intestinal shortening (Table 1). Surprisingly, others phenotypes, including adrenal hyperplasia and cleft palate, were aggravated or more frequent in p57CK– mice compared to p57KO, suggesting that in these tissues p57 plays both CDK dependent and independent roles (Table 1). A possible explanation for these phenotypes is that CDK-dependent degradation of the p57CK– protein is partly defective, leading to increased levels of the mutant protein, which could potentially exert a dominant negative effect (Duquesnes et al., 2016).



FUNCTIONS OF p57


Canonical Function in Cell Cycle Regulation

The role of Cip/Kip family proteins as CDK inhibitor is well-established, and like p21 and p27, p57 causes a cell cycle arrest in G1 (Sherr and Roberts, 1999; Besson et al., 2008). p57 is able to bind and inhibit all cyclin/CDK complexes, however, with a lower affinity for cyclin B/CDK1 and cyclin D2/CDK6 complexes (Matsuoka et al., 1995). p57 mediates cyclin/CDK complex inhibition by blocking the substrate interaction domain on cyclins and by insertion into the catalytic pocket of the CDKs, thus preventing binding of ATP and catalytic activity (Russo et al., 1996). Like other Cip/Kip proteins, p57 promotes the assembly of Cyclin D1-CDK4/6 complexes, which may remain active (Labaer et al., 1997). Indeed, the CDK inhibitory activity of p27 and p21 is regulated by phosphorylation on Tyr88 and Tyr77, respectively, which relaxes the inhibitory conformation of the CKI, allowing partial CDK activation (Chu et al., 2007; Grimmler et al., 2007; James et al., 2008; Huang et al., 2015). This tyrosine is conserved in p57 (Tyr91), thus, a similar regulation of its CDK inhibitory activity by tyrosine kinases appears likely, although there is no direct evidence for this yet.

p57 can also inhibit the cell cycle via binding and inhibition of PCNA. Indeed, individual mutation of the CDK or PCNA binding site only results in partial loss of the growth inhibitory activity of p57 in vitro, whereas simultaneous loss of these two interactions completely abolishes the cell cycle inhibitory activity of p57 (Watanabe et al., 1998).

Finally, p57 also plays a role in trophoblast endoreplication. Endoreplication is a succession of G1 and S phases without intervening mitosis, leading to formation of giant polyploid cells. This phenomenon is observed during trophoblast differentiation to allow placenta implantation. p57 levels oscillate during endoreplication, decreasing before S phase entry and accumulating after S phase and in G1 (Hattori et al., 2000). p57KO mice exhibit placental defects and it was shown in vitro that p57 is required to trigger mouse trophoblast endoreplication by inhibiting CDK1 activity (Ullah et al., 2008; Susaki et al., 2009).



Non-canonical Functions of p57

In addition to cell cycle control, an increasing number of studies have described non-canonical functions of p57. The ability of p57 to regulate various cellular processes probably stems from its multi-domain structure and ability to interact with many protein partners. Indeed, a protein interactome has identified 183 direct potential partners of p57 involved in various cellular functions, including regulation of transcription, cytoskeleton and apoptosis (Duquesnes et al., 2016).


Cytoskeleton Regulation

All Cip/Kip family members have been shown to regulate cytoskeleton organization and cell migration by acting at different levels of the Rho/ROCK/LIMK/Cofilin pathway (Besson et al., 2004, 2008). In vivo, shRNA-mediated silencing of p57 delays neuronal migration in the cortex during development (Itoh et al., 2007) and p57 overexpression promotes radial migration of neural precursors (Tury et al., 2011). p57 is able to interact with LIMK1 via its unique central domain (Yokoo et al., 2003). LIMK1 is a serine/threonine kinase that promotes actin stress fiber assembly via phosphorylation of Cofilin, which inhibits its actin severing activity. LIMK1 is activated by the effectors of RhoA, ROCK1/2 (Rho-kinases) (Bernard, 2007). Binding of p57 to LIMK1 results in nuclear translocation and sequestration of LIMK1, which prevents Cofilin inhibition, resulting in decreased actin stress fiber formation (Yokoo et al., 2003). In agreement with these observations, p57 transfection into Schwann cells results in nuclear sequestration and inhibition of LIMK1, and a lack of Schwann cell differentiation (Heinen et al., 2008b). However, in HeLa cells the p57/LIMK1 interaction did not induce LIMK1 relocation in the nucleus, but increased its kinase activity, resulting in an increased number of stress fibers and decreased cell migration (Vlachos and Joseph, 2009). Similar findings were reported in hepatocellular carcinoma cells and decreased p57 levels in hepatocellular carcinoma samples correlated with the presence of metastases (Guo et al., 2015). In glioblastoma cells, p57 expression was also reported to inhibit cell migration and invasion (Sakai et al., 2004). Therefore, the role of p57 on cytoskeleton remodeling and migration appears to be mediated via its interaction with LIMK1 and to be dependent of the cellular context and subcellular location.



p57 and Apoptosis

Several phenotypes observed in p57KO mice can be attributed to an increase of apoptosis caused by hyperproliferation and/or differentiation defects. Interestingly, p57 has the ability to modulate apoptosis by different mechanisms, and both pro and anti-apoptotic roles have been reported depending on the cellular context, the signaling pathway involved and the stress to which cells are submitted (Rossi and Antonangeli, 2015).

p57 protects against apoptosis indirectly by inhibiting CDKs. In response to stress, p38 phosphorylates p57 on Thr143, which increases its affinity for CDK2 and results in G1 cell cycle arrest (Joaquin et al., 2012). p38 or p57 deficient MEFs (Mouse Embryonic Fibroblasts) exhibit decreased viability in response to osmotic or oxidative stress and UV exposure (Joaquin et al., 2012). Overexpression of p57 in HEK293 or HeLa cells can also protect against apoptosis independently of CDK inhibition by regulating the JNK/SAPK signaling pathway. In this model, p57 interacts with JNK1 via its QT domain, preventing its interaction with c-Jun and thus inhibiting its kinase activity. Expression of the QT domain is sufficient to block JNK/SAPK mediated apoptosis in response to UVs or MEKK overexpression (Chang et al., 2003).

Conversely, in a HeLa Tet-On derived cell line that overexpresses p57 after induction, p57 potentiates apoptosis in response to different stresses. p57 sensitized cells to apoptosis induced by genotoxic agents such as staurosporine, cisplatin or etoposide, but had no effect on Fas-mediated apoptosis (Samuelsson et al., 2002; Vlachos et al., 2007). The pro-apoptotic effect of p57 in response to these drugs is CDK-independent and involves activation of the mitochondrial apoptosis pathway. In response to staurosporine, p57 relocates to mitochondrial membranes and promotes Bax activation and a decrease of mitochondrial membrane potential, resulting in cytochrome-c release in the cytosol and activation of caspases 9 and 3 (Vlachos et al., 2007). The specificity of the mitochondrial pathway was confirmed by overexpression of Bcl-2, which prevented the pro-apoptotic effect of p57 (Vlachos et al., 2007). The mechanism by which p57 activates the mitochondrial pathway is dependent on its ability to interact and stimulate LIMK1 activity. LIMK1-induced stabilization of actin fibers causes the displacement of hexokinase 1 (HK-1), a regulatory enzyme of the VDAC (Voltage-dependent Anion Channel) mitochondrial channel, allowing mitochondrial membrane depolarization and thus activation of the mitochondrial apoptotic pathway (Kavanagh et al., 2012). Finally, in H1299 non-small cell lung carcinoma cells, p57 transfection promoted p73β-mediated apoptosis in response to cisplatin, although the mechanism was not investigated (Gonzalez et al., 2005).



Regulation of Transcription by p57

Like other Cip/Kip family members, p57 can repress transcription indirectly via the inhibition of cyclin/CDK complexes, which prevents phosphorylation of Rb proteins and E2F transcription factors activation (Sherr and Roberts, 1999; Besson et al., 2008). p57 also negatively regulates the activity of RNA polymerase II via its interaction with E2F1. The interaction with E2F1 allows the recruitment of p57 to DNA, where it inhibits CDK7 and CDK9, resulting in decreased phosphorylation of the C-terminal domain (CTD) of RNA polymerase II and leading to a decrease of global transcription (Ma et al., 2010). In addition to this CDK-dependent regulation, p57 may also directly regulate the activity of transcription factors.

Indeed, p57 binds directly to b-Myb and inhibits its transcriptional activity independently of CDKs (Joaquin and Watson, 2003). p57 is also involved in regulating the stability of the bHLH transcription factor MyoD. p57 promotes MyoD stability and muscle differentiation by inhibiting CDK2, preventing MyoD phosphorylation by CDK2 on Ser200, which destabilizes the protein (Reynaud et al., 1999). p57 also stabilizes MyoD in a CDK-independent manner by interacting directly with MyoD via its N-terminal 310 Helix region, protecting MyoD from degradation and promoting transactivation of muscle genes (Reynaud et al., 2000).

Similarly, p57 can interact directly with other bHLH transcription factors, including Ascl1 (Achaete-scute-like 1), NeuroD1 and Math2/NeuroD6 in neural progenitors. p57 then acts as a transcriptional repressor by directly inhibiting Ascl1 activity at target promoters, independently of CDKs (Joseph et al., 2009). Similarly, p57 can inhibit the transcriptional activity of Nurr1 independently of CDKs in vitro, and thus regulates dopaminergic neuron maturation (Joseph et al., 2003).

Finally, it was shown recently that p57 may also positively regulate transcription (Kullmann et al., 2020). p57 binds to and activates FHL2 (four-and-a-half LIM only protein 2), a multifunctional LIM domain only protein, which binds to and modulates the activity of several transcription factors, such as AP-1, β-catenin or the androgen receptor, by acting as a coactivator (Muller et al., 2000; Tran et al., 2016). FHL2 is inhibited by HDACs, and by binding to FHL2, p57 competes with HDAC1 and HDAC3 for FHL2 binding and prevents its inhibition (Kullmann et al., 2020).

Moreover, an interactome revealed that p57 has multiple partners involved in transcriptional regulation, including many transcription factors and HDAC7 (histone deacetylase 7), suggesting that p57 plays a major role in the regulation of transcription (Duquesnes et al., 2016).



p57 and Differentiation

p57 plays a key role in the differentiation of many cell types by inhibiting CDKs, promoting cell cycle exit, or via CDK-independent mechanisms. Several phenotypes observed in p57KO mice are caused by a delay or defect of differentiation (Yan et al., 1997; Zhang et al., 1997).

Several studies have shown that p57 regulates various aspects of neurogenesis, notably by controlling cell differentiation in the central and peripheral nervous system. p57 is present in neural stem cells and controls their fate by promoting differentiation into astrocytes at the expense of the oligodendrocyte lineage (Jadasz et al., 2012). In the peripheral nervous system, p57 inhibits Schwann cell differentiation and its silencing by shRNA results in cell cycle exit, cell growth and differentiation, as well as an increase of myelin production (Heinen et al., 2008a). Similarly, in the central nervous system, p57 inhibits oligodendrocyte differentiation (Kremer et al., 2009). However, other reports found that p57 promotes differentiation of oligodendrocyte progenitors in rat primary cells in vitro, as well as in vivo in zebrafish (Park et al., 2005; Dugas et al., 2007). In the nucleus, p57 interacts and inhibits Ascl1, a transcription factor promoting oligodendrocyte differentiation (Nakatani et al., 2013; Gottle et al., 2015). During oligodendrocyte differentiation, p57 relocates to the cytoplasm, promoting the export and inhibition of the transcriptional repressor Hes5 and relieving Ascl1 inhibition, enhancing differentiation (Gottle et al., 2015). In this study, p57 regulated the localization of LIMK1 and CDK2, which contributed to oligodendrocyte differentiation (Gottle et al., 2015). Thus, the effect of p57 on oligodendrocyte differentiation appears dependent on its subcellular localization. In addition to these cell types, p57 is involved in cell cycle exit of neural progenitors and in the specification of amacrine retinal interneurons (Dyer and Cepko, 2000), as well as in the differentiation of dopaminergic neurons (Joseph et al., 2003). In the latter, the transcription factor Nurr1 up-regulates p57 expression, and in turn, p57 binds to and inhibits Nurr1 transcriptional activity, promoting differentiation (Joseph et al., 2003).

p21 and p57 cooperate and are required in vivo for terminal differentiation of skeletal muscle cells. p21–/–/p57KO mice exhibit altered skeletal muscle differentiation due to increased proliferation, myoblast apoptosis, causing defects in myotube formation (Zhang et al., 1999). Expression of p57 increases during muscle differentiation and is induced indirectly by MyoD, via p73. In turn, p57 stabilizes MyoD in a positive feedback loop, promoting myogenesis (Vaccarello et al., 2006). MyoD can also directly stimulates p57 expression epigenetically by binding a negative regulatory cis-element, causing chromatin remodeling and lifting the inhibition of p57 expression (Busanello et al., 2012). The transcription factors Sp1 and Egr1 also participate in induction of p57 during myogenic differentiation (Figliola et al., 2008). In rhabdomyosarcomas, the chimeric protein PAX3-FOXO1 indirectly inhibits p57 transcription via destabilization of Egr1, which prevents myoblasts differentiation. Re-expressing p57 in these cells is sufficient to restore myogenic differentiation (Roeb et al., 2007).

p57 also participates in chondrocyte differentiation. Chondrocytes hypertrophic differentiation is required for ossification. Differentiated chondrocytes are characterized by high collagen X expression, strong alkaline phosphatase activity, and increased cell volume (Stewart et al., 2004). p57KO mice exhibit bone shortening and an ossification delay caused by delayed chondrocyte differentiation associated with increased proliferation and decreased collagen X expression (Yan et al., 1997; Zhang et al., 1997). In chondrocytes, p57 expression is stimulated by C/EBPβ during differentiation, leading to cell cycle arrest (Hirata et al., 2009) and p57 also potentiates the induction of collagen X expression mediated by BMP2 (Stewart et al., 2004).

Finally, in several tissues, the Notch/Hes1 signaling pathway inhibits p57 expression to promote proliferation of progenitors and prevent cell cycle exit and thus precocious differentiation, notably in the intestine (Riccio et al., 2008), lens (Jia et al., 2007), and pancreas (Georgia et al., 2006). Indeed, loss of p57 expression in human is associated with hyperinsulinism during infancy due to increased production of β-islet cells (Kassem et al., 2001; Avrahami et al., 2014). Conversely, bi-allelic expression of p57 or gain-of-function mutations associated with the IMAGe syndrome lead to reduced β-islet cell number and predisposition to diabetes (Kerns et al., 2014; Asahara et al., 2015). In fact, p57 appears to be a target of choice to promote the regeneration of pancreatic β-islets (Avrahami et al., 2014; Ou et al., 2019).



p57 in the Regulation of Stem Cell Fate and Maintenance

Several studies have revealed a crucial role of p57 in maintaining quiescence of resident adult stem cells in multiple tissues.

p57 is required for hematopoietic stem cell quiescence and their maintenance. Indeed, in a conditional knockout model, p57 ablation in adult mice results in a decreased hematopoietic stem cell pool caused by an exit of quiescence state (G0) and induction of apoptosis (Matsumoto et al., 2011b). Reconstitution of the hematopoietic system after transplantation is also reduced in absence of p57 (Matsumoto et al., 2011b). These hematopoiesis defects are corrected by expression of p27 in the p57 locus (p57p27KI knock-in mice) (Matsumoto et al., 2011b). In hematopoietic stem cells of the fetal liver, p57 loss is accompanied by an increase of p27 expression, nevertheless neither p21 nor p27 knockout causes any defect, confirming that p57 is the primary CKI required for hematopoietic stem cell maintenance (Zou et al., 2011). Consistently, TGF-β1 induces quiescence of hematopoietic stem cells and increases p57 levels (Yamazaki et al., 2009). Conversely, increased Skp2 expression, which induces p57 degradation, is necessary for cell cycle reentry of hematopoietic stem cells (Rodriguez et al., 2011). The role of p57 in controlling hematopoietic stem cell quiescence involves its interaction with the chaperone Hsc70, which results in cytoplasmic sequestration of Hsc70/Cyclin D1 complexes, inhibiting cell cycle entry. Similarly, p27 may also interact with Hsc70 to compensate for the loss of p57 (Zou et al., 2011).

In the lung, homeostasis and tissue regeneration are supported by resident pulmonary stem cells called BASCs (Bronchioalveolar Stem Cells) (Kim et al., 2005; Liu et al., 2019; Salwig et al., 2019). The self-renewal of these stem cells requires a precise regulation of p57 expression levels. Indeed, either loss or increase of p57 expression in BASCs causes a lack of self-renewal, leading to defective tissue regeneration (Zacharek et al., 2011). These results highlight the importance of p57 imprinting and monoallelic expression. In the lung, Bmi1 controls the expression of p57 and other imprinted genes, however, no overt methylation changes at individual promoters or ICRs were observed in absence of Bmi1, suggesting that Bmi1 regulates imprinted gene expression by another mechanism (Zacharek et al., 2011). How p57 controls BASC maintenance has not yet been investigated.

In the adult hippocampus, p57 is expressed in quiescent neural stem cells and absent in proliferative progenitors. The presence of p57 is critical for maintaining neural stem cell quiescence and while p57 ablation initially leads to an increase in stem cell proliferation and stimulates neurogenesis, it results over time in the exhaustion of the neural stem cell population and impairs neurogenesis in aged mice (Furutachi et al., 2013). Similarly, NestinCre-driven deletion of p57 in the developing brain causes a decrease of Pax2+ interneuron progenitor number due to massive p53-dependent apoptosis, resulting in hydrocephalus (Matsumoto et al., 2011a). In contrast, during cortical development, p57KO embryos exhibit macrocephaly caused by an increased proliferation of neural progenitors and stem cells (Mairet-Coello et al., 2012). p57 appears to play a key role in timing cell cycle exit of specific neural progenitor populations, and p57 deregulation leads to abnormal development of specific neuron layers, especially during late neurogenesis (Mairet-Coello et al., 2012). A recent study using the MADM (mosaic analysis with double markers) system revealed that p57 regulates cortical neurogenesis by distinct mechanisms (Laukoter et al., 2020). p57 controls neural stem cell proliferation in a non-cell autonomous manner, with a complete knockout causing macrocephaly (Laukoter et al., 2020). However, conditional deletion of p57 in radial precursor (Emx1+ cells) causes microcephaly due to p53-mediated apoptosis, in this case p57 exerts a cell-autonomous growth-promoting function by promoting survival of maturing cortical projection neurons (Laukoter et al., 2020), consistent with the NestinCre-driven phenotype previously observed (Matsumoto et al., 2011a). Interestingly, there is some contribution of the paternal allele during mouse brain development since NestinCre-driven deletion of the paternal allele results in reduced adult brain size due to increased apoptosis of neural progenitors and a slight reduction of proliferation (Imaizumi et al., 2020). These findings are consistent with earlier observations that p57 exhibits biallelic expression in the developing brain (Matsuoka et al., 1996). Finally, p57 was recently involved in neural stem cell fate determination. In Drosophila, neural stem cells can enter a quiescence state either in G0 or G2 (25 and 75%, respectively) that determines their fate, as G2 blocked cells can be rapidly activated to divide in response to nutritional stimuli, while G0 cells respond more slowly (Otsuki and Brand, 2018). The choice between these two types of quiescence is determined at the embryonic stage and depends on the presence of the p57 homolog, Dacapo, which favors entry in the G0 quiescent state at the expense of the G2 one (Otsuki and Brand, 2019). Dacapo deletion leads to a change in the fate of the neural stem cells, which are then preferentially oriented toward a G2 quiescence state (Otsuki and Brand, 2019).

In the developing skeletal muscle, p57 inhibition is required for maintenance of certain stem/progenitor cells. Notch inhibits p57 expression in Pax3+/7+ muscle progenitors via Hes1, allowing amplification of the progenitor pool (Zalc et al., 2014). Loss of Notch signaling leads to an increase of p57 expression in muscle progenitors, which is associated with precocious differentiation and progenitor depletion (Zalc et al., 2014). In adult muscle, satellite cells, the resident stem cells, derive from Pax3+/7+ progenitors and are mobilized in case of damage to regenerate muscle fibers. Surprisingly, p57 is not expressed in quiescent satellite cells but is induced during their mobilization (Mademtzoglou et al., 2018). In addition, loss of p57 in vivo increases proliferation and self-renewal of progenitors and myoblasts at the expense of their differentiation, and in case of damage, p57 absence causes satellite cell depletion and delays muscle regeneration (Mademtzoglou et al., 2018).

Finally, the presence of p57 was reported in other quiescent adult tissue stem cells, such as hair follicle stem cells (Leishman et al., 2013) as well as in Mex3aHigh quiescent intestinal stem cells (Barriga et al., 2017), suggesting that p57 plays a general role in the maintenance of resident stem cells.



p57 IN HUMAN PATHOLOGIES

Deregulation of imprinting of the 11p15.5 locus, as well as loss of heterozygosity (LOH) or point mutations of CDKN1C are responsible for the development of several hereditary pathologies and may contribute to cancer development and progression. Alterations that cause loss of p57 function lead to the development of the Beckwith–Wiedemann syndrome, while p57 gain of function leads to the development of Silver-Russell and IMAGe syndromes.


Beckwith–Wiedemann Syndrome

Beckwith–Wiedemann syndrome (BWS) (OMIM # 130650) is a rare genetic disorder with a prevalence of 1/13700 births, characterized by excessive growth, developmental anomalies and tumor predisposition during childhood. BWS has a highly variable presentation and patients usually display only a subset of phenotypes. Diagnosis is based on the presence of at least three major criteria (macrosomia, macroglossia, abdominal wall defects, hemihyperplasia, embryonal tumors, renal abnormalities, anterior ear lobe creases) or the association of two major criteria with at least one minor phenotype (neonatal hypoglycemia, characteristic facies, diastasis recti, cardiomegaly/structural cardiac anomalies…) (Weksberg et al., 2010). A molecular anomaly, of epigenetic or genetic origin, in the 11p15.5 region is identified in approximately 80% of BWS patients. Most epigenetic abnormalities are mosaic, meaning that only a fraction of the cells carry the molecular defect. The severity and penetrance of the phenotypes therefore depends on the underlying molecular mechanism and the percentage of mosaicism (Brioude et al., 2013a).

The majority of BWS patients present epigenetic abnormalities. Loss of ICR2 methylation on the maternal allele is the most common form and is observed in 50% of patients (Eggermann et al., 2014b). This anomaly results in biallelic expression of KCNQ1OT1 and thus in loss of CDKN1C expression (Figure 1) (Eggermann et al., 2014b). Patients with anomalies of this centromeric region have a more severe phenotype and exhibit macroglossia and abdominal wall defects. Gain of methylation on ICR1 is observed in 5% of cases, resulting in biallelic expression of IGF2. Patients with this defect display a higher risk of developing tumors and organomegaly (Weksberg et al., 2010; Brioude et al., 2013a). Several genetic alterations are also responsible for BWS development. Among genetic anomalies, paternal isodisomies (UPD = Uniparental Disomy) are found in approximately 20% of patients. UPDs correspond to the duplication of the paternal 11p15.5 locus, with no maternal contribution for this region, thus leading to biallelic IGF2 expression and loss of CDKN1C expression (Weksberg et al., 2010). Patients with UPDs have an increased risk of hemihyperplasia (Brioude et al., 2013a). Other chromosomal rearrangements have also been reported in rare (2–3%) cases, including extensive paternal duplications, carrying both ICR1 and ICR2 regions (1%), translocations/inversion (1%), which are usually transmitted by the mother, as well as ICR microdeletions (<1%) (Weksberg et al., 2010; Eggermann et al., 2014a). Finally, maternally inherited point mutations in CDKN1C are observed in 5% of sporadic cases and are responsible for the majority of familial cases (50%) of BWS (Eggermann et al., 2014b). Patients with CDKN1C mutations have particular phenotypes: almost all of them display abdominal wall defects (umbilical hernia or omphalocele) and have an increased incidence of cleft palate, genital anomalies and polydactyly (Romanelli et al., 2010). Mutations of CDKN1C described in BWS cover the entire coding region. They are mostly nonsense mutations leading to truncation of the protein or mutations causing a frameshift, which strongly alters the structure of the protein. Some missense mutations have also been described in the cyclin/CDK binding domain (Eggermann et al., 2014b; Brioude et al., 2015).



Silver Russell and IMAGe Syndromes

In opposition to BWS, p57 gain of function mutations are associated with two very rare disorders, Silver-Russell syndrome (SRS) (OMIM # 180860) (1/100,000 birth) (Brioude et al., 2013b) and IMAGe syndrome (Intrauterine Growth Retardation, Metaphyseal dysplasia, Adrenal insufficiency, Genital abnormalities) (OMIM # 614732) (only a few dozen cases reported worldwide) (Arboleda et al., 2012). These pathologies cause opposite phenotypes to BWS and share a number of features, notably intrauterine growth retardation (Eggermann et al., 2014b).

The study of a familial form of IMAGe syndrome led to the identification of five missense mutations located in the PCNA binding domain of p57 (Arboleda et al., 2012). Expression of a transgene carrying these mutations in Drosophila caused decreased eye, wing and vascular network size, consistent with a gain of function in p57 (Arboleda et al., 2012). In vitro, these mutations were found to decrease binding to PCNA and to impair p57 ubiquitination, leading to p57 stabilization and inhibition of proliferation (Arboleda et al., 2012; Borges et al., 2015). Interestingly, mutation in DNA polymerase ε were recently identified in 15 cases of IMAGe syndrome (Logan et al., 2018). Given the impact of p57 mutations found in IMAGe on its interaction with PCNA, it would be interesting to investigate further their effect on PCNA function, DNA replication and S phase progression.

The most frequent molecular anomalies in SRS patients are loss of ICR1 methylation (60% of cases), which result in biallelic expression of H19 and thus loss of IGF2 expression. Chromosomal rearrangements with maternal duplications of the centromeric domain, containing ICR2, or of both domains have also been observed (Wakeling et al., 2017). Nevertheless, point mutations in CDKN1C causing a gain of function in p57 were recently found to cause SRS. Indeed, a gain of function mutation in the PCNA binding domain of p57 was identified in a familial form of SRS (Brioude et al., 2013b). Interestingly, the residue mutated (Arg279Leu) is also mutated in IMAGe syndrome (Arg279Pro). Tissue culture experiments suggest that this mutation in p57 does not affect the cell cycle but leads to stabilization of the protein, consistent with the ubiquitination defect previously observed in IMAGe syndrome (Brioude et al., 2013b).



p57 and Cancer

Like other CKIs, p57 is a putative tumor suppressor. However, the lethality of p57KO mice has so far prevented to test this formally in vivo and the involvement of p57 in cancers remains to be addressed in animal models. Nevertheless, several lines of evidence indicate that p57 plays a role in carcinogenesis. For instance, BWS patients are predisposed to tumor development (Weksberg et al., 2010) and decreased p57 expression is observed in many types of tumors, including in gastric, colorectal, pancreatic, pulmonary, and mammary carcinomas, as well as in leukemia (Li et al., 2003; Pateras et al., 2009; Borriello et al., 2011; Kavanagh and Joseph, 2011; Weis et al., 2015). Moreover, decreased p57 expression correlates with aggressiveness in several types of tumors and is associated with poor prognosis (Kavanagh and Joseph, 2011; Qiu et al., 2018). Interestingly, CDKN1C mutations are not frequently observed in cancers (Pateras et al., 2009). Loss of p57 expression in human carcinomas is caused predominantly by loss of heterozygosity of the 11p15.5 locus, methylation of the CDKN1C promoter, and histone methylations (Kikuchi et al., 2002; Pateras et al., 2006; Weis et al., 2015). In fact, loss of imprinting of KCNQ1OT1 has been observed in colorectal cancer samples, but did not necessarily correlated with p57 expression (Nakano et al., 2006). However, loss of p57 expression has been observed in colorectal cancer, mainly due to promoter hypermethylation (Kikuchi et al., 2002) and it was shown that the expression of the methyltransferase DNMT3a is strongly increased in colorectal tumors (Weis et al., 2015). Consistently, DNMT3a deletion inhibits tumor formation in vivo at least in part by increasing p57 expression (Weis et al., 2015). Moreover, several miRNAs and LncRNAs have also been shown to repress p57 in various cancers, as described earlier (Kavanagh and Joseph, 2011; Stampone et al., 2018). Finally, loss of p57 may also be due to increased degradation caused by Skp2 overexpression (Pateras et al., 2006).



CONCLUSION

p57Kip2 has the particularity of being the only CDK inhibitor required for embryonic development. Since its discovery as a cyclin/CDK inhibitor, a growing number of studies have shown that p57 is a multifunctional protein involved in the regulation of other cellular processes such as cell migration, differentiation, apoptosis, transcriptional regulation or stem cell specification and fate. The generation of a p57CK– knock-in mouse model has provided genetic evidence that some of its functions are independent of cyclins/CDKs during development, yet the underlying mechanisms remain largely unknown. How p57 is regulated also remains largely unclear. In view of its multiple functions, a better understanding of p57’s functions and regulation would improve our comprehension of normal development and of the etiology of several genetic disorders and cancers. The fact that p57 is subjected to paternal imprinting makes it particularly vulnerable to genetic alterations leading to loss (BWS, cancer) or gain (IMAGe and SRS) of function of the only active allele. In addition to complex developmental growth disorders, p57 down-regulation is associated with the development of cancers and its decreased expression is correlated with aggressiveness in several tumor types. For example, decreased p57 expression correlates with poor clinical outcome in breast cancer (Yang et al., 2009). Similarly, p57 levels are inversely related to tumor growth and cancer stage in non-small cell lung cancer, hepatocellular and pancreatic carcinomas and others (Ito et al., 2001a,b; Pateras et al., 2006). Interestingly, in colorectal cancer, p57 levels are increased in low grade adenomas and finally decrease in primary carcinomas (Li et al., 2003), perhaps reflecting a mechanism to initially limit tumor progression. Similarly, in Wilm’s tumor, loss of heterozygosity of the 11p15.5 locus is associated with the reactivation of the paternal allele of p57, possibly to limit cell proliferation and cancer progression (Overall et al., 1996; Taniguchi et al., 1997). To conclude, several lines of evidence indicate a prominent role for p57 during tumorigenesis and stem cell regulation, and a significant number of studies suggest that p57 is a pertinent prognostic marker and that it may hold therapeutic potential both for anticancer treatment and to manipulate tissue progenitor/stem cells for regenerative medicine.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

AB was supported by funds from the Ligue Nationale Contre le Cancer and Fondation ARC pour la Recherche sur le Cancer and by an “FRM Equipes” grant (DEQ20170336707) from the Fondation pour la Recherche Médicale.



REFERENCES

Adkins, J. N., and Lumb, K. J. (2002). Intrinsic structural disorder and sequence features of the cell cycle inhibitor p57Kip2. Proteins 46, 1–7. doi: 10.1002/prot.10018

Adnane, J., Jackson, R. J., Nicosia, S. V., Cantor, A. B., Pledger, W. J., and Sebti, S. M. (2000). Loss of p21WAF1/CIP1 accelerates Ras oncogenesis in a transgenic/knockout mammary cancer model. Oncogene 19, 5338–5347. doi: 10.1038/sj.onc.1203956

Andrews, S. C., Wood, M. D., Tunster, S. J., Barton, S. C., Surani, M. A., and John, R. M. (2007). Cdkn1c (p57Kip2) is the major regulator of embryonic growth within its imprinted domain on mouse distal chromosome 7. BMC Dev. Biol. 7:53. doi: 10.1186/1471-213X-7-53

Arboleda, V. A., Lee, H., Parnaik, R., Fleming, A., Banerjee, A., Ferraz-De-Souza, B., et al. (2012). Mutations in the PCNA-binding domain of CDKN1C cause image syndrome. Nat. Genet. 44, 788–792. doi: 10.1038/ng.2275

Asahara, S., Etoh, H., Inoue, H., Teruyama, K., Shibutani, Y., Ihara, Y., et al. (2015). Paternal allelic mutation at the Kcnq1 locus reduces pancreatic beta-cell mass by epigenetic modification of Cdkn1c. Proc. Natl. Acad. Sci. U.S.A 112, 8332–8337. doi: 10.1073/pnas.1422104112

Avrahami, D., Li, C., Yu, M., Jiao, Y., Zhang, J., Naji, A., et al. (2014). Targeting the cell cycle inhibitor p57Kip2 promotes adult human beta cell replication. J. Clin. Invest. 124, 670–674. doi: 10.1172/jci69519

Barriga, F. M., Montagni, E., Mana, M., Mendez-Lago, M., Hernando-Momblona, X., Sevillano, M., et al. (2017). Mex3a marks a slowly dividing subpopulation of Lgr5+ intestinal stem cells. Cell Stem Cell 20, 801.e7–816.e7. doi: 10.1016/j.stem.2017.02.007

Bernard, O. (2007). Lim kinases, regulators of actin dynamics. Int. J. Biochem. Cell Biol. 39, 1071–1076. doi: 10.1016/j.biocel.2006.11.011

Besson, A., Assoian, R. K., and Roberts, J. M. (2004). Regulation of the cytoskeleton: an oncogenic function for CDK inhibitors? Nat. Rev. Cancer 4, 948–955. doi: 10.1038/nrc1501

Besson, A., Dowdy, S. F., and Roberts, J. M. (2008). CDK inhibitors: cell cycle regulators and beyond. Dev. Cell 14, 159–169. doi: 10.1016/j.devcel.2008.01.013

Borges, K. S., Arboleda, V. A., and Vilain, E. (2015). Mutations in the PCNA-binding site of CDKN1C inhibit cell proliferation by impairing the entry into S phase. Cell Div. 10:2. doi: 10.1186/s13008-015-0008-8

Borriello, A., Caldarelli, I., Bencivenga, D., Criscuolo, M., Cucciolla, V., Tramontano, A., et al. (2011). p57(Kip2) and cancer: time for a critical appraisal. Mol. Cancer Res. 9, 1269–1284. doi: 10.1158/1541-7786.MCR-11-0220

Brioude, F., Lacoste, A., Netchine, I., Vazquez, M. P., Auber, F., Audry, G., et al. (2013a). Beckwith-Wiedemann syndrome: growth pattern and tumor risk according to molecular mechanism, and guidelines for tumor surveillance. Horm. Res. Paediatr. 80, 457–465. doi: 10.1159/000355544

Brioude, F., Oliver-Petit, I., Blaise, A., Praz, F., Rossignol, S., Le Jule, M., et al. (2013b). Cdkn1C mutation affecting the Pcna-binding domain as a cause of familial Russell Silver syndrome. J. Med. Genet. 50, 823–830. doi: 10.1136/jmedgenet-2013-101691

Brioude, F., Netchine, I., Praz, F., Le Jule, M., Calmel, C., Lacombe, D., et al. (2015). Mutations of the imprinted CDKN1C gene as a cause of the overgrowth beckwith-wiedemann syndrome: clinical spectrum and functional characterization. Hum. Mutat. 36, 894–902. doi: 10.1002/humu.22824

Busanello, A., Battistelli, C., Carbone, M., Mostocotto, C., and Maione, R. (2012). MyoD regulates p57kip2 expression by interacting with a distant cis-element and modifying a higher order chromatin structure. Nucleic Acids Res. 40, 8266–8275. doi: 10.1093/nar/gks619

Chang, T. S., Kim, M. J., Ryoo, K., Park, J., Eom, S. J., Shim, J., et al. (2003). p57KIP2 modulates stress-activated signaling by inhibiting c-Jun Nh2-terminal kinase/stress-activated protein Kinase. J. Biol. Chem. 278, 48092–48098. doi: 10.1074/jbc.m309421200

Chen, X. Y., Zhang, J., and Zhu, J. S. (2019). The role of m(6)A RNA methylation in human cancer. Mol. Cancer 18:103. doi: 10.1186/s12943-019-1033-z

Chu, I., Sun, J., Arnaout, A., Kahn, H., Hanna, W., Narod, S., et al. (2007). p27 phosphorylation by Src regulates inhibition of cyclin E-Cdk2. Cell 128, 281–294. doi: 10.1016/j.cell.2006.11.049

Ciemerych, M. A., and Sicinski, P. (2005). Cell cycle in mouse development. Oncogene 24, 2877–2898. doi: 10.1038/sj.onc.1208608

Cioffi, M., Trabulo, S. M., Sanchez-Ripoll, Y., Miranda-Lorenzo, I., Lonardo, E., Dorado, J., et al. (2015). The miR-17-92 cluster counteracts quiescence and chemoresistance in a distinct subpopulation of pancreatic cancer stem cells. Gut 64, 1936–1948. doi: 10.1136/gutjnl-2014-308470

Deng, C., Zhang, P., Harper, J. W., Elledge, S. J., and Leder, P. (1995). Mice lacking p21CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint control. Cell 82, 675–684. doi: 10.1016/0092-8674(95)90039-x

Di Cristofano, A., De Acetis, M., Koff, A., Cordon-Cardo, C., and Pandolfi, P. P. (2001). Pten and p27KIP1 cooperate in prostate cancer tumor suppression in the mouse. Nat. Genet. 27, 222–224. doi: 10.1038/84879

Dugas, J. C., Ibrahim, A., and Barres, B. A. (2007). A crucial role for p57(Kip2) in the intracellular timer that controls oligodendrocyte differentiation. J. Neurosci. 27, 6185–6196. doi: 10.1523/jneurosci.0628-07.2007

Duquesnes, N., Callot, C., Jeannot, P., Daburon, V., Nakayama, K. I., Manenti, S., et al. (2016). p57(Kip2) knock-in mouse reveals CDK-independent contribution in the development of Beckwith-Wiedemann syndrome. J. Pathol. 239, 250–261. doi: 10.1002/path.4721

Dyer, M. A., and Cepko, C. L. (2000). p57(Kip2) regulates progenitor cell proliferation and amacrine interneuron development in the mouse retina. Development 127, 3593–3605.

Eggermann, T., Algar, E., Lapunzina, P., Mackay, D., Maher, E. R., Mannens, M., et al. (2014a). Clinical utility gene card for: Beckwith-Wiedemann Syndrome. Eur. J. Hum. Genet. 22. doi: 10.1038/ejhg.2013.132

Eggermann, T., Binder, G., Brioude, F., Maher, E. R., Lapunzina, P., Cubellis, M. V., et al. (2014b). CDKN1C mutations: two sides of the same coin. Trends Mol. Med. 20, 614–622. doi: 10.1016/j.molmed.2014.09.001

Fatica, A., and Bozzoni, I. (2014). Long non-coding RNAS: new players in cell differentiation and development. Nat. Rev. Genet. 15, 7–21. doi: 10.1038/nrg3606

Fero, M. L., Randel, E., Gurley, K. E., Roberts, J. M., and Kemp, C. J. (1998). The murine gene p27Kip1 is haplo-insufficient for tumour suppression. Nature 396, 177–180. doi: 10.1038/24179

Fero, M. L., Rivkin, M., Tasch, M., Porter, P., Carow, C. E., Firpo, E., et al. (1996). A syndrome of multiorgan hyperplasia with features of gigantism, tumorigenesis, and female sterility in p27(Kip1)-deficient mice. Cell 85, 733–744. doi: 10.1016/s0092-8674(00)81239-8

Figliola, R., Busanello, A., Vaccarello, G., and Maione, R. (2008). Regulation of p57(KIP2) during muscle differentiation: role of Egr1, Sp1 and DNA hypomethylation. J. Mol. Biol. 380, 265–277. doi: 10.1016/j.jmb.2008.05.004

Fitzpatrick, G. V., Soloway, P. D., and Higgins, M. J. (2002). Regional loss of imprinting and growth deficiency in mice with a targeted deletion of KvDMR1. Nat. Genet. 32, 426–431. doi: 10.1038/ng988

Fornari, F., Gramantieri, L., Ferracin, M., Veronese, A., Sabbioni, S., Calin, G. A., et al. (2008). MiR-221 controls CDKN1C/p57 and Cdkn1B/p27 expression in human hepatocellular carcinoma. Oncogene 27, 5651–5661. doi: 10.1038/onc.2008.178

Furutachi, S., Matsumoto, A., Nakayama, K. I., and Gotoh, Y. (2013). p57 controls adult neural stem cell quiescence and modulates the pace of lifelong neurogenesis. Embo J. 32, 970–981. doi: 10.1038/emboj.2013.50

Georgia, S., Soliz, R., Li, M., Zhang, P., and Bhushan, A. (2006). p57 and Hes1 coordinate cell cycle exit with self-renewal of pancreatic progenitors. Dev. Biol. 298, 22–31. doi: 10.1016/j.ydbio.2006.05.036

Gonzalez, S., Perez-Perez, M. M., Hernando, E., Serrano, M., and Cordon-Cardo, C. (2005). p73beta-Mediated apoptosis requires p57kip2 induction and IEX-1 inhibition. Cancer Res. 65, 2186–2192. doi: 10.1158/0008-5472.can-04-3047

Gosselet, F. P., Magnaldo, T., Culerrier, R. M., Sarasin, A., and Ehrhart, J. C. (2007). BMP2 and BMP6 control p57(Kip2) expression and cell growth arrest/terminal differentiation in normal primary human epidermal keratinocytes. Cell Signal. 19, 731–739. doi: 10.1016/j.cellsig.2006.09.006

Gottle, P., Sabo, J. K., Heinen, A., Venables, G., Torres, K., Tzekova, N., et al. (2015). Oligodendroglial maturation is dependent on intracellular protein shuttling. J. Neurosci. 35, 906–919. doi: 10.1523/jneurosci.1423-14.2015

Grimmler, M., Wang, Y., Mund, T., Cilensek, Z., Keidel, E. M., Waddell, M. B., et al. (2007). Cdk-inhibitory activity and stability of p27Kip1 are directly regulated by oncogenic tyrosine kinases. Cell 128, 269–280. doi: 10.1016/j.cell.2006.11.047

Guo, H., Li, Y., Tian, T., Han, L., Ruan, Z., Liang, X., et al. (2015). The role of cytoplasmic p57 in invasion of hepatocellular carcinoma. BMC Gastroenterol. 15:104. doi: 10.1186/s12876-015-0319-x

Hark, A. T., Schoenherr, C. J., Katz, D. J., Ingram, R. S., Levorse, J. M., and Tilghman, S. M. (2000). CTCF mediates methylation-sensitive enhancer-blocking activity at the H19/Igf2 locus. Nature 405, 486–489. doi: 10.1038/35013106

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K., and Elledge, S. J. (1993). The p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases. Cell 75, 805–816. doi: 10.1016/0092-8674(93)90499-g

Hashimoto, Y., Kohri, K., Kaneko, Y., Morisaki, H., Kato, T., Ikeda, K., et al. (1998). Critical role for the 310 helix region of p57(Kip2) in cyclin-dependent kinase 2 inhibition and growth suppression. J. Biol. Chem. 273, 16544–16550. doi: 10.1074/jbc.273.26.16544

Hatada, I., and Mukai, T. (1995). Genomic imprinting of p57KIP2, a cyclin-dependent kinase inhibitor, in mouse. Nat. Genet. 11, 204–206. doi: 10.1038/ng1095-204

Hattori, N., Davies, T. C., Anson-Cartwright, L., and Cross, J. C. (2000). Periodic expression of the cyclin-dependent kinase inhibitor p57(Kip2) in trophoblast giant cells defines a G2-like gap phase of the endocycle. Mol. Biol. Cell 11, 1037–1045. doi: 10.1091/mbc.11.3.1037

Heinen, A., Kremer, D., Gottle, P., Kruse, F., Hasse, B., Lehmann, H., et al. (2008a). The cyclin-dependent kinase inhibitor p57kip2 is a negative regulator of Schwann cell differentiation and in vitro myelination. Proc. Natl. Acad. Sci. U.S.A. 105, 8748–8753. doi: 10.1073/pnas.0802659105

Heinen, A., Kremer, D., Hartung, H. P., and Kury, P. (2008b). p57 kip2’s role beyond Schwann cell cycle control. Cell Cycle 7, 2781–2786. doi: 10.4161/cc.7.18.6629

Hirata, M., Kugimiya, F., Fukai, A., Ohba, S., Kawamura, N., Ogasawara, T., et al. (2009). C/Ebpbeta Promotes transition from proliferation to hypertrophic differentiation of chondrocytes through transactivation of p57. PLoS One 4:e4543. doi: 10.1371/journal.pone.0004543

Huang, Y., Yoon, M. K., Otieno, S., Lelli, M., and Kriwacki, R. W. (2015). The activity and stability of the intrinsically disordered Cip/Kip protein family are regulated by non-receptor tyrosine kinases. J. Mol. Biol. 427, 371–386. doi: 10.1016/j.jmb.2014.11.011

Imaizumi, Y., Furutachi, S., Watanabe, T., Miya, H., Kawaguchi, D., and Gotoh, Y. (2020). Role of the imprinted allele of the Cdkn1c gene in mouse neocortical development. Sci. Rep. 10:1884. doi: 10.1038/s41598-020-58629-9

Ito, Y., Takeda, T., Sakon, M., Tsujimoto, M., Monden, M., and Matsuura, N. (2001a). Expression of p57/Kip2 protein in hepatocellular carcinoma. Oncology 61, 221–225. doi: 10.1159/000055378

Ito, Y., Takeda, T., Wakasa, K., Tsujimoto, M., and Matsuura, N. (2001b). Expression of p57/Kip2 protein in pancreatic adenocarcinoma. Pancreas 23, 246–250. doi: 10.1097/00006676-200110000-00004

Itoh, Y., Masuyama, N., Nakayama, K., Nakayama, K. I., and Gotoh, Y. (2007). The cyclin-dependent kinase inhibitors p57 and p27 regulate neuronal migration in the developing mouse neocortex. J. Biol. Chem. 282, 390–396. doi: 10.1074/jbc.m609944200

Jadasz, J. J., Rivera, F. J., Taubert, A., Kandasamy, M., Sandner, B., Weidner, N., et al. (2012). p57kip2 regulates glial fate decision in adult neural stem cells. Development 139, 3306–3315. doi: 10.1242/dev.074518

James, M. K., Ray, A., Leznova, D., and Blain, S. W. (2008). Differential modification of p27Kip1 controls its cyclin D-cdk4 inhibitory activity. Mol. Cell Biol. 28, 498–510. doi: 10.1128/mcb.02171-06

Jia, J., Lin, M., Zhang, L., York, J. P., and Zhang, P. (2007). The Notch signaling pathway controls the size of the ocular lens by directly suppressing p57Kip2 expression. Mol. Cell Biol. 27, 7236–7247. doi: 10.1128/mcb.00780-07

Jirawatnotai, S., Moons, D. S., Stocco, C. O., Franks, R., Hales, D. B., Gibori, G., et al. (2003). The cyclin-dependent kinase inhibitors p27Kip1 and p21Cip1 cooperate to restrict proliferative life span in differentiating ovarian cells. J. Biol. Chem. 278, 17021–17027. doi: 10.1074/jbc.M301206200

Joaquin, M., Gubern, A., Gonzalez-Nunez, D., Josue Ruiz, E., Ferreiro, I., De Nadal, E., et al. (2012). The p57 Cdki integrates stress signals into cell-cycle progression to promote cell survival upon stress. Embo J. 31, 2952–2964. doi: 10.1038/emboj.2012.122

Joaquin, M., and Watson, R. J. (2003). The cell cycle-regulated B-Myb transcription factor overcomes cyclin-dependent kinase inhibitory activity of p57(KIP2) by interacting with its cyclin-binding domain. J. Biol. Chem. 278, 44255–44264. doi: 10.1074/jbc.m308953200

Joseph, B., Andersson, E. R., Vlachos, P., Sodersten, E., Liu, L., Teixeira, A. I., et al. (2009). p57Kip2 is a repressor of Mash1 activity and neuronal differentiation in neural stem cells. Cell Death Differ. 16, 1256–1265. doi: 10.1038/cdd.2009.72

Joseph, B., Wallen-Mackenzie, A., Benoit, G., Murata, T., Joodmardi, E., Okret, S., et al. (2003). p57(Kip2) cooperates with Nurr1 in developing dopamine cells. Proc. Natl. Acad. Sci. U.S.A. 100, 15619–15624. doi: 10.1073/pnas.2635658100

Kamura, T., Hara, T., Kotoshiba, S., Yada, M., Ishida, N., Imaki, H., et al. (2003). Degradation of p57Kip2 mediated by SCFSkp2-dependent ubiquitylation. Proc. Natl. Acad. Sci. U.S.A. 100, 10231–10236. doi: 10.1073/pnas.1831009100

Kassem, S. A., Ariel, I., Thornton, P. S., Hussain, K., Smith, V., Lindley, K. J., et al. (2001). p57(KIP2) expression in normal islet cells and in hyperinsulinism of infancy. Diabetes 50, 2763–2769. doi: 10.2337/diabetes.50.12.2763

Kavanagh, E., and Joseph, B. (2011). The hallmarks of CDKN1C (p57. KIP2) in cancer. Biochim. Biophys. Acta 1816, 50–56. doi: 10.1016/j.bbcan.2011.03.002

Kavanagh, E., Vlachos, P., Emourgeon, V., Rodhe, J., and Joseph, B. (2012). p57(KIP2) control of actin cytoskeleton dynamics is responsible for its mitochondrial pro-apoptotic effect. Cell Death Dis. 3:e311. doi: 10.1038/cddis.2012.51

Kerns, S. L., Guevara-Aguirre, J., Andrew, S., Geng, J., Guevara, C., Guevara-Aguirre, M., et al. (2014). A novel variant in Cdkn1C is associated with intrauterine growth restriction, short stature, and early-adulthood-onset diabetes. J. Clin. Endocrinol. Metab. 99, E2117–E2122. doi: 10.1210/jc.2014-1949

Kikuchi, T., Toyota, M., Itoh, F., Suzuki, H., Obata, T., Yamamoto, H., et al. (2002). Inactivation of p57kIP2 by regional promoter hypermethylation and histone deacetylation in human tumors. Oncogene 21, 2741–2749. doi: 10.1038/sj.onc.1205376

Kim, C. F., Jackson, E. L., Woolfenden, A. E., Lawrence, S., Babar, I., Vogel, S., et al. (2005). Identification of bronchioalveolar stem cells in normal lung and lung cancer. Cell 121, 823–835. doi: 10.1016/j.cell.2005.03.032

Kim, M., Nakamoto, T., Nishimori, S., Tanaka, K., and Chiba, T. (2008). A new ubiquitin ligase involved in p57kip2 proteolysis regulates osteoblast cell differentiation. Embo Rep. 9, 878–884. doi: 10.1038/embor.2008.125

Kim, Y. K., Yu, J., Han, T. S., Park, S. Y., Namkoong, B., Kim, D. H., et al. (2009). Functional links between clustered microRNAs: suppression of cell-cycle inhibitors by microRNA clusters in gastric cancer. Nucleic Acids Res. 37, 1672–1681. doi: 10.1093/nar/gkp002

Kremer, D., Heinen, A., Jadasz, J., Gottle, P., Zimmermann, K., Zickler, P., et al. (2009). p57kip2 is dynamically regulated in experimental autoimmune encephalomyelitis and interferes with oligodendroglial maturation. Proc. Natl. Acad. Sci. U.S.A. 106, 9087–9092. doi: 10.1073/pnas.0900204106

Kullmann, M. K., Podmirseg, S. R., Roilo, M., and Hengst, L. (2020). The Cdk inhibitor p57(Kip2) enhances the activity of the transcriptional coactivator FHL2. Sci. Rep. 10:7140. doi: 10.1038/s41598-020-62641-4

Labaer, J., Garrett, M. D., Stevenson, L. F., Slingerland, J. M., Sandhu, C., Chou, H. S., et al. (1997). New functional activities for the p21 family of CDK inhibitors. Genes Dev. 11, 847–862. doi: 10.1101/gad.11.7.847

Lacy, E. R., Filippov, I., Lewis, W. S., Otieno, S., Xiao, L., Weiss, S., et al. (2004). p27 binds cyclin-CDK complexes through a sequential mechanism involving binding-induced protein folding. Nat. Struct. Mol. Biol. 11, 358–364. doi: 10.1038/nsmb746

Laukoter, S., Beattie, R., Pauler, F. M., Amberg, N., Nakayama, K. I., and Hippenmeyer, S. (2020). Imprinted Cdkn1c genomic locus cell-autonomously promotes cell survival in cerebral cortex development. Nat. Commun. 11:195. doi: 10.1038/s41467-019-14077-2

Lee, M. H., Reynisdottir, I., and Massague, J. (1995). Cloning of p57kIP2, a cyclin-dependent kinase inhibitor with unique domain structure and tissue distribution. Genes Dev. 9, 639–649. doi: 10.1101/gad.9.6.639

Leighton, P. A., Saam, J. R., Ingram, R. S., Stewart, C. L., and Tilghman, S. M. (1995). An enhancer deletion affects both H19 and Igf2 expression. Genes Dev. 9, 2079–2089. doi: 10.1101/gad.9.17.2079

Leishman, E., Howard, J. M., Garcia, G. E., Miao, Q., Ku, A. T., Dekker, J. D., et al. (2013). Foxp1 maintains hair follicle stem cell quiescence through regulation of Fgf18. Development 140, 3809–3818. doi: 10.1242/dev.097477

Li, J. Q., Wu, F., Usuki, H., Kubo, A., Masaki, T., Fujita, J., et al. (2003). Loss of p57kIP2 is associated with colorectal carcinogenesis. Int. J. Oncol. 23, 1537–1543. doi: 10.3892/ijo.23.6.1537

Liu, Q., Liu, K., Cui, G., Huang, X., Yao, S., Guo, W., et al. (2019). Lung regeneration by multipotent stem cells residing at the bronchioalveolar-duct junction. Nat. Genet. 51, 728–738. doi: 10.1038/s41588-019-0346-6

Logan, C. V., Murray, J. E., Parry, D. A., Robertson, A., Bellelli, R., Tarnauskaite, Z., et al. (2018). DNA polymerase epsilon deficiency causes image syndrome with variable immunodeficiency. Am. J. Hum. Genet. 103, 1038–1044. doi: 10.1016/j.ajhg.2018.10.024

Ma, Y., Chen, L., Wright, G. M., Pillai, S. R., Chellappan, S. P., and Cress, W. D. (2010). Cdkn1C negatively regulates RNA polymerase II C-terminal domain phosphorylation in an E2F1-dependent manner. J. Biol. Chem. 285, 9813–9822. doi: 10.1074/jbc.m109.091496

Ma, Y., and Cress, W. D. (2007). Transcriptional upregulation of p57 (Kip2) by the cyclin-dependent kinase inhibitor BMS-387032 is E2F dependent and serves as a negative feedback loop limiting cytotoxicity. Oncogene 26, 3532–3540. doi: 10.1038/sj.onc.1210143

Ma, Z., Gu, S., Song, M., Yan, C., Hui, B., Ji, H., et al. (2017). Long non-coding RNA SNHG17 is an unfavourable prognostic factor and promotes cell proliferation by epigenetically silencing P57 in colorectal cancer. Mol. Biosyst. 13, 2350–2361. doi: 10.1039/c7mb00280g

Ma, Z., Peng, P., Zhou, J., Hui, B., Ji, H., Wang, J., et al. (2018). Long non-coding RNA Sh3pxd2A-As1 promotes cell progression partly through epigenetic silencing P57 and KLF2 in colorectal cancer. Cell Physiol. Biochem. 46, 2197–2214. doi: 10.1159/000489589

Mademtzoglou, D., Asakura, Y., Borok, M. J., Alonso-Martin, S., Mourikis, P., Kodaka, Y., et al. (2018). Cellular localization of the cell cycle inhibitor Cdkn1c controls growth arrest of adult skeletal muscle stem cells. eLife 7:e33337. doi: 10.7554/eLife.33337.021

Mairet-Coello, G., Tury, A., Van Buskirk, E., Robinson, K., Genestine, M., and Dicicco-Bloom, E. (2012). p57(KIP2) regulates radial glia and intermediate precursor cell cycle dynamics and lower layer neurogenesis in developing cerebral cortex. Development 139, 475–487. doi: 10.1242/dev.067314

Malumbres, M., and Barbacid, M. (2005). Mammalian cyclin-dependent kinases. Trends Biochem. Sci. 30, 630–641. doi: 10.1016/j.tibs.2005.09.005

Marinoni, I., and Pellegata, N. S. (2011). p27kip1: a new multiple endocrine neoplasia gene? Neuroendocrinology 93, 19–28. doi: 10.1159/000320366

Martin-Caballero, J., Flores, J. M., Garcia-Palencia, P., and Serrano, M. (2001). Tumor susceptibility of p21(Waf1/Cip1)-deficient mice. Cancer Res 61, 6234–6238.

Matsumoto, A., Susaki, E., Onoyama, I., Nakayama, K., Hoshino, M., and Nakayama, K. I. (2011a). Deregulation of the p57-E2F1-p53 axis results in nonobstructive hydrocephalus and cerebellar malformation in mice. Mol. Cell Biol. 31, 4176–4192. doi: 10.1128/mcb.05370-11

Matsumoto, A., Takeishi, S., Kanie, T., Susaki, E., Onoyama, I., Tateishi, Y., et al. (2011b). p57 is required for quiescence and maintenance of adult hematopoietic stem cells. Cell Stem Cell 9, 262–271. doi: 10.1016/j.stem.2011.06.014

Matsuoka, S., Edwards, M. C., Bai, C., Parker, S., Zhang, P., Baldini, A., et al. (1995). p57kIP2, a structurally distinct member of the p21CIP1 Cdk inhibitor family, is a candidate tumor suppressor gene. Genes Dev. 9, 650–662. doi: 10.1101/gad.9.6.650

Matsuoka, S., Thompson, J. S., Edwards, M. C., Bartletta, J. M., Grundy, P., Kalikin, L. M., et al. (1996). Imprinting of the gene encoding a human cyclin-dependent kinase inhibitor, p57kIP2, on chromosome 11p15. Proc. Natl. Acad. Sci. U.S.A. 93, 3026–3030. doi: 10.1073/pnas.93.7.3026

Mei, L., Shen, C., Miao, R., Wang, J. Z., Cao, M. D., Zhang, Y. S., et al. (2020). RNA methyltransferase NSUN2 promotes gastric cancer cell proliferation by repressing p57(Kip2) by an m(5)C-dependent manner. Cell Death Dis. 11:270. doi: 10.1038/s41419-020-2487-z

Mishra, S., Lin, C. L., Huang, T. H., Bouamar, H., and Sun, L. Z. (2014). MicroRNA-21 inhibits p57Kip2 expression in prostate cancer. Mol. Cancer 13:212. doi: 10.1186/1476-4598-13-212

Mohammad, F., Mondal, T., Guseva, N., Pandey, G. K., and Kanduri, C. (2010). Kcnq1ot1 noncoding RNA mediates transcriptional gene silencing by interacting with Dnmt1. Development 137, 2493–2499. doi: 10.1242/dev.048181

Monk, D., Mackay, D. J. G., Eggermann, T., Maher, E. R., and Riccio, A. (2019). Genomic imprinting disorders: lessons on how genome, epigenome and environment interact. Nat. Rev. Genet. 20, 235–248. doi: 10.1038/s41576-018-0092-0

Muller, J. M., Isele, U., Metzger, E., Rempel, A., Moser, M., Pscherer, A., et al. (2000). FHL2, a novel tissue-specific coactivator of the androgen receptor. Embo J. 19, 359–369. doi: 10.1093/emboj/19.3.359

Nagahama, H., Hatakeyama, S., Nakayama, K., Nagata, M., Tomita, K., and Nakayama, K. (2001). Spatial and temporal expression patterns of the cyclin-dependent kinase (CDK) inhibitors p27Kip1 and p57Kip2 during mouse development. Anat. Embryol. 203, 77–87. doi: 10.1007/s004290000146

Nakano, S., Murakami, K., Meguro, M., Soejima, H., Higashimoto, K., Urano, T., et al. (2006). Expression profile of LIT1/KCNQ1OT1 and epigenetic status at the KVDMR1 in colorectal cancers. Cancer Sci. 97, 1147–1154. doi: 10.1111/j.1349-7006.2006.00305.x

Nakatani, H., Martin, E., Hassani, H., Clavairoly, A., Maire, C. L., Viadieu, A., et al. (2013). Ascl1/Mash1 promotes brain oligodendrogenesis during myelination and remyelination. J. Neurosci. 33, 9752–9768. doi: 10.1523/jneurosci.0805-13.2013

Nakayama, K., Ishida, N., Shirane, M., Inomata, A., Inoue, T., Shishido, N., et al. (1996). Mice lacking p27(Kip1) display increased body size, multiple organ hyperplasia, retinal dysplasia, and pituitary tumors. Cell 85, 707–720. doi: 10.1016/s0092-8674(00)81237-4

Otsuki, L., and Brand, A. H. (2018). Cell cycle heterogeneity directs the timing of neural stem cell activation from quiescence. Science 360, 99–102. doi: 10.1126/science.aan8795

Otsuki, L., and Brand, A. H. (2019). Dorsal-ventral differences in neural stem cell quiescence are induced by p57(KIP2)/Dacapo. Dev. Cell 49, 293–300e3. doi: 10.1016/j.devcel.2019.02.015

Ou, K., Yu, M., Moss, N. G., Wang, Y. J., Wang, A. W., Nguyen, S. C., et al. (2019). Targeted demethylation at the Cdkn1C/p57 locus induces human beta cell replication. J. Clin. Invest. 129, 209–214. doi: 10.1172/jci99170

Overall, M. L., Spencer, J., Bakker, M., Dziadek, M., and Smith, P. J. (1996). p57K1P2 is expressed in Wilms’ tumor with LOH of 11p15.5. Genes Chromosomes Cancer 17, 56–59. doi: 10.1002/(sici)1098-2264(199609)17:1%3C;56::aid-gcc8%3E;3.0.co;2-11

Pandey, R. R., Mondal, T., Mohammad, F., Enroth, S., Redrup, L., Komorowski, J., et al. (2008). Kcnq1ot1 antisense noncoding RNA mediates lineage-specific transcriptional silencing through chromatin-level regulation. Mol. Cell 32, 232–246. doi: 10.1016/j.molcel.2008.08.022

Park, H. C., Boyce, J., Shin, J., and Appel, B. (2005). Oligodendrocyte specification in zebrafish requires notch-regulated cyclin-dependent kinase inhibitor function. J. Neurosci. 25, 6836–6844. doi: 10.1523/jneurosci.0981-05.2005

Pateras, I. S., Apostolopoulou, K., Koutsami, M., Evangelou, K., Tsantoulis, P., Liloglou, T., et al. (2006). Downregulation of the Kip family members p27(KIP1) and p57(KIP2) by SKP2 and the role of methylation in p57(KIP2) inactivation in nonsmall cell lung cancer. Int. J. Cancer 119, 2546–2556. doi: 10.1002/ijc.22214

Pateras, I. S., Apostolopoulou, K., Niforou, K., Kotsinas, A., and Gorgoulis, V. G. (2009). p57kIP2: “Kip”ing the cell under control. Mol. Cancer Res. 7, 1902–1919. doi: 10.1158/1541-7786.mcr-09-0317

Pellegata, N. S., Quintanilla-Martinez, L., Siggelkow, H., Samson, E., Bink, K., Hofler, H., et al. (2006). Germ-line mutations in p27Kip1 cause a multiple endocrine neoplasia syndrome in rats and humans. Proc. Natl. Acad. Sci. U.S.A. 103, 15558–15563. doi: 10.1073/pnas.0603877103

Polyak, K., Lee, M. H., Erdjument-Bromage, H., Koff, A., Roberts, J. M., Tempst, P., et al. (1994). Cloning of p27Kip1, a cyclin-dependent kinase inhibitor and a potential mediator of extracellular antimitogenic signals. Cell 78, 59–66. doi: 10.1016/0092-8674(94)90572-x

Qiu, Z., Li, Y., Zeng, B., Guan, X., and Li, H. (2018). Downregulated CDKN1C/p57(kip2) drives tumorigenesis and associates with poor overall survival in breast cancer. Biochem. Biophys. Res. Commun. 497, 187–193. doi: 10.1016/j.bbrc.2018.02.052

Reik, W., and Walter, J. (2001). Genomic imprinting: parental influence on the genome. Nat. Rev. Genet. 2, 21–32. doi: 10.1038/35047554

Reynaud, E. G., Leibovitch, M. P., Tintignac, L. A., Pelpel, K., Guillier, M., and Leibovitch, S. A. (2000). Stabilization of MyoD by direct binding to p57(Kip2). J. Biol. Chem. 275, 18767–18776. doi: 10.1074/jbc.M907412199

Reynaud, E. G., Pelpel, K., Guillier, M., Leibovitch, M. P., and Leibovitch, S. A. (1999). p57(Kip2) stabilizes the MyoD protein by inhibiting cyclin E-Cdk2 kinase activity in growing myoblasts. Mol. Cell Biol. 19, 7621–7629. doi: 10.1128/mcb.19.11.7621

Riccio, O., Van Gijn, M. E., Bezdek, A. C., Pellegrinet, L., Van Es, J. H., Zimber-Strobl, U., et al. (2008). Loss of intestinal crypt progenitor cells owing to inactivation of both Notch1 and Notch2 is accompanied by derepression of CDK inhibitors p27Kip1 and p57Kip2. Embo Rep. 9, 377–383. doi: 10.1038/embor.2008.7

Rodriguez, S., Wang, L., Mumaw, C., Srour, E. F., Lo Celso, C., Nakayama, K., et al. (2011). The SKP2 E3 ligase regulates basal homeostasis and stress-induced regeneration of HSCS. Blood 117, 6509–6519. doi: 10.1182/blood-2010-11-321521

Roeb, W., Boyer, A., Cavenee, W. K., and Arden, K. C. (2007). Pax3-Foxo1 controls expression of the p57Kip2 cell-cycle regulator through degradation of EGR1. Proc. Natl. Acad. Sci. U.S.A. 104, 18085–18090. doi: 10.1073/pnas.0708910104

Romanelli, V., Belinchon, A., Benito-Sanz, S., Martinez-Glez, V., Gracia-Bouthelier, R., Heath, K. E., et al. (2010). CDKN1C (p57(Kip2)) analysis in Beckwith-Wiedemann syndrome (BWS) patients: genotype-phenotype correlations, novel mutations, and polymorphisms. Am. J. Med. Genet. A 152A, 1390–1397. doi: 10.1002/ajmg.a.33453

Rossi, M. N., and Antonangeli, F. (2015). Cellular response upon stress: p57 contribution to the final outcome. Mediat. Inflamm. 2015, 259325. doi: 10.1155/2015/259325

Rothschild, G., Zhao, X., Iavarone, A., and Lasorella, A. (2006). E Proteins and Id2 converge on p57Kip2 to regulate cell cycle in neural cells. Mol. Cell Biol. 26, 4351–4361. doi: 10.1128/mcb.01743-05

Russo, A. A., Jeffrey, P. D., Patten, A. K., Massague, J., and Pavletich, N. P. (1996). Crystal structure of the p27Kip1 cyclin-dependent-kinase inhibitor bound to the cyclin A-Cdk2 complex. Nature 382, 325–331. doi: 10.1038/382325a0

Sakai, K., Peraud, A., Mainprize, T., Nakayama, J., Tsugu, A., Hongo, K., et al. (2004). Inducible expression of p57KIP2 inhibits glioma cell motility and invasion. J. Neurooncol. 68, 217–223. doi: 10.1023/b:neon.0000033380.08940.c8

Salwig, I., Spitznagel, B., Vazquez-Armendariz, A. I., Khalooghi, K., Guenther, S., Herold, S., et al. (2019). Bronchioalveolar stem cells are a main source for regeneration of distal lung epithelia in vivo. Embo J. 38:e102099. doi: 10.15252/embj.2019102099

Samuelsson, M. K., Pazirandeh, A., Davani, B., and Okret, S. (1999). p57Kip2, a glucocorticoid-induced inhibitor of cell cycle progression in HeLa cells. Mol. Endocrinol. 13, 1811–1822. doi: 10.1210/mend.13.11.0379

Samuelsson, M. K., Pazirandeh, A., and Okret, S. (2002). A pro-apoptotic effect of the CDK inhibitor p57(Kip2) on staurosporine-induced apoptosis in HeLa cells. Biochem. Biophys. Res. Commun. 296, 702–709. doi: 10.1016/s0006-291x(02)00912-9

Scandura, J. M., Boccuni, P., Massague, J., and Nimer, S. D. (2004). Transforming growth factor beta-induced cell cycle arrest of human hematopoietic cells requires p57KIP2 up-regulation. Proc Natl Acad Sci U S A 101, 15231–15236. doi: 10.1073/pnas.0406771101

Sengupta, S., Nie, J., Wagner, R. J., Yang, C., Stewart, R., and Thomson, J. A. (2009). MicroRNA 92b controls the G1/S checkpoint gene p57 in human embryonic stem cells. Stem Cells 27, 1524–1528. doi: 10.1002/stem.84

Sherr, C. J., and Roberts, J. M. (1999). CDK inhibitors: positive and negative regulators of G1-phase progression. Genes Dev. 13, 1501–1512. doi: 10.1101/gad.13.12.1501

Shi, Y., and Liu, J. P. (2011). Gdf11 facilitates temporal progression of neurogenesis in the developing spinal cord. J. Neurosci. 31, 883–893. doi: 10.1523/jneurosci.2394-10.2011

Shmela, M. E., and Gicquel, C. F. (2013). Human diseases versus mouse models: insights into the regulation of genomic imprinting at the human 11p15/mouse distal chromosome 7 region. J. Med. Genet. 50, 11–20. doi: 10.1136/jmedgenet-2012-101321

Stampone, E., Caldarelli, I., Zullo, A., Bencivenga, D., Mancini, F. P., Della Ragione, F., et al. (2018). Genetic and epigenetic control of CDKN1C expression: importance in cell commitment and differentiation. Tissue Homeost. Hum. Dis. Int. J. Mol. Sci. 19:1055. doi: 10.3390/ijms19041055

Stewart, M. C., Kadlcek, R. M., Robbins, P. D., Macleod, J. N., and Ballock, R. T. (2004). Expression and activity of the CDK inhibitor p57Kip2 in chondrocytes undergoing hypertrophic differentiation. J. Bone Miner. Res. 19, 123–132. doi: 10.1359/jbmr.0301209

Sun, C. C., Li, S. J., Li, G., Hua, R. X., Zhou, X. H., and Li, D. J. (2016). Long intergenic noncoding RNA 00511 acts as an oncogene in non-small-cell lung cancer by binding to EZH2 and suppressing p57. Mol. Ther. Nucleic Acids 5:e385. doi: 10.1038/mtna.2016.94

Suryadinata, R., Sadowski, M., and Sarcevic, B. (2010). Control of cell cycle progression by phosphorylation of cyclin-dependent kinase (CDK) substrates. Biosci. Rep. 30, 243–255. doi: 10.1042/bsr20090171

Susaki, E., Nakayama, K., Yamasaki, L., and Nakayama, K. I. (2009). Common and specific roles of the related CDK inhibitors p27 and p57 revealed by a knock-in mouse model. Proc. Natl. Acad. Sci. U.S.A. 106, 5192–5197. doi: 10.1073/pnas.0811712106

Taniguchi, T., Okamoto, K., and Reeve, A. E. (1997). Human p57(KIP2) defines a new imprinted domain on chromosome 11p but is not a tumour suppressor gene in Wilms tumour. Oncogene 14, 1201–1206. doi: 10.1038/sj.onc.1200934

Tateishi, Y., Matsumoto, A., Kanie, T., Hara, E., Nakayama, K., and Nakayama, K. I. (2012). Development of mice without Cip/Kip CDK inhibitors. Biochem. Biophys. Res. Commun. 427, 285–292. doi: 10.1016/j.bbrc.2012.09.041

Tokino, T., Urano, T., Furuhata, T., Matsushima, M., Miyatsu, T., Sasaki, S., et al. (1996). Characterization of the human p57KIP2 gene: alternative splicing, insertion/deletion polymorphisms in VNTR sequences in the coding region, and mutational analysis. Hum. Genet. 97, 625–631. doi: 10.1007/bf02281873

Toyoshima, H., and Hunter, T. (1994). p27, a novel inhibitor of G1 cyclin-Cdk protein kinase activity, is related to p21. Cell 78, 67–74. doi: 10.1016/0092-8674(94)90573-8

Tran, M. K., Kurakula, K., Koenis, D. S., and De Vries, C. J. (2016). Protein-protein interactions of the Lim-only protein FHL2 and functional implication of the interactions relevant in cardiovascular disease. Biochim. Biophys. Acta 1863, 219–228. doi: 10.1016/j.bbamcr.2015.11.002

Tury, A., Mairet-Coello, G., and Dicicco-Bloom, E. (2011). The cyclin-dependent kinase inhibitor p57Kip2 regulates cell cycle exit, differentiation, and migration of embryonic cerebral cortical precursors. Cereb. Cortex 21, 1840–1856. doi: 10.1093/cercor/bhq254

Ullah, Z., Kohn, M. J., Yagi, R., Vassilev, L. T., and Depamphilis, M. L. (2008). Differentiation of trophoblast stem cells into giant cells is triggered by p57/Kip2 inhibition of CDK1 activity. Genes Dev. 22, 3024–3036. doi: 10.1101/gad.1718108

Urano, T., Yashiroda, H., Muraoka, M., Tanaka, K., Hosoi, T., Inoue, S., et al. (1999). p57(Kip2) is degraded through the proteasome in osteoblasts stimulated to proliferation by transforming growth factor beta1. J. Biol. Chem. 274, 12197–12200. doi: 10.1074/jbc.274.18.12197

Vaccarello, G., Figliola, R., Cramerotti, S., Novelli, F., and Maione, R. (2006). p57Kip2 is induced by MyoD through a p73-dependent pathway. J. Mol. Biol. 356, 578–588. doi: 10.1016/j.jmb.2005.12.024

Vlachos, P., and Joseph, B. (2009). The Cdk inhibitor p57(Kip2) controls LIM-kinase 1 activity and regulates actin cytoskeleton dynamics. Oncogene 28, 4175–4188. doi: 10.1038/onc.2009.269

Vlachos, P., Nyman, U., Hajji, N., and Joseph, B. (2007). The cell cycle inhibitor p57(Kip2) promotes cell death via the mitochondrial apoptotic pathway. Cell Death Differ. 14, 1497–1507. doi: 10.1038/sj.cdd.4402158

Wakeling, E. L., Brioude, F., Lokulo-Sodipe, O., O’connell, S. M., Salem, J., Bliek, J., et al. (2017). Diagnosis and management of Silver-Russell syndrome: first international consensus statement. Nat. Rev. Endocrinol. 13, 105–124. doi: 10.1038/nrendo.2016.138

Wang, Y., Dai, W., Chu, X., Yang, B., Zhao, M., and Sun, Y. (2013). Metformin inhibits lung cancer cells proliferation through repressing microrna-222. Biotechnol. Lett. 35, 2013–2019. doi: 10.1007/s10529-013-1309-0

Watanabe, H., Pan, Z. Q., Schreiber-Agus, N., Depinho, R. A., Hurwitz, J., and Xiong, Y. (1998). Suppression of cell transformation by the cyclin-dependent kinase inhibitor p57KIP2 requires binding to proliferating cell nuclear antigen. Proc. Natl. Acad. Sci. U.S.A. 95, 1392–1397. doi: 10.1073/pnas.95.4.1392

Weis, B., Schmidt, J., Maamar, H., Raj, A., Lin, H., Toth, C., et al. (2015). Inhibition of intestinal tumor formation by deletion of the DNA methyltransferase 3a. Oncogene 34, 1822–1830. doi: 10.1038/onc.2014.114

Weksberg, R., Shuman, C., and Beckwith, J. B. (2010). Beckwith-Wiedemann syndrome. Eur. J. Hum. Genet. 18, 8–14. doi: 10.1038/ejhg.2009.106

Westbury, J., Watkins, M., Ferguson-Smith, A. C., and Smith, J. (2001). Dynamic temporal and spatial regulation of the cdk inhibitor p57(kip2) during embryo morphogenesis. Mech. Dev. 109, 83–89. doi: 10.1016/s0925-4773(01)00512-3

Wierenga, A. T., Vellenga, E., and Schuringa, J. J. (2014). Convergence of hypoxia and TGFbeta pathways on cell cycle regulation in human hematopoietic stem/progenitor cells. PLoS One 9:e93494. doi: 10.1371/journal.pone.0093494

Yamazaki, S., Iwama, A., Takayanagi, S., Eto, K., Ema, H., and Nakauchi, H. (2009). TGF-beta as a candidate bone marrow niche signal to induce hematopoietic stem cell hibernation. Blood 113, 1250–1256. doi: 10.1182/blood-2008-04-146480

Yan, Y., Frisen, J., Lee, M. H., Massague, J., and Barbacid, M. (1997). Ablation of the CDK inhibitor p57Kip2 results in increased apoptosis and delayed differentiation during mouse development. Genes Dev. 11, 973–983. doi: 10.1101/gad.11.8.973

Yang, X., Karuturi, R. K., Sun, F., Aau, M., Yu, K., Shao, R., et al. (2009). Cdkn1C (p57) is a direct target of Ezh2 and suppressed by multiple epigenetic mechanisms in breast cancer cells. PLoS One 4:e5011. doi: 10.1371/journal.pone.0005011

Yokoo, T., Toyoshima, H., Miura, M., Wang, Y., Iida, K. T., Suzuki, H., et al. (2003). p57Kip2 regulates actin dynamics by binding and translocating LIM-kinase 1 to the nucleus. J. Biol. Chem. 278, 52919–52923. doi: 10.1074/jbc.m309334200

Yoon, M. K., Mitrea, D. M., Ou, L., and Kriwacki, R. W. (2012). Cell cycle regulation by the intrinsically disordered proteins p21 and p27. Biochem. Soc. Trans. 40, 981–988. doi: 10.1042/bst20120092

Zacharek, S. J., Fillmore, C. M., Lau, A. N., Gludish, D. W., Chou, A., Ho, J. W., et al. (2011). Lung stem cell self-renewal relies on BMI1-dependent control of expression at imprinted loci. Cell Stem Cell 9, 272–281. doi: 10.1016/j.stem.2011.07.007

Zalc, A., Hayashi, S., Aurade, F., Brohl, D., Chang, T., Mademtzoglou, D., et al. (2014). Antagonistic regulation of p57kip2 by Hes/Hey downstream of Notch signaling and muscle regulatory factors regulates skeletal muscle growth arrest. Development 141, 2780–2790. doi: 10.1242/dev.110155

Zhang, G., Xu, Y., Wang, S., Gong, Z., Zou, C., Zhang, H., et al. (2019a). LncRNA SNHG17 promotes gastric cancer progression by epigenetically silencing of p15 and p57. J. Cell Physiol. 234, 5163–5174. doi: 10.1002/jcp.27320

Zhang, G., Xu, Y., Zou, C., Tang, Y., Lu, J., Gong, Z., et al. (2019b). Long noncoding RNA ARHGAP27P1 inhibits gastric cancer cell proliferation and cell cycle progression through epigenetically regulating p15 and p16. Aging 11, 9090–9110. doi: 10.18632/aging.102377

Zhang, J., Gong, X., Tian, K., Chen, D., Sun, J., Wang, G., et al. (2015). miR-25 promotes glioma cell proliferation by targeting CDKN1C. Biomed. Pharmacother. 71, 7–14. doi: 10.1016/j.biopha.2015.02.005

Zhang, M. C., Zhang, L., Zhang, M. Q., Yang, G. X., Wang, F. Z., and Ding, P. (2020). Downregulated LINC00628 aggravates the progression of colorectal cancer via inhibiting p57 level. Eur. Rev. Med. Pharmacol. Sci. 24, 1763–1770.

Zhang, P., Liegeois, N. J., Wong, C., Finegold, M., Hou, H., Thompson, J. C., et al. (1997). Altered cell differentiation and proliferation in mice lacking p57KIP2 indicates a role in Beckwith-Wiedemann syndrome. Nature 387, 151–158. doi: 10.1038/387151a0

Zhang, P., Wong, C., Depinho, R. A., Harper, J. W., and Elledge, S. J. (1998). Cooperation between the Cdk inhibitors p27(KIP1) and p57(KIP2) in the control of tissue growth and development. Genes Dev. 12, 3162–3167. doi: 10.1101/gad.12.20.3162

Zhang, P., Wong, C., Liu, D., Finegold, M., Harper, J. W., and Elledge, S. J. (1999). p21(CIP1) and p57(KIP2) control muscle differentiation at the myogenin step. Genes Dev. 13, 213–224. doi: 10.1101/gad.13.2.213

Zou, P., Yoshihara, H., Hosokawa, K., Tai, I., Shinmyozu, K., Tsukahara, F., et al. (2011). p57(Kip2) and p27(Kip1) cooperate to maintain hematopoietic stem cell quiescence through interactions with Hsc70. Cell Stem Cell 9, 247–261. doi: 10.1016/j.stem.2011.07.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Creff and Besson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcell-08-584590-t002.jpg
Genotypes Phenotypes References
2 == Mol D t al., 1995
P No major developmental anomalies engeta,
vieble Nak t al., 1996
p27~/~ Organomegaly, female sterility, Fa ayfrTa ?ggé
increase body size Sroekek,
57—/— Lethal at birth Yan et al., 1997
P Multiple developmental anomalies Zhang et al., 1997
o1=/= po7—/— Viable, similar to p27~/~ with more ~ Tateishi et al., 2012
P 2 pronounced ovarian hyperplasia Jirawatnotai et al., 2003
Lethal at birth, similar to p57—/~ with
p21~/= p57%0  new phenotypes (impaired lung and  Zhang et al., 1999
skeletal muscle development)
Embryonic lethal (E12-E16.5), similar
p27—/= p57%0 1o p57KC with more pronounced Zhang et al., 1998
phenotypes (placenta, lens)
p21=/= p27—/= Embryonic lethal (E11.5-E15.5),

p57KO

similar to p27—/= p57¥C

Tateishi et al., 2012





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Versatility of the CDK Inhibitor p57Kip2



		INTRODUCTION



		THE CDKN1C GENE



		REGULATION OF CDKN1C EXPRESSION



		p57 STRUCTURE AND REGULATION



		ANIMAL MODELS OF p57



		FUNCTIONS OF p57



		Canonical Function in Cell Cycle Regulation



		Non-canonical Functions of p57



		Cytoskeleton Regulation



		p57 and Apoptosis



		Regulation of Transcription by p57



		p57 and Differentiation



		p57 in the Regulation of Stem Cell Fate and Maintenance











		p57 IN HUMAN PATHOLOGIES



		Beckwith–Wiedemann Syndrome



		Silver Russell and IMAGe Syndromes



		p57 and Cancer







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Functional Versatility of the CDK
Inhibitor p57Xip?





OPS/images/fcell-08-584590-g002.jpg
16 77 164
pt N—[ 1] | 2 | [3f][pcna)— coon
\_
(27 88 198
27 N, —([ 1| | 2 3| ([ or |—coon
4
I il 11 IV
17 80 110 180 260
mp57 NH, [| 1 ‘ ‘ 2 ‘3“ [Proline rich] [ Acidic repeat] [ QT
! 11 M
27 90 142 219 238 316
hp57 NH, ﬂ1‘ ‘ 2 ‘3“ [ PAPA ] [ QT ]
MyoD LIMK1 PCNA
B-Myb JNK






OPS/images/fcell-08-584590-g001.jpg
ICR2 ICR1

Phlda2 Tssc3 CDKNlc KCNQI Tssc4 Ascl2 H19
& IS
mat -

Nancer
. CHO-- -t

Centromeric domain Telomeric domain

TTT ICR methylated - Paternal expression I:I Imprinted in placenta
777 ICR unmethylated - Maternal expression








OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-08-584590-t001.jpg
p57K0

o Neonatal death (90%)

o Lens defect (60%)

e Bone shortening (100%)
e Bone shortening (100%)
o Abdominal wall defect (95%)

e Intestine shortening (30%)

o Kidney dysplasia (80%)

o Cleft palate (50%)

o Adernal hyperplasia (70%)

p57p27KI

Rescue
Rescue
Rescue
Rescue
Phenocopy

Rescue

Phenocopy
Rescue

Rescue 50%

p57CK—

Phenocopy
Phenocopy
Phenocopy
Phenocopy
Phenocopy

Rescue

Rescue
Increase (76%)

Increase

Interpretation

CDK dependent
CDK dependent
CDK dependent
CDK dependent
CDK dependent,
but p27 cannot
rescue?

CDK independent,
common with p277?
CDK independent
CDK dependent
and independent
CDK dependent
and independent





