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DNA replication must be precisely controlled in order to maintain genome stability. Transition through cell cycle phases is regulated by a family of Cyclin-Dependent Kinases (CDKs) in association with respective cyclin regulatory subunits. In normal cell cycles, E-type cyclins (Cyclin E1 and Cyclin E2, CCNE1 and CCNE2 genes) associate with CDK2 to promote G1/S transition. Cyclin E/CDK2 complex mostly controls cell cycle progression and DNA replication through phosphorylation of specific substrates. Oncogenic activation of Cyclin E/CDK2 complex impairs normal DNA replication, causing replication stress and DNA damage. As a consequence, Cyclin E/CDK2-induced replication stress leads to genomic instability and contributes to human carcinogenesis. In this review, we focus on the main functions of Cyclin E/CDK2 complex in normal DNA replication and the molecular mechanisms by which oncogenic activation of Cyclin E/CDK2 causes replication stress and genomic instability in human cancer.
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INTRODUCTION
Cellular proliferation is controlled by an intricate network of proteins that dictate the order and timing of cell cycle events. Progression through cell cycle phases is regulated by a family of Cyclin-Dependent Kinases (CDKs), which associate with respective Cyclin regulatory subunits. Oscillations in Cyclin levels determine fluctuations in CDK activity, which ultimately control cell cycle phase transitions (Malumbres and Barbacid, 2009; Matthews et al., 2021). In normal mammalian cells, expression of E-type cyclins, named Cyclin E1 and Cyclin E2, is reached as a consequence of RB inactivation and E2F transcription factor release, which is initially caused by Cyclin D/CDK4-6 activation upon mitogenic stimulation during G1. E2F-mediated Cyclin E transcription is followed by Cyclin E protein accumulation that peaks at the G1/S transition, when Cyclin E binds and activates CDK2 to promote S phase entry and progression. Cyclin E/CDK2 complex then phosphorylates numerous substrates to control essential cellular processes, such as progression through the restriction point (R point), initiation of DNA replication, and regulation of histone biosynthesis among others. By the end of S phase, Cyclin E protein levels are completely degraded by the SCFFBW7 ubiquitin ligase complex, thus eliminating Cyclin E/CDK2 activity up to the subsequent G1 phase (Hwang and Clurman, 2005; Chu et al., 2021).
Oncogenic activation of Cyclin E/CDK2 complex is frequently observed in human cancers and may be achieved by different genetic events, such as amplification of Cyclin E genes (CCNE1 or CCNE2), disruption of the RB/E2F pathway (leading to increased Cyclin E transcription), and mutation of FBXW7 ubiquitin ligase (causing accumulation of Cyclin E protein). In fact, high levels of Cyclin E protein and increased CDK2 kinase activity are both independently associated with poor prognosis, reduced survival, and therapy resistance in cancer patients (Hwang and Clurman, 2005). Under the cell cycle perspective, oncogenic activation of Cyclin E/CDK2 complex has been largely demonstrated to impair DNA replication, causing DNA replication stress, which may be defined as the slowing or stalling of replication fork progression during DNA synthesis upon different insults. Hyperactivation of Cyclin E/CDK2 complex directly interferes with DNA replication through several mechanisms, leading to DNA double strand breaks (DSBs) and genomic instability. In fact, specific targeting of oncogenic Cyclin E/CDK2 complex has been proposed as a promising therapy against cancer (Tadesse et al., 2020; Suski et al., 2021).
Regulation of E-type cyclins and the effects of Cyclin E/CDK2 complex in normal physiology and disease states have been extensively reviewed in the literature (Hwang and Clurman, 2005; Caldon and Musgrove, 2010; Siu et al., 2012; Chu et al., 2021). In this review, we focus on the role of Cyclin E/CDK2 complex in DNA replication and the molecular mechanisms by which hyperactivation of Cyclin E/CDK2 complex causes DNA replication stress and genomic instability in human cancer.
CYCLIN E: STRUCTURE AND FUNCTION
Cyclin E1 was the first member of the E-type cyclin family to be identified (Koff et al., 1991; Lew et al., 1991). In humans, CCNE1 gene localizes at 19q12 region and encodes for a full-length protein of 410 amino acids (Figure 1A). Several splice variants and protein isoforms have also been described for CCNE1 gene. Cyclin E1 protein has been shown to bind and activate CDK2 kinase, creating an active complex that is responsible for S phase entry and progression (Ohtsubo and Roberts, 1993; Resnitzky et al., 1994). In accordance with its role in S phase promotion, the highest levels of Cyclin E1 mRNA are observed during G1/S phase transition, coinciding with maximum activity of Cyclin E1/CDK2 complex (Dulić et al., 1992; Koff et al., 1992). Cyclin E2 was the second member of the E-type cyclin family to be described in humans (Lauper et al., 1998; Zariwala et al., 1998; Gudas et al., 1999). CCNE2 gene is localized at 8q22.1 region and encodes for a full-length protein of 404 amino acids (Figure 1A). Like Cyclin E1, Cyclin E2 protein also binds and activates CDK2, forming an active kinase complex whose activity also peaks during G1/S phase transition (Lauper et al., 1998; Zariwala et al., 1998; Gudas et al., 1999). Cyclin E1 and E2 proteins show approximately 50% of overall sequence identity and are assumed to be functionally redundant. However, several reports have indicated distinct regulation and functions for Cyclin E1 and E2 proteins (Caldon and Musgrove, 2010).
[image: Figure 1]FIGURE 1 | Cyclin E structure and function in the cell cycle. (A) Schematic representation of Cyclin E1 and Cyclin E2 protein structures. Numbers represent amino acid positions. NLS, nuclear localization signal; CLS, centrosome localization signal; CPD, CDC phosphodegrons. (B) Left: Cyclin E/CDK2 complex controls G1/S phase transition and S phase progression. Heat map indicates Cyclin E/CDK2 complex activity through the cell cycle. Right: Cyclin E/CDK2 complex regulates different cell cycle-related events and substrates. RB, Retinoblastoma; CDH1, CDC20 homolog 1; KIP1, CDK inhibitory protein 1; E2F, E2 promoter-binding factor; CBP, CREB-binding protein; CDC, Cell division cycle; NPAT, Nuclear protein, coactivator of histone transcription; NPM, Nucleophosmin; CP110, Centriolar coiled-coil protein 110; MPS1, Monopolar spindle 1.
Cyclin E is a nuclear protein that mainly exerts its regulatory functions through interaction with and activation of CDK2 to induce phosphorylation of target proteins. Of note, it has been shown that Cyclin E1 can also bind and activate CDK1 in vivo (Aleem et al., 2005), however CDK2 is the main binding partner of Cyclin E. Cyclin E interacts with CDK2 through its Cyclin box with the PSTAIRE helix on CDK2, leading to conformational changes on the CDK2 T loop (Honda et al., 2005) (Figure 1A). Exposure of CDK2 catalytic site allows for activating phosphorylation of CDK2 Thr160 by CDK activating kinase (CAK). Interaction between Cyclin E/CDK2 complex with substrates is mediated by two distinct domains found on Cyclin E: MRAIL and VDCLE (Figure 1A). The MRAIL domain is localized at the N-terminal region of the Cyclin box and mediates binding to RLX-containing proteins, such as RB, p27KIP1, and CDC6 (Adams et al., 1996; Chen et al., 1996; Schulman et al., 1998; Furstenthal et al., 2001). The VDCLE domain is found on Cyclin E C-terminal portion and regulates the interaction with the pocket protein family members RB1, p107, and p130 (Dowdy et al., 1993; Kelly et al., 1998). Of note, similar sequences are observed in Cyclin E2 protein: MRSIL and IDSLE, respectively (Figure 1A). Two additional domains are observed on Cyclin E1 and E2 proteins: nuclear localization signal (NLS) and centrosome localization signal (CLS) (Figure 1A). The N-terminal NLS potentially contributes to Cyclin E nuclear localization, however it is clear that other mechanisms also regulate Cyclin E nuclear accumulation in human cells (Jackman et al., 2002; Moore et al., 2002). The CLS targets Cyclin E to the centrosomes, where it is essential for Cyclin E/CDK2-mediated centrosome duplication (Matsumoto and Maller, 2004). Furthermore, E-type cyclins also show CDC phosphodegrons (CPDs) at the N- and C-terminus, which are represented by Serine and Threonine (S/T) residues that are initially phosphorylated by certain kinases and later recognized by the SCFFBW7 ubiquitin ligase complex and directed to proteasomal degradation (Clurman et al., 1996; Won and Reed, 1996) (Figure 1A). Importantly, Cyclin E/CDK2 activity is negatively regulated by the KIP/CIP family of CDK inhibitors, p27KIP1 and p21CIP1, which prevent CDK2 activation by CAK phosphorylation and also inhibit Cyclin E/CDK2 complex interaction with substrates (Sherr and Roberts, 2004).
Cyclin E levels are tightly regulated throughout the cell cycle by a timely combination of gene expression and protein degradation. During G1, mitogenic stimulation induces Cyclin D accumulation, which together with CDK4/6 phosphorylates and inactivates RB, releasing activating E2F1-3 transcription factors to induce Cyclin E transcription (Ohtani et al., 1995; Geng et al., 1996). Upon S phase progression, Cyclin E transcription is repressed through the assembly of inhibitory proteins to Cyclin E promoter, including E2F6 and E2F7 transcriptional repressors (Giangrande et al., 2004; Westendorp et al., 2012). Apart from transcriptional repression, protein degradation is mostly responsible for progressive decrease of Cyclin E levels through S phase. Degradation of Cyclin E1 protein is mediated by phosphorylation of several S/T residues (CPDs) observed within the N-terminal (T77, also known as T62) and C-terminal regions (S387, T395, and S399, also known as S372, T380, and S384) of full-length Cyclin E1 protein (Clurman et al., 1996; Won and Reed, 1996; Welcker et al., 2003; Ye et al., 2004) (Figure 1A). Phosphorylation of Cyclin E1 CPDs may be achieved by either GSK3 or CDK2 autophosphorylation. Phosphorylated Cyclin E1 is then mostly recognized by the SCFFBW7 ubiquitin ligase complex and subsequently marked for ubiquitin-mediated degradation via proteasome (Koepp et al., 2001; Strohmaier et al., 2001). On the other hand, Cyclin E2 protein degradation has not been fully investigated yet, but it is assumed that its proteolysis is similar to Cyclin E1. Cyclin E2 protein C-terminal residue T392 is conserved to Cyclin E1 protein residue T395 and its phosphorylation is also required for protein degradation (Lauper et al., 1998) (Figure 1A). Of note, Cyclin E protein may be cleaved by intracellular proteolytic processing, generating low-molecular weight Cyclin E (LMW-E) isoforms. These LMW-E lack the N-terminal NLS, accumulate in the cytoplasm, and have been shown to present increased affinity for CDK2 and resistance to CDK inhibitors p21CIP1 and p27KIP1 (Caruso et al., 2018).
In normal conditions, Cyclin E/CDK2 complex controls several critical biological functions (Figure 1B). During G1/S transition, Cyclin E/CDK2 phosphorylates and inactivates RB protein, leading to release of E2F transcription factors and a positive feedback loop for Cyclin E transcription (Harbour and Dean, 2000). Through inactivation of RB and release of activating E2Fs, Cyclin E/CDK2 complex activity induces the expression of a variety of genes that are essential for S phase entry and progression, such as cell division cycle 6 (CDC6), chromatin licensing and DNA replication factor 1 (CDT1) and members of the minichromosome maintenance (MCM) complex, all three components of pre-replication complex (pre-RC); A-type cyclins; and EMI1, inhibitor of the APC/CCDC20 complex (Ishida et al., 2001; Hsu et al., 2002; Polager et al., 2002). Besides phosphorylation of canonical RB protein, Cyclin E/CDK2 complex also phosphorylates other critical targets for cell cycle progression, including p27KIP1 CDK inhibitor; E2F5 and CBP/p300 transcription factors; NPAT and HIRA, proteins involved in histone biosynthesis; and NPM, CP110 and MPS1, all involved in centrosome duplication (Figure 1B) (Sheaff et al., 1997; Ait-Si-Ali et al., 1998; Ma et al., 2000; Morris et al., 2000; Okuda et al., 2000; Zhao et al., 2000; Fisk and Winey, 2001; Hall et al., 2001; Tokuyama et al., 2001; Chen et al., 2002). High-throughput proteomic screening approaches have been performed to determine the profile of Cyclin E1 interactome, as well as to identify novel CDK2 substrates (Pagliuca et al., 2011; Odajima et al., 2016; Chi et al., 2020). These studies have provided powerful resources for the investigation of Cyclin E/CDK2 regulatory network and function. Furthermore, as CDK2 may be activated by Cyclin E and Cyclin A, these findings are instrumental to the analysis of similarities and differences between Cyclin E- and Cyclin A-associated CDK2 activity, which are essential for timely progression of the cell cycle (Pagliuca et al., 2011; Chi et al., 2020). For the purpose of this review, we will focus on the functions of Cyclin E/CDK2 complex in normal and aberrant DNA replication.
CYCLIN E/CDK2 COMPLEX IN DNA REPLICATION
Eukaryotic cells must ensure accurate chromosome replication in order to maintain genome stability. DNA replication is a multi-step process that is characterized by the chronological assembly of different protein complexes onto DNA replication origins (ORIs), followed by replisome activation and subsequent DNA synthesis. From origin licensing to replication completion, all necessary steps are tightly regulated to permit appropriate genome replication. Alterations that compromise the function of key proteins involved in DNA replication can lead to progressive accumulation of errors in the DNA molecule and genomic instability (Masai et al., 2010; Bellelli and Boulton, 2021).
In order to accomplish one single round of DNA replication per cell cycle, two fundamental steps that precede DNA synthesis have to be executed in a temporally separated manner: origin licensing and origin firing. Origin licensing takes place during late mitosis and early G1 phase, when cells possess low levels of CDK activity, and involves the assembly of pre-RC onto ORIs. Origin licensing starts with the binding of origin recognition complex subunits 1–6 (ORC1-6) and CDC6 to ORIs, followed by recruitment of CDT1 and MCM2-7 helicase complex, completing pre-RC assembly (Figure 2). At this point, ORIs are inactive, though primed for later activation in the cell cycle (Masai et al., 2010; Siddiqui et al., 2013; Fragkos et al., 2015). Origin activation takes place during G1/S transition and requires the recruitment of additional proteins to generate pre-initiation complex (pre-IC) (Figure 2). Unlike origin licensing, pre-IC formation requires high kinase activity that results from the combined action of two S phase kinases: CDK2 and CDC7 (also known as DDK, DBF4-dependent kinase), which associate with regulatory subunits Cyclin E/A and DBF4, respectively. Together, these kinases phosphorylate several replication factors and facilitate protein recruitment to ORIs, including the recruitment of CDC45 and GINS to allow formation of the CMG helicase complex (CDC45-MCM-GINS). Helicase activation and subsequent DNA unwinding leads to the recruitment of other additional proteins, including DNA polymerases, and eventually origin firing (Masai et al., 2010; Tanaka and Araki, 2013; Fragkos et al., 2015; Burgers and Kunkel, 2017).
[image: Figure 2]FIGURE 2 | Role of Cyclin E/CDK2 in DNA replication. Cyclin E/CDK2 complex directly interacts with (orange dashed lines) and phosphorylates (black arrows; P, phosphate) several proteins that are essential for DNA replication. Cyclin E/CDK2 activity inhibits pre-replication complex (pre-RC) formation (red arrow) and stimulates pre-initiation complex (pre-IC) formation (green arrow). DNA replication origins (Origin) are recognized by different proteins, which are sequentially recruited to form pre-RC, including ORC1-6 and MCM2-7 complexes (left beige circle). Subsequently, many other proteins are assembled onto DNA replication origins to form pre-IC, including TOPBP1/RECQL4/Treslin and CDC45/GINS (right beige circle). DNA molecule (blue double strand); ORC, Origin recognition complex; CDC, Cell division cycle; MCM, Minichromosome maintenance; CDT1, Chromatin licensing and DNA replication factor 1; CDK, Cyclin dependent kinase; TOPBP1, DNA topoisomerase II binding protein 1; RECQL4, RecQ like helicase 4; GINS, Go-ich-ni-san. Numerous replisome proteins are omitted for simplicity.
Cyclin E/CDK2 complex has essential and opposing roles in DNA replication (Figure 2). As mentioned before, origin licensing occurs when cells experience low CDK environments. Accordingly, hyperactivation of Cyclin E1/CDK2 complex impairs MCM loading and prevents pre-RC assembly, causing DNA replication stress (see below). However, under certain circumstances, normal levels of Cyclin E/CDK2 complex are essential to promote origin licensing. It has been shown that cells deficient for Cyclin E1/E2 or depleted of CDK2 activity are not able to re-enter the cell cycle from quiescence due to failure in MCM loading (Geng et al., 2003; Chuang et al., 2009). In fact, during cell cycle re-entry from quiescence, Cyclin E/CDK2 complex activity is required for accumulation of CDC6 and CDC7 mRNA levels, both of which are necessary for MCM loading (Chuang et al., 2009). Cyclin E/CDK2 complex is also able to directly interact with pre-RC components and form a ternary complex with ORC1 and CDC6 proteins, both acting as receptors for Cyclin E/CDK2 binding onto chromatin during origin licensing (Furstenthal et al., 2001; Hossain and Stillman, 2016; Hossain et al., 2021) (Figure 2). In agreement, it has been shown that Cyclin E/CDK2 complex and CDC6 protein work synergistically to promote pre-RC assembly and abrogation of Cyclin E-CDC6 interaction leads to failure in DNA replication (Furstenthal et al., 2001; Cook et al., 2002; Coverley et al., 2002). Cyclin E1 has been also shown to physically interact with CDT1 and members of the MCM complex, possibly further facilitating MCM loading onto ORIs (Geng et al., 2007; Odajima et al., 2016) (Figure 2). In terms of phosphorylation of pre-RC components, Cyclin E1/CDK2 complex has been shown to directly phosphorylate CDC6 in human cells, protecting CDC6 from APC/C-mediated ubiquitylation and proteolysis. Cyclin E/CDK2-mediated CDC6 phosphorylation potentiates MCM loading onto chromatin and allows for DNA replication (Mailand and Diffley, 2005) (Figure 2). Additional reports have suggested that Cyclin E/CDK2 complex is able to phosphorylate other proteins that constitute pre-RCs, such as CDT1 and MCM complex components, possibly interfering with chromatin loading or protein-protein interaction. However, further definitive work is still necessary to clearly demonstrate and elucidate the effects of Cyclin E/CDK2-mediated phosphorylation of other pre-RC components in human cells.
Apart from regulating pre-RC assembly, Cyclin E/CDK2 complex exerts a positive role during pre-IC formation, which occurs upon high kinase activity (Figure 2). It has been shown that Cyclin E/CDK2 directly phosphorylates Treslin (also known as TICRR, TOPBP1 interacting checkpoint and replication regulator), promoting its interaction with TOPBP1 (DNA topoisomerase II binding protein 1) and facilitating recruitment of CDC45, GINS, and DNA polymerases onto chromatin (Figure 2). Indeed, interaction of Treslin-TOPBP1 induced by Cyclin E/CDK2 phosphorylation is essential for initiation of DNA replication in vivo (Kumagai et al., 2010; Boos et al., 2011; Kumagai et al., 2011; Sansam et al., 2015). Besides Treslin, Cyclin E/CDK2 complex also phosphorylates RECQL4 (RecQ like helicase 4), increasing its helicase activity (Figure 2). However, it is still not clear whether Cyclin E/CDK2-dependent RECQL4 phosphorylation favours its chromatin binding and/or pre-IC formation (Lu et al., 2017). Consistently, Sld2 and Sld3, the yeast counterparts of human RECQL4 and Treslin, respectively, have been shown to bind Dpb11 (the yeast counterpart of human TOPBP1) upon CDK phosphorylation. CDK-dependent Sld2 and Sld3 phosphorylations in yeast are essential for the initiation of DNA replication (Tanaka et al., 2007; Zegerman and Diffley, 2007).
ONCOGENIC ACTIVATION OF CYCLIN E/CDK2 MEDIATES REPLICATION STRESS
As discussed above, Cyclin E/CDK2 complex plays a central role in controlling normal DNA replication. Therefore, it is expected that oncogenic activation of Cyclin E/CDK2 interferes with DNA synthesis and causes replication stress. Indeed, it has been shown that Cyclin E1 overexpression impairs replication fork progression, leading to premature termination of replication forks, fork collapse, and DSBs (Bartkova et al., 2005, 2006). Importantly, Cyclin E-mediated replication stress is directly associated with increased CDK2 activity, as a hyperactive CDK2 allele is sufficient to impair replication fork progression and cause DNA damage (Hughes et al., 2013). In normal cells, aberrant activation of Cyclin E1/CDK2 complex induces the replication stress response (RSR), leading to cell cycle arrest, cell death, and senescence. This is an essential mechanism to prevent tumor progression in normal tissues. However, oncogenic activation of Cyclin E1/CDK2, associated with disruption of the RSR pathway, allows for increased cell proliferation in the presence of sustained replication stress, contributing to genomic instability in early steps of human tumorigenesis (Bartkova et al., 2005, 2006; Teixeira and Reed, 2017).
Oncogenic activation of Cyclin E/CDK2 complex is able to mediate replication stress by several different molecular mechanisms (Figure 3). One of the primary mechanisms is interference with origin licensing (Figure 3, upper left). As discussed above, pre-RC assembly onto chromatin occurs during late mitosis and early G1, when cells experience low CDK environments (Masai et al., 2010; McIntosh and Blow, 2012). Unscheduled CDK activity during these cell cycle stages is likely to compromise origin licensing. Indeed, it has been demonstrated that overexpression of yeast G1 cyclin Cln2 inhibits pre-RC assembly and leads to gross chromosomal rearrangements (Tanaka and Diffley, 2002). Consistently, high levels of Cyclin E1 at the M/G1 boundary, accompanied by hyperactive CDK2 activity, impair loading of specific MCM helicase components onto chromatin in mammalian cells (Ekholm-Reed et al., 2004). One possible explanation is that oncogenic Cyclin E1/CDK2 activity forces rapid progression through G1 and premature entry into S phase with insufficient pre-RC formation. However, the molecular mechanism by which hyperactive Cyclin E/CDK2 complex interferes with MCM loading and/or distribution onto chromatin is still not understood.
[image: Figure 3]FIGURE 3 | Molecular mechanisms of Cyclin E/CDK2-induced replication stress. Oncogenic activation of Cyclin E/CDK2 interferes with DNA replication through several different molecular mechanisms, causing DNA replication stress. Hyperactive Cyclin E/CDK2 complex impairs origin licensing by interference with pre-replication complex (pre-RC) loading onto chromatin (upper left) and origin firing by either decreasing or increasing activation of DNA replication origins (lower left; upper or lower DNA molecule, respectively). Hyperactive Cyclin E/CDK2 complex also leads to insufficient nucleotide pools by forcing cell hyperproliferation without accompanying nucleotide biosynthesis (upper right). Finally, hyperactive Cyclin E/CDK2 complex causes transcription-replication collisions due to imbalances in DNA replication and gene transcription processes (lower right). Upper left: DNA molecule (blue double strand); ORC complex (green); CDC6 (purple); MCM complex (yellow); CDT1 (blue); Faded MCM complex represents impaired origin licensing. Lower left: DNA molecule (blue double strand); DNA replication origins (Origin, yellow double strand); Activated origin firing (green check); Impaired origin firing (stop signal). Upper right: chemical structures represent different nucleotides (blue). Lower right: DNA molecule (blue double strand); messenger RNA (yellow single strand); RNA polymerase (light green); MCM complex (yellow); R-loop (RNA-DNA hybrid molecule). Blue arrows indicate direction of transcription and replication progression. Replisome is omitted for simplicity.
Cyclin E/CDK2-induced replication stress may be caused not only by interference with origin licensing, but also with origin firing (Figure 3, lower left). Indeed, Cyclin E1 overexpression has been shown to decrease origin firing (Liberal et al., 2012), consistent with the idea that cells experiencing oncogene-induced replication stress trigger the intra-S-phase checkpoint to prevent new origin activation (Gaillard et al., 2015). On the other hand, in agreement with a positive role of Cyclin E/CDK2 complex in origin activation, hyperactivation of Cyclin E1/CDK2 complex has been shown to aberrantly induce origin firing (Hughes et al., 2013; Jones et al., 2013). High levels of Cyclin E1 are able to interfere with time and location of origin activation, inducing premature, novel origin firing in intragenic regions (Macheret and Halazonetis, 2018). Again, the molecular mechanisms for disturbed origin firing upon oncogenic Cyclin E/CDK2 activation remain to be determined.
Another important mechanism by which Cyclin E/CDK2 hyperactivation mediates replication stress is interference with nucleotide pools (Figure 3, upper right). Precise regulation of nucleotide metabolism and biosynthesis is essential for execution of numerous biological processes, including DNA replication and RNA production (Lane and Fan, 2015). Reduction in nucleotide availability directly interferes with DNA replication dynamics (Anglana et al., 2003). It has been shown that Cyclin E1 overexpression induces aberrant activation of the RB/E2F pathway without accompanying increase in nucleotide biosynthesis (Bester et al., 2011). As a consequence, cells are enforced to proliferate with insufficient levels of nucleotides, leading to decreased progression of replication forks and induction of DSBs. Interestingly, supplementation with exogenous nucleosides is able to attenuate Cyclin E1-mediated replication stress and DNA damage (Bester et al., 2011).
Transcription-replication collisions represent another source of replication stress that may be induced by hyperactive Cyclin E/CDK2 complex (Figure 3, lower right). Precise regulation of Cyclin E/CDK2 activity is not only essential for normal DNA replication, but also for appropriate RNA production as it represents a critical step in RB inactivation and subsequent E2F-mediated transcription activation (Harbour and Dean, 2000). Initially, it has been shown that inhibition of either replication initiation or transcription elongation are able to alleviate replication stress induced by Cyclin E1 overexpression (Jones et al., 2013). Later on, it has been demonstrated that high levels of Cyclin E1 induce inappropriate origin firing within intragenic, coding sequences, leading to transcription-replication conflicts, replication fork collapse, DSBs, and chromosomal aberrations (Macheret and Halazonetis, 2018). Transcription-replication collisions may cause DNA topological tension and formation of persistent R-loops (RNA-DNA hybrid structures) (Helmrich et al., 2013). Indeed, it has been shown that Cyclin E1 overexpression induces accumulation of aberrant DNA replication intermediates, such as reversed replication forks (Neelsen et al., 2013). Altogether, hyperactivation of Cyclin E/CDK2 complex clearly interferes with normal DNA replication, causing replication stress and contributing to genomic instability.
CYCLIN E/CDK2-INDUCED REPLICATION STRESS CAUSES GENOMIC INSTABILITY IN HUMAN CANCERS
Genomic instability is a hallmark of cancer and is defined as an increased frequency of genetic alterations during cell divisions. It may be caused by cell extrinsic or intrinsic genotoxic insults, and is observed in human cancers under various forms, such as whole chromosome gains and/or losses, focal copy number alterations, chromosomal rearrangements, and clustered base-pair mutations (Negrini et al., 2010; Aguilera and García-Muse, 2013). Oncogene activation, another hallmark of cancer, may interfere with normal cell proliferation and DNA replication. In fact, certain oncogenes are able to induce replication stress and promote genomic instability in human carcinogenesis (Primo and Teixeira, 2019). One such example is oncogenic Cyclin E/CDK2 complex. Hyperactivation of Cyclin E/CDK2 causes genomic instability in different experimental models and correlates with an increased frequency of genomic alterations in human cancers (Teixeira and Reed, 2017). Furthermore, high levels of Cyclin E and/or increased activity of CDK2 have been observed in numerous cancers, ranging from hematological malignancies to numerous solid tumors, and are associated with poor prognosis and decreased survival in cancer patients (Hwang and Clurman, 2005).
High levels of Cyclin E1 protein have been initially shown to induce chromosome gains and losses, causing aneuploidy in normal human mammary epithelial cells (Spruck et al., 1999). Consistently, either FBXW7 deletion or SKP1 silencing, which results in accumulation of Cyclin E protein among other oncoproteins, led to increased micronucleus formation, multipolar spindles, and chromosome instability in human colorectal cancer cells (Rajagopalan et al., 2004; Thompson et al., 2020). These findings were associated with increased levels of Cyclin E1 protein, as additional CCNE1 silencing in FBXW7- or SKP1-deficient cells partially rescued micronucleus formation. Importantly, the effects of high levels of Cyclin E1 on chromosome instability seem to depend on CDK2 activity, as a hyperactive CDK2 knockin allele was sufficient to induce increased Cyclin E1-associated CDK2 activity and micronucleus formation in human colorectal cancer cells (Hughes et al., 2013). CCNE1 and CCNE2 amplification, as well as increased mRNA expression, have been also correlated with whole genome doublings in human cancers (Zack et al., 2013; Lee et al., 2020). One of the proposed mechanisms to explain how hyperactive Cyclin E/CDK2 causes genome doublings is the induction of mitotic failure or endoreduplication, with subsequent formation of polyploid cells. Indeed, high levels of Cyclin E1 have been shown to impair mitotic progression and cause accumulation of cells in early stages of mitosis. This is caused by Cyclin E1/CDK2-mediated phosphorylation and inactivation of the APC/C adaptor protein CDH1, followed by accumulation of Cyclin B1 and Securin, and eventually mitotic failure (Keck et al., 2007). In agreement with these findings, precise regulation of Cyclin E protein is critical to normal endocycles, as CCNE1/2-double deficient mice present defects in endoreduplication of megakaryocytes and placental trophoblast giant cells (Geng et al., 2003; Parisi et al., 2003).
Another potential mechanism to explain how oncogenic Cyclin E/CDK2 interferes with normal ploidy and causes genomic instability is centrosome amplification, which induces the formation of merotelic kinetochore-microtubule attachments and ultimately leads to aberrant chromosome segregation (Godinho and Pellman, 2014). As mentioned before, Cyclin E1 localizes to centrosomes and, together with CDK2, is able to phosphorylate several centrosome proteins, such as NPM, CP110, and MPS1, regulating the process of centrosome duplication (Okuda et al., 2000; Fisk and Winey, 2001; Tokuyama et al., 2001; Chen et al., 2002; Matsumoto and Maller, 2004). Even though high levels of Cyclin E1 alone are not sufficient to induce centrosome amplification in human cells (Spruck et al., 1999), it does synergize with TP53 loss to cause centrosome amplification and chromosome segregation errors (Mussman et al., 2000; Kawamura et al., 2004). Accordingly, a hyperactive CDK2 knockin allele mouse model was sufficient to induce increased centrosome numbers (Zhao et al., 2012). It is possible that Cyclin E/CDK2 hyperactivation impairs the localization and function of certain centrosome proteins, causing centrosome amplification and subsequent chromosomal gains and/or losses. In fact, oncogenic Cyclin E1/CDK2 aberrantly hyperphosphorylates centromere protein A (CENPA), reducing CENPA localization at centromeres and causing chromosome missegregation and increased micronucleus formation (Takada et al., 2017).
Apart from whole chromosome gains/losses, oncogenic activation of Cyclin E/CDK2 has been shown to cause copy number alterations at specific genomic segments (Costantino et al., 2014; Miron et al., 2015; Teixeira et al., 2015; Menghi et al., 2018; Giraldez et al., 2019; Kok et al., 2020). It has been demonstrated that Cyclin E1/CDK2 hyperactivation impairs S phase progression, allowing cells to enter into mitosis with unreplicated genomic regions. Incompletely replicated chromosomal segments, in turn, lead to segregation abnormalities in mitosis and eventually genomic deletions. In fact, CCNE1 amplification associates with copy number losses at specific genomic sites in human breast cancers (Teixeira et al., 2015). It has been shown that large genomic deletions may contribute to oncogenesis by promoting loss of heterozygosity at tumor suppressor genes and deletion of fragile sites (Bignell et al., 2010). More complex mechanisms have been also shown to contribute to Cyclin E/CDK2-induced genomic instability. It has been indicated that Cyclin E1-induced replication fork collapse during S phase can be repaired by break-induced replication (BIR), generating segmental tandem duplications as a consequence of BIR (Costantino et al., 2014). Again, CCNE1 amplification has been associated with tandem duplications in different human cancers, mostly favoring oncogenesis by causing oncogene duplication (Menghi et al., 2018). Besides copy number alterations, CCNE1 amplification has been also associated with chromosomal breakpoints and rearrangements in human cancers (Macheret and Halazonetis, 2018). Together, these data indicate that oncogenic activation of Cyclin E/CDK2 complex drives numerous forms of genomic instability in human cancers, ranging from whole chromosomal gains and/or losses to focal genomic deletions and/or amplifications, as well as chromosome rearrangements.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Uncontrolled cell proliferation and abnormal activity of cell cycle proteins are at the basis of carcinogenesis. As a result, various cell cycle regulators have been considered as potential targets in cancer therapy (Otto and Sicinski, 2017; Suski et al., 2021). Normal activity of Cyclin E/CDK2 complex is essential for appropriate cell cycle progression and DNA replication. On the other hand, oncogenic activation of Cyclin E/CDK2 complex has been shown to interfere with DNA replication and cause replication stress through several different mechanisms. Hyperactivation of Cyclin E/CDK2 induces genomic instability in human cancers, typified by the increased frequency of chromosomal gains and/or losses and rearrangements. High levels of Cyclin E and/or increased CDK2 activity are associated with poor clinical outcome and decreased survival in cancer patients. Therefore, targeting oncogenic activity of Cyclin E/CDK2 complex (e.g. through Cyclin E-targeted degradation or CDK2-selective inhibition) may represent an attractive therapeutic strategy for specific cancer subtypes, such as breast, uterine, and ovarian cancers (Tadesse et al., 2020; Suski et al., 2021).
Oncogene activation causes numerous alterations in tumor cells. Along the tumorigenic process, oncogenic insults may uncover potential cancer vulnerabilities. In fact, oncogene-induced replication stress leads to activation of the RSR pathway, which has been proposed to represent a promising target in cancer therapy (Ngoi et al., 2021). Due to the excessive level of replication stress caused by activation of certain oncogenes, cancer cells heavily rely upon RSR pathway activation in order to survive. Indeed, several screening approaches have identified synthetic lethal interactions between oncogene activation and inhibition of replication checkpoint proteins. Cancer cells experiencing high levels of Cyclin E protein and/or high CDK2 activity have shown increased sensitivity to inhibitors of RSR protein kinases, such as ATR, CHK1, and WEE1 (Murga et al., 2011; Toledo et al., 2011; Chen et al., 2018; Kok et al., 2020; Sviderskiy et al., 2020). Combination of Cyclin E/CDK2 hyperactivation and inhibition of such protein kinases leads to irreversible DNA damage and selective death of cancer cells in different models. More recently, CCNE1 amplification has been also identified to be synthetic lethal with inhibition of PKMYT1 kinase, a negative regulator of CDK1 (Gallo et al., 2021). The results suggest that further activation of CDK1 is not compatible with oncogenic Cyclin E/CDK2 environments, leading to unscheduled mitotic entry and genome instability. Altogether, these data indicate that cancer subtypes with oncogenic activation of Cyclin E/CDK2 complex and subsequent robust activation of RSR may be especially vulnerable and uniquely sensitive to inhibitors of replication checkpoint proteins. Exploiting these therapeutic opportunities will certainly prove beneficial to cancer treatment in the following years.
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