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Editorial on the Research Topic 
Cancer Therapeutics: Targeting DNA Repair Pathways

A cell’s genome is constantly challenged by exogenous and endogenous DNA damaging agents and failure to repair this damage can lead to genomic instability and tumorigenesis (Lavin et al., 2005; Jackson and Bartek, 2009). Genomic instability is an established hallmark of cancer and as tumorigenesis progresses, genetic streamlining leads to dysregulation of DNA repair pathways, selecting for cancer cells that have enhanced genomic instability and fitness. Importantly, this tumor evolution commonly leads to dependency on a single DNA repair pathway for survival through inactivation of alternate pathways, highlighting a key molecular weakness of cancer cells (Jeggo et al., 2016). Exploiting this weakness by accurately targeting the remaining or dysregulated DNA repair pathways in cancer cells using the next generation of precision/personalized medicine drugs, provides a therapeutic approach tailored to an individual’s specific tumor profile (Aziz et al., 2012; Kelley et al., 2014; Jekimovs et al., 2014; Biau et al., 2019; Lavin and Yeo, 2020).
This Research Topic explores Cancer Therapeutics: Targeting DNA Repair Pathways and features ten articles that reflect the breadth and complexity of DNA repair pathways used by tumors and offers key insights into their potential exploitation for the next generation of cancer therapies. This topic consists of reviews and original research articles on key DNA repair proteins and pathways that are critical for cancer development or survival, highlighting their future importance for targeted therapies.
This topic highlights significant reviews, with the manuscript by Ren et al. discussing the structure of the regulator of chromosome condensation 1 (RCC1), a protein involved in the regulation of the cell cycle, DNA damage and in the development of cancer. RCC1 is overexpressed in cancer cells and the role of RCC1 in spindle formation, nuclear envelope formation and in nuclear transport is discussed. The authors highlight the role of RCC1 in tumorigenesis and further discuss its potential as a tumor biomarker (Ren et al.). The review Regulator of Chromosome Condensation 2 Modulates Cell Cycle Progression, Tumorigenesis, and Therapeutic Resistance, highlights the function of RCC2 in tumor development in different cancers and its role in resistance to current therapeutics. Guo et al. demonstrate that RCC2 functions in the oncogenesis of many cancers including colorectal, lung, breast and ovarian. The authors discuss an emerging role for RCC2 in the DNA repair process. The authors suggest that interaction of RCC2 with numerous signalling pathways leads to therapeutic resistance and poor cancer outcomes in patients, highlighting its potential as a cancer biomarker and future therapeutic target. The review by Sobanski et al. Cell Metabolism and DNA Repair Pathways: Implications for Cancer Therapy focuses on the dependence of DNA repair on cellular metabolism. The authors highlight the interplay of DNA repair and cell metabolism in tumor development and progression, and discuss how the next generation of potential novel therapies will target both processes concurrently (Sobanski et al.). Fernandez et al. provide a comprehensive review on epigenetic therapies currently in clinical trials or FDA approved for clinical use in cancer therapy, in their review Epigenetic Mechanisms in DNA Double Strand Break Repair: A Clinical Review. The authors focus on the role of histone deacetylase and DNA methyltransferase inhibitors as targeted therapies and their clinical use alone or in combination with current therapies, to highlight the emerging role of these epigenetic therapies as the next wave of personalized cancer medicine (Fernandez et al.).
This topic highlights research articles investigating new biomarkers. In the article PAXX, Not NHEJ is an Independent Prognosticator in Colon Cancer Arora et al., performing a comprehensive analysis of several essential genes, the authors studied their association with molecular and pathological features in colon cancer. In this study, high PAXX expression was shown to be the only independent prognostic biomarker for disease specific and overall survival in colon cancer, amongst the non-homologous end-joining genes analysed. The authors further suggest that PAXX may represent a novel therapeutic target in colon cancer, in addition to its use as a biomarker in colon cancer. Bian et al. set out to identify the N6-methyladenosine (m6A) RNA methylation regulator-based prognostic signature, using the TCGA datasets, for hepatocellular carcinoma. Using a combination of bioinformatics and experimental data, the authors showed that m6A regulator, YTHDF1, is an oncogenic gene in hepatocellular carcinoma and functions as both a prognostic biomarker and therapeutic target in this type of cancer (Bian et al.). In order to diagnose prostate cancer (PCa) patients with a high risk of biochemical recurrence, Long et al., used a bioinformatics approach to profile DNA repair genes. The authors identified a DNA repair gene signature, developing a prognostic nomogram for PCa, accurately predicting biochemical recurrence in PCa patients. Their research highlights the importance of such predictive models for personalized treatment options and decision making in PCa.
Liu et al. demonstrated that mini-chromosome maintenance protein 4 (MCM4) is a potential biomarker in soft-tissue sarcoma which correlates with clinical staging and survival outcome in patients. Tumors with overexpression of MCM4 were therapeutically sensitive to PARP inhibitors. This highlights the potential of PARP inhibitors (alone or in combination with chemotherapy) to treat soft-tissue sarcoma patients with MCM4 overexpression. Buck et al. investigated whether veliparib, a PARP inhibitor, could enhance the radiosensitivity of medulloblastoma cells. The author’s in vitro data corroborated in vivo data from an orthotopic implant model of medulloblastoma, demonstrating that combination therapy of veliparib and irradiation decreased tumor growth rates and increased intra-tumoral apoptosis of medulloblastoma (Buck et al.). Al-Asmari et al. described the pharmacological inhibition of the STING pathway in cancer cell lines. The authors showed that induction of DNA damage in cancer cells leads to a rapid IL-6 response via non-canonical and canonical STING signalling. Furthermore, the authors suggest that targeting ERK1/2 may lead to a better response in patients, by reducing IL-6 production, whilst maintaining the anti-tumor activity of STING interferon signalling.
Together, this collection of manuscripts highlights the growing understanding and use of DNA repair pathways as both cancer biomarkers and for new precision medicine-based targeted therapeutic approaches for cancer treatment. This is particularly exemplified here by the manuscripts exploring PARP inhibitors, which we anticipate will be of interest to researchers and clinician-scientists alike. Advances in exploiting personalised profiling of tumors, combined with new biomarkers and targeted therapeutics, have, and will continue to improve clinical outcomes in patients.
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RCC1 (regulator of chromosome condensation 1) is the only known guanine nucleotide exchange factor of Ran, a nuclear Ras-like G protein. RCC1 combines with chromatin and Ran to establish a concentration gradient of RanGTP, thereby participating in a series of cell physiological activities. In this review, we discuss the structure of RCC1 and describe how RCC1 affects the formation and function of the nuclear envelope, spindle formation, and nuclear transport. We mainly focus on the effect of RCC1 on the cell cycle during tumorigenesis and the recent research progress that has been made in relation to different tumor types.

Keywords: RCC1, Ran, chromatin, tumorigenesis, cell cycle


RAN’S FUNCTION AFFECTS RAN-GTP GRADIENT

Decades of research have shown that regulator of chromosome condensation 1 (RCC1), the only known guanine nucleotide exchange factor in the nucleus for Ran (Bischoff and Ponstingl, 1995), a nuclear Ras-like G protein, directly participates in cellular processes such as nuclear envelope (NE) formation, nucleocytoplasmic transport, and spindle formation. RCC1 also regulates chromatin condensation in the late S and early M phases of the cell cycle (Dasso, 1993). The proper location of RCC1 in relation to chromatin is crucial for the functions of Ran throughout the cell division cycle (Bierbaum and Bastiaens, 2013). RanGTP gradients are generated at the nuclear pores, and this gradient across the nuclear envelop drives the nuclear cytoplasmic transport (NCT) of various cargo molecules (Bischoff and Ponstingl, 1991a,b). Ran GTPase also affects cell cycle and DNA damage response (DDR) kinetics (Thompson, 2010; Blackinton and Keene, 2014). Following disassembly of the nuclear envelope in mitotic cells, mitotic chromosomes are surrounded by diffusional RanGTP gradients, which support the assembly and function of mitotic spindles (Kalab et al., 2002, 2006; Forbes et al., 2015). RCC1 acts as a key cell cycle regulator (Ohtsubo et al., 1987) and can monitor the process of DNA synthesis RAN (Seino et al., 1991).

An increasing number of studies have found that RCC1 also plays an important role in tumors, where it mainly regulates the cell cycle process and affects tumorigenesis. RCC1 can also inhibit the occurrence of certain tumors. For example, the expression of RCC1 in gastric cancers and other tumors is significantly reduced, with different degrees of silencing occurring (Lin et al., 2015). However, in some tumors, high expression of RCC1 will also act as a pathogenic partner, promoting tumor development.

In this review, we highlight the newest findings about the RCC1’s role in the cell cycle and tumorigenesis in the context of the published data.



STRUCTURE OF RCC1

The human amino acid sequence analysis has revealed that there are three isoforms, named RCC1α, RCC1β, and RCC1γ (Hood and Clarke, 2007; Figure 1). The N-terminus contains a lysine-rich region which includes the 20-residue bipartite nuclear localization signal sequence (NLS) located on the tail of the N-terminus. The NLS regulates intracellular transport of RCC1 through the importin α/β pathway. Phosphorylation of the NLS prevents importin α/β from binding to RCC1, so that RCC1 couples the production of RanGTP to chromosome binding. N-terminal binding to chromosomal DNA requires methylation of the second serine at the N-terminal by N-terminal RCC1 methyltransferase (NRMT).


[image: image]

FIGURE 1. RCC1 expression of three transcript variants in humans. The RCC1 protein domain is represented linearly (not to scale), showing the alignment of the NTR of the human RCC1 protein with the insert-containing RCC1 isoform (the inserted sequence is shown in bold). Serine 2 and 11 are phosphorylation sites of NTR and are indicated by circles labeled P.


The C-terminal 7-blade β propeller domain, constituting the RCC1-like domain (RLD), has strong structural similarity with the WD40 repeat protein (Renault et al., 1998). Each blade in the beta propeller structure consists of 51–68 residue repeats and forms four antiparallel chains with loops between them. Both sides of the β-propeller structure are decorated by equivalent rings and mediate protein–protein interactions (Ruthenburg et al., 2006; Schuetz et al., 2006; Patel et al., 2008; Song and Kingston, 2008). In fact, the crystal structure indicates that one side of the RCC1 β propeller interacts with Ran via a β-hairpin extension called a β-wedge that protrudes from blade-3. RCC1 produces a RanGTP gradient around the chromosome through this binding (England et al., 2010).



RCC1 COMBINES WITH CHROMATIN TO ESTABLISH A CONCENTRATION GRADIENT OF RANGTP

The cell cycle regulates RCC1 and chromatin affinity through the CDK/CyclinB1 complex. RCC1 relies on binding to chromatin, realizing the perception of chromatin state, and recruiting and converting RanGDP into RanGTP. This ability to maintain high levels of RanGTP in the nucleus, or a gradient of RanGTP concentration around the chromosome in the nuclear envelope breakdown (NEB) state, underlies the association of RCC1 with the cell cycle. Crucially, loss of RCC1 causes tsBN2 cells to condensate (Nishijima et al., 2000), indicating that the loss of RCC1 may lead to early cell cycle condensation, possibly due to the lack of RanGTP, and resulting in restricted nuclear protein output.

The structure of RCC1 bound to Ran shows that all seven blade rings on one side interact with Ran in the complex (Renault et al., 2001). Ran stabilizes the dynamic interaction of RCC1 and chromatin in living cells through the N-terminal tail of RCC1 (Hitakomate et al., 2010). Binding of RCC1 to chromatin in living cells has been studied by fluorescence redistribution (Beaudouin et al., 2006) and found to occur via the N-terminal region (NTR) of RCC1, via residues 21–25 (Seino et al., 1992), and one of the loop regions connecting the β-sheets (Bierbaum and Bastiaens, 2013). Bichromatic fluorescence correlation spectrometric measurements have shown that Ran interacts primarily with the stationary portion of RCC1, which points to catalytic sites on chromatin, and that chromatin interaction with RCC1 is more stable during metaphase than during interphase (Bierbaum and Bastiaens, 2013). It is possible that histones interact with RCC1 on the other side through the exposed spherical regions of the H2A/H2B surface (Nemergut et al., 2001; Hao and Macara, 2008; England et al., 2010). The localization of RCC1 to chromatin is critically dependent on the flexible NTR (Moore et al., 2002) which is likely to extend beyond the core structure. Chromatin interaction with RCC1 is transient (Beaudouin et al., 2006), with the residence time of RCC1 on chromatin an important kinetic parameter of the guanine nucleotide exchange reaction. The exchange response effectively binds to chromatin through the affinity of the RanGTP complex, allowing local Ran activation (Bierbaum and Bastiaens, 2013). Study of a D182A mutant found that reduced affinity between this mutant and chromatin disrupted the interaction with Ran (Azuma et al., 1999; Hutchins et al., 2004).

Because of this potential correlation between RCC1 binding to chromatin and RCC1’s Ran guanosine exchange function, multiple epigenetic modifications to the N-terminal domain of RCC1 may also influence the distribution of the RanGTP gradient. The N-terminal α-methylation of RCC1 by NRMT is important for stabilizing chromatin association and normal mitosis of cells, and RCC1 is excluded from chromosome when N-terminal tail methylation is removed RCC1 (Chen et al., 2007; Tooley et al., 2010). However, it is controversial whether RCC1 phosphorylation also affects chromatin affinity. Affinity of RCC1 for the chromosome may rely on its phosphorylation status (Hood and Clarke, 2007). The N-terminal tail of RCC1 is phosphorylated during mitosis, which inhibits binding to importin α/β (Li and Zheng, 2004). According to Hutchins et al. (2004) the phosphorylation of RCC1 is also important in allowing dynamic binding to chromatin during mitosis. Li and Zheng (2004) came to the same conclusion through the loss of fluorescence in photobleaching experiments, finding that phosphorylation leads to more stable binding to chromatin. However, Bierbaum and Bastiaens (2013), studying the dynamics of diffusion and binding of RCC1 and chromatin, found no evidence of chromatin binding regulation by N-terminal serine residue phosphorylation during mitosis.



RCC1 REGULATES NUCLEAR ENVELOPE FORMATION, SPINDLE FORMATION AND NUCLEAR TRANSPORT

The binding of RCC1 to chromatin is critical for nuclear envelope formation, spindle formation, and nucleocytoplasmic transport. These functions require RCC1 to combine with the nucleosomes to establish RanGTP gradients. At the end of mitosis, a new nuclear envelope (NE) is formed around chromatin, nuclear pore complexes (NPCs) are assembled in the envelope, and nuclear barrier function and nucleocytoplasmic transport are reestablished. The docking of RCC1 with H2A/H2B establishes the RanGTP gradient necessary for nuclear envelope assembly (Nemergut, 2001). Nucleosomes, but not DNA alone, mediate the chromosomal regulation of NE and NPC formation. This process first requires the generation of RanGTP by RCC1 recruited to nucleosomes (Zierhut and Funabiki, 2015). Then small GTPase Ran regulates NE/NPC assembly (Zhang et al., 2002; Horiike et al., 2009). Ran is activated by the chromatin-bound form of RCC1 (Redondo-Muñoz et al., 2015) and establishes a RanGTP gradient. NE/NPC assembly is therefore regulated by mechanisms that control RCC1 binding to chromatin (Figure 2A). This suggests that chromatin-associated RCC1 locally promotes NPC formation. Studies have shown that phosphoinositide 3-kinase β (PI3Kβ) regulates the localization of RCC1 on chromatin and subsequently the activation of Ran to exert regulation of the NE (Redondo-Muñoz et al., 2015). Localized chromatin-bound RCC1 promotes NPC formation inefficiently, which suggested that there may be a Ran independent mechanism that promotes NPC formation by nucleosomes. The nucleoporin ELYS (also known as MEL-28) can combine RCC1 with DNA and bypass the need for nucleosomes in the formation of NPC in a cooperative manner. Nucleosomes play a direct structural role in NPC recruitment by combining ELYS and RCC1 (Zierhut et al., 2014).
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FIGURE 2. Effect of RCC1 on nuclear coating formation and spindle formation. (A) Model of RCC1 forming nuclear envelope and pores through chromatin. (B) Model of RCC1 forming spindle through chromatin.


The location of RCC1 on the chromosome has been shown to be critical for the assembly of chromatin and RCC1-regulated spindles (Figure 2B), which requires the generation of a RanGTP gradient (Clarke and Zhang, 2008; Halpin et al., 2011; Funabiki et al., 2018; Yau et al., 2020). During mitosis in mammalian cells, GTP-bound Ran is concentrated near mitotic chromatin, while GDP-bound Ran is more abundant distal to chromosomes. This pattern spatially controls spindle formation because RanGTP locally releases spindle assembly factors (Zierhut and Funabiki, 2015). Simultaneously, local enrichment of RCC1 can be used as a factor that triggers microtubule nucleation and subsequent spindle assembly (Moore et al., 2002). During mitosis, spindle assembly in cells without centrosomes is ensured by chromosome-induced microtubule aggregation.

Phosphorylation and methylation of RCC1 also play key roles in proper mitotic spindle assembly. Notably, methylation of the RCC1 N-terminal serine residue is necessary for proper mitotic spindle assembly, which increases the affinity for chromatin (Chen et al., 2007), while phosphorylation of serines, e.g., serine 11 in humans, located in or near the NLS of RCC1 by Cdc2 kinase is necessary for the generation of RanGTP on mitotic chromosomes in mammalian cells (Li and Zheng, 2004; Zierhut and Funabiki, 2015).

The biological function of RCC1 nuclear transport is to generate a RanGTP gradient through the nuclear pore, which is then used to drive various cargo molecules to overcome their concentration gradients for transportation (Kahana and Cleveland, 1999; Dworak et al., 2019). During the early stages of apoptosis, histone modification regulates RCC1 to inhibit nuclear transport. RCC1 is immobilized on the chromosome by Mst1 phosphorylation of histone H2B at Ser 14, leading to inactivation of the nuclear transport machinery (Wong et al., 2009).



THE ROLE OF RCC1 IN TUMORIGENESIS


Effect of RCC1 on the Cell Cycle

RCC1 has been shown to be a key cell cycle regulator which, in a Ran-dependent manner, monitors the process of DNA synthesis and links its completion to the occurrence of mitosis (Ohtsubo et al., 1987; Dasso, 1993). Many factors for re-entry of the cell cycle depend on nuclear cytoplasmic transport (NCT) activity regulated by RanGTP. The nuclear localization of interphase RCC1 ensures sufficient RanGTP concentration to form the driving force of NCT. For example, the realization of CyclinB1 and Gwl/Mastl kinase functions requires nuclear shuttling by importin 1 to achieve the S to G2/M phase transition (Dasso, 1993; Gavet and Pines, 2010). Twenty different NTRs interact with RanGTP such that RCC1 can run multiple NTRs simultaneously to speed up the cell cycle. In addition, there are several important large multidomain proteins that act as DNA repair regulators, and their transnuclear transport also depends on the level of RanGTP within the nucleus (Peng et al., 2013). Once spontaneous or drug-treated DNA damage occurs, the expression of RCC1 in normal cells is reduced, and the synergistic regulation of the Ran system amplifies this effect, leading to severe impairment of NCT function, which decelerates, or pauses, the cell cycle process. Alternatively, if RCC1/RanGTP is unable to respond immediately, cells carrying faulty genetic information go through the cell cycle smoothly, providing the potential for tumorigenesis.

Moreover, RCC1 is located on chromosomes in mitotic cells to maintain the gradient of RanGTP concentration around chromosomes during nuclear membrane disintegration and is involved in various genetic functions. Although RCC1 deficiency does not cause chromosome segregation defects in chicken TD40 cells, it does cause abnormalities in nuclear reconstitution, known as end-stage/G1 clover shaped abnormalities in nuclear morphology (Pemberton and Paschal, 2005). Thus, the correct location and expression of RCC1 at all stages of the cell cycle are crucial to its regulation. Of interest, Furuta et al. (2015) identified the presence of an NLS mediated nuclear localization of RCC1, through the introduction of RCC1 mutants into RCC1 deficient cells, i.e., by histone/DNA binding site of the catalytic domain, to bind chromatin and maintain binding state to the next intercellular phase by NEB state of fission (Pemberton and Paschal, 2005).

Since RCC1, ATM- and Rad3-related (ATR) kinases, and chromatin (chromosome or double-stranded DNA) all interact with each other, it is possible for RCC1 to regulate periodic monitoring points through ATR. Most likely, an ATR complex containing RCC1 is formed on chromatin after DNA damage or by inhibiting DNA replication (Abraham, 2001; Osborn et al., 2002; Furuta et al., 2015). Thus, RCC1 participates in the function of ATR cell cycle checkpoint, and this is supported by Nishitani et al.’s (2003) report of a correlation between RCC1-RAN cycles and ATR-dependent cell cycle checkpoints. If Ran is required to recruit ATR to damaged DNA or a closed DNA replication fork, RCC1 inactivation may inhibit ATR transport through the nucleoplasm. As an important functional target of ATR checkpoint, phosphorylation of Chk1 ensures DNA-induced cell cycle delay in response to unreplicated or UV-damaged DNA. Guo et al. (2000) found that the phosphorylation of Chk1 was eliminated in ATR-depleted xenopus egg extract indicating that defects in nuclear and cytoplasmic transport caused the checkpoint signal from ATR to Chk1 to be abolished (Cekan et al., 2016), which in turn weakened cell cycle arrest. Additionally, PIK-related protein kinase ATR restricts the NCT of CyclinB1-CDK1 signal by affecting CyclinB1 serine phosphorylation, ensuring the nuclear aggregation of CyclinB1 before NEB (Gavet and Pines, 2010). ATR functions as an S/G2 phase monitor during the cell cycle, responsible for preventing damaged DNA replication and inhibiting cell entry into mitosis before genome replication is complete. In this state, the reduction or inactivation of RCC1 destroys the ATR active complex composed of ATR, RCC1, and other proteins and its functions of DDR and cell cycle checkpoint. Excessive RCC1 will push the unrepaired or unreplicated cells into the division phase, also causing genomic instability and the possibility of tumorigenesis.



Effect of RCC1 on Tumorigenesis

The coordination of cell cycle progression with the repair of DNA damage supports the genomic integrity of dividing cells. Current research data indicate that differences in expression and function of RCC1 may depend on the type of tumor.


RCC1 Gene Mutations Have the Potential of Tumor Development

As an integral part of cell cycle regulation, the genetic and epigenetic stability of RCC1 is crucial for cell cycle progression and maintenance of genomic stability. Therefore, mutations of the RCC1 gene have the potential for tumor development. In gastric tumor tissues, the results of differential methylation hybridization microarray analysis reflected the hypermethylation level of the RCC1 gene at the lesion site, mainly at the ninth CpG site, which caused RCC1 silencing (Lin et al., 2015). There are three specific transcription factor binding sequences (HSF1, TFIIB, and NF-X3) in this region. Oxidated nitro domain containing protein 1 (NOR1) is a candidate tumor suppressor gene, and HSF1 is a functional promoter of NOR1. The transcription factor TFIIB acts as a bridge between TFIID and RNA polymerase and can recognize the interaction of TFIIB recognition elements that are destroyed by DNA methylation (Evans et al., 2001; Kalab and Heald, 2008; Li et al., 2011). Clinicopathologically, the loss of RCC1 expression in gastric cancer leads directly to the development of tumor differentiation and invasion depth (Lin et al., 2015). In addition, the RCC1∗ C. 1067_1086del19 mutation found in Tunisian familial breast cancer patients also indicates that RCC1 mutations have carcinogenic potential (Riahi et al., 2018).



RCC1 Promotes Tumor Progression as a Pathogenic Partner

For cancers not caused by RCC1 mutations, RCC1 appears to respond to tumor cycle progression through increased expression. For example, RCC1 expression is higher in clinical cancers, such as lung adenocarcinoma, than that of normal tissues (Hsu et al., 2016). In clinical and basic studies, RCC1 is more commonly involved in tumor development and progression in this manner than direct RCC1 mutations or RCC1 gene silencing. A typical example is in cervical cancer, as based on microarray gene expression profiles, where RCC1 overexpression has only been observed in the FIGO Stage III (Thomas et al., 2013). Similarly, in genome-wide transcriptional analysis of carboplatin sensitive/tolerant ovarian cancer cells, RCC1 expression was higher in resistant cells at 2 h after carboplatin exposure, rather than being sustained throughout the entire process (Peters et al., 2005). In a study of human papillomavirus-related cervical cancer, transcription factor c-Jun directly upregulated RCC1 transcription in HPV-E7 expressing cells (Qiao et al., 2018). Similarly, the absence of mutations in the tumor suppressor PTEN in many types of human cancers also leads to increased RCC1 expression (Qiao et al., 2018). Abundant evidence indicates that RCC1 is more consistent with the role of an intermediate effector protein in tumors, and its high expression is misled by upstream signals, thus promoting the cell cycle of cancer cells.

Therefore, in cancers that do not possess a mutated RCC1, it may be possible to induce cell cycle arrest, as well as senescence or apoptosis of cancer cells by lowering the expression of RCC1. This has been demonstrated in several studies including Zhang et al. (2011), who found that 6-bromine-5-hydroxy-4-methoxybenzaldehyde was associated with the down-regulation of RCC1 protein expression during inducing mitotic catastrophe in human hepatocellular carcinoma (HCC) cells, and Qiao et al. (2018), where RCC1 knockdown inhibited G1/S cell cycle progression and DNA synthesis of HPV-E7 expressing cells. A previous study on lung cancer showed that Latcripin-13 domain, which contains a regulator of the RCC1 domain, can induce apoptosis and cell cycle arrest in human lung cancer (Wang et al., 2016). In addition, although the knockdown of KPNB1 in advanced stage prostate cancer did not affect the expression of total RCC1, it did effectively reduce the expression of downstream cycle regulators and phosphorylation of RCC1, eventually leading to cycle arrest (Yang et al., 2019). Although there is no direct evidence, it is most likely that phosphorylation of RCC1γ is reduced. It is very interesting that, among the three isoforms of human RCC1, RCC1γ, while less abundant than RCC1α, when phosphorylated exhibits a strong chromatin binding capacity, resulting in persistently high RanGTP concentrations around chromatin (Hood and Clarke, 2007). Therefore, the inhibition of RCC1 phosphorylation can also be considered as a decrease of RCC1 activity to some extent.



RCC1 Has the Value of a Tumor Biomarker

The abnormal expression of RCC1 in a variety of malignant tumors suggests its potential as a cancer biomarker. Ideally, RCC1 is a Ran-dependent cell cycle regulator, and to some extent, its abnormal expression and epigenetic modification can effectively reflect the abnormal cell cycle of the patient’s suspected cancerous tissue. RCC1 may be used as a lone indicator or in conjunction with other biomarkers for screening to assess cancer risk and cancer progression for prediction and prognosis, respectively (Dancey, 2014). Therefore, even though there have been relatively few published reports, the biological function of RCC1 and its overexpression in multiple types of cancer appears to be relatively consistent (Hsu et al., 2016; Wang et al., 2016). However, due to highly specific mutated forms of RCC1 in a small number of cancer types, RCC1 could be used as a marker for diagnosis of these specific cancers, examples being the two highly specific fusion genes formed by RCC1 in testicular germ cell tumor (Hoff et al., 2016) and the RCC1 truncated mutation specifically observed in some Tunisian breast cancers (Hsu et al., 2016). In addition, based on bioinformatics analysis and literature search, RCC1 is one of the potential biomarkers for identifying primary lung adenocarcinoma (Wong et al., 2009).

In conclusion, although RCC1 is still rarely used directly in the clinical diagnosis of cancer, it is valuable to determine the reference normal range of RCC1 in various tissues.



DISCUSSION

In recent years, an increasing number of studies have found that RCC1 is related to cell cycle, DNA damage, and cancer.

As an important cell cycle regulator, RCC1 affects the progress of the cell cycle. When DNA is damaged, the decrease in RCC1 expression in normal cells may lead to severe damage to NCT and affect re-entry of the cell cycle (Cekan et al., 2016). The continuous accumulation of DNA damage is also a major cause of cancer. The loss of ATR-related cell cycle monitoring points increases the risk of DNA damage accumulation and increases the likelihood of tumors (Guo et al., 2000). The high expression of RCC1 in cancer cells accelerates the cell cycle and DNA repair, and, as such, tumor cells may regulate cell mitosis by increasing the expression of RCC1. RCC1 accelerates the formation of the nuclear membrane and the spindle to promote the mitotic process of cells. However, the mechanism by which RCC1 DNA damage responds to the cell cycle through the exact NCT or specific cell function requires further study.

Interestingly, RCC1 has different expression profiles and functions in different tumors. On the one hand, RCC1 expression is negatively correlated with the development of certain tumors. Targeting RCC1 can induce tumor cell apoptosis and cell cycle arrest (Hsu et al., 2016). RCC1 mutations or methylation can be key to tumor development, with this process showing the potential to inhibit tumors and regulate DNA replication (Lin et al., 2015). Already, there are nanoparticles treatments containing inhibitory peptides targeting RAN that have great potential in therapy of breast cancer (Haggag et al., 2019). On the other hand, RCC1 can also promote tumorigenesis. ERK1/2 can increase the expression of RCC1 through c-Jun, which affects the genome stability and promotes the development of tumors. ERK1/2 signaling could promote the development of osteosarcoma via regulating H2BK12ac (Xu et al., 2019). Histone interacts with RCC1 through the H2A/H2B surface area. Therefore, ERK1/2 may increase the expression of RCC1 through the c-Jun pathway to regulate H2BK12ac. Phosphorylation of RCC1 can affect its binding to chromosomes and also inhibit the proliferation of certain tumors. Its mechanism of action also has research value.

At the same time, RCC1 has different expression profiles in different tumors and shows promise as a potential biomarker. The reason for the different effects of RCC1 on different tumor types is not yet clear, but research on its role in the cell cycle, apoptosis, and genome stability has significant prospects.
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Classical Non-homologous End Joining (NHEJ) pathway is the mainstay of cellular response to DNA double strand breaks. While aberrant expression of genes involved in this pathway has been linked with genomic instability and drug resistance in several cancers, limited information is available about its clinical significance in colon cancer. We performed a comprehensive analysis of seven essential genes, including XRCC5, XRCC6, PRKDC, LIG4, XRCC4, NHEJ1, and PAXX of this pathway, in colon cancer using multi-omics datasets, and studied their associations with molecular and clinicopathological features, including age, gender, stage, KRAS mutation, BRAF mutation, microsatellite instability status and promoter DNA methylation in TCGA colon cancer dataset. This analysis revealed upregulation of XRCC5, PRKDC, and PAXX in colon cancer compared to normal colon tissues, while LIG4 and NHEJ1 (XLF) displayed downregulation. The expression of these genes was independent of age and KRAS status, while XRCC5, PRKDC, and LIG4 exhibited reduced expression in BRAF mutant tumors. Interestingly, we observed a strong association between XRCC6, XRCC5, PRKDC and LIG4 overexpression and microsatellite instability status of the tumors. In multivariate analysis, high PAXX expression emerged as an independent prognostic marker for poor overall and disease specific survival. We also observed hypomethylation of PAXX promoter in tumors, which exhibited a strong correlation with its overexpression. Furthermore, PAXX overexpression was also associated with several oncogenic pathways as well as a reduction in numbers of tumor-infiltrating lymphocytes.
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INTRODUCTION

Colorectal cancer (CRC) is the fourth most commonly diagnosed cancer and the third most common cause of cancer related deaths worldwide (Bray et al., 2018; Rawla et al., 2019). It represents a group of heterogeneous diseases that are characterized by a range of genomic and epigenomic alterations (The Cancer Genome Atlas Network, 2012). The knowledge regarding the molecular landscapes of CRCs is rapidly increasing, which has led to advancements in early detection methodologies and hence reduction of mortality rates (Arnold et al., 2017).

DNA double strand breaks (DSBs) are inherently induced during several physiological conditions, including stem cell differentiation, cell division, autophagy, and senescence. Homologous recombination repair (HRR), classical non-homologous end joining (c-NHEJ or NHEJ) and alternative end joining (Alt-EJ) are the three DNA damage repair systems, which efficiently repair DSBs, and thus maintain genomic stability during physiological stress (Chang et al., 2017). HRR functions by using a homologous DNA strand as a template to perform error free repair at DSB sites. Contrary to this, NHEJ is the primary DNA damage repair pathway and perform template independent repair of deleterious DSBs (Chang et al., 2017). Alt-EJ is a less characterized mechanism which works as a backup for both HRR and NHEJ in case of excessive DNA damage, and also utilizes micro-homologies between distant DNA sites for template dependent repair.

The core c-NHEJ system consists of Ku70/80 heterodimer (encoded by XRCC6 and XRCC5, respectively), XRCC4, DNA-dependent protein kinase catalytic subunit (DNA-PKcs, encoded by PRKDC), DNA Ligase 4 (encoded by LIG4), and XRCC4-like factor (XLF, encoded by NHEJ1). DNA damage sites are quickly recognized by Ku70/Ku80 heterodimer or Ku70 homodimer, which after binding to DNA free ends undergo allosteric change, thereby providing a scaffold for recruitment of DNA-PKcs. The protein kinase activity of Ku/DNA-PKcs complex recruits accessory factors to modify free DNA ends, which cannot be ligated directly (Davis et al., 2014). Then, XRCC4 and XLF also assemble at DSB sites, aligns the chromatin in the vicinity, and mediates recruitment of Ligase IV which carry out the final (ligation) step of the repair. These core components are sufficient to recognize DSBs, align the broken DNA fragments, and anneal them, fixing the DSBs (Chang et al., 2017).

PAXX (Paralog of XRCC4 and XLF; previously called C9orf142) is a recently characterized protein associated with the classical NHEJ pathway. It structurally resembles XRCC4 and XLF and facilitates the assembly of the core NHEJ complex at the DNA damage site (Ochi et al., 2015; Kumar et al., 2016). Although, PAXX and XLF perform overlapping functions and XLF can efficiently compensate for PAXX deficiency in colon cancer cells (Tadi et al., 2016), however, another study demonstrated that one protein between PAXX and XLF is essential for NHEJ repair, and PAXX also promotes Ku accumulation at DSBs (Liu et al., 2017). Interestingly, a recent study reported the synergistic role of PAXX, XRCC4, and XLF in the recruitment of DNA Pol λ as an accessory factor for DNA damage repair (Craxton et al., 2018). Although, these studies suggest that both PAXX and XLF perform overlapping but essential functions in NHEJ mediated DNA repair and influence drug resistance in solid tumors, the consequences and clinical implications of their altered expression in cancer patients have never been investigated. While XLF confers resistance to oxaliplatin and 5-fluorouracil in CRC cells (Liu et al., 2019), PAXX overexpression is associated with drug resistance in osteosarcoma cells (Ma et al., 2020).

Non-homologous end joining pathway genes in this CRC harbor both genetic and epigenetic alterations which promote cancer progression (Beggs et al., 2012; Mijnes et al., 2018). Variations at the 3′UTR of mRNA encoding DSB repair proteins have also been associated with a higher risk of CRC and poor outcome of the disease (Naccarati et al., 2015). Conventional cancer therapies including radiation and chemotherapy primarily exert their effect by inducing DSBs mediated cancer cell death. Therefore, the NHEJ pathway genes are considered as potential therapeutic targets to overcome drug resistance in CRC. Previous reports have analyzed the expression of NHEJ genes in different cancers, including some in colorectal cancer (Sishc and Davis, 2017). In the present study, we performed a comprehensive analysis of the core NHEJ pathway genes using well characterized multi-omics datasets to determine the deregulated expression pattern and clinical significance of NHEJ pathway genes in colon cancer.



MATERIALS AND METHODS


Data Acquisition and Analysis

Oncomine1 a web online database was used to analyze the expression of mRNA encoded by NHEJ genes, in several colon cancer datasets. The parameters for comparing gene expression between normal and tumor tissues included mRNA data with a threshold of p < 0.01 with any fold change.

Gene expression and DNA methylation of colon cancer developed by The Cancer Genome Atlas (TCGA-COAD study) was extracted as fragment per kilobase million (FPKM) values from the UCSC Xena browser,2 and used for subsequent analysis. Similarly, information about clinical features and tumor mutation status of colon cancer patients of TCGA study was retrieved from cBioportal3 by selecting the TCGA PanCancer Atlas - Colorectal Adenocarcinoma study and selecting patients with colon adenocarcinoma in cancer type (Cerami et al., 2012; Gao et al., 2013).

High throughput total protein and phosphoprotein estimation data for 100 normal colon and 97 colon cancer tissues, generated by mass spectrometry (MS) in Clinical Proteomic Tumor Analysis Consortium (CPTAC) study was analyzed using UALCAN web server4 (Chen et al., 2019). The z-value, used to compare protein levels (depicted on the y-axis) represents the standard deviation from the median across samples. As described in UALCAN web server, log2 spectral count ratio values, downloaded from CPTAC colon cancer data were normalized within each sample profile and then normalized across samples to calculate z-values as relative protein levels. Available total protein and phosphoprotein levels of the NHEJ pathway were assessed using default parameters in the UALCAN web server.

MEXPRESS web server5 hosts the DNA methylation data from TCGA studies developed on “Illumina Human Methylation 450 Bead Chip” platform and provides access to methylation levels of designated CpG sites of the queried gene and its association with gene expression (Koch et al., 2015). For DNA methylation analysis, correlation of PAXX expression with the methylation status of its gene was determined using the MEXPRESS web server using default parameters.



Survival Analysis

Kaplan Meier plot was constructed along with log-rank test p-values using the “survminer” package in R statistical software (version 4.0.1). Briefly, patients were categorized into high and low expression groups based on median gene expression values in FPKM (extracted from UCSC Xena browser). Univariate analysis was performed for overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI) to establish the association of gene expression and clinicopathological parameters with patient outcome. Multivariate analysis was also performed for genes, which were significantly associated with prognosis in univariate analysis. Important clinical and molecular features, including age, gender, stage, histological subtype, KRAS status, and BRAF status were taken as covariates.



Pathway Analysis

Gene expression correlations of PAXX with whole gene expression profiles of colon cancer tissues from TCGA-COAD dataset were extracted from the cBioPortal web server (see text footnote 3). Briefly, PAXX expression was used as input in colon adenocarcinoma patient data from TCGA colon cancer (TCGA-COAD PanCancer study) dataset (Cerami et al., 2012; Gao et al., 2013) in cBioPortal. Then, by using the correlation module, the whole transcriptome correlations table of PAXX expression was retrieved. After filtering correlations with false detection rate normalized q-value < 0.05, genes were arranged by increasing value of Spearman’s correlation constant, thus creating a ranked gene file. The ranked gene file was further used as input for the pre-ranked GSEA module in the gene set enrichment analysis tool from Broad Institute6 with predefined molecular signature database hallmark gene set (version 7.1) as reference gene set for pathway enrichment (Liberzon et al., 2015). Genes enriched in the respective pathways were represented as direct image outputs along with calculated normalized enrichment score (NES), false discovery rate (FDR), and p-value.



Protein Interaction Analysis

Biophysical interactions of ORFeome-based complexes (BioPlex) network interactome tool,7 a large-scale interactome database based on affinity purification mass spectrometry (AP-MS) data of baits from the human ORFeome (Huttlin et al., 2017) was utilized to identify PAXX interacting proteins in colon cancer cells HCT-116. Then an interaction network of PAXX associated proteins in these cells was constructed using default parameters.



TISIDB Analysis

The tumor-immune interactions database (TISIDB)8 is an integral web portal for the interaction of tumor and immune system (Ru et al., 2019). This database enabled us to correlate PAXX gene expression and infiltration of different immune cells types including CD8 T cells (activated, central memory and effector memory), CD4 T cells (activated, central memory and effector memory), T helper cells (follicular, type 1 and 2), gamma delta T cells, B-cells (activated, immature and mature), dendritic cells (activated, plasmacytoid and immature), NK cells, macrophages, eosinophil, mast cell, neutrophils, and monocytes. Immune cell fractions were determined using the computational “deconvolution” approach, which is based on determining mRNA contribution from immune cells from the bulk tumor RNA-sequencing profile.



Statistical Analysis

Gene expression analyses were performed on Graphpad Prism (version 6). Mann-Whitney U-test was used for comparing gene expression between normal and colon cancer tissues. P-value < 0.05 was considered statistically significant. Wilcoxon paired t-test was applied for paired expression analysis between normal and colon cancer tissues. Level of significance denoted on the expression graphs were represented as ∗p-value < 0.05, ∗∗p-value < 0.01, ∗∗∗p-value < 0.001 and ****p-value < 0.0001. Patients were divided into two groups by median expression and a log-rank test was used to compare groups for Kaplan-Meier survival analysis. Univariate and multivariate survival data analysis were performed on Stata version 11.



RESULTS


mRNA Expression Pattern of NHEJ Pathway Genes in Colon Cancer

To determine the expression pattern of core NHEJ genes in colon cancer, we performed Oncomine analysis for XRCC6 (Ku70), XRCC5 (Ku80), PRKDC (DNA-PKcs), XRCC4 (XRCC4), LIG4 (DNA ligase 4), NHEJ1 (XLF), and PAXX (PAXX/XLS). It provided the advantage of analyzing several datasets in parallel to assess the general expression pattern of these genes. This analysis revealed significant upregulation of five genes, (XRCC6, XRCC4, PRKDC, XRCC4, and PAXX) and downregulation of two (LIG4 and NHEJ1) NHEJ pathway genes, in tumor tissues compared to the normal tissues (Table 1).


TABLE 1. Expression of NHEJ pathway genes in colon cancer determined by Oncomine analysis.

[image: Table 1]
To corroborate our findings, we utilized a dataset of colon cancer from The Cancer Genome Atlas (TCGA) to compare the expression of NHEJ pathway genes between tumors and normal colon tissues. Consistent with the Oncomine analysis, comparison of all available normal (n = 41) and tumor tissues (n = 469) revealed overexpression of XRCC6, XRCC5, PRKDC, XRCC4, and PAXX in tumors compared to normal tissues, while LIG4 and NHEJ1 displayed lower expression in the tumor tissues (Figure 1A). However, analysis of 41 paired normal and tumor tissues revealed significant overexpression of only XRCC5, PRKDC, and PAXX genes in tumor tissues compared to the normal colon (Figures 1C,D,H, respectively), while LIG4 and NHEJ1 still displayed reduced expression (Figures 1F,G, respectively). Interestingly, in contrast to Oncomine analysis, XRCC6 and XRCC4 did not display differential expression between paired normal and tumor tissues (Figures 1B,E, respectively).
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FIGURE 1. Comparison of mRNA expression of NHEJ pathway genes in normal colon and colon cancer tissues from TCGA-COAD dataset including total samples for seven NHEJ genes (A), and paired samples, including XRCC6 (B), XRCC5 (C), PRKDC (D), XRCC4 (E), LIG4 (F), NHEJ1 (G), and PAXX (H). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (I) Correlation between NHEJ1 and PAXX expression in the same dataset. FPKM, Fragments per kilo million bases.


Co-expression analysis among all NHEJ pathway genes in TCGA-COAD dataset revealed a negative correlation between PAXX and NHEJ1 expression (Figure 1I). While the expression of all other genes of this pathway exhibited positive correlations among them (Supplementary Table S1).



Expression of Proteins Encoded by NHEJ Pathway Genes in Colon Cancer

Further, the Clinical Proteomic Tumor Analysis Consortium (CPTAC) dataset, which consists of high throughput mass spectrometry based quantitative protein estimation data of colon cancer and respective normal colon tissues, was used to compare total and phosphorylated protein levels of NHEJ pathway in normal colon tissues (n = 100) and colon cancer (n = 97). Consistent with the Oncomine gene expression analysis, total protein levels of Ku70 (XRCC6), Ku80 (XRCC5), DNA-PKcs (PRKDC), XRCC4, and PAXX were found to be significantly higher in colon cancer tissue compared to normal colon tissues, while LIG4, which exhibited reduced mRNA expression in Oncomine analysis, also displayed higher total protein levels in tumors (p < 0.01 for all, Figures 2A–G). However, NHEJ1 protein levels in line with the Oncomine analysis were observed to be lower in tumor tissues compared to the controls (p < 0.001, Figure 2F).
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FIGURE 2. Total protein levels of NHEJ pathway genes in normal tissues and colon cancer tissues from CPTAC study, including (A) XRCC6 (B) XRCC5 (C) PRKDC (D) XRCC4 (E) LIG4 (F) NHEJ1 and (G) PAXX. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


DNA-PKcs has been shown to phosphorylate many of the core NHEJ factors in vitro, but most of these phosphorylations are non-essential for NHEJ function (Davis et al., 2014). We observed that some uncharacterized phosphorylated protein levels of Ku70 (XRCC6, position Ser520, and Thr455), DNA-PKcs (PRKDC, Ser893, Ser3995 and Ser3205), and PAXX (Ser148) were higher in colon cancer tissues compared to normal colon tissues (Supplementary Figures S1A–K), whereas phosphorylated XLF (NHEJ1, Ser287) was lesser in colon cancer tissues.

Interestingly, it has been previously demonstrated that PRKDC is phosphorylated at Ser3995 in response to IR radiation, by ATM serine/threonine kinase (ATM) protein, but this phosphorylation does not affect NHEJ repair (Neal et al., 2011). Further, Douglas et al. (2014) reported that DNA-PKcs is phosphorylated and dephosphorylated at Ser3205 by PLK1 (polo-like kinase 1) and PP6 (protein phosphatase 6), respectively during mitosis. Phospho-mimicry of PAXX phosphorylation at Ser134, Thr145, Ser148, and Ser152 has been reported to destabilize the PAXX-Ku-DNA ternary complex, but it does not affect the stimulation of LIG4/XRCC4 blunt-ended DNA-ligation activity by PAXX (Tadi et al., 2016). Therefore, the exact role of the modifications of DNA-PKcs and PAXX in NHEJ activity remains unclear and warrants further studies.



Associations of NHEJ Pathway Gene Expression With Clinicopathological Features in Colon Cancer

We analyzed associations of NHEJ pathway gene expression with other clinicopathological features, such as age, gender, histological type, stage, KRAS mutation status, BRAF mutation status, and microsatellite instability (MSI) status in colon cancer by performing a direct comparison between mRNA expressions of respective genes. None of the seven NHEJ pathway genes analyzed in the present study displayed any association with age (Supplementary Figures S2A–G). Only LIG4 was associated with gender and exhibited higher expression in males compared to females (Supplementary Figure S3E). Between two histological subtypes, no difference was observed in the expression of XRCC6, PRKDC, LIG4, and PAXX, while expression of XRCC5, XRCC4, and NHEJ1 was higher in adenocarcinoma compared to mucinous adenocarcinoma (Figure 3A). We further compared the mRNA expression of NHEJ genes between stage (I + II) group with stage (III + IV) group colon tumors. This analysis revealed reduced expression of XRCC6 in advanced stage group while LIG4 displayed elevated expression in the same group (Figure 3B). However, no difference in mRNA levels of XRCC5, PRKDC, XRCC4, NHEJ1, and PAXX between the two groups.
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FIGURE 3. Association of mRNA expression of NHEJ pathway genes with (A) tumor histology, and (B) stage. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. FPKM, Fragments per kilo million bases.


KRAS mutations have been reported to enhance homologous recombination repair in preference to NHEJ in colorectal cancer cells (Kalimutho et al., 2017). In agreement with this report, we observed no difference for mRNA expression in all analyzed genes between KRAS wild type and mutant tumors (Figure 4A). Therefore, KRAS mediated oncogenic reprogramming does not seem to be involved in the altered NHEJ pathway in colon cancer. Concerning BRAF mutation in thyroid cancer, two reports have demonstrated that BRAF mutation promotes NHEJ activity through upregulation of NHEJ1 and it is also associated with radioresistance (Robb et al., 2018, 2019). In a melanoma cell line model, it has been shown that mutant BRAF inhibition may increase DNA damage by downregulation of NHEJ pathway genes, including XRCC6, XRCC5, and PRKDC (Fatkhutdinov et al., 2016). Our analysis revealed that BRAF mutant colon cancer did not harbor higher NHEJ1 expression compared to BRAF wild type tumors and three NHEJ pathway genes, XRCC5, PRKDC, and LIG4 are indeed lowly expressed in BRAF mutant tumors (Figure 4B). These results suggest that a detailed study of the NHEJ pathway concerning BRAF mutation in colon cancer is further warranted.
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FIGURE 4. Association of mRNA expression of NHEJ pathway genes with (A) KRAS mutation status, and (B) BRAF mutation status. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. FPKM, Fragments per kilo million bases. WT, wild type; MUT, mutant.


Interestingly, a previous report suggests that the NHEJ pathway is impaired in several mismatch repair deficient colon cancer cell lines (Koh et al., 2005). We observed that expression of XRCC6 was higher in MSI-high tumors compared to MSI-low and microsatellite stable (MSS) tumors, while XRCC5, PRKDC, and LIG4 exhibited reduced expression in MSI-high tumors compared to both MSI-low and MSS tumors (Figures 5A–G).
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FIGURE 5. Comparison of mRNA expression of NHEJ pathway genes based on microsatellite instability status from TCGA-COAD dataset. (A) XRCC6 (B) XRCC5 (C) PRKDC (D) XRCC4 (E) LIG4 (F) NHEJ1, and (G) PAXX. FPKM, Fragments per kilo million bases. MSI-H, MSI-high; MSI-L, MSI-low; MSS, microsatellite stable. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Survival Analysis

To further determine the clinical significance of the expression of NHEJ pathway genes in colon cancer, we performed Kaplan-Meier survival analysis for overall survival (OS), disease-specific survival (DSS), progression-free interval (PFI), and disease-free interval (DFI) using TCGA colon cancer dataset. We observed that among all NHEJ pathway genes only elevated PAXX expression was associated with poor overall survival (p = 0.0011, Figure 6A), while other genes did not display significant association with OS (Supplementary Figure S4), DSS (Supplementary Figure S5), or PFI (Supplementary Figure S6). Interestingly, PAXX overexpression was also associated with poor DSS (p = 0.0011, Figure 6B), but not with PFI or DFI (Figures 6C,D, respectively). Furthermore, higher XRCC4 expression was associated with poor DFI (Supplementary Figure S7D).
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FIGURE 6. Kaplan-Meier survival curve for prognostic significance of PAXX gene expression in TCGA-COAD dataset, including (A) overall survival (OS), (B) disease-specific survival (DSS), (C) progression-free interval (PFI), and (D) disease-free interval (DFI). Survival probabilities are presented on the y-axis and time in days on the x-axis in all graphs. The log-rank test p-value has been depicted in respective graphs.


To assess the robustness of these gene products as prognostic biomarkers, we performed univariate analysis followed by a multivariate analysis using a Cox proportional hazards model. Gene expression was taken as a continuous variable while important clinical features including age, gender, stage, KRAS mutation, BRAF mutation, and MSI status were taken as covariates. The results of univariate analysis have been presented in Table 2. Interestingly, we observed that only PAXX overexpression was associated with poor OS and DSS, while the levels of other gene products were not associated with OS, DSS, PFI, or DFI. Therefore, the expression of PAXX was considered for multivariate analysis. Interestingly, in multivariate analysis, PAXX overexpression emerged as an independent marker for poor OS and DSS (Table 3).


TABLE 2. Univariate analysis of the NHEJ pathway genes and clinicopathological parameters in TCGA-COAD dataset.
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TABLE 3. Multivariate analysis of PAXX expression and clinicopathological parameters in TCGA-COAD dataset.
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Methylation Analysis of the PAXX Gene

PAXX gene contains a CpG island spanning its transcription start site (TSS) and the first two exons (Figure 7A). Given this information, it was of interest to investigate the role of epigenetic modifications in the overexpression of PAXX in colon tumors. For this purpose, we assessed DNA methylation and paired RNA expression data of TCGA-COAD through the MEXPRESS web server. Pearson correlation analysis between methylation of five CpG sites of PAXX promoter and transcription of its gene revealed that DNA methylation of two distinct sites captured by probes, cg01126560 and cg25499748 exhibited significant negative correlation to PAXX gene expression in TCGA-COAD dataset (r = −0.232, p < 0.001 and r = −0.338, p < 0.001, respectively, Figure 7A). Further, the level of methylation of cg01126560 was lower in a group of all available colon cancer tissues compared to normal tissues (p < 0.0001, Figure 7B). Furthermore, a comparison of paired colon cancer tissues with respective normal tissues also revealed that colon cancer tissues exhibit lower methylation of cg01126560 (p < 0.0001, Figure 7C). These results suggested the involvement of methylation in transcriptional regulation of PAXX expression in colon carcinoma.
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FIGURE 7. DNA methylation analysis of the PAXX gene from TCGA-COAD dataset. (A) Graphical representation of CpG Island and sites around PAXX genomic locus with Pearson’s correlation values of PAXX expression with methylation of different CpG sites. (B) Comparison of DNA methylation levels of cg01126560 between total normal and colon cancer tissues. (C) Comparison of DNA methylation levels of cg01126560 between paired normal colon and colon cancer tissues. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Cellular Pathways Associated With PAXX Expression in Colon Cancer

To assess the oncogenic pathways associated with PAXX expression in colon cancer, we performed gene set enrichment analysis (GSEA) for cancer hallmarks pathways using genes that exhibited significant correlations with PAXX. Among positively correlated pathways, PAXX expression exhibited the most significant correlation with oxidative phosphorylation (Figure 8A), besides other metabolic pathways including glycolysis (Figure 8F), fatty acid metabolism (Figure 8G), and adipogenesis (Figure 8H). We also observed a positive correlation of PAXX with DNA repair (Figure 8E), MYC targets (Figures 8B,C), E2F targets (Figure 8D), G2M checkpoint (Figure 8I), and reactive oxygen species (Figure 8J), pathways. Further, protein interaction data of PAXX protein in HCT-116 colon cancer cell line from “Bioplex 2.0” database also revealed interaction of PAXX with Werner syndrome ATP-dependent helicase (WRN), an established mediator of NHEJ pathway, supporting the involvement of PAXX in NHEJ pathway in colon cancer (Figure 8K). Interestingly, PAXX was also observed to interact with genes involved in glutathione metabolism, including glutathione peroxidase 1 and 7 (GPX1 and GPX7, respectively), which are primarily involved in protecting cells from oxidative stress, suggesting additional pro-tumor roles of PAXX in conferring therapeutic resistance to colon cancer cells.
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FIGURE 8. Gene set enrichment analysis of PAXX correlated genes in the TCGA-COAD dataset. Each plot (A–J) depicts positively enriched pathways of PAXX correlated genes with normalized enrichment score (NES), false discovery rate (FDR), and p-value depicted inside the respective pathway. (K) Depict results from the Bioplex 2.0 web server, showing protein-protein interactions of PAXX in HCT-116 colon cancer cell line.


We observed a significant negative correlation between PAXX expression and epithelial to mesenchymal transition pathway (Supplementary Figure S8A). Other pathways that exhibited a negative correlation with PAXX included downregulated genes in UV response, KRAS signaling, Hedgehog signaling, and angiogenesis (Supplementary Figures S8B–E). Interestingly, we also observed a negative correlation of PAXX with immunity associated pathways including inflammatory response, TGF beta signaling, and complement pathway (Supplementary Figures S8F–H). We further correlated PAXX expression with the computationally determined abundance of different tumor-infiltrating immune cells in TCGA-COAD dataset. PAXX was observed to be negatively correlated with twenty different immune cells, thereby suggesting the association of PAXX expression with overall reduced tumor immune infiltration in colon cancer (Supplementary Figure S9).



DISCUSSION

Aberrations in the NHEJ pathway are common in cancers. Hosoi et al. reported elevated expression of Ku70 and Ku80 mRNA as well as proteins in colorectal carcinoma compared to the normal colon (Hosoi et al., 2004). In contrast, Beggs et al. reported reduced expression of Ku70 in colon cancer cells, which was associated with higher genomic instability (Beggs et al., 2012). In another study, it was observed that cytoplasmic Ku70 protein levels are higher in patients who do not respond to chemoradiotherapy, while Ku80 was lost in those patients (Pucci et al., 2017). Thus, previous studies have described both overexpression and downregulation of NHEJ pathway genes in colorectal cancer. Also, some of these studies have estimated mRNA levels while others have assessed protein expression. To resolve this paradox, we performed a comprehensive analysis of the core NHEJ pathway genes in colon cancer. Our analysis revealed elevated mRNA and protein expression of XRCC6 (Ku70) and XRCC5 (Ku80) in colon cancer compared to normal colon tissue. Furthermore, the overexpression pattern is more robust for XRCC5 as observed in paired normal and tumor tissue comparison, while XRCC6 did not exhibit significant difference. Indeed, we observed reduced XRCC6 expression in tumors at an advanced stage (stage III + IV) compared to the lower stage (stage I + II).

PRKDC exhibited overexpression in Oncomine analysis, TCGA dataset as well as CPTAC study suggesting consistent overexpression of this protein in colon cancer, both at the mRNA and protein levels. PRKDC expression was not associated with age, gender, stage, and histology. A previous study had also reported higher mRNA and protein levels of PRKDC in colorectal cancer tissues compared to normal tissues, which also exhibited a positive correlation with expression of XRCC6 and XRCC5 (Hosoi et al., 2004). In our analysis these three proteins exhibited a significant positive correlation with each other. Further, a recent report highlighted the dependency of colorectal cancer cells on PRKDC and also showed that PRKDC overexpression in colon cancer is associated with poor OS (Sun et al., 2016). While we observed a similar pattern of overexpression of PRKDC in colon cancer, its mRNA expression was not associated with any of the four types of survival parameters analyzed. Therefore, the collective data along with our results validate PRKDC overexpression as a potential therapeutic target in colon cancer.

Gene polymorphism in XRCC4 has been associated with CRC risk (Bau et al., 2010; Zhang and Hu, 2011). Our analysis revealed elevated levels of XRCC4 mRNA in Oncomine and protein data analysis, respectively, whereas the comparison of expression between paired normal and tumor tissues in TCGA dataset did not exhibit a significant difference in XRCC4 expression. A previous detailed report suggests that LIG4 protein levels are upregulated in colon cancer tissues and mediate Wnt/beta-catenin signaling induced radioresistance (Jun et al., 2016). In another study, quantitative RT–PCR in 61 paired normal colon and 393 CRCs demonstrated LIG4 downregulation in colon cancer tissues, which was further associated with its promoter hypermethylation (Kuhmann et al., 2014). While our results also suggest consistent downregulation of LIG4 mRNA expression in tumor cells, proteomic analysis displayed higher LIG4 levels in colon tumors. Furthermore, we observed higher expression of LIG4 in advanced stage tumors and male patients. Association of LIG4 mRNA expression with its protein levels and gender has not been reported and requires further exploration.

XLF (NHEJ1) was recently shown to enhance resistance to oxaliplatin and 5-fluorouracil in colorectal cancer cell lines (Liu et al., 2019). Association of higher XLF expression with drug resistance in hepatocellular carcinoma has also been reported (Yang and Wang, 2017). Contrary to these observations, we found consistent downregulation of XLF in colon cancer in our analysis, both at mRNA and the protein levels. Furthermore, its reduced mRNA expression was associated with the mucinous subtype, while no association was observed with the tumor stage. These results signify that although XLF is capable to induce drug resistance in CRC cells, its expression is nevertheless, downregulated in colon cancer. Intriguingly, we observed that NHEJ1 expression is negatively correlated with PAXX expression, and PAXX was observed to be consistently overexpressed in colon tumors compared to the normal tissues, both at the mRNA and protein levels. Interestingly, PAXX and XLF are functionally redundant (Kumar et al., 2016; Tadi et al., 2016), and also exhibit synthetic lethality (Liu et al., 2017). These results suggest that PAXX may preferentially function over XLF in DSB repair in colon cancer, which has been graphically represented in Figure 9.
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FIGURE 9. Graphical representation of the proposed function of PAXX in the NHEJ pathway in colon cancer. In normal colon tissues (left panel), DNA double strand breaks (DSBs) are actively identified by Ku70 and Ku80, followed by the recruitment of DNA-PKcs. The Ku/DNA-PKcs complex phosphorylates and recruits other accessory factors for DNA end processing. XRCC4 and XLF also bind to the DSB site and recruit DNA Ligase IV, which eventually seals the DSBs. PAXX has been demonstrated to work in the absence of XLF, as a backup in c-NHEJ repair (Tadi et al., 2016). In the case of colon cancer (right panel), protein levels of these proteins are altered. Notably, XLF is downregulated and PAXX is upregulated, suggesting PAXX may preferentially take over the XLF functions in colon cancer cells.


Our survival analysis revealed that among the NHEJ pathway genes analyzed in the current study, only PAXX emerged as an independent prognostic biomarker, while other NHEJ1 genes did not display any prognostic significance. In concordance to PAXX overexpression observed in colon tumors, higher expression of PAXX was associated with poor OS and DSS. Further, the expression and prognostic value of PAXX did not display any association with the stage and MSI status. DNA methylation analysis revealed a negative correlation of PAXX expression with its promoter methylation and the extent of methylation in this gene was found to be lower in tumors compared to the normal colon. We conclude from these results that PAXX expression in colon cancer is at least partly under epigenetic control.

As our results suggest the utility of PAXX as a potential therapeutic target in colon cancer, we performed gene set enrichment analysis to further determine the association of PAXX expression with underlying oncogenic pathways in colon cancer. In agreement with its established role in DNA repair, PAXX associated genes were highly enriched in DNA repair and cell cycle related processes. Recently, Yang et al., reported that PAXX also plays an important role in the base excision repair pathway and PAXX deficient cells display higher sensitivity to temozolomide in glioma cells (Yang et al., 2018). These results collectively suggest that PAXX may play important roles in different DNA repair pathways as well and PAXX may serve as a novel therapeutic target for DNA repair in cancer cells. Much before the detailed functions of PAXX were determined, Meyer et al. reported the association of PAXX overexpression with rapid leukemia establishment in a mouse model of human acute lymphocytic leukemia xenograft, and shorter time to relapse in the corresponding patients (Meyer et al., 2011). Other pathways associated with higher PAXX expression, were related to cell metabolism, including higher oxidative phosphorylation and glycolytic pathway while UV response, KRAS signaling, and angiogenesis pathways were associated with lower PAXX expression. While pathway analysis in the present study revealed close associations of PAXX expression with several other oncogenic pathways as well, it requires further exploration to provide causal relationships between PAXX expression and alterations of these pathways. Nevertheless, we observed that several immune system associated pathways including inflammatory response, TGF beta signaling, and complement pathway were negatively associated with PAXX expression. Furthermore, PAXX expression exhibited a negative association with the abundance of immune cells in the colon tumor microenvironment, which suggests its association with reduced overall infiltration of immune cells in colon cancer. Interestingly, reduced tumor inflammatory infiltrate is generally associated with poor prognosis in colorectal cancers (Mei et al., 2014). Thus our study provides novel insights into NHEJ pathway status in colon cancer and suggests the potential utility of PAXX as a novel prognostic marker and a therapeutic target in colon cancer.
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Purpose: N6-methyladenosine (m6A) RNA methylation has been implicated in various malignancies. This study aimed to identify the m6A methylation regulator-based prognostic signature for hepatocellular carcinoma (HCC) as well as provide candidate targets for HCC treatment.

Methods: The least absolute shrinkage and selection operator (LASSO) analyses were performed to identify a risk signature in The Cancer Genome Atlas (TCGA) datasets. The risk signature was further validated in International Cancer Genome Consortium (ICGC) and Pan-Cancer Analysis of Whole Genomes (PCAWG) datasets. Following transfection of short hairpin RNA (shRNA) targeting YTHDF1, the biological activities of HCC cells were evaluated by Cell Counting Kit-8 (CCK-8), wound-healing, Transwell, flow cytometry, and xenograft tumor assays, respectively. The potential mechanisms mediated by YTHDF1 were predicted by overrepresentation enrichment analysis (ORA)/gene set enrichment analysis (GSEA) and validated by Western blotting.

Results: Overexpression of m6A RNA methylation regulators was correlated with malignant clinicopathological characteristics of HCC patients. The Cox regression and LASSO analyses identified a risk signature with five m6A methylation regulators (KIAA1429, ZC3H13, YTHDF1, YTHDF2, and METTL3). In accordance with HCC cases in TCGA, the prognostic value of risk signature was also determined in ICGC and PCAWG datasets. Following analyzing the expression and clinical implications in TCGA and Gene Expression Omnibus (GEO), YTHDF1 was chosen for further experimental validation. Knockdown of YTHDF1 significantly inhibited the proliferation, migration, and invasion of HCC cells, as well as enhanced the apoptosis in vitro. Moreover, silencing YTHDF1 repressed the growth of xenograft tumors in vivo. Mechanism investigation indicated that YTHDF1 might promote the aggressive phenotypes by facilitating epithelial–mesenchymal transition (EMT) and activating AKT/glycogen synthase kinase (GSK)-3β/β-catenin signaling.

Conclusion: The current study identified a robust risk signature consisting of m6A RNA methylation regulators for HCC prognosis. In addition, YTHDF1 was a potential molecular target for HCC treatment.

Keywords: m6A methylation, regulators, hepatocellular carcinoma, prognosis, YTHDF1, molecular target


INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common malignancies and ranks the fourth leading cause of deaths worldwide (Bray et al., 2018). The major risk factors of HCC include hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, non-alcoholic steatohepatitis (NASH), alcohol abuse, diabetes mellitus, and aflatoxin exposure (Makarova-Rusher et al., 2016). Exposure to these factors and genetic and epigenetic alterations progressively promote the initiation of HCC (Cancer Genome Atlas Research, 2017). Currently, surgery resection, liver transplantation, and systematic therapy are conventional therapies for HCC. Despite progression in therapeutic strategies for HCC, the overall survival (OS) remains unsatisfactory due to a high rate of postsurgical recurrence and metastasis (Finn et al., 2018). Therefore, it is of great need to elucidate the underlying molecular mechanisms and exploring more novel targets for HCC.

N6-methyladenosine (m6A) is the most abundant posttranscriptional modification for eukaryotic mRNA. m6A is enriched in the stop codon, 3′ untranslated region (UTR), and long internal exon with average 1–2 m6A residues/1,000 nucleotides (Meyer et al., 2012). m6A regulates the expression of target genes through the modification of RNA, such as splicing, degradation, exporting, and folding (Wang et al., 2014, 2015). m6A can be catalyzed and removed by methyltransferase complexes (MTCs) and demethylases, respectively, which are vividly named as “writers” and “erasers.” Writer proteins include KIAA1429, METTL3, METTL14, RBM15, ZC3H13, and WTAP, in which METTL3 methyltransferase is considered as the key catalytic subunit (Liu et al., 2014). Erasers consist of two demethylases FTO and ALKBH5. There is another type of m6A regulators, called “readers,” which consist of HNRNPC and YT521-B homology (YTH) family members (e.g., YTHDF1-3 and YTHDC1/2). These readers could recognize distinct subsets of m6A-modified mRNAs specifically and facilitate the regulation of gene expression (Liao et al., 2018). In addition to these classical m6A regulators, recent studies have identified some new regulators, such as METTL16 (Warda et al., 2017) and HNRNPA2B1(Alarcon et al., 2015). Interactions among these m6A regulators have been implicated in diverse physiological functions and processes, including histogenesis, stem cell self-renewal capacity, and fate determination (Liu et al., 2017). More importantly, increasing studies demonstrate that aberrant m6A methylation is correlated with tumorigenesis and progression in multiple cancer types, which functions as either a tumor promoter or a tumor suppressor in distinct states (He et al., 2019).

Some studies indicated that m6A regulators were related to poor prognosis of HCC patients and promoted the malignant phenotypes of HCC cells. For example, KIAA1429 was shown to facilitate cell proliferation and invasion of HCC cells through m6A modification of ID2 mRNA and GATA3 pre-mRNA (Cheng et al., 2019; Lan et al., 2019). WTAP-mediated m6A modification contributed to the aggressiveness of HCC cells via posttranscriptional suppression of ETS proto-oncogene 1 (Chen Y. et al., 2019). Interestingly, YTHDF2 was described as an HCC suppressor by repressing cell proliferation via m6A modification of epidermal growth factor receptor (EGFR). YTHDF2 also inhibited vascular reconstruction and metastasis via regulating interleukin 11 and serpin family E member 2 (Hou et al., 2019; Zhong et al., 2019). Moreover, METTL3-mediated m6A modification could decrease the expression of suppressor of cytokine signaling 2 in HCC cells, thereby contributing to aggressive phenotype in vitro and in vivo (Chen et al., 2018). Despite these studies, the clinical significance of these m6A regulators in HCC remains unclear and poorly explored. In this study, we aimed to investigate the expression characteristics and clinicopathological value of the m6A RNA regulators comprehensively in order to identify robust risk signatures for HCC prognosis and potential targets for HCC treatment.



MATERIALS AND METHODS


Data Acquisition

The RNA-seq transcriptome data of liver hepatocellular carcinoma (LIHC) cohort and corresponding clinical or prognostic information were obtained from TCGA (https://cancergenome.nih.gov/) through the R package “TCGA-Assembler” (Table 1). The genomic alterations of YTHDF1 were identified by cBioPortal (www.cbioportal.org). The YTHDF1 mRNA profiles were also obtained from the International Cancer Genome Consortium (ICGC) and Pan-Cancer Analysis of Whole Genomes (PCAWG) datasets (www.icgc.org) with Gene Expression Omnibus (GEO) datasets including GSE22058, GSE25097, GSE36376, GSE46444, GSE54236, GSE63698, GSE64041, and GSE76427.


Table 1. The clinical characteristic information of the HCC patients in TCGA.
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Selection of N6-Methyladenosine RNA Methylation Regulators

Currently, 13 genes (KIAA1429, METTL3, METTL14, RBM15, ZC3H13, FTO, ALKBH5, YTHDF1, YTHDF2, YTHDC1, YTHDC2, HNRNPC, and WTAP) are considered as classical m6A RNA methylation regulators. To ensure comprehensiveness, we also incorporated three newly acknowledged m6A RNA methylation regulator genes (YTHDF3, METTL16, and HNRNPA2B1). The expression profiles of the above genes were extracted from TCGA LIHC cohort with corresponding clinical information. Heatmap and Vioplot were conducted to visualize the differential expressions of these genes in HCC. The protein–protein interactions (PPIs) among m6A RNA methylation regulators were analyzed by STRING database (http://string-db.org). In addition, we performed the Pearson correlation analysis to identify the association among these m6A RNA methylation regulators.



Consensus Clustering Analysis

To further explore m6A RNA methylation regulators in the LIHC cohort, we applied consensus clustering analysis to the LIHC cohort based on m6A RNA methylation regulators. Two subgroups were identified in the LIHC cohort. In addition, to identify the potential function and involved pathways, we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses based on the different gene profiles of the two subgroups.



Prognostic Signature Generation

The correlation of m6A RNA methylation regulator genes with OS of HCC patients was evaluated by univariate Cox regression model. A risky gene was characterized by hazard ratios (HRs) > 1, while HRs < 1 were considered a protective one. A five-gene risk signature (KIAA1429, ZC3H13, YTHDF1, YTHDF2, and METTL3) was identified based on the minimum criteria. In addition, risk score was calculated according to the coefficients in the least absolute shrinkage and selection operator (LASSO) algorithm. TCGA LIHC cohort was classified into high- or low-risk group based on the median value of the risk scores.



Genomic Alteration and Co-expression Gene Identification

The mutation, copy number variation (CNV), and mRNA alterations of YTHDF1 in HCC were analyzed by using the cBioPortal tool (http://cbioportal.org) (Gao et al., 2013). The OncoPrint presented an overview of genetic alterations of YTHDF1 in LIHC samples. Co-expression analysis was determined by using LinkedOmics platform (Vasaikar et al., 2018). The potential function was predicted by overrepresentation enrichment analysis (ORA) with GO_BP/CC/MF, KEGG pathways, Wiki pathway, and Reactome pathway.



Evaluating the Prognostic Value of the Gene Signature

The distribution of clinicopathological features (age, gender, grade stage, and survival state) was further evaluated in high- and low-risk groups calculated by chi-square test and visualized with heatmaps. Kaplan–Meier analysis with log-rank test was conducted to calculate the difference of OS between patients at high-risk score group and low-risk score group. Receiver operating characteristic (ROC) curve was constructed to evaluate the prognosis value of the signature in predicting the survival of patients. Univariate and multivariate Cox regression analyses were used to evaluate the risk score as an independent prognostic factor of HCC patients.



Cell Culture and Transfection

Hep3B, HepG2, MHCC97H, MHCC97L, and HCCLM3 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). SMMC7721 and BEL7404 were obtained from American Type Culture Collection (Rockville, MD, USA). Cells were maintained in Dulbecco′s modified Eagle′s medium (GIBCO, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO, USA) and 1% penicillin/streptomycin solution. Plasmids for YTHDF1 knockdown were constructed by Dharmacon (CA, USA). The transfection was performed by Lipo3000 according to the manufacturer′s instruction. The sequences of the short hairpin RNAs (shRNAs) were listed as follows: Kd-YTHDF1-1, GAACAUGCCAGUUUCAAAG; Kd-YTHDF1-2, GGACAGUCAAAUCAGAGUA; Kd-YTHDF1-3, CGACAUCCACCGCUCCAUU; Kd-YTHDF1-4, AAGGAACGGCAGAGUCGAA; NC, UAAGGCUAUGAAGAGAUAC.



Cell Proliferation Assay

Cell proliferation was evaluated by a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer′s introduction. Briefly, HCC cell lines (1,000 cells/well) transfected with control vector or Kd-YTHDF1 plasmids were incubated in 96-well plates for 24 to 96 h. Then, a working solution was administered into the culture medium at 37°C for 2 h. Subsequently, the plates were detected at 450-nm absorbance. Each assay was repeated three times.



Migration and Invasion Assays

The migration of the HCC cells was evaluated by the wound-healing assay. The HepG2 cells of each group were seeded in the six-well plates. Upon the confluency of 80%, 10-μl tips were used to construct wounds on the surface of each well. Then, the pre-marked places were compared at the indicated time point 0 and 24 h. The distances of migration in three random fields were calculated by ImageJ. The invasion assay was conducted by using the 8-μm Transwell chambers (Corning, Acton, MA, USA) placed in 24-well plates. Here, 200 μl of HepG2 cells were plated in the upper chambers pre-coated with Matrigel (BD, CA, USA), while the complete medium was plated in the lower chamber. Following incubation for 24 h, the chambers were fixed in 4% paraformaldehyde and stained in 0.1% crystal violet solution. Then, the samples of each group were counted under the microscope. Each assay was independently repeated at least three times.



Flow Cytometry

HCC cells at each group were collected and pre-fixed in 75% cold ethanol and stored at 4°C overnight. After rinsing in phosphate-buffered saline (PBS) three times, the samples were stained in propidium iodide (PI) for 30 min. Subsequently, cell cycle distribution was detected by a flow cytometer (Calibur, Becton Dickinson, CA, USA) and further analyzed by using ModFit Software. The apoptosis detection was conducted by Annexin V-Alexa Fluor 647/PI Apoptosis Detection kit (Fcmacs Biotech Co., Ltd., China) according to the manufacturer′s instruction. The samples were stained in PI and 647 Annexin V for 30 min. Then, the samples were detected by a flow cytometer. Each experiment was independently performed at least three times.



Xenograft Tumor Assay

Four-week-old BALB/c nude mice were provided by the Animal Center of Nantong University (Nantong, China). HepG2 cells stably transfected with shRNA-YTHDF1 vector or control vector were subcutaneously injected into flanks of nude mice at the density of 5 × 106 cells/100 μl. Post-injection, tumor growth was monitored every 3 days by using calipers. The volume of the xenograft tumor was calculated as 0.5 × length × width2. The protocols of this study were approved by the Animal Care and Use Committee of Nantong University.



Western Blotting

Cells of each group were collected for the extraction of total protein by using radioimmunoprecipitation assay (RIPA) buffer. Then, the samples were separated on a sodium dodecyl sulfate (SDS) gel and transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, CA, USA). Following blocking in 5% bovine serum albumin (BSA) for 2 h, the membranes were incubated in primary antibodies at 4°C overnight. After rinsing in Tris-buffered saline and Tween 20 (TBST) three times, the samples were further exposed to horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at room temperature. The membranes were visualized by using the enhanced chemiluminescence (ECL) kit (Millipore, MA, USA).



Statistical Analyses

All statistical analyses were calculated by using R software (Version 3.5) and GraphPad Prism 7 (CA, USA). Data are presented as means ± standard deviations. The Student′s t-test and chi-square (χ2) test were performed to evaluate differences between two groups. A one-way analysis of variance (ANOVA) test was used for multiple group comparisons. The risk score was obtained according to the coefficients in the LASSO algorithm. Kaplan–Meier analysis with a log-rank test was used to analyze the survival difference between the high- and low-risk groups. P-value threshold of 0.05 was considered as statistical significance.




RESULTS


The Expression Features of N6-Methyladenosine RNA Methylation Regulators

The expression features of 16 m6A RNA methylation regulators in HCC tissues and normal liver tissues from TCGA are shown in Figure 1. Compared with normal tissues, 14 m6A RNA methylation regulators (YTHDC1, KIAA1429, HNRNPA2B1, METTL16, RBM15, YTHDF3, ALKBH5, YTHDF2, HNRNPC, YTHDF1, METTL3, WTAP, YTHDC2, and FTO) were found overexpressed in HCC (Figures 1A,B). In addition, the interaction network among the 16 m6A RNA methylation regulators were predicted by STRING, in which KIAA1429, WTAP, YTHDF2, and METTL3 were considered as hub genes (Figure 1C). Furthermore, the expression of m6A RNA methylation regulators were positively correlated based on Pearson correlation. Remarkably, the most relevant among all the m6A RNA methylation regulators was observed between the METTL3/HNRNPC (r = 0.72) and HNRNPA2B1/HNRNPC (r = 0.78) (Figure 1D).


[image: Figure 1]
FIGURE 1. The expression characteristics and correlations of N6-methyladenosine (m6A) RNA methylation regulators in hepatocellular carcinoma (HCC). (A) Heatmaps presented the overall expression of 16 m6A RNA methylation regulators in HCC tissues and normal liver tissues from The Cancer Genome Atlas (TCGA) datasets. (B) The differential expression of the m6A RNA methylation regulators was visualized by Vioplot (blue means normal liver tissues; red means HCC samples). (C) The interaction of the m6A RNA methylation regulators was analyzed by STRING. (D) Spearman correlation analysis of the 16 regulating genes in the liver hepatocellular carcinoma (LIHC) cohort. ***P < 0.001.




Correlation of N6-Methyladenosine RNA Methylation Regulators With Clinicopathological Features of Hepatocellular Carcinoma Patients

To develop a prognostic signature based upon m6A RNA methylation regulators, we sought to stratify 374 HCC patient samples by consensus clustering analysis (Figures 2A,B). Based on the cumulative distribution function (CDF) value, k = 2 was the optimal cluster number to divide the HCC cohort, namely, cluster 1 and cluster 2 (Figure 2C). Furthermore, principal component analysis (PCA) of total RNA expression profile was performed to evaluate the classification, which showed that cluster 1 and cluster 2 could be well-distinguished (Figure 2D). Next, we evaluated the associations between clusters and clinicopathological features in TCGA. As shown in Figure 2E, the general expression of m6A RNA methylation regulators was higher in cluster 2, especially for YTHDC1/2, HNRNPA2B1, METTL16, RBM15, ALKBH5, HNRNPC, YTHDF1-3, METTL3, WTAP, and FTO. In addition, cluster 2 was significantly correlated with gender, advanced stage, and survival state. Moreover, the OS of patients in cluster 2 was significantly lower than that of cluster 1 (Figure 2F). Furthermore, we conducted GO and KEGG analyses based on differentially expressed genes to identify enriched functions and pathways in cluster 2. GO analysis indicated that differentially expressed genes were enriched in various processes, including extracellular matrix (ECM) organization, extracellular structure organization, plasma membrane protein complex, and cation transmembrane transporter activity (Figure 2G). In addition, KEGG analysis indicated that m6A RNA methylation regulator-overexpressed cluster 2 was correlated with ECM–receptor interaction, cAMP signaling pathway, Hippo signaling pathway, and cell cycle, which were frequently implicated in the progression of HCC (Massimi et al., 2019; Huang et al., 2020; Wu et al., 2020) (Figure 2H).


[image: Figure 2]
FIGURE 2. Association between the N6-methyladenosine (m6A) RNA methylation regulators and clinicopathological and prognostic features of hepatocellular carcinoma (HCC) patients. (A) Consensus clustering model with cumulative distribution function (CDF) for k = 2–9. (B) Relative change in area under the CDF curve for k = 2–9. (C) The Cancer Genome Atlas (TCGA) liver hepatocellular carcinoma (LIHC) cohort was classified into two clusters with k = 2. (D) Principal component analysis of the total RNA expression profile of cluster 1 (red) and the cluster 2 (blue). (E) The correlation of the two clusters with clinicopathologic features was visualized by heatmap. (F) The overall survival of HCC patients in the two clusters was calculated by Kaplan–Meier curves. (G) Gene Ontology (GO) analyses were conducted to predict the potential function of the differentially expressing genes between the two clusters. (H) Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed to predict the underlying potential pathways regarding the differentially expressing genes. *P < 0.05.




Prognostic Significance of the N6-Methyladenosine RNA Methylation Regulator-Based Signature

Then, the prognostic significance of m6A RNA methylation regulators was evaluated for HCC patients. The univariate Cox regression and Kaplan–Meier analyses indicated that nine of the regulators were associated with poor survival of the HCC cases (Figure 3A; Supplementary Figure 1), including YTHDC1, KIAA1429, HNRNPA2B1, RBM15, YTHDF2, YTHDF1, HNRNPC, METTL3, and WTAP. In contrast, ZC3H13 was considered as a protective factor for HCC patients. Next, the LASSO algorithm, a generalized linear model, was performed to establish the prognostic signature. A coefficient profile plot was generated after the log2 transformation of the lambda (λ) value, which was determined by the smallest likelihood deviance (Figure 3B). Five m6A RNA methylation regulators (KIAA1429, ZC3H13, YTHDF1, YTHDF2, and METTL3) and corresponding coefficients were identified with minimum 10-fold cross-validated mean square error in TCGA cohort (Figure 3C). The risk score for each patient = ∑gene expression * coefficient (glmnet R package). Based on the median of the risk score, we stratified the HCC cohort into high-risk group and low-risk group. High-risk score group was positively correlated with aggressive pathological features like T status, tumor stage, and histological grade (Figure 3D). As shown in Figure 3E, the signature′s risk score could robustly predict survival rates for HCC patients [area under the curve (AUC) = 0.723]. Next, Kaplan–Meier analysis demonstrated that patients in the high-risk group had significantly shorter OS than low-risk cases (P < 0.001; Figure 3F). Furthermore, we evaluated the five-gene signature in stratification analyses (Supplementary Figures 2A,B). The high-risk score could predict poor prognosis for HCC patients at early tumor stages (P = 0.0018) and histological grades (P < 0.001). Although the difference was not statistically significant, the OS of high-risk cases at advanced tumor stages or histological grades was obviously lower than that of the low-risk group. We further conducted the multivariate Cox regression analysis and identified the risk signature as an independent prognostic factor. Consistently, the univariate and multivariate Cox regression analyses demonstrated that the signature-based risk score was an independent factor (P < 0.001, HR = 1.166, 95% CI = 1.099–1.236) for predicting the OS of HCC patients (Supplementary Figures 3A,B). In addition, we also evaluated the risk signature in ICGC and PCAWG datasets. In accordance, high-risk score indicated the poor survival of HCC patients in both of the two datasets (Figures 3G,H). The results above indicated that the m6A RNA methylation regulators were involved in HCC progression and serve as a potential biomarker for prognosis.
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FIGURE 3. Construction of the five N6-methyladenosine (m6A) RNA methylation regulator-based risk signature. (A) Univariate Cox regression was performed to screen the signature in 16 m6A RNA methylation regulators. (B,C) The coefficients of the five-gene signature (KIAA1429, ZC3H13, YTHDF1, YTHDF2, and METTL3) calculated by multivariate Cox regression with least absolute shrinkage and selection operator (LASSO). (D) The expression features of the five m6A RNA methylation regulators and the distribution of clinicopathological features were compared between the low- and high-risk groups of The Cancer Genome Atlas (TCGA) liver hepatocellular carcinoma (LIHC) datasets. (E) Receiver operating characteristic (ROC) curves were calculated to evaluate the predictive efficiency of the five-gene risk signature. (F) The Kaplan–Meier curves of HCC patients at the high-risk group and low-risk group in TCGA cohort. (G) The Kaplan–Meier curves of HCC patients at the high-risk group and low-risk group in the International Cancer Genome Consortium (ICGC) cohort. (H) The Kaplan–Meier curves of HCC patients at the high-risk group and low-risk group in the Pan-Cancer Analysis of Whole Genomes (PCAWG) cohort. *P < 0.05, **P < 0.01.




The Genomic Alteration and Clinical Implication of YTHDF1 in Hepatocellular Carcinoma

Given that the m6A regulator-based signature was correlated with tumor stage and histological grade, we further evaluated the expression of five regulators in different stages or grades of HCC (Supplementary Figures 4A,B). From early stages (grades) to advanced stages (grades), the expression level of YTHDF1 was remarkably elevated. Thus, we subsequently focused on the m6A reader YTHDF1. Initially, the types and frequency of YTHDF1 alterations of YTHDF1 were determined by cBioPortal. According to the OncoPrint (Figures 4A,B), YTHDF1 was altered in 65 of 360 (18.06%) LIHC patients, including mRNA upregulation in 53 cases (14.72%), amplification in one case (0.28%), mutation in three cases (0.83%), and multiple alterations in six cases (1.67%). In addition, the YTHDF1 alteration was enhanced in advanced grades of HCC patients (Figure 4C). Compared with the diploid cases, gain or amplification cases had higher YTHDF1 expression levels (P < 0.01; Figure 4D). Next, we conducted a meta-analysis of YTHDF1 mRNA expression in ICGC and GEO datasets (Figure 4E). In most datasets (9/10), HCC tissues presented significantly higher expression of YTHDF1 than that of normal liver tissues. Then, we further evaluated the diagnostic value based on the expression features of YTHDF1 by using ROC curves. As shown in Supplementary Figures 5A–E, YTHDF1, with distinct expression level in contrast to normal tissues, showed a potential diagnostic value in the whole cohort or cases at all different stages. Then, the clinical implications of YTHDF1 was subsequently analyzed in TCGA datasets. Overexpression of YTHDF1 was correlated with tumor volume, distant metastasis, histological grade, and neoplasm stage (Table 2). Furthermore, the univariate analysis and multivariate analysis suggested YTHDF1 as an independent prognostic marker for OS and recurrence-free survival of HCC patients in TCGA (Tables 3, 4).


[image: Figure 4]
FIGURE 4. YTHDF1 genomic alterations in hepatocellular carcinoma (HCC). (A,B) OncoPrint of YTHDF1 alterations in liver hepatocellular carcinoma (LIHC) cohort identified by cBioPortal. (C) YTHDF1 mRNA expression in different YTHDF1 copy number variation (CNV) groups. (D) Distribution of YTHDF1 CNV frequency in LIHC cases at different grades. (E) YTHDF1 expression in 10 Gene Expression Omnibus (GEO) datasets. *P < 0.05, **P < 0.01.



Table 2. Correlation of YTHDF1 expression with clinical features of HCC patients in TCGA.
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Table 3. Univariate analysis and multivariate analysis of overall survival in HCC patients from TCGA.
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Table 4. Univariate analysis and multivariate analysis of recurrence-free survival in HCC patients from TCGA.
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The Contribution of YTHDF1 to the Aggressive Behavior of Hepatocellular Carcinoma Cells

To further discover the roles of YTHDF1 in HCC, the current study conducted the functional assays in vitro and in vivo. First, we detected the protein and mRNA expressions of YTHDF1 in seven HCC cell lines, in which HepG2 had the highest expression level (Figures 5A,B). Then, four shRNAs were transfected into HepG2 cells to knock down YTHDF1, and Kd-YTHDF1-3 presented the best inhibitory efficiency (Figures 5C,D). Following knockdown of YTHDF1, the migration (P < 0.001) and invasion (P < 0.001) were significantly inhibited (Figures 5E,F), while the apoptosis ratio of HepG2 cells was dramatically increased (P = 0.0132; Figure 5G). As presented in Figure 5H, the flow cytometry showed that depletion of YTHDF1 increased the proportion of cells in G0/G1. Consistently, the proliferation of HCC cells was significantly repressed in the Kd-YTHDF1-3 group (Figure 5I). Furthermore, knockdown of YTHDF1 obviously decreased the volume of xenograft tumors (P < 0.001; Figure 5J). These pieces of evidence suggested the correlation of YTHDF1 with aggressive phenotypes of HCC cells.
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FIGURE 5. Silencing YTHDF1 inhibited the aggressive behaviors of hepatocellular carcinoma (HCC) cells. (A) The expression of YTHDF1 in HCC cell lines was detected by Western blotting. (B) The mRNA level of YTHDF1 in HCC cell lines was detected by qRT-PCR. (C) Short hairpin RNAs (shRNAs) were transfected into HepG2 cells to block the YTHDF1 expression. The expression of YTHDF1 in each group was detected by Western blotting. (D) The mRNA expression of YTHDF1 in each group was detected by qRT-PCR. (E,F) Migration and invasion of HepG2 cells were detected by wound-healing assay and Transwell assay. (G) The apoptosis of HepG2 cells with YTHDF1 silencing. (H) Cell cycle of HepG2 cells was evaluated by flow cytometry. (I) The proliferation of cells was detected by Cell Counting Kit-8 (CCK-8). (J) The effects of YTHDF1 on tumor growth were evaluated by xenograft tumor in nude mice. *P < 0.05, **P < 0.01.




YTHDF1 Regulated Epithelial–Mesenchymal Transition and AKT/Glycogen Synthase Kinase-3β/β-Catenin Signaling of Hepatocellular Carcinoma Cells

Based on the observations above, we further discovered the underlying mechanisms regulated by YTHDF1. In general, co-occurrence genes shared similar functions and mechanisms. Thus, we examined the co-occurrence profiles with YTHDF1 in HCC by LinkFinder. A total of 5,150 in 19,922 genes were defined as positively or negatively correlated significant genes with YTHDF1 (Figures 6A,B). ORA indicated that the co-occurrence genes were implicated in the RNA process, cell cycle, RNA binding, transcription regulator activity, DNA replication, and SUMOylation (Figure 6C). Next, GSEA was conducted to predict the potential functions and pathways induced by YTHDF1. The GO analysis suggested the association between YTHDF1 and G0/G1 transition, G1 damage checkpoint, mRNA splicing via spliceosome, and RNA splicing (Figure 7A). In addition, the KEGG analysis indicated that YTHDF1 was correlated with cell cycle, adherens junction, Wnt signaling, and phosphate metabolism (Figure 7B). As shown in Figure 7C, Hallmark analysis showed that YTHDF1 might be implicated in phosphoinositide 3-kinase (PI3K)/AKT signaling, MYC targets, Wnt/β-catenin signaling, and P53 pathway. Then, Western blotting was performed to verify the prediction above. Given the effects on invasion features and bioinformatic prediction, we initially detected epithelial–mesenchymal transition (EMT) markers. As shown in Figure 7D, knockdown of YTHDF1 significantly decreased the expression of N-cadherin and vimentin with the upregulation of E-cadherin, suggesting the positive effects of YTHDF1 on EMT process of HepG2 cells. Subsequently, we detected the pathways predicted by GSEA (Figure 7E). Following silencing YTHDF1, the expression of P-AKT(S308), P-AKT(S473), P-GSK-3β, β-catenin, c-MYC, TCF-1, cyclin D1, and CD44 was significantly downregulated, while the expression of total AKT and GSK-3β had no obvious changes. It suggested that YTHDF1 might enhance the aggressive behaviors of HCC cells through promoting the EMT process and activating AKT/GSK-3β/β-catenin signaling.
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FIGURE 6. YTHDF1 co-expression genes in hepatocellular carcinoma (HCC). (A) The global YTHDF1 significantly correlated genes in the liver hepatocellular carcinoma (LIHC) cohort were identified by LinkedOmics. (B) Heatmaps showing top 50 genes positively and negatively correlated with YTHDF1 in LIHC. Red dot, positively correlated gene; blue dot, negatively correlated genes. (C) Overrepresentation enrichment analysis of the significantly correlated genes in the LIHC cohort.
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FIGURE 7. YTHDF1 promoted epithelial–mesenchymal transition (EMT) and AKT/glycogen synthase kinase (GSK)-3β/β-catenin signaling of hepatocellular carcinoma (HCC) cells. (A–C) Gene set enrichment analysis (GSEA) was conducted to predict the potential functions and pathways regulated by YTHDF1 based on The Cancer Genome Atlas (TCGA) datasets. (D) The EMT markers were detected by Western blotting. (E) The markers of AKT/GSK-3β and Wnt/ β-catenin were detected by Western blotting.





DISCUSSION

It is well-elucidated that the genetic and epigenetic alterations induced by the m6A RNA methylation regulators modulate the related phenotypes. Aberrantly expressed m6A RNA methylation regulators have been correlated with various malignant behaviors in multiple cancer types. For HCC, previous studies indicated that some m6A RNA methylation regulators like KIAA1429, WTAP, and FTO were overexpressed in tissues and cell lines. In this study, we examined 16 widely reported m6A RNA methylation regulators in TCGA LIHC datasets. Consistently, most m6A regulators were overexpressed in HCC tissues compared with normal liver tissues. Based on the expression of m6A regulators, we further divided the HCC cohort into two clusters by consensus clustering. Cluster 2, with high expression levels of m6A RNA methylation regulators, showed significantly lower survival and higher tumor grades in contrast to those of cluster 1. It indicated that the expression of m6A RNA methylation regulators might be associated with poor prognosis of HCC. According to the univariate Cox regression analysis, 10 of the 16 m6A regulator genes were considered potential prognostic factors of HCC. Furthermore, differentially expressed genes between the two clusters were found enriched in well-known tumor-related pathways, including cAMP signaling pathway, Hippo signaling pathway, cell cycle, AMP-activated protein kinase (AMPK) signaling pathway, and PI3K–AKT signaling pathway. It further suggested the underlying correlations of m6A methylation regulators with initiation and progression of HCC.

Furthermore, by using LASSO algorithm, we constructed a risk signature with five m6A RNA methylation regulators, including KIAA1429, ZC3H13, YTHDF1, YTHDF2, and METTL3. The risk score of this signature was correlated with aggressive clinicopathological features, which could also act as an independent prognosis factor for the survival of patients. In addition, the risk score derived from five m6A RNA methylation regulators showed potential prognostic value in patients at different tumor stages. One recent study reported a signature consisting of METTL14 and METTL3 as an independent prognosis factor in clear cell renal cell carcinoma (Wang et al., 2020). Similar results about the clinical value of m6A regulators have also been found in bladder cancer, head and neck squamous cell carcinoma, and gastric cancer (Chen M. et al., 2019; Su et al., 2019; Zhao and Cui, 2019). However, different from previous studies, this study, for the first time, validated the prognostic value of the risk signature in two additional datasets, the ICGC and PCAWG datasets. As expected, the m6A regulator-based risk signature could predict poor survival of HCC cases in both of the two datasets. Given the current data, further efforts should be put to evaluate m6A methylation regulators as robust predictors in more HCC cohorts at multicenter level.

In addition to the prognostic value of the risk signature, the m6A RNA methylation regulators might also be associated with tumor progression. Of them, the expressions of YTHDF1 and YTHDF2 are shown to be dramatically elevated in HCC cases from early to advanced stages. As is known, the YTH domain family members can recognize and directly bind m6A methylation on RNA. Though YTHDF1 and YTHDF2 share the same m6A site-related YTH domain, other domains may bring them distinct functions. In the cytoplasm, YTHDF1 facilitates ribosome loading and promotes target translation, while YTHDF2 localizes its targets to process bodies and induce further degradation. YTHDF2 was recently recognized as a tumor suppressor, in which proliferation and angiogenesis were impaired by YTHDF2 overexpression (Hou et al., 2019; Zhong et al., 2019). In contrast, YTHDF1 promoted malignant behaviors by regulating the translation of tumor-related genes (Liu et al., 2020). A recent study indicated that the aberrant expression of YTHDF1 was associated with poor survival of HCC patients (Zhao et al., 2018). According to the bioinformatic analysis, overexpression of YTHDF1 was observed in the ICGC and multiple GEO datasets. Thus, we further investigated the expression features, potential roles, and mechanisms of YTHDF1 in HCC. As shown in functional assays, silencing YTHDF1 significantly inhibited the malignant behaviors of HCC cells, including proliferation, migration, invasion, and growth of xenograft tumors. Then, the current study tried to investigate potential mechanisms in combination of the bioinformatic prediction and molecular validation. In consistence with the phenotype changes induced by YTHDF1 silencing, GSEA indicated that YTHDF1 might be implicated in cell cycle, G0/G1 transition, and adherens junction. Further molecular assays demonstrated that YTHDF1 could promote EMT of HCC cells. In addition, knockdown of YTHDF1 significantly downregulated the phosphorylation level of AKT and GSK-3β and expression of β-catenin and its downstream markers like CD44, c-MYC, and TCF-1, suggesting that YTHDF1 might enhance aggressive phenotypes by activating AKT/GSK-3β/β-catenin signaling. Interestingly, YTHDF1 was recently reported to facilitate cancer stem cell properties (Bai et al., 2019). β-Catenin and its downstream CD44 were known as canonical markers of liver cancer stem cells. It was speculated that YTHDF1 might be involved in the regulation of cancer stem cell properties, thereby facilitating HCC progression. Though existing pieces of evidence have shed light on the carcinogenic effects of m6A RNA methylation regulator YTHDF1, more investigations should be conducted to further reveal its underlying mechanisms as well as the clinical significance in HCC.



CONCLUSION

In conclusion, this study established a risk signature formed by five m6A RNA methylation regulators for HCC prognosis based on TCGA datasets, which was further validated in ICGC and PCAWG datasets. Furthermore, YTHDF1 was further identified as an oncogenic gene for HCC by facilitating AKT/GSK-3β/β-catenin signaling. Our study provided evidence for future exploration of the prognostic and targeted value of m6A methylation in HCC.
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Accurate regulation of cell cycle is important for normal tissue development and homeostasis. RCC2 (Regulator of Chromosome Condensation 2) play a role as chromosomal passenger complex (CPC) implicated in all cell cycle phases. RCC2 was initially identified as Ran guanine exchange factor (GEF) for small G proteins. Therefore, RCC2 plays a key role in oncogenesis of most cancers. RCC2 is implicated in Colorectal Cancer (CRC), Lung Adenocarcinoma (LUAD), breast cancer, and ovarian cancer. Expression level of RCC2 protein determines regulation of tumor cell proliferation, invasion, metastasis, and radio-chemotherapeutic resistance. In this review, we explored proteins that interact with RCC2 to modulate tumor development and cancer therapeutic resistance by regulation of cell cycle process through various signaling pathways.
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INTRODUCTION

Regulator of Chromosome Condensation 2 (RCC2) is a member of Regulator of Chromatin Condensation 1 (RCC1) superfamily. Genes of this family comprise one or more RCC1-like domains (RLDs) involved in protein-protein interactions (Hadjebi et al., 2008). Proteins in this superfamily play significant roles in nucleocytoplasmic transport (Riddick and Macara, 2005), ubiquitinoylation (Scheffner and Staub, 2007), cell cycle, and response to DNA damage (Tan and Lee, 2004; Choi et al., 2013; Smith et al., 2014). RCC2, also known as Telophase Disc-60 (TD-60), was initially identified as a telophase disk-binding protein during mitosis, as it mediates progression of prometaphase to metaphase (Andreassen et al., 1991; Mollinari et al., 2003). RCC2 gene has a mitotic phosphorylation motif implicated in regulation of protein localization during mitosis (Yang et al., 2007). Furthermore, previous studies report that RCC2 gene plays an essential role in regulating cell cycle progression during interphase (Yenjerla et al., 2013). In addition, RCC2 acts as a specific Guanine Exchange Factor (GEF) for both Rac1 and RalA proteins (Mollinari et al., 2003). Notably, RCC2/RalA are implicated in regulation of kinetochore-microtubule interactions during prometaphase stage of mitosis (Papini et al., 2015). Moreover, Hu et al. report that RCC2 plays a pivotal role in G2-M transition (Hu et al., 2018).

The function of RCC2 in tumor development has been studied extensively in recent years due to its involvement in tumor cell migration. For example, RCC2 interacts with Fibronectin-dependent (FN-dependent) adhesion signaling pathways, by inhibiting activation of Rac1 and Arf6, which regulate adhesion complexes, thereby facilitating continuous cell migration (Danen, 2009; Humphries et al., 2009). A previous study shows that RCC2 overexpression promotes metastasis of Lung Adenocarcinoma (LUAD) by inducing Epithelial-Mesenchymal Transition (EMT) through modulation of mitogen-activated protein kinase-c-Jun N-terminal kinase (MAPK -JNK) signaling pathway (Pang et al., 2017). MAPK-JNK is a potential autophagy regulation pathway positively correlated with lung cancer tumorigenesis (Shih et al., 2012; Wang et al., 2014; Zhou et al., 2015). Additionally, RCC2 interacts with and deactivates Rac1, which is controlled by p53 (a short-lived tumor suppressor protein) signaling axis. These interactions regulate cell migration and suppression of metastasis in colorectal cancer (Song et al., 2018). Moreover, RCC2 plays an oncogenic role in breast cancer, by activating Wnt-signaling pathway, thus promoting cell proliferation and migration through Epithelial-mesenchymal transition (EMT) (Chen et al., 2019). Further, RCC2 is implicated in tumor cell proliferation (Matsuo et al., 2013; Chen et al., 2019; Yu et al., 2019), apoptosis and sensitivity (Wu et al., 2018; Gong et al., 2019; Yu et al., 2019), and poor prognosis of microsatellite stable (MSS) tumors (Bruun et al., 2015). Although several studies on RCC2 have been conducted, no review has previously reported its functions. Therefore, this review explores the functions of RCC2 in cell cycle and roles of RCC2 in cancer progression.

In this review, we present important aspects of RCC2 biology. The review summarizes the role of RCC2 in cell cycle, effects of overexpression of RCC2 gene in development of various cancers, such as promotion of tumor cell metastasis, RCC2 molecular features and proteins that interact with RCC2 as a tumor-promoting gene.



GENE AND PROTEIN STRUCTURES

Regulator of Chromosome Condensation 2 (RCC2) (OMIM accession # 609587) is encoded by a 4040 bp gene composed of 13 exons and located on the short arm of chromosome 1 (1p36.13) (Figure 1). RCC2 expression occurs during the late G2 phase of the cell cycle (Mollinari et al., 2003). Despite its location in the nucleus, RCC2 plays different roles in the cytoskeleton, plasma membrane, centromere, chromosome, and midbody (Andreassen et al., 1991; Martineau-Thuillier et al., 1998; Mollinari et al., 2003; Yenjerla et al., 2013; Williamson et al., 2014). A previous study reports that p53 binds to a palindromic motif in the promoter region of RCC2 to regulate its transcription (Song et al., 2018). Notably, RCC2 gene encodes a 522-amino acid protein which contains a conserved nuclear localization signal (NLS) in its amino-terminal region (Figure 1). A nuclear localization signal is an amino acid sequence that “tags” a protein for translocation into the nucleus by nuclear transport. RCC2 protein accumulates in the inner centromere region of chromosomes during prophase and redistributes to the midzone of the mitotic spindle during anaphase (Andreassen et al., 1991; Martineau-Thuillier et al., 1998; Mollinari et al., 2003). RCC2 protein structure consists of a RCC1-like domain (RLD) near the carboxyl-terminal region (Figure 1) (Ohtsubo et al., 1987). The structure of RLD comprises a seven-bladed propeller, which plays a role in protein-protein interaction, and in binding DNA (Ohtsubo et al., 1987; Aebi et al., 1990; Seki et al., 1996; Renault et al., 1998). RLD in RCC2 comprises five repetitive elements formed by 51–75 amino acid residues (Figure 1). Interestingly, Song et al. reported that the RLD domain of RCC2 binds to Rac1 through a β-hairpin comprising seven-bladed propeller structure thus inactivating it (Song et al., 2018).


[image: Figure 1]
FIGURE 1. A representation of RCC2 gene and its products. (A) The gene is located on chromosome 1p36.13; the structure on the left shows the chromosome cytobands, with the centromere (shown in green). (B) The gene is composed of 13 exons, whereby exon 2 encodes the NLS motif (depicted in yellow); RLD domain is encoded by the 3′ end of exon 3 to the 5′ start of exon 13 (in red). (C) RLD domain (in red) stretching from the middle to the carboxyl-terminal region. The inset represents β -propeller secondary structure of RLD domain [predicted by Phyre2 (Kelley et al., 2015)]. (D) The protein structure comprises 522 amino acid residues that includes an NLS motif at its amino-terminal region, starting approximately at the 26th residue and ending at the 36th residue (yellow box).




RCC2 AND CELL CYCLE

Cell cycle is a complex process, comprising a series of events that strictly control cellular growth and division. Several proteins directly or indirectly interact with the continuously changing chromatin during cell cycle to ensure that chromosomes are accurately segregated into two daughter cells. Therefore, cell cycle is essential for normal growth and development of organisms.

In 1991, Paul et al. reported a new mammalian mitotic organelle, which they named “Telophase Disc-60xl03Mr” (TD-60) which was later confirmed as RCC2 by HUGO Gene Nomenclature Committee (HGNC) (Andreassen et al., 1991). The protein was identified in human autoimmune serum that revealed its role in cytokinesis (Andreassen et al., 1991). During prophase, RCC2 is located at the primary constriction of the chromosome. RCC2 dissociates from chromosomes until mid-anaphase, thus aligning with microtubules in the region between the sister chromatids (Andreassen et al., 1991). Thereafter, RCC2 migrates to the equator and becomes part of the microtubule-independent organelle (Andreassen et al., 1991). Subsequently, RCC2 is incorporated into a complex together with motor protein. The complex migrates to the plus end of the interpolar microtubules in anaphase and is finally incorporated into the telophase disc organelle. The complex then fully partitions the cell at the spindle equator in late anaphase and through telophase (Figure 2) (Andreassen et al., 1991).


[image: Figure 2]
FIGURE 2. Schematic representation of the functions of RCC2 in the cell cycle process. In prophase, RCC2 is located at the chromosome primary constriction. In prometaphase, RCC2 binds to microtubules and converts GTP-Rac1 to GDP-Rac1, which plays a vital role in association of kinetochores with spindle microtubules and association of passenger proteins with inner centromeres. Moreover, RCC2 acts as a GEF for RalA, which converts GDP-RalA to GTP-RalA thus modulating kinetochore-microtubule interactions by regulating CPC. In metaphase, RCC2 migrates to the equator together with CPC. In anaphase, RCC2 is incorporated into the telophase disc organelle, thus fully partitioning the cell at the spindle equator in late anaphase and telophase.


Previous studies report that RCC2 is a member of passenger protein family, also known as chromosomal passenger complex (CPC). With the complex comprises Aurora B kinase (Adams et al., 2000), INCENP (Cooke et al., 1987), and Survivin (Gassmann et al., 2004). CPC regulates chromosomal alignment, spindle assembly, and cell cleavage during mitosis (Figure 2) (Mollinari et al., 2003). However, Diana et al. reported that RCC2 is a component of the complex but only associates with and functions as a CPC (Mollinari et al., 2003; Papini et al., 2015). Notably, RCC2 functions are vital for accurate completion of cytokinesis. Moreover, binding of RCC2 to microtubules and nucleotide-free form of the small G protein Rac1 is essential for interaction of kinetochores with spindle microtubules and passenger proteins at inner centromeres (Mollinari et al., 2003). Studies using G2/M arrested in Rac1 mutants showed that binding of RCC2 to microtubules regulates transition from prometaphase to metaphase and G2/M progression (Figure 2) (Mollinari et al., 2003; Bruun et al., 2015). In addition, RCC2 converts GTP-Rac1 to GDP-Rac1 (Figure 2) (Song et al., 2018). A new mitotic phosphorylation motif reported in RCC2 regulates protein localization during mitotic progression, thus regulating cell cycle process (Yang et al., 2007). Furthermore, RCC2 modulates activation of Rac1 and acts as a GEF for RalA. Therefore, RCC2/RalA modulates kinetochore-microtubule interactions by regulating CPC in prometaphase during mitosis (Figure 2) (Papini et al., 2015). Therefore, RCC2 plays an essential role during transition from prometaphase to metaphase and G2/M, whereas RCC1 is only implicated in G1 phase (Dasso et al., 1992; Moore, 2001).

Previous studies report that RCC2 interacts with Rac1 and Arf6 cell signaling, the interphase cell cycle progression related component (α5β1) integrins, and cortactin, implying that RCC2 plays a role in interphase (Humphries et al., 2009; Grigera et al., 2012). Mythili et al. report that loss of RCC2 affects normal cell cycle progression of G2 and suppresses G1/S (Yenjerla et al., 2013). These findings imply that RCC2 plays an essential role in regulating cell cycle progression during interphase.

In summary, low expression levels of RCC2 inhibits the cell cycle, through G1 and G2 arrest and blocking of prometaphase, thus inhibiting cell proliferation. Therefore, RCC2 plays a significant role in the cell cycle process, especially during mitosis and cell division.



ROLE OF RCC2 IN CANCERS

As mentioned earlier, RCC2 protein plays an important role in mitosis (Mollinari et al., 2003). Proteins involved in mitosis are highly expressed in various tumor cells implying that they play a role in cancer progression. Notably, RCC2 is highly expressed in several cancer types, including breast, ovarian, lymphoma, cervical, breast, gastric, colorectal, lung, and liver cancer (Chen et al., 2019).


RCC2 and Colorectal Cancer

Colorectal Cancer (CRC) is the fourth highest cause of cancer-related deaths worldwide (Brody, 2015). High incidence rate of CRC can be attributed to adoption of western diets and lifestyles in most parts of the world (Brody, 2015). Several genomic analyses show that RCC2 is one of the commonly mutated genes in CRC (Cancer Genome Atlas Network, 2012; Giannakis et al., 2014). RCC2 is a highly conserved protein implicated in prognosis of colorectal cancers, including microsatellite instable (MSI) tumors and microsatellite stable (MSS) tumors (Kim et al., 2002). However, studies report that RCC2 is implicated in colorectal carcinomas through MSI induced by DNA mismatch repair (MMR) deficiency (Kim et al., 2002).

Furthermore, protein expression levels of RCC2 are positively correlated with development of CRC. The (A)10 mononucleotide repeat located in the 5′UTR of RCC2 and 5′UTR region also implictaed in translational regulation (Pickering and Willis, 2005). Deletion of a single base in the (A) 10 repeat decreases RCC2 expression, whereas RCC2 knockdown causes MSI tumor arrest at the G2-M phase and increased levels of apoptosis (Bruun et al., 2015). Consequently, RCC2 has plays an oncogenic role in MSI tumors. However, low protein expression level of RCC2 is associated with poor prognosis of MSS, which is attributed to its functional inhibition of tumor cell metastasis by regulating integrin α5β1-fibronectin (FN) signaling pathway (Humphries et al., 2009; Bruun et al., 2015). A study by Gautam and colleagues showed that RCC2 is a novel p53 transcriptional target that interacts with small GTPase Rac1 to inhibit its activation.

Interestingly, depletion of RCC2 in human colon cancer cell line (HCT116) showed elongated cellular morphology and increased cell migration; however, cell proliferation differences were not observed (Song et al., 2018). Activation of Rac1 in cell migration has been reported in previous studies (Pankov et al., 2005; Frank et al., 2006). In colorectal cancer, RCC2 interacts and deactivates Rac1, which is controlled by p53 signaling axis. Deactivation of Rac1 regulates cell migration and suppresses metastasis in colorectal cancer. In conclusion, mechanism of RCC2 in CRC is complex, therefore, further studies should be carried out to explore the molecular mechanism of RCC2 in development of CRC.



RCC2 and Lung Adenocarcinoma (LUAD)

Lung cancer is among the leading cause of cancer deaths, contributing about one-quarter of global cancer-related mortalities (Siegel et al., 2020). Adenocarcinoma is the most common histologic type of lung cancer worldwide (Cancer Genome Atlas Research Network, 2014). RCC2 is a poor independent prognostic factor for LUAD patients. RNA-seq analysis of data retrieved from The Cancer Genome Atlas (TCGA) database data showed overexpression of RCC2 in LUADs (Pang et al., 2017). High expression level of RCC2 is positively correlated with T status of the tumor, lymph node metastasis, advanced clinical stage, and poor overall survival in LUAD patients (Pang et al., 2017).

In LUAD, RCC2 is associated with EMT and extracellular matrix remodeling, which contributes to tumor metastasis (Pang et al., 2017). RCC2-transfected cells show high expression levels of JNK1/2 (Pang et al., 2017). In addition, LUAD samples show high RCC2 expression, which is positively correlated with high JNK1/2 activation (Pang et al., 2017). These findings show that RCC2 plays a role in JNK pathway which is implicated in progression and maintenance of phenotypic and cellular changes associated with EMT (Sahu et al., 2015). Furthermore, JNK inhibitor inhibits RCC2-induced EMT and expression of matrix metalloproteinases (MMPs) (MMP-2 and MMP-9). The-Jun N-terminal kinases (JNKs) which are members of mitogen-activated protein kinase (MAPK) family mediate important physiological processes (Zeke et al., 2016). JNK pathway, one of the major signaling cassettes of MAPK signaling pathway, plays an important role in apoptosis, inflammation, cytokine production, and metabolism (Zeke et al., 2016). EMT is a key event during metastasis and plays a critical role in tumor invasion and metastasis during tumor progression by regulating epithelial markers, mesenchymal markers, and transcription factors (Thiery et al., 2009; Valastyan and Weinberg, 2011). In this case, activation of phosphorylated JNK is mediated by expression level of RCC2 in human LUAD cell. Moreover, activation of JNK inhibits RCC2 activity in LUAD cell, including enhanced cell motility and invasiveness, RCC2-induced EMT and expression of MMP-2 and MMP-9. On the other hand, RCC2 overexpression promotes LUAD cell proliferation and promotes metastasis by inducing epithelial-mesenchymal transition (EMT) by modulating MAPK-JNK signaling pathway (Pang et al., 2017).

In addition, previous studies report that long non-coding RNAs (lncRNAs), ENST00000439577, are associated with expression of RCC2 and promotion of proliferation, invasion, and migration of non-small cell lung cancer (NSCLC) (Feng et al., 2016).



RCC2 and Breast Cancer

Breast cancer is the most common type of cancer in women worldwide (DeSantis et al., 2017; Siegel et al., 2020). A recent study reports that RCC2 is significantly highly expressed in breast cancer and is associated with poor overall survival in breast cancer patients (Chen et al., 2019). Previous studies report that RCC2 is highly expressed in basal-like subtype of breast cancer which is associated with higher propensity for metastasis and worse prognosis compared to other types of breast cancers (Carey et al., 2010; Chen et al., 2019). A recent study shows that RCC2 expression promotes estrogen receptor-positive (ER+) breast tumorigenesis by increasing expression of IGF1 and TWIST1, tumor-enhancing genes, and IL-6 (Wang W. et al., 2020).

Additionally, overexpression of RCC2 promotes cell proliferation and migratory capability in MCF7, and MDA-MB-468 human breast cancer cells. Therefore, RCC2 knockdown inhibits tumor progression and metastatic potential in vivo and in vitro (Chen et al., 2019). Subsequently, increased RCC2 expression promotes mesenchymal morphology and acquired migratory capability. Furthermore, overexpression of RCC2 promotes EMT progression, whereas RCC2 knockdown inhibits EMT (Chen et al., 2019). In addition, high expression levels of RCC2 regulates Wnt signaling genes, such as β-catenin, Cyclin D1 and c-Myc (Chen et al., 2019). Wnt signaling pathways are a group of signal transduction pathways implicated in physiological initiation and progression of breast cancer (Chu et al., 2004). A previous study reports that repression of Wnt/β-catenin signaling can prevent EMT, which further inhibits metastasis of basal-like breast cancer (DiMeo et al., 2009). Expression and nuclear translocation of β-catenin increases with increase in RCC2 expression levels (Chen et al., 2019). Moreover, RCC2 expression increases activation of β-catenin transcriptional targets including c-Myc and CyclinD1, further promoting progression of EMT, and resulting in breast cancer metastasis. In summary, RCC2 promotes development of breast cancer by inducing EMT and regulating Wnt-signaling pathway.

In conclusion, RCC2 functions as an oncogene in breast cancer.



RCC2 and Ovarian Cancer

Ovarian cancer is a common gynecologic malignancy in women that leads to gynecological-cancer-associated death (Holmes, 2015). Shipeng et al. report that RCC2 is implicated in the progression of ovarian cancer (Gong et al., 2019). Expression level of RCC2 is significantly higher in DDP-resistant ovarian cancer cells compared with DDP-sensitive ones. These finding implies that RCC2 plays a vital role in drug resistance (Gong et al., 2019). RCC2-RalA signaling pathway promotes ovarian cancer cell proliferation, migration, and inhibits apoptosis (Gong et al., 2019). In addition, RCC2 interacts with RalA and regulates RalA signaling pathway, resulting in cisplatin-resistance in ovarian cancer (Gong et al., 2019). RCC2 gene is a novel target for miR-331-3p that negatively regulates it (Buranjiang et al., 2019). Decreased expression of miR-331-3p promotes growth of ovarian cancer cells by reducing expression levels of RCC2 (Buranjiang et al., 2019). However, increased RCC2 expression levels in ovarian cancer restores capacity of cell proliferation, migration, and invasion inhibited by miR-331-3p (Buranjiang et al., 2019). Therefore, RCC2 and associated proteins are potential therapeutic targets for treatment of ovarian cancer.



RCC2 and Other Cancers

MiR-29c tumor-suppressor in gastric carcinoma targets the 3′ untranslated region (3′UTR) of RCC2, reducing its expression, thus regulating tumor cell proliferation (Matsuo et al., 2013). A previous study reports that RCC2 promotes cell growth and motility by regulating the level of RalA-GTP and modulating MAPK/JNK pathway (Wang P. et al., 2020). Furthermore, RCC2 plays a role in stabilization and transcriptional activation of Sox2, an important transcription factor that promotes malignancy of esophageal cancer (Calderon-Aparicio et al., 2020). In glioblastoma, RCC2 is implicated in tumor proliferation, tumorigenicity, and promoting radio-resistance by activating DNA methyltransferase 1 (DNMT1) transcription in a p-STAT3 dependent manner (Yu et al., 2019). Two independent genome-wide SNP association analyses showed that RCC2 plays a role in tumorigenesis (Stacey et al., 2008). In addition, RCC2 is among the candidate genes which are associated with single nucleotide polymorphism (SNP) rs7538876, which is associated with cutaneous basal cell carcinoma (BCC) (Stacey et al., 2008). Therefore, RCC2 plays a role in early recurrence of melanoma (Rendleman et al., 2013), and hepatocellular carcinoma (Xiong et al., 2019). Moreover, a recent study reported that RCC2 promotes development of hepatocellular carcinoma (HCC), especially during tumor invasion, and is implicated in cisplatin resistance (Chen et al., 2020).




RCC2 AND THERAPEUTIC RESISTANCE

Extensive studies provide in-depth understanding of the functions of RCC2 in development of various cancers, and its association with therapeutic resistance. High expression level of RCC2 is reported in lung and ovarian cancers, where it functions as a GEF for Rac1, which is subsequently involved in superoxide-induced cell death (Williamson et al., 2014; Wu et al., 2018). Rac1 functions as a proapoptotic regulator that responds to various types of apoptotic stimuli and modulates anti-proapoptotic events (Wu et al., 2018). Forced RCC2 expression in tumor cells attenuates sensitivity of tumor cells to spontaneous or Staurosporine (STS)-induced apoptosis (Wu et al., 2018). However, activation of Rac1 inhibits RCC2-induced apoptosis. Therefore, overexpression of RCC2 in tumor cells prevents cellular apoptosis and promotes chemotherapeutic resistance by blocking Rac1 signaling (Figure 3) (Wu et al., 2018). Bioinformatic studies show that RCC2 is associated with Exportin-1 (XPO1), which is a crucial factor in a complex mechanism of bortezomib resistance in multiple myeloma (Figure 3) (Chanukuppa et al., 2019). This chemoresistance results in high mortality and incurable hematological malignancy.


[image: Figure 3]
FIGURE 3. Schematic representation of the role of RCC2 in therapeutic resistance of cancer treatment through regulation of related proteins. (A) The left side shows the common chemotherapy drugs, bortezomib, STS, and DDP, and radiotherapy, which are used for cancer treatment by inducing tumor cell apoptosis. (B) The right side shows how RCC2 regulates some special proteins, (Xpo1, Rac1, RalA), and signaling pathways (JAK-STAT, DNMT1/p-STAT3), which result in attenuated anti-cancer effect of therapeutics, leading to therapeutic resistance.


Cisplatin (DDP) is the first-line drug for treatment of ovarian cancer. However, drug resistance lowers therapeutic outcomes in ovarian cancer patients (Gong et al., 2019). A previous study reports that expression level of RCC2, RalA, and RalBP1 is significantly higher in DDP-resistant ovarian cancer cell lines compared to the DDP-sensitive tissues (Gong et al., 2019). These finding implies that RalA and RalBP1 are involved in oncogenesis and chemoresistance of lung cancer (Drake et al., 2007; Kashatus, 2013; Gong et al., 2019). RCC2 play an oncogenic role by promoting proliferation and migration of DDP-resistant ovarian cancer cell lines and inhibiting cell apoptosis by regulating RalA signaling pathway (Gong et al., 2019). The interaction between RCC2 and RalA is implicated in chemoresistance of ovarian cancer. Furthermore, RalA knockdown activates DDP-resistant ovarian cancer apoptosis, which is inhibited by overexpression of RCC2 (Figure 3) (Gong et al., 2019). These findings imply that RCC2 regulates RalA signaling pathway by interacting with RalA, thus promoting cisplatin resistance in ovarian cancer.

In another study on glioblastoma (GBM), expression of RCC2, the activity of the cell cycle, mismatch repair, and JAK-STAT pathways were significantly increased, implying that RCC2 plays a role in radioresistance (Yu et al., 2019). Previous studies report that RCC2 silencing decreases radioresistance of GBM cells, demonstrating the fundamental role of RCC2 gene in therapeutic resistance (Yu et al., 2019). Moreover, -STAT3 regulates transcription of DNA methyltransferase 1 (DNMT1) (Yu et al., 2019). DNMT1 and p-STAT3 (downstream factors of RCC2) are implicated in therapeutic resistance in GBM tumor cells by functioning in an epistatic manner with RCC2 (Yu et al., 2019). Therefore, RCC2 plays a vital role in tumor proliferation, tumorigenicity, and promotes radioresistance by activating transcription of DNA methyltransferase 1 (DNMT1) through a p-STAT3 dependent pathway (Figure 3).

Taken together, RCC2 promotes therapeutic resistance in most cases via interacting with various signaling pathways, which resulted in poor effects in cancer treatment. Therefore, RCC2 could be considered to be a potential biomarker. Considering the expression level of RCC2 in the development of a cancer treatment plan may be a useful method. Likewise, taking measures to inhibit the high expression of RCC2 in some cancers also may bring a good therapeutic effect.



RCC2 AND TUMOR CELL METASTASIS

Metastasis is a major cause of most cancer-related deaths and is a major clinical challenge in cancer treatment (Santiago-Medina and Yang, 2016). Previous studies report two forms of cell migration in tumors (Santiago-Medina and Yang, 2016). Chemotaxis is an extensively studied migration process where random cell migration, invasion, and metastasis are driven by a series of signals generated through soluble cues (Santiago-Medina and Yang, 2016). On the other hand, haptotaxis, a rarely studied mode of migration, is a substrate-bound cue-mediated mode of cell migration where the gradient of the extracellular matrix (ECM) is sensed as a guidance cue for directional migration of tumor cells (Santiago-Medina and Yang, 2016).

In addition to RCC2 being involved in multiple steps of pro-tumorigenic phenomena, it is associated with tumor metastases. As mentioned earlier, RCC2 and Rac1 signaling pathways play a vital role in therapeutic resistance (Wu et al., 2018). In colorectal cancer, RCC2 plays a vital role in the regulation of tumor migration and metastasis through p53 (a tumor-suppressor gene)-RCC2 signaling (Muller et al., 2011). p53 plays numerous roles in tumor development, it binds to a palindromic motif in the promoter region of RCC2, thus activating its transcription (Song et al., 2018). Moreover, a previous study reports that RCC2 plays a vital role in regulating directional cell movement through fibronectin-activated signaling pathways (Byron et al., 2011). RCC2 promotes directional cell migration by binding to coronin-1C, which is crucial for RAC1 activation (Byron et al., 2011; Williamson et al., 2014).

RCC2 plays a role in α5β1-FN-signaling network and physically interacts and deactivates Rac1 (Yenjerla et al., 2013; Wu et al., 2018). Rac1, a small GTPase, interacts with RCC2's RCC1 like domain through its unique β-hairpin and participates in membrane protrusion (Wu et al., 2018). Moreover, RCC2 interacts with and deactivates Arf6, which is involved in integrin-dependent membrane trafficking (Pankov et al., 2005; Humphries et al., 2009; Song et al., 2018). Interaction between MENA (an actin regulator with roles in cell migration) and α5β1 integrin promotes cancer cell haptotaxis on fibronectin, leading to metastasis (Santiago-Medina and Yang, 2016). Therefore, α5β1 promotes progression of invasion of cancer cells. On the other hand, RCC2 plays a vital role in cellular response to changes in FN-concentrations (Song et al., 2018).

Expression of RCC2 is decreased by low levels of p53, which enhances activation of Rac1 and Arf6, and inhibition of cellular recognition of FN-concentrations (Pankov et al., 2005). This substrate surface ECM content concentrations leads to deterioration of haptotaxis. Activated Rac1 mediates random migration by promoting formation of peripheral lamellae, thus facilitating invasion of cancer cells (Pankov et al., 2005). Besides, haptotaxis functions as a sensor of varying concentration of underlying ECM, and inhibitory matrix cues cannot be sensed by deteriorated haptotaxis, resulting in random cell migration and tumor cell metastasis (Chan et al., 2014). Therefore, RCC2 inhibits tumor cell metastasis by inhibiting activation of small GTPases, Rac1, and Arf6, and by promoting α5β1-FN-signaling network and cellular recognition to FN concentrations (Figure 4).
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FIGURE 4. A graphical representation of the role of RCC2 in signaling pathways related with metastasis. On one hand, RCC2 inhibits activation of Rac1 and Arf6 and ensures proper function of α5β1-FN-signaling network, thus inhibiting metastasis. On the other hand, RCC2 promotes metastasis by regulating EMT and ECM remodeling through MAPK-JNK and Wnt-signaling pathways.


Overexpression of RCC2 plays a functional role in LUAD metastasis. Overexpression of RCC2 increases expression of epithelial-mesenchymal transition (EMT) markers (N-cadherin and α-SMA), EMT-related transcription factors (Snail and Slug), and MMPs in LUAD (Pang et al., 2017). In addition, it decreases expression of β-catenin and E-cadherin, implying that RCC2 regulates EMT and ECM remodeling (Pang et al., 2017). Moreover, EMT and ECM remodeling are critical in promotion of tumor invasion and metastasis. RCC2-transfected cells increases expression of activated JNK, thus promoting migratory and invasive abilities of A549-RCC2 cells and RCC2-induced EMT and MMPs (Pang et al., 2017). These findings imply that MAPK-JNK signaling contributes to LUAD metastasis through induction by RCC2 (Figure 4). Therefore, overexpression of RCC2 promotes LUAD metastasis by inducing EMT and ECM remodeling through activation of MAPK-JNK signaling. Notably, mechanism of RCC2-induced metastasis in LUAD is similar to the mechanism in breast cancer. Although RCC2 promotes cell migration, by inducing EMT through activation of the Wnt-signaling pathway (Figure 4), it has been reported to promotes metastasis of ovarian cancer (Chen et al., 2019). Gulimire et al. report that direct targeting of RCC2 microRNA-331-3p (miR-331-3p) may function as a tumor suppressor in ovarian epithelial carcinoma (EOC) (Buranjiang et al., 2019). Therefore, RCC2 regulating tumor cell metastasis by activating a series of signaling pathways.



RCC2 AND DNA DAMAGE

Few studies report on the relationship between RCC2 and DNA damage response (DDR). However, a previous study reports that RCC2 interacts with Ku86, which combines with Ku70 thus playing a core role in Non-homologous end joining (NHEJ), as detected by RP-RP MS, a precise mass spectrometric measurement (Zhou et al., 2010). Besides, another study reports that lncRNA LCPAT1 targets RCC2 during cigarette smoke extract (CSE) induced DNA damage (Gao et al., 2019). Interestingly, the study reported that a decrease in RCC2 expression decreases expression and foci numbers of γ-H2AX, a DNA damage marker, in CSE-treated Beas-2B cells, implying that loss of RCC2 exacerbates DNA damage (Gao et al., 2019). Association between RCC2 and γ-H2AX suggests that RCC2 is potentially associated with DDR. In summary, RCC2 may plays a role in DDR process, however further studies on the exact role of RCC2 in DDR should be carried out.



CONCLUDING REMARKS

RCC2 plays key roles in regulation of cell cycle. Previous studies report that RCC2 is involved in all phases of the cell cycle. RCC2 plays a major role in the M phase compared with the interphase. In M phase, RCC2 associates with the chromosome and microtubule and functions as CPC or its member. Therefore, RCC2 promotes transition from prometaphase to metaphase by regulating the switch of inactive and active states of small G protein Rac1 and RalA. After transition, it becomes part of the telophase disc organelle for cell cleavage. Although studies report that low levels of RCC2 affect normal progression of interphase, the mechanism should be explored further.

RCC2 functions as an oncogene in numerous kinds of cancers by promoting progression of tumor cells, facilitates metastatic behaviors and induces therapeutic resistance in tumor cells. Expression level of RCC2 is significantly high in most common cancer types. The mechanism of RCC2 in CRC is complex. RCC2 knockdown in MSI group promotes tumor cell apoptosis. On the other hand, low expression level of RCC2 aggravates tumor cell metastasis through α5β1-FN-signaling pathway. In LUAD, RCC2 plays a significant role in MAPK-JNK signaling pathway, thus promoting LUAD cell proliferation and metastasis. RCC2 is a poor independent prognostic factor for LUAD patients. Expression level of RCC2 is associated with progression of EMT and regulation of activation of Wnt-signaling pathway, which promote development of breast cancer. In addition, RCC2 promotes cisplatin-resistance in ovarian cancer by regulating RalA signaling pathway. These findings show that RCC2 is an oncogene in tumorigenesis. Therefore, RCC2 is a potential therapeutic target for cancer treatment.

Furthermore, RCC2 has a potential role in modulating DNA damage process as it interacts with Ku86 and is associated withγ-H2AX. DDR is closely related to genome stability and tumorigenesis. However, the exact relationship between RCC2 and DNA damage should be explored further.

In summary, RCC2 plays an important role in cell cycle, cancer development, and therapeutic resistance of anticancer drugs. The role of RCC2 in the cell cycle is positively correlated with tumor formation and tumor cell sensitivity to therapies. Therefore, RCC2 is a potential biomarker for development of new and specific anti-cancer therapeutic strategies.
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Background: The incidence of prostate cancer (PCa) is high and increasing worldwide. The prognosis of PCa is relatively good, but it is important to identify the patients with a high risk of biochemical recurrence (BCR) so that additional treatment could be applied.
Method: Level 3 mRNA expression and clinicopathological data were obtained from The Cancer Genome Atlas (TCGA) to serve as training data. The GSE84042 dataset was used as a validation set. Univariate Cox, lasso Cox, and stepwise multivariate Cox regression were applied to identify a DNA repair gene (DRG) signature. The performance of the DRG signature was assessed based on Kaplan–Meier curve, receiver operating characteristic (ROC), and Harrell’s concordance index (C-index). Furtherly, a prognostic nomogram was established and evaluated likewise.
Results: A novel four DRG signature was established to predict BCR of PCa, which included POLM, NUDT15, AEN, and HELQ. The ROC and C index presented good performance in both training dataset and validation dataset. The patients were stratified by the signature into high- and low-risk groups with distinct BCR survival. Multivariate Cox analysis revealed that the DRG signature is an independent prognostic factor for PCa. Also, the DRG signature high-risk was related to a higher homologous recombination deficiency (HRD) score. The nomogram, incorporating the DRG signature and clinicopathological parameters, was able to predict the BCR with high efficiency and showed superior performance compared to models that consisted of only clinicopathological parameters.
Conclusion: Our study identified a DRG signature and established a prognostic nomogram, which were reliable in predicting the BCR of PCa. This model could help with individualized treatment and medical decision making.
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INTRODUCTION
Prostate cancer (PCa) is one of the most frequently diagnosed neoplasm all over the world, with an estimated 191,930 new cases and 33,330 death in 2020 in the United States (Siegel et al., 2020). The curative therapies including radical prostatectomy (RP) and radical radiation are the standard treatment for localized PCa (Mottet et al., 2017; Sanda et al., 2018), but biochemical recurrence (BCR) still occurs for approximately 20–40% of patients (Van den Broeck et al., 2019). Without secondary treatment, patients with BCR would experience clinical progression within 5–8 years, and among these, 32–45% will succumb to PCa within 15 years (Brockman et al., 2015). Thus, a marker signature that can identify patients with a high risk of BCR has great clinical value.
Genomic instability is one of the hallmarks of cancer (Hanahan and Weinberg, 2011). To maintain genome integrity, a complex DNA damage response (DDR) was developed to repair the DNA damage. Defects in DDR are associated with increased mutational load and genome instability, leading to a neoplastic transformation and proliferation (Minchom et al., 2018). The DNA repair gene (DRG) alterations were common in cancers, including ovarian cancer, breast cancer, and prostate cancer (Ali et al., 2017; Mateo et al., 2017; Mirza-Aghazadeh-Attari et al., 2019). Due to the DDR defects, cancer cells are more reliant on other repair pathways for survival, which makes DDR targeting an attractive therapeutic strategy. An important example is homologous recombination deficiency (HRD). The BRCA 1/2 are the important homologous recombination-related genes, and the germline BRCA 1/2 mutation has been confirmed as independent predictive factor for prognosis of PCa (Castro et al., 2013). The HRD is also a predictive marker for therapy with PARP inhibition (PARPi) such as Olaparib in PCa and other kinds of cancers (Kaufman et al., 2015; Mateo et al., 2015; Robson et al., 2017; Mateo et al., 2020). These issues indicated that DDR defects could be powerful prognostic factors in PCa.
In this work, we used The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) to explore the DRGs related to the prognosis of PCa and potentially to explore biomarkers of DNA repair deficiency to improve the survival of PCa patients.
METHOD
Publicly Available mRNA Data and DNA Repair Gene Sets
Data from two publicly available datasets were incorporated into our study. The level three mRNA sequencing and clinical data of TCGA-PRAD were acquired from TCGA (https://portal.gdc. cancer.gov/). The HTSeq-Counts data were downloaded and normalized with the edgeR package (Robinson et al., 2010). The GSE84042 dataset with seventy three prostate cancer samples was used as a validation dataset. The normalized mRNA expression file of GSE84042 was downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo) and the relevant clinical information was retrieved from the Supplementary Material of the original literature (Fraser et al., 2017). The list of DRG was retrieved from Knijnenburg’s publication (Knijnenburg et al., 2018).
Signature Generation and Statistical Analysis
We matched the DRG list with the TCGA-PRAD mRNA expression profile of the TCGA dataset. A univariate Cox proportional regression model was used to calculate the association between the expression of each DRG and BCR survival. Next, we used the least absolute shrinkage and selection operator (LASSO) method for variable selection in a Cox regression model to determine significant prognostic genes, and one standard error (SE) above the minimum criteria was selected. To make our model more optimized and practical, a stepwise Cox proportional hazards regression model was used. Finally, a risk score formula was calculated by taking into account the expression of optimized genes and correlation estimated Cox regression coefficients: Risk score = (exp Gene1 × coef Gene1) + (exp Gene2 × coef Gene2) + … + (exp GeneN × coef GeneN).
Patients with PCa were classified into the high- or low-risk group by ranking the given risk score. The “surv_cutpoint” function in the survminer package was used to determine the optimal cut-off value of the risk score. Kaplan-Meier analysis, the area under the (AUC) of the receiver operating characteristic (ROC) curve (using the timeROC package), and Harrell’s concordance index (C index, using the survcomp package) were used to evaluate the performance of the prognostic gene signature. The GSE84042 dataset was used for validation. The risk scores of each patient were calculated using the same formula and the optimal cut-off value was determined using the “surv_cutpoint” function.
To assess the DRG signature risk score distribution, we compared the risk scores according to different clinical status. The Mann–Whitney U test was used for comparison. Besides, the HRD scores, which was generated as a sum of genomic scar scores including the telomeric allelic imbalance (TAI) (Birkbak et al., 2012), loss of heterozygosity (LOH) (Abkevich et al., 2012), and large-scale transition (LST) (Popova et al., 2012), of TCGA dataset was retrieved from Knijnenburg’s publication (Knijnenburg et al., 2018) to assess the association between HRD score and the DRG signature status.
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed for these with prognostic significance in univariate Cox regression using DAVID 6.8 (Huang da et al., 2009).
Identification of Independent Prognostic Parameters for PCa
To identify independent prognostic parameters for PCa associated with the BCR-free survival and to validate the independent prognostic value of the gene signature, univariate and multivariate Cox regression analyses were performed based on the prognostic gene signature and clinical parameters, including the age at diagnosis, pathologic T stage, Gleason score, and preoperative PSA. Parameters with p < 0.05 based on univariate analysis were further included in the multivariate Cox regression analysis. p < 0.05 was considered statistically significant.
Establishment and Validation of a Predictive Nomogram.
After testing for collinearity, independent prognostic parameters and relevant clinical parameters were included to construct a prognostic nomogram to predict 1-, 3-, and 5-year progression-free survival for PCa patients. Calibration plots of 1-, 3-, and 5-year were plotted to assess the reliability of this nomogram. Kaplan-Meier analysis, the AUC of the ROC curve (using the timeROC package), and C index (using the survcomp package) were used to evaluate the performance of the nomogram. To evaluate the efficacy of the DRG signature in improving the nomogram model performance, we also generated a clinical model with only clinical parameters using the Cox stepwise regression. The decision curve analysis (DCA) was applied to compare the performance of the nomogram model and clinical model. Integrated discrimination improvement (IDI) and net reclassification improvement (NRI) were also calculated.
Statistical Analysis Softwares
Statistical analysis was performed using R software v4.0.2 and GraphPad Prism v8.01 (https://www.graphpad.com).
RESULTS
Construction of the DRG Signature in TCGA Cohort
In the TCGA dataset, three hundred and ninety one patients with the BCR survival information were selected to develop the DRG signature (Supplementary Table S1). The median (Interquartile range, IQR) follow-up duration was 2.4 (1.4–3.7) years. The univariate Cox regression analysis found that 67 DRGs were statistically significantly correlated with BCR survival (p < 0.05) (Supplementary Table S2). The detailed expression pattern of 67 DRG were shown in Figure 1A. KEGG and GO analyses were used to clarify the biological processes and pathways related to these significant genes (Figures 1B,C), which revealed that these genes were primarily involved in Fanconi anemia, DNA damage response, and DNA repair pathways. Next, a LASSO Cox regression model was used to calculate the most useful prognostic genes, and one SE above the minimum criteria was chosen, resulting in a model with four genes: POLM, NUDT15, AEN, and HELQ (Figures 1D,E). Additionally, a stepwise Cox proportional hazards regression model was used and it suggested that the 4-gene signature was already the optimal model. The detailed information of this signature was listed in Supplementary Table S3. Subsequently, a risk score was built: Risk Score = (0.9139 × POLM expression)−(0.7278 × NUDT15 expression)−(0.6761 × AEN expression)−(1.2567 × HELQ expression). The risk score for each patient was calculated using this formula. The ROC curve was plotted and the AUC values of different time points were calculated. Results showed that for predicting BCR-free survival in the TCGA dataset at 1st, 2nd, 3rd, 4th, and 5th year, the DRG risk score had AUC values of 0.827, 0.774, 0.810, 0.720, and 0.691 (Figure 2A). The C index of 0.777 (95% CI, 0.722–0.831) also suggested the fair performance of the DRG signature (Table 1). According to the optimal cutoff value of risk score, patients were assigned into high-risk group and low-risk group. Kaplan-Meier survival analyses showed that the rate of recurrence in the high-risk group was significantly higher than the low-risk group (Figure 2B, p < 0.0001). The distribution of risk score, recurrence status, and gene expression panel were illustrated in Figure 2C.
[image: Figure 1]FIGURE 1 | Identification of prognostic DNA repair genes in prostate cancer (A) Univariate Cox regression analysis identified 67 DNA repair genes significantly associated with BCR (B) KEGG analysis of identified genes (C) GO analysis of identified genes (D) Parameter selection in the LASSO model (E) LASSO coefficient profiles of the prognostic genes.
[image: Figure 2]FIGURE 2 | Evaluation of the prognostic performance of the DRG signature in the training dataset and validation dataset (A) The time-dependent ROC for 1-, 2-, 3-, 4- and 5-years BCR predictions for the DRG signature in the training dataset (B) The Kaplan–Meier survival curves of the DRG signature. Patients from the training dataset were stratified into two groups according to the optimal cutoff value for the risk scores (C) The distribution of risk score, recurrence status, and gene expression panel in the training dataset (D) The time-dependent ROC for 1-, 2-, 3-, 4- and 5-years BCR predictions for the DRG signature in the validation dataset (E) The Kaplan–Meier survival curves of the DRG signature. Patients from the validation dataset were stratified into two groups according to the optimal cutoff values for the risk scores (F) The distribution of risk score, recurrence status, and gene expression panel in the validation dataset.
TABLE 1 | Summary of performance of different models.
[image: Table 1]Validation of DRG Signature in GSE84042 Dataset
To validate the DRG signature, the GSE84042 dataset was used as a validation dataset and the relevant information was listed in Supplementary Table S4. The dataset comprised seventy three patients and the median (IQR) follow-up duration was 5.9 (5.1–7.6) years. Using the same formula, the risk scores of each patient were calculated and the cutoff value was also determined by the “surv_cutpoint” function. The AUCs for the 1-, 2-, 3-, 4-, and 5-years BCR-free survival were 0.718, 0.675, 0.638, 0.679, and 0.703, respectively (Figure 2D), and the C index was 0.634 (95% CI, 0.516–0.752) (Table 1). Kaplan-Meier survival analyses revealed that patients in the low-risk group had significantly better BCR-free survival than the high-risk group (Figure 2E, p = 0.017).
Clinical Relevance of DRG Signature
To investigate the association between clinical parameters and DRG signature, we compared the risk scores according to clinical status. Results suggested that the older age, high PSA, high pathologic T stage, and high Gleason score were related to a significantly higher DRG signature risk score (Figures 3A–D). These patients who experienced BCR also had a significantly higher risk score than those who did not recurrent (Figure 3E).
[image: Figure 3]FIGURE 3 | Clinical relevance of the DRG signature (A) The distribution of the DRG signature risk score according to different ages (B) The distribution of the DRG signature risk score according to different PSA (C) The distribution of the DRG signature risk score according to different pathologic T stage (D) The distribution of the DRG signature risk score according to different Gleason scores (E) The distribution of the DRG signature risk score according to different BCR status (F) The association between DRG signature and HRD score. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars were represented as Mean with SD.
To explore the potential sensitivity to PARPi, we also compared the HRD scores in groups with different risks. The HRD status represents novel predictive biomarkers of response to PARPi (Ganguly et al., 2016) and the HRD scores could detect the HRD through its evaluation of genomic scarring based on next-generation sequencing. In our analysis, these patients who were identified as high risk by DRG signature had higher HRD scores (Figure 3F), indicating much more deficiency in homologous recombination repair in this subset of patients. In the detailed analysis, the TAI scores, LST scores, and LOH scores were all significantly higher in the DRG signature high-risk group (Supplementary Figure S1). Notably, the HRD score also presented a prognostic value in the TCGA dataset (Supplementary Figure S2).
Identification of Independent Prognostic Parameters
We performed univariate and multivariate Cox regression analyses to evaluate the prognostic significance of the DRG signature combined with various clinical parameters (Table 2). In the TCGA cohort, the Gleason score (p = 0.004) and DRG signature (p < 0.001) were significantly correlated with BCR-free survival. Additionally, the DRG signature showed a significant prognostic value in subgroups (Supplementary Figure S3). In the GSE84042 dataset, the pathologic T stage (p = 0.007) and DRG signature (p = 0.005) were significantly correlated with BCR-free survival. Therefore, after adjustment for other clinical parameters, the DRG signature was still an independent prognostic factor for BCR-free survival in PRAD.
TABLE 2 | Outcomes of univariate and multivariate cox regression analysis.
[image: Table 2]Nomogram Establishment and Its Performance
In the TCGA dataset, three hundred and seventy three patients with complete clinical data were included to establish the prognostic nomogram. Due to the insignificant prognostic value for BCR (p = 0.819), the age was excluded in the nomogram establishment. The Gleason score, pathologic T stage, PSA, and DRG signature were enrolled in this model (Figure 4A). No significant collinearity was detected for all the included factors (Supplementary Table S5). The calibration plots (Supplementary Figure S4) show excellent agreement between the nomogram prediction and actual observation in terms of the 1, 3 and 5-years BCR-free survival rates in both the TCGA dataset and the GSE84042 dataset. The AUCs for the 1-, 2-, 3-, 4-, and 5-years BCR survival in TCGA dataset were 0.806, 0.758, 0.793, 0.778, and 0.775, respectively (Figure 4B) and the C index was 0.780 (95% CI, 0.722–0.838). In the GSE84042 dataset, the AUCs were 0.859, 0.713, 0.775, 0.792, and 0.813 (Figure 4C), and the C index was 0.750 (95% CI, 0.630–0.870). In the TCGA dataset, the patients were divided into high-risk and low-risk groups based on the optimal cut-off value, and the low-risk group was associated with a better prognosis (p < 0.0001) (Figure 4D). In the GSE84042 dataset, patients were also perfectly stratified into high-risk group and low-risk group (p < 0.0001) (Figure 4E).
[image: Figure 4]FIGURE 4 | Nomogram to predict BCR-free survival probability of patients with PCa (A) A prognostic nomogram predicting 1-, 3-, and 5-years BCR survival of PCa (B) The time-dependent ROC for 1-, 2-, 3-, 4- and 5-years BCR predictions for the nomogram in the training dataset (C) The time-dependent ROC for 1-, 2-, 3-, 4- and 5-years BCR predictions for the nomogram in the validation dataset (D) The Kaplan–Meier survival curves of the nomogram. Patients from the training dataset were stratified into two groups according to the optimal cutoff values for the risk scores (E) The Kaplan–Meier survival curves of the nomogram. Patients from the validation dataset were stratified into two groups according to the optimal cutoff values for the risk scores.
To evaluate the efficacy of the DRG signature in improving BCR prediction, a clinical model without the DRG signature was generated. We firstly input all the clinical parameters to build an initial Cox model. Then a stepwise Cox regression was applied to obtain the optimal model, which enrolled parameters including Gleason score, pathologic T stage, and PSA. Besides, we calculated the risk points of each patient using Walz’s nomogram (Walz et al., 2009). The performance of the present nomogram model, clinical model, and Walz’s model were compared. As shown in Figure 5A, the nomogram model outperformed the clinical model and Walz’s model, especially at 1–3 years. The IDI and NRI outcomes also supported the better performance of the nomogram model (Table 1). The median (IQR) follow-up duration of the TCGA dataset was 2.4 (1.4–3.7) years, and this might be the reason for the relatively insignificant improvement in the 5th year. The superior performance of the nomogram was also confirmed in the GSE84042 dataset, but the advantage was more significant in the 4th and 5th years (Figure 5C). Considering the long follow-up duration of the GSE84042 dataset, we additionally plotted the ROC curves and DCA curves at the 6th and 7th years (Supplementary Figure S5) and the improvement turned more distinct. The DCA curves suggested that the DRG signature did not bring significant net benefit for patients with very high recurrence risk in short term, but the intermedia risk population might benefit from the DRG signature (Figures 5B,D). This alerted us that the clinical parameters including pathologic stage, Gleason score, and PSA might be sufficient for very-high-risk groups, and we should select the patients to whom the DRG signature could be applied.
[image: Figure 5]FIGURE 5 | Comparison of the performance of the nomogram model, Walz’s model, and clinical model (A) ROC curves of the nomogram model, Walz’s model, and clinical model at 1–5 years in the training dataset (B) DCA curve to compare the performance of the nomogram model, Walz’s model, and clinical model at 1–5 years in the training dataset (C) ROC curves of the nomogram model, Walz’s model, and clinical model at 1–5 years in the validation dataset (D) DCA curve to compare the performance of the nomogram model, Walz’s model, and clinical model at 1–5 years in the validation dataset.
DISCUSSION
The cases of PCa is increasing worldwide, with sharp rises in incidence rates in Asia and Northern and Western Europe (Wong et al., 2016). Although the prognosis of PCa is relatively good, recurrent PCa after curative treatment may develop to progression and even metastasis. Randomized controlled trials have suggested the benefit of early androgen deprivation treatment (ADT) and radiotherapy after surgery for high-risk localized PCa (Messing et al., 2006; Gandaglia et al., 2017). The accurate prediction of prognosis will help to select patients that could benefit from further treatments. The traditional clinicopathological parameters such as TNM staging and Gleason scores can predict the prognosis of PCa, but the accuracy should be improved. Moreover, these parameters do not reflect the biological progression of PCa. Gene signatures can be measured by standardized detection systems, and dynamically describe the characteristics and progression of PCa. Additionally, these genes might represent potential therapeutic targets. Nomograms are widely used in oncology to evaluate clinical prognosis. A nomogram integrated multiple prognostic determinants including molecular biology and clinicopathological parameters, and it offers a more accurate prediction and a more intuitive view for patients. These advantages could contribute to clinical decision making and made nomogram an excellent tool for illustration of prognosis prediction (Balachandran et al., 2015).
There were many gene signatures based on different gene sets to predict the prognosis of PCa. Epigenetic alterations are frequently observed in tumors and several epigenetic biomarkers were developed including the GSTP1, APC, and RASSF1 (Trock et al., 2012; Van Neste et al., 2012; Stewart et al., 2013). Likewise, Prolaris, a gene signature consisting of thirty three cell cycle genes, was established and it was confirmed able to independently predict biochemical recurrence (Cuzick et al., 2011). Also, there were signatures comprising genes of different biological functions. The OncotypeDX Genomic Prostate Score (GPS) is based on a multi-gene assay consisting of seventeen genes related to androgen metabolism, cellular organization, proliferation, and stromal response (Klein et al., 2014). The GPS was designed to allow risk assessment for selecting candidates for active surveillance and generate valid results particularly for small tumor volumes in biopsy specimens by predicting adverse pathologic features at the time of RP, but its prognostic accuracy in predicting BCR was further confirmed (Cullen et al., 2015). The Decipher gene signature consists of a 22-gene panel and represents multiple biological pathways that are involved in aggressive PCa, including cell proliferation, cell structure, immune system modulation, cell cycle progression, and androgen signaling (Nakagawa et al., 2008). The Decipher gene signature could predict the BCR and metastasis in patients receiving postoperative radiotherapy (Den et al., 2014), and in patients following RP, it could also predict the early metastasis and even cancer-specific mortality (Erho et al., 2013; Ross et al., 2014; Klein et al., 2016; Nguyen et al., 2017; Karnes et al., 2018).
DNA repair genes play a critical role in the development of various cancer such as ovarian cancer, breast cancer, and PCa (Goodwin et al., 2013; Oktay et al., 2015; Majidinia and Yousefi, 2017). Due to the strong association between DDR defects and cancer progression, several gene signatures based on DRGs were established for cancers including ovarian cancer (Sun et al., 2019), colon cancer (Wang et al., 2020), and hepatic cancer (Li et al., 2019). In this study, we developed a DRG signature that could predict the BCR survival of PCa. Also, we built a nomogram that integrated clinicopathological parameters and the DRG signature, and the nomogram could efficiently stratify patients into a high-risk group and low-risk group. This model could provide valuable information to guide the further treatment of PCa patients who underwent RP.
Among these DDR defects, the HRD has been mostly explored. Using homologous recombination repair, a cell can efficiently perform the error-free repair of a double-strand break (DSB) in S phase. The HRD showed a double-edge property in cancer development. On the one hand, HRD resulted in genomic instability, which could a reason for the worse prognosis (Castro et al., 2013). Similar outcomes were also observed in our analysis. On the other hand, HRD is a predictor of response to specific treatment such as PARPi (Kaufman et al., 2015; Mateo et al., 2015; Robson et al., 2017; Mateo et al., 2020). The PARPi could block base excision repair, resulting in a conversion of a single strand break to a DSB. For HRD cancer cells, the accumulation of DSBs would eventually lead to cell death (D'Andrea, 2018). However, methods to identify HRD in tumors are varied and controversial (Hoppe et al., 2018). The somatic mutations in homologous recombination genes were focus biomarkers to identify HRD, and PARPi has been shown to have clinical activity in these subgroups (Mateo et al., 2015). To expand the group that suitable for PARPi treatment, a genomic-scar-based HRD score was developed, and it has been suggested as a promising predictor for response to Olaparib (Lheureux et al., 2017). In the present study, we found that the DRG signature high-risk group was related to a higher HRD score and the HRD could be a potential reason for the worse prognosis in this subset of patients. Notably, in the management of PCa, PARPi would only be considered in the castration-resistant PCa (CRPC) stage (de Bono et al., 2020; Hussain et al., 2020), and the present study was based on patients with hormone-sensitive PCa (HSPC). When the HSPC progressed to the ADT-insensitive CRPC, the genomic hallmarks also significantly changed and the proportion of HRD could also increase (van Dessel et al., 2019). In the present study, the HRD score only reflects the HRD situation at the HSPC stage, and the association between the DRG signature and HRD scores might provide information for treatment choosing when cancer progressed, but these results should be interpreted with caution.
The DRG signature consists of four genes including POLM, NUDT15, AEN, and HELQ. POLM, also known as polymerase μ (Pol μ), could promote the accuracy in the nonhomologous DNA end-joining (NHEJ), which is another solution for DSB (Waters et al., 2014). The POLM could be up-regulated in response to accumulated DSB (Mahajan et al., 2002). In our cases, the overexpression of POLM may infer the deficiency in homologous repair. NUDT15 played a role in DNA synthesis and cell cycle progression by stabilizing proliferating cell nuclear antigen (PCNA) (Yu et al., 2009). Mutations in this gene result in poor metabolism of thiopurines and are associated with thiopurine-induced early leukopenia (Yang et al., 2014). However, its role in the development of PCa was not explored. AEN (Apoptosis Enhancing Nuclease) is an autophagy-related protein-coding gene, and it is induced by p53 with various DNA damage, leading to cell apoptosis (Kawase et al., 2008; Eby et al., 2010). An association between the AEN and prognosis of hepatocellular carcinoma has been reported (Zhu et al., 2019). HELQ (Helicase POLQ-like), an ATP-dependent 3′-5′ DNA helicase, plays pivotal roles in DNA processing, including homologous recombination repair (Han et al., 2016). It has been reported to serve as an indicator of platinum-based chemoresistance for ovarian cancer (Long et al., 2018).
Besides the genomic biomarkers, several advanced examinations could also predict the prognosis of PCa. As an example, the PSMA PET/CT could predict progression-free survival in localized PCa (Roberts et al., 2020) and could even guide the use of salvage treatments such as radiotherapy (Emmett et al., 2020). However, due to the limitation of the dataset, the role of this kind of technique was unable to be adjusted in our study.
To the best of our knowledge, a prognostic model based on these five DNA repair-related genes and the associated nomogram in PCa have not been reported. A DRG signature in PCa has been previously reported to predict BCR-free, metastasis-free, and overall survival, but it is based on a profile of nine DDR pathways using seventeen gene sets for GSEA (Gene Set Enrichment Analysis) (Evans et al., 2016). Our gene signature is based on the expression of four genes. Therefore it is economical and clinically practicable to be used. Our nomogram combined with DRG signature and clinicopathological parameters presented an excellent performance in prognosis prediction. It could provide a straightforward and convenient graphical scoring system and help clinical decision making.
Our current study has some limitations. First, the training set was from the TCGA database and GSE84042 was served as the validation dataset. The majority of these patients are from North America, and thus, the expanding of our results to other ethnicities should be with caution. Second, the DCA analysis suggested that the signature did not bring significant net benefit for patients with very high risk and the signature might be more meaningful for patients who were thought moderate or low risk with traditional tools. Third, the salvage treatments could influence the BCR, and predictors such as PSMA PET could also prognosticate the BCR after salvage therapies in these patients with a rising PSA after RP (Emmett et al., 2020). While in our study, due to the lack of data, the prognostic value of the signature on patients after salvage therapies require further ascertainment. Besides, we identified four genes to construct a gene signature based on the mRNA sequencing data, but the protein expression of these genes and the underlying mechanism require further investigation. Last, the establishing and validation of this model were all conducted with publicly available data, and it needs to be further validated in original external datasets.
CONCLUSION
In conclusion, our study profiled DNA repair genes that are significantly related to the prognosis of PCa. The combination of these biomarkers may serve as a signature to stratify PCa patients into low-risk and high-risk groups for assessing BCR survival. We also constructed a nomogram based on clinical parameters and the DRG signature to predict the BCR, which could be helpful for precise and personalized treatment.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found in The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) (GSE84042).
ETHICS STATEMENT
Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
GL and HL: conception and design. WO and YZ: development of methodology. GL, GS, and JG: analysis and interpretation of data. GL: writing of the manuscript. WO, GS, JG, and ZH: review of the manuscript. ZH and HL: study supervision.
FUNDING
This research was supported by the Natural Science Fund of Hubei Province (Grant Number: 2018CFB459). The funding sources had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; and preparation, review, or approval of the manuscript.
ACKNOWLEDGMENTS
We would like to thank Jianbo Tian from the School of Public Health, Tongji Medical College, Huazhong University of Science and Technology for his assistance with the methodology.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2021.608369/full#supplementary-material.
REFERENCES
 Abkevich, V., Timms, K. M., Hennessy, B. T., Potter, J., Carey, M. S., Meyer, L. A., et al. (2012). Patterns of genomic loss of heterozygosity predict homologous recombination repair defects in epithelial ovarian cancer. Br. J. Cancer 107 (10), 1776–1782. doi:10.1038/bjc.2012.451 
 Ali, R., Rakha, E. A., Madhusudan, S., and Bryant, H. E. (2017). DNA damage repair in breast cancer and its therapeutic implications. Pathology 49 (2), 156–165. doi:10.1016/j.pathol.2016.11.002 
 Balachandran, V. P., Gonen, M., Smith, J. J., and DeMatteo, R. P. (2015). Nomograms in oncology: more than meets the eye. Lancet Oncol. 16 (4), e173–e180. doi:10.1016/s1470-2045(14)71116-7 
 Birkbak, N. J., Wang, Z. C., Kim, J.-Y., Eklund, A. C., Li, Q., Tian, R., et al. (2012). Telomeric allelic imbalance indicates defective DNA repair and sensitivity to DNA-damaging agents. Cancer Discov. 2 (4), 366–375. doi:10.1158/2159-8290.Cd-11-0206 
 Brockman, J. A., Alanee, S., Vickers, A. J., Scardino, P. T., Wood, D. P., Kibel, A. S., et al. (2015). Nomogram predicting prostate cancer-specific mortality for men with biochemical recurrence after radical prostatectomy. Eur. Urol. 67 (6), 1160–1167. doi:10.1016/j.eururo.2014.09.019 
 Castro, E., Goh, C., Olmos, D., Saunders, E., Leongamornlert, D., Tymrakiewicz, M., et al. (2013). Germline BRCA mutations are associated with higher risk of nodal involvement, distant metastasis, and poor survival outcomes in prostate cancer. J. Clin. Oncol. 31 (14), 1748–1757. doi:10.1200/jco.2012.43.1882 
 Cullen, J., Rosner, I. L., Brand, T. C., Zhang, N., Tsiatis, A. C., Moncur, J., et al. (2015). A biopsy-based 17-gene genomic prostate score predicts recurrence after radical prostatectomy and adverse surgical pathology in a racially diverse population of men with clinically low- and intermediate-risk prostate cancer. Eur. Urol. 68 (1), 123–131. doi:10.1016/j.eururo.2014.11.030 
 Cuzick, J., Swanson, G. P., Fisher, G., Brothman, A. R., Berney, D. M., Reid, J. E., et al. (2011). Prognostic value of an RNA expression signature derived from cell cycle proliferation genes in patients with prostate cancer: a retrospective study. Lancet Oncol. 12 (3), 245–255. doi:10.1016/s1470-2045(10)70295-3 
 D'Andrea, A. D. (2018). Mechanisms of PARP inhibitor sensitivity and resistance. DNA Repair (Amst) 71, 172–176. doi:10.1016/j.dnarep.2018.08.021 
 de Bono, J., Mateo, J., Fizazi, K., Saad, F., Shore, N., Sandhu, S., et al. (2020). Olaparib for metastatic castration-resistant prostate cancer. N. Engl. J. Med. 382 (22), 2091–2102. doi:10.1056/NEJMoa1911440 
 Den, R. B., Feng, F. Y., Showalter, T. N., Mishra, M. V., Trabulsi, E. J., Lallas, C. D., et al. (2014). Genomic prostate cancer classifier predicts biochemical failure and metastases in patients after postoperative radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 89 (5), 1038–1046. doi:10.1016/j.ijrobp.2014.04.052 
 Eby, K. G., Rosenbluth, J. M., Mays, D. J., Marshall, C. B., Barton, C. E., Sinha, S., et al. (2010). ISG20L1 is a p53 family target gene that modulates genotoxic stress-induced autophagy. Mol. Cancer 9, 95. doi:10.1186/1476-4598-9-95 
 Emmett, L., Tang, R., Nandurkar, R., Hruby, G., Roach, P., Watts, J. A., et al. (2020). 3-Year freedom from progression after 68Ga-PSMA PET/CT-triaged management in men with biochemical recurrence after radical prostatectomy: results of a prospective multicenter trial. J. Nucl. Med. 61 (6), 866–872. doi:10.2967/jnumed.119.235028 
 Erho, N., Crisan, A., Vergara, I. A., Mitra, A. P., Ghadessi, M., Buerki, C., et al. (2013). Discovery and validation of a prostate cancer genomic classifier that predicts early metastasis following radical prostatectomy. PLoS One 8 (6), e66855. doi:10.1371/journal.pone.0066855 
 Evans, J. R., Zhao, S. G., Chang, S. L., Tomlins, S. A., Erho, N., Sboner, A., et al. (2016). Patient-level DNA damage and repair pathway profiles and prognosis after prostatectomy for high-risk prostate cancer. JAMA Oncol. 2 (4), 471–480. doi:10.1001/jamaoncol.2015.4955 
 Fraser, M., Sabelnykova, V. Y., Yamaguchi, T. N., Heisler, L. E., Livingstone, J., Huang, V., et al. (2017). Genomic hallmarks of localized, non-indolent prostate cancer. Nature 541 (7637), 359–364. doi:10.1038/nature20788 
 Gandaglia, G., Briganti, A., Clarke, N., Karnes, R. J., Graefen, M., Ost, P., et al. (2017). Adjuvant and salvage radiotherapy after radical prostatectomy in prostate cancer patients. Eur. Urol. 72 (5), 689–709. doi:10.1016/j.eururo.2017.01.039 
 Ganguly, B., Dolfi, S. C., Rodriguez-Rodriguez, L., Ganesan, S., and Hirshfield, K. M. (2016). Role of biomarkers in the development of PARP inhibitors. Biomark Cancer 8s1, 15–25. doi:10.4137/bic.S36679
 Goodwin, J. F., Schiewer, M. J., Dean, J. L., Schrecengost, R. S., de Leeuw, R., Han, S., et al. (2013). A hormone-DNA repair circuit governs the response to genotoxic insult. Cancer Discov. 3 (11), 1254–1271. doi:10.1158/2159-8290.Cd-13-0108 
 Han, X., Zhao, L., and Li, X. (2016). HELQ in cancer and reproduction. Neoplasma 63 (6), 825–835. doi:10.4149/neo_2016_601 
 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144 (5), 646–674. doi:10.1016/j.cell.2011.02.013 
 Hoppe, M. M., Sundar, R., Tan, D. S. P., and Jeyasekharan, A. D. (2018). Biomarkers for homologous recombination deficiency in cancer. J. Natl. Cancer Inst. 110 (7), 704–713. doi:10.1093/jnci/djy085 
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4 (1), 44–57. doi:10.1038/nprot.2008.211 
 Hussain, M., Mateo, J., Fizazi, K., Saad, F., Shore, N., Sandhu, S., et al. (2020). Survival with Olaparib in metastatic castration-resistant prostate cancer. N. Engl. J. Med. 383, 2345. doi:10.1056/NEJMoa2022485 
 Karnes, R. J., Choeurng, V., Ross, A. E., Schaeffer, E. M., Klein, E. A., Freedland, S. J., et al. (2018). Validation of a genomic risk classifier to predict prostate cancer-specific mortality in men with adverse pathologic features. Eur. Urol. 73 (2), 168–175. doi:10.1016/j.eururo.2017.03.036 
 Kaufman, B., Shapira-Frommer, R., Schmutzler, R. K., Audeh, M. W., Friedlander, M., Balmaña, J., et al. (2015). Olaparib monotherapy in patients with advanced cancer and a germline BRCA1/2 mutation. J. Clin. Oncol. 33 (3), 244–250. doi:10.1200/jco.2014.56.2728 
 Kawase, T., Ichikawa, H., Ohta, T., Nozaki, N., Tashiro, F., Ohki, R., et al. (2008). p53 target gene AEN is a nuclear exonuclease required for p53-dependent apoptosis. Oncogene 27 (27), 3797–3810. 0.1038/onc.2008.32
 Klein, E. A., Cooperberg, M. R., Magi-Galluzzi, C., Simko, J. P., Falzarano, S. M., Maddala, T., et al. (2014). A 17-gene assay to predict prostate cancer aggressiveness in the context of gleason grade heterogeneity, tumor multifocality, and biopsy undersampling. Eur. Urol. 66 (3), 550–560. doi:10.1016/j.eururo.2014.05.004 
 Klein, E. A., Haddad, Z., Yousefi, K., Lam, L. L. C., Wang, Q., Choeurng, V., et al. (2016). Decipher genomic classifier measured on prostate biopsy predicts metastasis risk. Urology 15, 148–152. doi:10.1016/j.urology.2016.01.012
 Knijnenburg, T. A., Wang, L., Zimmermann, M. T., Chambwe, N., Gao, G. F., Cherniack, A. D., et al. (2018). Genomic and molecular landscape of DNA damage repair deficiency across the cancer genome Atlas. Cell Rep. 23 (1), 239–254e6. doi:10.1016/j.celrep.2018.03.076 
 Lheureux, S., Lai, Z., Dougherty, B. A., Runswick, S., Hodgson, D. R., Timms, K. M., et al. (2017). Long-term responders on Olaparib maintenance in high-grade serous ovarian cancer: clinical and molecular characterization. Clin. Cancer Res. 23 (15), 4086–4094. doi:10.1158/1078-0432.Ccr-16-2615 
 Li, N., Zhao, L., Guo, C., Liu, C., and Liu, Y. (2019). Identification of a novel DNA repair-related prognostic signature predicting survival of patients with hepatocellular carcinoma. Cell. Manage. Res. 11, 7473–7484. doi:10.2147/cmar.S204864
 Long, J., Zhu, J.-Y., Liu, Y.-B., Fu, K., Tian, Y., Li, P.-Y., et al. (2018). Helicase POLQ-like (HELQ) as a novel indicator of platinum-based chemoresistance for epithelial ovarian cancer. Gynecol. Oncol. 149 (2), 341–349. doi:10.1016/j.ygyno.2018.03.006 
 Mahajan, K. N., Nick McElhinny, S. A., Mitchell, B. S., and Ramsden, D. A. (2002). Association of DNA polymerase μ (pol μ) with Ku and ligase IV: role for pol μ in end-joining double-strand break repair. Mol. Cell Biol. 22 (14), 5194–5202. doi:10.1128/mcb.22.14.5194-5202.2002 
 Majidinia, M., and Yousefi, B. (2017). DNA repair and damage pathways in breast cancer development and therapy. DNA Repair 54, 22–29. doi:10.1016/j.dnarep.2017.03.009 
 Mateo, J., Boysen, G., Barbieri, C. E., Bryant, H. E., Castro, E., Nelson, P. S., et al. (2017). DNA repair in prostate cancer: biology and clinical implications. Eur. Urol. 71 (3), 417–425. doi:10.1016/j.eururo.2016.08.037 
 Mateo, J., Carreira, S., Sandhu, S., Miranda, S., Mossop, H., Perez-Lopez, R., et al. (2015). DNA-repair defects and Olaparib in metastatic prostate cancer. N. Engl. J. Med. 373 (18), 1697–1708. doi:10.1056/NEJMoa1506859 
 Mateo, J., Porta, N., Bianchini, D., McGovern, U., Elliott, T., Jones, R., et al. (2020). Olaparib in patients with metastatic castration-resistant prostate cancer with DNA repair gene aberrations (TOPARP-B): A multicentre, open-label, randomised, phase 2 trial. Lancet Oncol. 21 (1), 162–174. doi:10.1016/s1470-2045(19)30684-9 
 Messing, E. M., Manola, J., Yao, J., Kiernan, M., Crawford, D., Wilding, G., et al. (2006). Immediate versus deferred androgen deprivation treatment in patients with node-positive prostate cancer after radical prostatectomy and pelvic lymphadenectomy. Lancet Oncol. 7 (6), 472–479. doi:10.1016/s1470-2045(06)70700-8 
 Minchom, A., Aversa, C., and Lopez, J. (2018). Dancing with the DNA damage response: next-generation anti-cancer therapeutic strategies. Ther. Adv. Med. Oncol. 10, 175883591878665. doi:10.1177/1758835918786658
 Mirza-Aghazadeh-Attari, M., Ostadian, C., Saei, A. A., Mihanfar, A., Darband, S. G., Sadighparvar, S., et al. (2019). DNA damage response and repair in ovarian cancer: potential targets for therapeutic strategies. DNA Repair 80, 59–84. doi:10.1016/j.dnarep.2019.06.005 
 Mottet, N., Bellmunt, J., Bolla, M., Briers, E., Cumberbatch, M. G., De Santis, M., et al. (2017). EAU-ESTRO-SIOG Guidelines on prostate cancer. Part 1: screening, diagnosis, and local treatment with curative intent. Eur. Urol. 71 (4), 618–629. doi:10.1016/j.eururo.2016.08.003 
 Nakagawa, T., Kollmeyer, T. M., Morlan, B. W., Anderson, S. K., Bergstralh, E. J., Davis, B. J., et al. (2008). A tissue biomarker panel predicting systemic progression after PSA recurrence post-definitive prostate cancer therapy. PLoS One 3 (5), e2318, doi:10.1371/journal.pone.0002318 
 Nguyen, P. L., Haddad, Z., Ross, A. E., Martin, N. E., Deheshi, S., Lam, L. L. C., et al. (2017). Ability of a genomic classifier to predict metastasis and prostate cancer-specific mortality after radiation or surgery based on Needle biopsy specimens. Eur. Urol. 72 (5), 845–852. doi:10.1016/j.eururo.2017.05.009 
 Oktay, K., Turan, V., Titus, S., Stobezki, R., and Liu, L. (2015). BRCA mutations, DNA repair deficiency, and ovarian Aging1. Biol. Reprod. 93 (3), 67. doi:10.1095/biolreprod.115.132290 
 Popova, T., Manié, E., Rieunier, G., Caux-Moncoutier, V., Tirapo, C., Dubois, T., et al. (2012). Ploidy and large-scale genomic instability consistently identify basal-like breast carcinomas with BRCA1/2 inactivation. Cancer Res. 72 (21), 5454–5462. doi:10.1158/0008-5472.Can-12-1470 
 Roberts, M. J., Morton, A., Donato, P., Kyle, S., Pattison, D. A., Thomas, P., et al. (2020). 68Ga-PSMA PET/CT tumour intensity pre-operatively predicts adverse pathological outcomes and progression-free survival in localised prostate cancerGa-PSMA PET/CT tumour intensity pre-operatively predicts adverse pathological outcomes and progression-free survival in localised prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 48, 477. doi:10.1007/s00259-020-04944-2 
 Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26 (1), 139–140. doi:10.1093/bioinformatics/btp616 
 Robson, M., Im, S.-A., Senkus, E., Xu, B., Domchek, S. M., Masuda, N., et al. (2017). Olaparib for metastatic breast cancer in patients with a germline BRCA mutation. N. Engl. J. Med. 377 (6), 523–533. doi:10.1056/NEJMoa1706450 
 Ross, A. E., Feng, F. Y., Ghadessi, M., Erho, N., Crisan, A., Buerki, C., et al. (2014). A genomic classifier predicting metastatic disease progression in men with biochemical recurrence after prostatectomy. Prostate Cancer Prostatic Dis. 17 (1), 64–69. doi:10.1038/pcan.2013.49 
 Sanda, M. G., Cadeddu, J. A., Kirkby, E., Chen, R. C., Crispino, T., Fontanarosa, J., et al. (2018). Clinically localized prostate cancer: AUA/ASTRO/SUO Guideline. Part I: risk stratification, shared decision making, and care options. J. Urol. 199 (3), 683–690. doi:10.1016/j.juro.2017.11.095 
 Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer statistics, 2020. CA A. Cancer J. Clin. 70 (1), 7–30. doi:10.3322/caac.21590
 Stewart, G. D., Van Neste, L., Delvenne, P., Delrée, P., Delga, A., McNeill, S. A., et al. (2013). Clinical utility of an epigenetic assay to detect occult prostate cancer in histopathologically negative biopsies: results of the MATLOC study. J. Urol. 189 (3), 1110–1116. doi:10.1016/j.juro.2012.08.219 
 Sun, H., Cao, D., Ma, X., Yang, J., Peng, P., Yu, M., et al. (2019). Identification of a prognostic signature associated with DNA repair genes in ovarian cancer. Front. Genet. 10, 839. doi:10.3389/fgene.2019.00839 
 Trock, B. J., Brotzman, M. J., Mangold, L. A., Bigley, J. W., Epstein, J. I., McLeod, D., et al. (2012). Evaluation of GSTP1 and APC methylation as indicators for repeat biopsy in a high-risk cohort of men with negative initial prostate biopsies. BJU Int. 110 (1), 56–62. doi:10.1111/j.1464-410X.2011.10718.x 
 Van den Broeck, T., van den Bergh, R. C. N., Arfi, N., Gross, T., Moris, L., Briers, E., et al. (2019). Prognostic value of biochemical recurrence following treatment with curative intent for prostate cancer: a systematic review. Eur. Urol. 75 (6), 967–987. doi:10.1016/j.eururo.2018.10.011 
 van Dessel, L. F., van Riet, J., Smits, M., Zhu, Y., Hamberg, P., van der Heijden, M. S., et al. (2019). The genomic landscape of metastatic castration-resistant prostate cancers reveals multiple distinct genotypes with potential clinical impact. Nat. Commun. 10 (1), 5251. doi:10.1038/s41467-019-13084-7 
 Van Neste, L., Herman, J. G., Otto, G., Bigley, J. W., Epstein, J. I., and Van Criekinge, W. (2012). The epigenetic promise for prostate cancer diagnosis. Prostate 72 (11), 1248–1261. doi:10.1002/pros.22459 
 Walz, J., Chun, F. K.-H., Klein, E. A., Reuther, A., Saad, F., Graefen, M., et al. (2009). Nomogram predicting the probability of early recurrence after radical prostatectomy for prostate cancer. J. Urol. 181 (2), 601–608. doi:10.1016/j.juro.2008.10.033 
 Wang, X., Tan, C., Ye, M., Wang, X., Weng, W., Zhang, M., et al. (2020). Development and validation of a DNA repair gene signature for prognosis prediction in colon cancer. J. Cancer 11 (20), 5918–5928. doi:10.7150/jca.46328 
 Waters, C. A., Strande, N. T., Wyatt, D. W., Pryor, J. M., and Ramsden, D. A. (2014). Nonhomologous end joining: a good solution for bad ends. DNA Repair 17, 39–51. doi:10.1016/j.dnarep.2014.02.008 
 Wong, M. C. S., Goggins, W. B., Wang, H. H. X., Fung, F. D. H., Leung, C., Wong, S. Y. S., et al. (2016). Global incidence and mortality for prostate cancer: analysis of temporal patterns and trends in 36 countries. Eur. Urol. 70 (5), 862–874. doi:10.1016/j.eururo.2016.05.043 
 Yang, S.-K., Hong, M., Baek, J., Choi, H., Zhao, W., Jung, Y., et al. (2014). A common missense variant in NUDT15 confers susceptibility to thiopurine-induced leukopenia. Nat. Genet. 46 (9), 1017–1020. doi:10.1038/ng.3060 
 Yu, Y., Cai, J.-P., Tu, B., Wu, L., Zhao, Y., Liu, X., et al. (2009). Proliferating cell nuclear antigen is protected from degradation by forming a complex with MutT Homolog2. J. Biol. Chem. 284 (29), 19310–19320. doi:10.1074/jbc.M109.015289 
 Zhu, Y., Zhou, C., and He, Q. (2019). High miR-139-3p expression predicts a better prognosis for hepatocellular carcinoma: a pooled analysis. J. Int. Med. Res. 47 (1), 383–390. doi:10.1177/0300060518802727 
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 © 2021 Long, Ouyang, Zhang, Sun, Gan, Hu and Li. 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.









	 
	REVIEW
published: 23 March 2021
doi: 10.3389/fcell.2021.633305





[image: image]

Cell Metabolism and DNA Repair Pathways: Implications for Cancer Therapy

Thais Sobanski1, Maddison Rose1, Amila Suraweera1, Kenneth O’Byrne1,2, Derek J. Richard1 and Emma Bolderson1,2*

1Cancer and Ageing Research Program, Centre for Genomics and Personalised Health, Translational Research Institute (TRI), Queensland University of Technology (QUT), Brisbane, QLD, Australia

2Princess Alexandra Hospital, Brisbane, QLD, Australia

Edited by:
Cesare Indiveri, University of Calabria, Italy

Reviewed by:
William K. K. Wu, Chinese University of Hong Kong, China
Waldemar Wagner, Institute for Medical Biology (PAN), Poland

*Correspondence: Emma Bolderson, Emma.bolderson@qut.edu.au

Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Cell and Developmental Biology

Received: 25 November 2020
Accepted: 19 February 2021
Published: 23 March 2021

Citation: Sobanski T, Rose M, Suraweera A, O’Byrne K, Richard DJ and Bolderson E (2021) Cell Metabolism and DNA Repair Pathways: Implications for Cancer Therapy. Front. Cell Dev. Biol. 9:633305. doi: 10.3389/fcell.2021.633305

DNA repair and metabolic pathways are vital to maintain cellular homeostasis in normal human cells. Both of these pathways, however, undergo extensive changes during tumorigenesis, including modifications that promote rapid growth, genetic heterogeneity, and survival. While these two areas of research have remained relatively distinct, there is growing evidence that the pathways are interdependent and intrinsically linked. Therapeutic interventions that target metabolism or DNA repair systems have entered clinical practice in recent years, highlighting the potential of targeting these pathways in cancer. Further exploration of the links between metabolic and DNA repair pathways may open new therapeutic avenues in the future. Here, we discuss the dependence of DNA repair processes upon cellular metabolism; including the production of nucleotides required for repair, the necessity of metabolic pathways for the chromatin remodeling required for DNA repair, and the ways in which metabolism itself can induce and prevent DNA damage. We will also discuss the roles of metabolic proteins in DNA repair and, conversely, how DNA repair proteins can impact upon cell metabolism. Finally, we will discuss how further research may open therapeutic avenues in the treatment of cancer.
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INTRODUCTION

DNA repair and metabolic pathways are vital to maintain cellular homeostasis. Under normal cellular conditions, DNA repair proteins can maintain genomic stability following exposure to exogenous and endogenous genotoxic insults. When growing in normal physiological conditions, cells predominately rely on the TCA cycle to generate ATP and other essential precursors for cellular processes. However, it has been well established that tumor cells are more likely to generate energy via glycolysis and hyperactivate their DNA damage response pathways, both of which promote the uncontrolled proliferative, survival and cellular growth pathways (Warburg, 1925). It was initially proposed that these two mechanisms operate independently within the cell; however, recent studies suggest a link between DNA repair and glycolysis. For instance, several independent studies have suggested novel roles for glycolytic proteins in DNA repair pathways, largely based on the observation that several glycolytic proteins, including Hexokinase II, Fumarase and ATP-citrate lyase (ACLY), migrate to the nucleus following exposure to genomic stress (van Vugt, 2017; Ohba et al., 2020; Hitosugi et al., 2012; Yuan et al., 2010). Several studies have also suggested glycolysis may be involved in maintaining genome stability, given that the glycolytic pathway provides metabolites which play an essential role in DNA metabolism. For example, the pentose phosphate pathway (PPP) utilizes the glycolysis intermediate, glucose-6-phosphate, to ultimately enable the biosynthesis of nucleotides via the generation of ribose-5-phosphate. Despite this, the interaction between DNA repair pathways and glycolysis remains unclear. Metabolic products from glycolysis, such as L- and D-lactate also play a role in DNA repair by decreasing chromatin compaction and subsequently increasing transcription of key genes involved in DNA DSB (double-strand break) repair (Wagner et al., 2015). Here, we will review the peer-reviewed evidence linking metabolism and DNA repair and how these processes may lead to radio- and chemo-resistance in tumor cells.


The Warburg Effect and Tumor Metabolic Reprogramming

High glucose intake is a characteristic shared amongst most solid tumors, and this phenomenon was first described in 1920 by Otto Warburg (Warburg et al., 1927). This observation, referred to as the Warburg effect, describes how cancer cells shift their predominate metabolic pathway from oxidative phosphorylation to anaerobic glycolysis, consequently producing high levels of lactic acid via fermentation (Warburg et al., 1927; Warburg, 1956). Recently, studies have demonstrated that elevated lactic acid production may induce resistance to major anti-cancer therapies, including radiation and chemotherapy, via numerous mechanisms. Furthermore, the upregulated production of lactic acid contributes to the development of an acidic tumor microenvironment, which has been associated with increased metastatic capacity and growth rate in a subset of aggressive tumors (Turkcan et al., 2019).

In the early studies of Warburg’s effect, it was thought that cancer cells experience mitochondrial dysfunction via the “irreversible injuring of respiration,” as cancer cells downregulate oxidative phosphorylation during the tricarboxylic acid cycle (TCA, also known as the Krebs cycle) (Warburg, 1956). However, subsequent investigations of mitochondrial functionality in tumor cells revealed that the majority of tumor cells possess functional mitochondria, and can still undergo oxidative phosphorylation (Zong et al., 2016). This led to speculation as to why cancer cells with functional mitochondria preferentially convert excess pyruvate to lactate, instead of utilizing oxidative phosphorylation to more efficiently produce ATP.

As altered metabolic features are observed commonly across many cancer subtypes, reprogrammed metabolism is considered one of Pavlova and Thompson’s hallmarks of cancer (Pavlova and Thompson, 2016). For example, increased glucose uptake has been observed in a variety of tumor contexts and has been shown to negatively correlate with tumor prognostic markers and be involved in chemo- and radio-resistance mechanisms. This has been clinically exploited using 18F-deoxyglucose-positron emission tomography (FDG-PET) based imaging, where a radioactive fluorine-labeled glucose analog it utilized to diagnose and stage tumor progression (Spermon et al., 2002).



DNA Repair Pathways and Their Relationship to Tumor Therapies

In tumor cells that undergo metabolic reprogramming, there is an observable increase in the activation of the DNA damage response pathways, which subsequently trigger nucleotide synthesis and anabolic glucose metabolism (Tong et al., 2009). DNA damage response pathways are highly active in tumor cells, subsequently promoting their rapid growth and survival. The DNA damage response consists of several DNA repair pathways, and each pathway represents a specific mechanism to repair a specific type of DNA damage. The initiation and progression of repair pathways is considered a spatiotemporally regulated process in which proteins move toward DNA damage sites, following the remodeling of the chromatin (van Attikum and Gasser, 2009; Gospodinov and Herceg, 2013). DNA damage may be induced by several endogenous sources such as DNA double-strand breaks and oxidative stress induced by reactive oxygen species, resulting from cellular metabolism. DNA damage may also result from exogenous sources, for example nucleotide damage from UV light or oxidative damage and DNA strand breaks caused by ionizing radiation (Jackson and Bartek, 2009; Tubbs and Nussenzweig, 2017). In order to maintain the integrity of genome, in human cells there are several types of DNA repair processes, classified into five major pathways including base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), non-homologous end-joining (NHEJ), and homology-directed repair (HDR) (Kalluri, 2016; Roos et al., 2016; Chatterjee and Walker, 2017). In addition to having a critical role in maintenance of genome integrity, alterations in the expression, and function of DNA repair proteins are a major mediator of tumor responses to chemo- and radiotherapy, which commonly function by inducing DNA damage in tumor cells. Here, we will briefly discuss the relevance of each repair pathway on tumor sensitivity to chemo- and radiotherapies, but further detail can be found in the following review (Minchom et al., 2018).

In terms of chemo- and radiotherapy, DSB repair via NHEJ and HDR is an important consideration, since many therapies, including radiotherapy, topoisomerase inhibitors, such as doxorubicin, and PARP inhibitors, induce DNA DSBs. Therefore, the defective functioning of DSB repair pathways can significantly influence the tumor response to these therapies. For example mutations or decreased expression of the Breast Cancer Associated 1 and 2 (BRCA1 and BRCA2) proteins can lead to defects in the HDR of DNA DSBs, sensitizing tumor cells to PARP inhibitors and radiotherapy that induce lesions that require HDR for repair (Rose et al., 2020). Conversely, upregulation of DNA DSB repair proteins in the NHEJ pathway can also induce resistance to these DSB-inducing therapies, due to the tumor cells ability to rapidly repair DNA damage and therefore avoid induction of cell death (Jensen and Rothenberg, 2020). BER removes and repairs damaged bases within the DNA. The capacity of cells to perform BER is also of relevance to tumor therapy as the anti-tumor agents temozolomide, pemetrexed, or floxuridine induce DNA lesions of N7mG, uracil, or 5-FU, respectively, all of which can be recognized and repaired by the BER pathway (Storr et al., 2011). Upregulation or down regulation of the BER pathway can lead to resistance or sensitivity, respectively, to these agents. Several inhibitors of the BER pathway are also in development (Grundy et al., 2020).

In the process of MMR, proteins recognize mismatched bases in DNA which arise from processes such as replication. MMR proteins identify, excise and replace these mismatched bases with the correct pairing base. Mutations in the MMR genes Mlh1 and Msh2 are associated with the human colon cancer-prone syndrome, Lynch Syndrome [also known as hereditary non-polyposis colorectal cancer (HNPCC)], but MMR genes are also frequently mutated in other cancers. Tumors with mutated Mlh1 and Msh2 in colon tumors were historically targeted with methotrexate, which leads to the accumulation of oxidative damage. However, due to the high number of somatic mutations found in MMR-deficient tumors, which can contribute to stimulation of the immune system, immunotherapy is showing potential to become the preferred therapy for tumors with defects in MMR (Le et al., 2015).

The nucleotide excision repair pathway recognizes damaged nucleotides including pyrimidine dimers, intrastrand crosslinks, and bulky adducts. Alkylating agents, such as platinum compounds like cisplatin are commonly used to treat many types of cancers and induce intrastrand crosslinks within the DNA, activating the NER pathway. Expression of the NER proteins, including ERCC1 are correlated with sensitivity to platinum agents in multiple tumor types due to an inability to resolve DNA crosslinks (Arora et al., 2010).

Therefore, although alterations in DNA repair pathways contribute to the development of tumors, and can lead to resistance to tumor therapies, they also hold huge potential as the next generation targets for the treatment of many cancer types. Due to the metabolic reprogramming in tumor cells, it is likely that targeting cellular metabolism may also be advantageous. The current literature supporting a link between metabolic reprogramming and the DNA damage response pathways will be further explored below.



The Requirement of the Pentose Phosphate Pathway (PPP) and G6PD Protein in DNA Damage Prevention and DNA Repair Processes

The pentose phosphate pathway is a parallel pathway to glycolysis and generates pentoses and NADPH, together with ribose-5-phosphate, a precursor for nucleotide synthesis (Patra and Hay, 2014). The PPP is upregulated in several tumor types and regulates various functions that promote tumor growth, including DNA metabolism and cell proliferation (Mori-Iwamoto et al., 2007; Chan et al., 2013; Catanzaro et al., 2015). In non-carcinogenic cells, the PPP pathway is responsible for generating the bulk of nucleotides through salvage pathways, which recycle existing nucleosides and nucleobases. Although, a portion of nucleotide synthesis also takes place via de novo synthesis pathways to produce purine and pyrimidine rings to sustain rapid DNA metabolism (Mori-Iwamoto et al., 2007). Supporting this, highly proliferative cells, such as tumor cells, are more likely to use de novo nucleotide synthesis pathways over the salvage pathways to maintain the increased production of nucleotides and other macromolecules. The de novo nucleotide synthesis pathways maintain nucleic acid and protein synthesis, along with other cellular activities, to meet the high metabolic requirements of cancer cells (Kilstrup et al., 2005; Villa et al., 2019).

The PPP pathway consists of an oxidative and a non-oxidative phase: the oxidative phase generates NADPH that is used for reductive biosynthetic reactions, such as fatty acid synthesis and the prevention of oxidative stress by detoxification of oxygen species (ROS). The non-oxidative arms of the PPP produce ribose-5-phosphatase, which is then further metabolized for the production of nucleotides (Figure 1). The PPP pathway occurs in parallel to glycolysis, diverging from glycolysis at glucose-6-phosphate (G6P), which is involved in the oxidation of glucose to provide the building blocks for anabolic pathways (D’Urso et al., 1983). Alternatively, under conditions of high reductive demand cancer cells have the capacity to divert glucose-6-phosphate dehydrogenase (G6PD) into the PPP pathway to maintain the constant generation of NADPH and nucleotides (Bokun et al., 1987). Downregulation of NADPH production renders tumor cells more susceptible to oxidative DNA damage, as NADPH functions as a major cofactor for glutathione (GS) and cytochrome p450 reductase, which is essential for maintaining the cellular redox balance.


[image: image]

FIGURE 1. The relationship between the Pentose Phosphate Pathway and DNA damage and repair. The PPP comprises of two phases known as the oxidative and non-oxidative phases. The oxidative phase is responsible for the conversion of glucose-6-phosphate to ribose-5-phosphate, which releases NADPH to maintain the cellular redox balance and also reduces oxidative damage. In the non-oxidative phase, the activity of a key enzyme, G6PD is stimulated by ATM to promote the production of NADPH and nucleotide synthesis. The activation of G6PD is essential to maintain a reduced cellular environment and also synthesises nucleotide precursors for DNA damage repair. This figure was created with BioRender.com.


Cells lacking G6PD are more sensitive to oxidative damage and therefore have increased sensitivity to ionizing radiation (IR), which in addition to inducing DNA strand breaks, also causes oxidative damage (Tuttle et al., 2000). G6PD is essential in sustaining a balanced pool of nucleotides in response to DNA damage and promotes PPP-mediated nucleotide synthesis. Furthermore, a study showed that Ataxia Telangiectasia Mutated (ATM), a key DNA damage protein, activates the PPP pathway through G6PD to promote antioxidant defense mechanisms and DNA repair activity via nucleotide production under stressed conditions (Cosentino et al., 2011). This suggests that G6PD activity is likely to also be required for the repair of DNA damage and maintaining DNA integrity (Zhang et al., 2016).

The wild type tumor suppressor protein, p53, has also been shown to downregulate the PPP via directly reducing G6PD activity (Jiang et al., 2011). However, inhibition of ATM is also known to downregulate p53 expression, subsequently promoting the constitutive upregulation of the PPP via G6PD upregulation too, consequently restoring dNTP levels in cancer cells and facilitating cellular proliferation (Aird et al., 2015). G6PD is the rate-limiting enzyme that regulates oxidative PPP and therefore controls the flux of dNTP production required for DNA replication and maintaining genome stability. As such, G6PD is also required to suppress dNTP-enhanced mutagenesis. Overall, the altered cellular metabolic flux induced by G6PD during metabolic reprogramming enables the more rapid repair of DNA lesions, promoting resistance to conventional therapies such as radiation, and cellular growth advantages (Leick and Levis, 2017).

Activating mutations of FMS-like tyrosine kinase 3 (FLT3) have been shown to drive the initiation and progression of acute myeloid leukemia (AML). As such, inhibition of FLT3 was suggested to be a promising treatment for AML; however, targeting FLT3 as a monotherapy did not achieve long term remission (Leick and Levis, 2017). In contrast, a genome-wide RNA interference (RNAi)-based screen found that inhibition of the ATM/G6PD pathway in combination with FLT3 inhibition was synthetically lethal (Gregory et al., 2016). Thus, the simultaneous targeting of ATM-mediated G6PD regulation and inhibition of up-regulated nucleotide synthesis following chemotherapy induced stress may offer a new treatment option by decreasing DNA repair capacity. Following this, the targeting of key enzymes that regulate PPP also potentiated the effect of conventional therapies to selectively suppress cancer cell growth. For example, treatment with the glycolysis inhibitors 2-Deoxy-D-glucose (2DG) and 6-aminonicotinamide (6AN) has been shown to increase radio-sensitivity in squamous carcinoma cell lines (Khaitan et al., 2006; Sharma et al., 2012). In addition, this suggests that the inhibition of PPP or G6PD in combination with DNA damage inducing chemotherapies, such as 5-fluorouracil (5-FU) and doxorubicin, may restore chemosensitivity in cancer cells.



ATM and DNA-PK Kinases Play a Key Role in Cellular Energy Sensing

Ataxia telangiectasia mutated and DNA-dependent kinases (DNA-PK) are key proteins that recognize DNA damage and initiate DNA damage repair signaling (Mirzayans et al., 2006; Marechal and Zou, 2013). Upon activation by DNA-damage, these kinases generate a cascade of phosphorylation events that regulate the recruitment and activity of many downstream effector proteins to repair DNA double-strand breaks (DSBs) (Cosentino et al., 2011; Aird et al., 2015). ATM is generally considered to form a homodimer, while the active DNA-PK complex is comprised of the DNA-PK catalytic subunit bound to the Ku70/80 heterodimer. Several studies have shown that both DNA-PK and ATM are also involved in cellular metabolism rewiring after DNA damage for energy supply by activating of glucose transporter (GLUT4) thought AKT, maintenance of mitochondrial homeostasis and increased nucleotide production for DNA metabolism (Figure 2). This is particularly evident in individuals with Ataxia-Telangiectasia syndrome (A-T), which results from mutations in the ATM gene. These individuals exhibit alterations in cellular metabolism, including the dysfunction of enzymes involved in glucose metabolism and mitochondrial function (Sharma et al., 2014; Volkow et al., 2014).
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FIGURE 2. A schematic representation of the Ataxia-Telangiectasia Mutated- (ATM) and DNA-Dependent Kinase- (DNA-PK) mediated regulation of metabolic processes after DNA Damage. ATM activates multiple downstream proteins regulating cell cycle arrest, DNA repair and cellular metabolism. ATM activates the tumor suppressor p53 which decreases GLUT recruitment, glycolysis, and dNTP production. ATM non-canonical function is essential for repairing mitochondrial genome defects to maintain mitochondrial homeostasis. For maintenance of energy production ATM activates AKT to promote glucose recruitment to the nucleus via GLUT4-mediated transport. ATM also activates G6PD though Hsp27, as an alternative mechanism to produce nucleotides for DNA metabolism. DNA-PK following energy depletion or metabolic rewiring promotes glycolysis through AMP signaling. This figure was created with BioRender.com.


Besides its primary function in the recognition of DNA damage, ATM functions as a metabolic stress sensor, identifying reductions in the energy levels of tumor cells, subsequently promoting increased PPP activity, which can lead to increased cancer cell survival and resistance to conventional therapies (Krüger and Ralser, 2011). Additionally, there is a growing quantity of evidence showing that ATM also regulates the translocation of glucose transporter 4 (GLUT4), which in part explains why patients with A-T syndrome tend to present high incidences of type 2 diabetes mellitus (Halaby et al., 2008). It is known that cytoplasmic ATM is an insulin-responsive protein that activates AKT following insulin treatment, and inhibition of ATM leads to downregulation of AKT activity that in turn downregulates the GLUT4 glucose transporter protein (Halaby et al., 2008). A recent study found that loss of ATM-mediated p53 Ser18 (murine Ser15) phosphorylation led to increased metabolic stress and insulin resistance (Armata et al., 2010). Additionally, ATM was also shown to enhance glycolysis in breast cancer cells via GLUT1-phosphorylation and PKM2 up-regulation, increasing lactate production. High levels of lactate were found to promote tumor invasion through lactate-mediated metabolic coupling (Sun et al., 2019). These recent studies suggest that ATM is essential for glycolysis homeostasis as it regulates key metabolic proteins that are responsible for the maintenance of glucose levels such as glucose transporters.

DNA-dependent kinases is best known for recognizing DSBs and initiating DNA repair responses by activation of the NHEJ pathway. DNA-PK is an abundant, cytoplasmatic protein that migrates to the nucleus after DNA damage (Yang et al., 2014). There is also growing evidence indicating that DNA-PK may function to regulate metabolic homeostasis (Weterings and Chen, 2008; Lieber, 2010). Similar to ATM, DNA-PK also functions as a metabolic stress sensor and regulates AMPK (AMP-activated protein kinase) in response to energy depletion or metabolic stress in mammalian cells. AMPK is an essential protein that recognizes when energy production is low. It has been shown that inhibition of the DNA-PK catalytic subunit, decreases AMPK activity in response to energy deprivation.

Cell starvation leads to the phosphorylation of AMPKα (Thr172) and acetyl-CoA carboxylase (ACC). However, the inhibition of DNA-PKcs inhibits AMPK phosphorylation, thereby disrupting the sensing of glucose metabolism by AMPK. In addition, it was shown that DNA-PKcs directly interacts with the energy monitoring regulatory subunit of AMPK (Amatya et al., 2012). This finding suggests that DNA-PK is essential for activating AMPK under low energy levels as a result of glucose deprivation in mammalian cells. Similarly, another study confirmed that DNA-PKcs is a positive regulator of AMPK activity and was found to phosphorylate two residues on AMPKγ (S192 and T284) (Puustinen et al., 2020). Conversely, another study showed that an aging-related increase in DNA-PKcs activity led to decreased AMPK activity, via phosphorylation-mediated inhibition of Hsp90 chaperone activity toward AMPKαα2 (Park et al., 2017). It is also possible that the interaction between DNA-PKcs and AMPK may depend on cellular context as DNA-PKcs itself is regulated by the cellular metabolic state and may decline as individuals’ age.

Autophagy is the process by which damaged proteins or organelles are degraded by the lysosome, this provides a mechanism to recycle cellular components providing macromolecular precursors and energy for cellular metabolism. Autophagy is generally classified into five defined steps: initiation, vesicle nucleation, vesicle elongation, vesicle fusion and cargo degradation. The regulation of autophagy by metabolic proteins and vice versa have been well charactered but there is also mounting evidence that DNA repair is also regulated by autophagy [reviewed in Hewitt and Korolchuk (2017)]. Some studies suggest that DNA repair is inhibited by autophagy, but other studies propose that autophagy promotes DNA repair (Bae and Guan, 2011; Liu et al., 2015). In order to explain this discrepancy, it has been hypothesized that following low levels of DNA damage, autophagy may promote DNA repair, while severe DNA damage may lead to autophagy-dependent degradation of DNA repair proteins to promote apoptosis (Guo and Ying, 2020). Autophagy has been shown to be initiated by AMPK activation and/or inhibition of the metabolic sensor Mammalian Target of Rapamycin Complex 1 (mTORC1), establishing another link between metabolism and DNA repair pathways (Kim et al., 2011). As discussed above the DNA-PK-dependent regulation of AMPK may also provide a feedback loop to regulate autophagy in the context of DNA repair (Puustinen et al., 2020).



Key Metabolic Enzymes That Play a Role in DNA Repair and Resistance to Chemo- and Radiotherapies (Summarized in Table 1)



Phosphoglycerate Mutase Enzyme (PGAM)

The Phosphoglycerate mutase 1 (PGAM1) is a key glycolytic enzyme that coordinates different metabolic process including glycolysis, PPP, and serine biosynthesis in cancer cells. As a result of its dynamic role in metabolic coordination, PGAM1 is overexpressed in several cancer types, including gliomas, oral carcinomas and pancreatic cancers (Liu et al., 2008, 2018; Zhang et al., 2017). For example, PGAM1 activity directly regulates the PPP and the resulting production of nucleotides, promoting cancer cell proliferation and tumor resistance to conventional therapies. Indirectly, PGAM1 contributes to DNA repair activity in cancer cells by the upregulation of glycolysis and/or nucleotide synthesis (Ohba et al., 2020). However, it was also found that PGAM1 plays a direct role in DNA repair as its activity was required for the repair of DNA double-strand breaks via homologous recombination (HR). Its role in HR was shown to be through regulating the stability of CTBP-interacting protein (CtIP), which is essential for the recruitment of Rad51 to sites of damage to facilitate filament formation (Qu et al., 2017). Complementary studies in gliomas cells demonstrated that depletion of PGAM1 also led to defective DNA damage signaling, including ATM autophosphorylation and phosphorylation of its downstream substrates. This led to disrupted DSB repair and subsequent sensitivity to IR, suggesting that PGAM1 may be a potential therapeutic target in gliomas (Ohba et al., 2020).


TABLE 1. The effects of metabolic proteins and metabolites on DNA repair.
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Fumarase/Fumarate Hydratase (FH)

Under normal cellular conditions FH localizes mainly in the cellular cytosol and mitochondria (Kornberg and Krebs, 1957). A study in yeast demonstrated that following the induction of DNA damage, FH moves to the nucleus and functions as a DNA repair protein to promote the repair of DSBs (Yogev et al., 2010). In human cells, FH plays a similar role in DNA repair and was found to be a substrate of DNA-PK, which phosphorylates FH at Threonine 236. This stimulates the local generation of fumarate near DSBs, which inhibits the activity of the histone demethylase, KDM2B (Jiang et al., 2015). Subsequently, increasing the level of Histone H3 lysine 36 dimethylation which has been shown to facilitate the recruitment of DNA-PK to DSB sites and subsequently facilitate NHEJ activity (Fnu et al., 2011). A recently study showed that depletion of fumarase prolonged the interaction of Mre11 at sites of DSBs, delaying the progression of the HR pathway (Leshets et al., 2018). In addition, increased FH expression also disrupts HR by the inhibition of two key lysine demethylases (KDM4A and KDM4B) in Leiomyomatosis Renal Cell Cancer (HLRCC). This syndrome is classified as a familial DNA repair deficiency syndrome, as these patients carry a germline mutation in FH leading to defective responses to DNA damage and results in a higher predisposition for cancer development (Sulkowski et al., 2018).



Pyruvate Kinase M2 (PKM2)

Pyruvate kinase is an enzyme that converts phosphoenolpyruvate and ADP into pyruvate to generate ATP, and its activity is essential for the maintenance of glucose homeostasis. Pyruvate kinase M2 (PKM2) is highly expressed in cancer cells and a master regulator of tumor metabolic reprogramming (Wu et al., 2016; Zheng et al., 2018). Under normal conditions PKM2 is an abundant cytosolic protein that upon certain cellular stress, such as ultraviolet light (UV) or H2O2, migrates to the nucleus (Stetak et al., 2007). The migration of PKM2 to the nucleus has been associated with its non-metabolic functions, as PKM2 was found to phosphorylate several nuclear proteins, including histone H3 (Yang et al., 2014). It was also reported that nuclear PKM2 interacts with histone H2AX after DNA damage, and that PKM2 could directly phosphorylate H2AX on serine 139, one of the first phosphorylation events following DNA damage. Furthermore, replacement of wild type PKM2 with a kinase dead form led to increased chromosomal aberrations following DNA damage. Collectively, this reveals PKM2 as a novel modulator for genomic instability in tumor cells (Xia et al., 2017). As part of its non-metabolic activity it was also recently uncovered that PKM2 directly promotes DSB repair, as ATM phosphorylates PKM2 at Threonine 328 (T328) to induce the nuclear accumulation of PKM2 (Matsuoka et al., 2007). This ATM-mediated phosphorylation of PKM2 was shown to be required for efficient homologous recombination (HR) through the recruitment of CtIP at the site of DSBs. Additionally, the disruption of the ATM-PKM2-CtIP axis interaction was shown to sensitize tumor cells to a variety of DNA-damaging agents, including PARP inhibitors (Sizemore et al., 2018).



ATP-Citrate Lyase (ACLY)

ATP-citrate lyase is a nuclear-cytoplasmic enzyme that utilizes acetyl-CoA to generate citrate, and plays a crucial role in conserving the global histone acetylation in mammalian cells (Wellen et al., 2009). ACLY deficiency has been shown to result in defective DSB repair, due to the depletion of acetyl-CoA pools and reduction in acetylated histones at sites of DSBs (Kumari et al., 2019). Supporting this Sivanand et al. showed that nuclear acetyl-CoA played a role in HR and following DNA damage ACLY was phosphorylated at Serine 455, in an ATM- and AKT-dependent manner. Additionally, ACLY phosphorylation and nuclear localization were necessary to promote BRCA1 recruitment in order for HR to occur (Sivanand et al., 2017). Thus, acetyl-CoA production by ACLY is critical for the repair of DNA DSBs.



Glutamine Synthetase (GS)

Glutamine synthetase (GS) is an enzyme that catalyzes the conversion of glutamate and ammonia into glutamine. Transcriptome analyses revealed that GS is responsible for the metabolic reprogramming that occurs in tumor cells, as GS activity was shown to enhance DNA repair via de novo nucleotide synthesis (Kalluri, 2016). Further analyses revealed that knockdown of GS delayed DNA repair due to impaired nucleotide metabolism, which led to increased radio-sensitivity. HR was impaired in GS depleted cells further supporting a role for GS in DSB repair. Collectively, these findings suggest glutamine synthase plays a similar role to G6PD in DNA repair, as its upregulation increases nucleotide synthesis leading increased DSB repair capacity.



The Role of Metabolic Reprogramming in Tumor Cell Chemo- and Radio-Resistance

Radiotherapy remains a key anti-cancer therapy, with over 50% of patients undergoing radiation treatment as a monotherapy or in combination with other therapies (Kalluri, 2016). However, a significant proportion of patients experience resistance to conventional radiotherapy. Studies have demonstrated that the likelihood of radio-resistance is influenced by several factors, including metabolic changes and the upregulation of DNA repair pathways (Dwarkanath et al., 2001; Schwarz et al., 2008). Metabolic reprogramming may enable tumor cells to enhance nucleotide synthesis through the upregulation of the PPP, subsequently promoting resistance to traditional anti-cancer therapies (Zhao et al., 2016; Yin et al., 2017). Supporting this, several studies have shown that upregulation of metabolic enzymes or metabolic processes increases the activity of DNA repair pathways. For example, as a result of elevated glycolytic activity, some tumors generate a high level of lactate, which can promote cisplatin-resistance through increased DNA repair activity (Wagner et al., 2015). As previously discussed, several metabolic enzymes from glycolysis and PPP play a direct role in DNA repair pathways, and inhibition of key enzymes of both pathways not only inhibited cellular proliferation but also restored radio-sensitivity by decreasing DNA repair activity. The link between radio-resistance and altered metabolism is not fully understood but several studies suggest that decreasing the metabolic activity of the key enzymes involved in the PPP and glycolysis pathways could restore the sensitivity of resistant tumors to conventional therapies.

In ovarian cancer, three glycolytic enzymes, HK2, PFK, and PKM2, have been suggested to be promising targets due to their positive correlation with chemo- and radio-resistance via anti-apoptotic and cell survival mechanisms (Li et al., 2015; Zhang et al., 2018; Lin et al., 2019). There are four isoforms of PK; however, the PKM2 isoform is a key regulator of glycolysis in cancer cells and is thus the most prominent potential candidate for restoring sensitivity to therapies. Supporting this, the inhibition of PKM2 in cervical cancer cells leads to decreased cell viability, G2/M cell cycle arrest, and promotes apoptosis (Lin et al., 2019). Furthermore, inhibition of PKM2 may induce radio-sensitivity, as demonstrated by a study which found that PKM2 depletion decreases AKT and PDK1 phosphorylation to subsequently promote radio-sensitivity in NSCLCs (Yuan et al., 2016). Similar to LDHA, miR-133 overexpression inhibits the expression of PKM2, which restores the sensitivity of radio-resistant lung cancer cells, offering a potential new treatment option for these radio-resistant tumors (Liu et al., 2016).

Hexokinase 2 (HK2) is a key glycolytic enzyme that catalyzes the first essential step of glucose metabolism. Like many other glycolytic proteins, HK2 is highly expressed in several tumor types (Anderson et al., 2017; Wu et al., 2017). Similar to other metabolic proteins, inhibition of HK2 has been shown to increase radio-sensitivity in cancer cells (Vartanian et al., 2016). 2-deoxy-D-glucose (2-DG) is an inhibitor of glucose metabolism, that is phosphorylated by Hexokinase to produce 2-deoxyglucose-6-phosphate. The intracellular accumulation of this metabolite inhibits hexokinase activity and therefore ATP production via glycolysis. Significantly, the anti-proliferative effects of 2-DG have been demonstrated in numerous preclinical studies (Giammarioli et al., 2012; Zhang et al., 2015). 2-DG has also been shown to be an effective sensitizer in several tumor types, including gliomas and lung carcinomas (Dwarkanath et al., 2001; Singh et al., 2019). Additionally, combining 2-DG with chemotherapy has already shown promising results in its ability to restore the sensitivity of chemo-resistance cells. A recent study analyzed the effect of combination treatment with 2-DG and carboplatin chemotherapy in high stage and recurrent ovarian clear cell carcinoma (OCC), and found that 2-DG in combination with carboplatin and cisplatin chemotherapy increased efficacy in chemo-resistant ovarian tumor cell lines and patient-derived xenograft models (Zhang et al., 2015; Khan et al., 2020). Thus, the combination of 2-DG with both radio- and chemotherapy drugs improves tumor cell sensitivity; however, the underlying mechanism for the restoration of sensitivity to therapy remains largely unknown.

The glucose transporter GLUT1 is involved with the early steps of glucose uptake and metabolism. GLUT1 is overexpressed in many types of cancers and has been evaluated as a potential target for anti-cancer drugs (Wincewicz et al., 2010; Koch et al., 2015; Kim and Chang, 2019). Depletion of GLUT1 using small interfering RNA (siRNA) was shown to increase the radiosensitivity of laryngeal cancer cells and led to the downregulation of DNA repair. Similarly, restoration of radio-sensitivity was observed when antisense oligonucleotides (AS-ODNs) were used to inhibit GLUT1 activity in laryngeal carcinoma cells (Chan et al., 2004; Yan et al., 2013). In breast cancer, a synthetic inhibitor of GLUT1 known as WZB117, was demonstrated to radio-sensitize cancer by increasing the level of intracellular ROS, thereby inhibiting tumor growth (Zhao et al., 2016). Thus, inhibition of GLUT1 has therapeutic potential as an intervention to overcome cellular radio-resistance.

L-lactate is produced by glycolysis and is found to be expressed in high quantities in malignant tumors. High lactate levels have also been associated with resistance to clinical chemotherapeutics in numerous cancer subtypes. Recently, studies have shown that lactate can inhibit the activity of histone deacetylases (HDACs), which leads to changes in chromatin structure and transcription (Wagner et al., 2015, 2017). HDACs remove acetyl groups from histones, and their inhibition results in increased acetylation of histones, which are generally associated with a more open chromatin structure to promote transcription. This open chromatin state has also been suggested to increase accessibility of DNA repair proteins to sites of damage, in turn increasing the rates of DNA repair (Tamburini and Tyler, 2005). A study showed that lactate also modulates chromatin compaction in cervical cancer, leading to the up-regulation of DNA-PKcs (Wagner et al., 2015). Thus, the characteristic increase in lactate levels in tumor cells results in increased DNA repair activity, which has been shown to enhance radio-resistance in cervical carcinoma. Additionally, L/D-lactate was shown to increase the rate of γ-H2AX foci resolution after irradiation and induce cisplatin resistance, consistent with the up-regulation of DNA repair pathways (Wagner et al., 2015). Lactate dehydrogenase (LDHA) is a key metabolic protein found in almost all human tissues that is required for the conversion of pyruvate to lactic acid, playing an important role in the final steps of glycolysis. Increased expression of LDHA induces hypoxic environments that are associated with tumor metastases, poor overall survival, and radio-resistance in several tumor types, including prostate and bladder cancers (Koukourakis et al., 2009, 2014, 2016). Based on these findings, it can be suggested that the inhibition of LDHA activity may confer sensitivity in tumor cells to DNA damaging agents (Manerba et al., 2015). Supporting this, a soluble adenylate cyclase (sAC) that promotes the release of LDHA, led to the activation of the BRAF/ERK1/2 signaling pathway and consequently increased radio-resistance in prostate cancer cells (Flacke et al., 2013; Appukuttan et al., 2014). Treatment of prostate cancer cells with an LHDA-specific inhibitor, FX-11, reduced the activity of DNA repair proteins, improving cellular sensitivity to radiotherapy (Hao et al., 2016). Another study demonstrated that miR-34a overexpression inhibits LDHA and restored radio-sensitivity in hepatocellular carcinoma cells (Li et al., 2016). Based on these findings, it has been suggested that targeting LDHA via miR-34a may provide a mechanism to restore sensitivity to therapies in radio-resistant tumors (Li et al., 2016). Lactate influx and efflux is mediated by four members of the solute carrier 16a family Monocarboxylate transporters (MCT1-4). These proteins control the transport of lactate across the plasma membrane, effectively controlling lactate homeostasis. Given that high lactate levels confer chemo- and radioresistance, MCTs may also represent an effective mechanism to target lactate levels in tumor cells and increase sensitivity to DNA damaging agents (Halestrap, 2012).



CONCLUSION

Genomic instability and metabolic reprogramming are central components in cancer development and evolution. These changes in chromatin structure, DNA repair enzyme expression and mutation allow the cancer cells to develop genetic heterogeneity, which in turn can promote evolution and metastasis. The metabolic changes allow cancer cells to increase growth rates, adapt to the rapidly changing external environment and to reduce the reliance on oxygen. It has become increasingly apparent that these two processes do not exist in isolation, but instead are mutually dependent. This raises the notion that the cell must adapt more globally to small changes in metabolism. While the DNA damage signaling kinases regulate the metabolic state of the cell, the opposite is also true. This generates a regulatory loop that ensures that changes in one pathway have compensatory changes in the other pathways. It must be considered that this link, and the peer reviewed studies supporting the link, have predominantly occurred in cancer cell lines and studies. It is likely these studies sit at the extreme of changes that have occurred in genomic instability and metabolism, as these cells have adapted to a metabolic and genetic state that gives them a growth and survival advantage. Understanding how these processes function under normal physiological cell conditions and indeed how they may drive the process of aging and other age-related diseases needs to be further addressed. During the aging process, the DNA repair capacity of cells declines and also undergo metabolic changes induced by cellular and endocrine changes. Understanding, how these changes in metabolism and DNA repair capacity under the normal process of aging may shed further light on why cancers form in the first place. In cancer, further studies may also identify new therapeutic targets that can target both metabolism and DNA repair concurrently.
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Veliparib Is an Effective Radiosensitizing Agent in a Preclinical Model of Medulloblastoma
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Medulloblastoma is the most common malignant childhood brain tumor, and 5-year overall survival rates are as low as 40% depending on molecular subtype, with new therapies critically important. As radiotherapy and chemotherapy act through the induction of DNA damage, the sensitization of cancer cells through the inhibition of DNA damage repair pathways is a potential therapeutic strategy. The poly-(ADP-ribose) polymerase (PARP) inhibitor veliparib was assessed for its ability to augment the cellular response to radiation-induced DNA damage in human medulloblastoma cells. DNA repair following irradiation was assessed using the alkaline comet assay, with veliparib inhibiting the rate of DNA repair. Veliparib treatment also increased the number of γH2AX foci in cells treated with radiation, and analysis of downstream pathways indicated persistent activation of the DNA damage response pathway. Clonogenicity assays demonstrated that veliparib effectively inhibited the colony-forming capacity of medulloblastoma cells, both as a single agent and in combination with irradiation. These data were then validated in vivo using an orthotopic implant model of medulloblastoma. Mice harboring intracranial D425 medulloblastoma xenografts were treated with vehicle, veliparib, 18 Gy multifractionated craniospinal irradiation (CSI), or veliparib combined with 18 Gy CSI. Animals treated with combination therapy exhibited reduced tumor growth rates concomitant with increased intra-tumoral apoptosis observed by immunohistochemistry. Kaplan–Meier analyses revealed a statistically significant increase in survival with combination therapy compared to CSI alone. In summary, PARP inhibition enhanced radiation-induced cytotoxicity of medulloblastoma cells; thus, veliparib or other brain-penetrant PARP inhibitors are potential radiosensitizing agents for the treatment of medulloblastoma.
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INTRODUCTION

Brain tumors represent one of the leading causes of mortality in children, with medulloblastoma the most common childhood brain cancer (Millard and De Braganca, 2016). Medulloblastoma is a heterogeneous group of cancers that can been divided into four core molecular subgroups: SHH, WNT, Group 3, and Group 4 (Thompson et al., 2006; Louis et al., 2016). These subgroups can be further classified into 13 subtypes based on genomic, epigenomic, proteomic, and clinical features (Hovestadt et al., 2020). Five-year overall survival rates for medulloblastoma range from 40 to 98%, depending on molecular subtype (Hovestadt et al., 2020), with MYC-amplified Group 3 medulloblastoma associated with very poor survival rates. Despite significant progress in our understanding of the underlying molecular drivers of these tumors, this has not yet been translated into improved outcomes.

The standard treatment regimen for medulloblastoma consists of maximal safe tumor resection followed by craniospinal irradiation (CSI) and multi-agent chemotherapy (Martin et al., 2014; Northcott et al., 2019). As radiotherapy and chemotherapy induce DNA damage, sensitizing medulloblastoma cells to these treatments through inhibiting DNA repair pathways is a potential therapeutic strategy (Carrassa and Damia, 2017). We recently performed a drug screen that identified kinase inhibitors of the DNA damage response (DDR) pathway and cell cycle machinery as potent agents against MYC-amplified Group 3 medulloblastoma in combination with chemotherapy (Endersby et al., 2021). The DDR is a carefully orchestrated network which allows cells to sense problems in their DNA, arrest cell cycle progression and repair DNA damage. The poly-(ADP-ribose) polymerase (PARP) family of proteins are important facilitators of DNA damage repair. While there are 18 members of the PARP family, PARP1 and PARP2 are the most important for DNA damage repair (Kamaletdinova et al., 2019). PARPs bind to DNA at various sites of damage which stimulates them to synthesize PAR chains (PARylation). These PAR chains act as docking sites for DNA repair proteins, facilitating their recruitment to sites of DNA damage (Pommier et al., 2016). A number of PARP inhibitors have been developed and may be used clinically to treat cancers with homologous recombination (HR) deficiency, such as those with mutations in BRCA1, BRCA2, and PALB2. In these cancers, PARP inhibitors can induce synthetic lethality, and this approach has had some success particularly in breast and ovarian cancer (Janysek et al., 2021). This synthetic lethality approach is unlikely to be widely successful in medulloblastoma, as very few patients harbor mutations in genes encoding HR machinery. However, PARP inhibitors have recently been investigated for their ability to sensitize brain cancer cells to chemotherapy and radiotherapy (Van Vuurden et al., 2011; Chornenkyy et al., 2015; Jue et al., 2017) and it is this approach that we sought to test in medulloblastoma.

There is evidence that PARP inhibition can sensitize cancer cell lines to radiation, including cells derived from pediatric brain tumors. PARP inhibition increased DNA damage, and reduced cell viability and proliferation when combined with irradiation in pediatric high-grade glioma, ependymoma, and diffuse intrinsic pontine glioma (DIPG) cell lines in vitro (Van Vuurden et al., 2011; Chornenkyy et al., 2015). Combined PARP inhibition and radiotherapy has also increased survival in mouse models of high-grade astrocytoma (Chornenkyy et al., 2015). In medulloblastoma, it has been demonstrated that PARP inhibition has the potential to sensitize cells to chemotherapy in vivo (Daniel et al., 2010). Radiosensitization of medulloblastoma cells has been demonstrated in vitro (Van Vuurden et al., 2011), however this has not yet been tested in vivo in orthotopic xenograft models.

Of the PARP inhibitors developed so far, veliparib is the most clinically advanced in children. A phase I trial has examined veliparib in combination with temozolomide for the treatment of recurrent CNS tumors in children, including two patients diagnosed with medulloblastoma (Su et al., 2014); where veliparib was well tolerated and stable disease was observed in four patients. A recent phase I/II clinical trial examined the use of veliparib in combination with temozolomide and radiotherapy for treatment of DIPG (Baxter et al., 2020). While veliparib was well-tolerated, no survival benefit was shown at interim analysis, and the trial was stopped. A further phase I/II clinical trial examining the use of veliparib in combination with temozolomide and radiotherapy for treatment of pediatric glioma is currently underway (clinicaltrials.gov ID#NCT03581292). Recently, veliparib in combination with radiation was shown to significantly increase survival of glioblastoma patient-derived xenograft (PDX) mouse models (Jue et al., 2017). Therefore, we sought to investigate methods that may improve treatment outcomes for high-risk medulloblastoma patients by preclinically evaluating the radiosensitizing potential of PARP inhibition in MYC-amplified Group 3 medulloblastoma models. Despite promising data from PARP inhibitors like niraparib and olaparib (Murai et al., 2012), given that veliparib is the most clinically tested PARP inhibitor for children with brain cancer, we investigated a potential role for veliparib in medulloblastoma to ensure rapid clinical translatability.



METHODS


Cell Culture

D425 and D283 human medulloblastoma cells were a gift from Prof. Darell Bigner of Duke University, United States (Friedman et al., 1985; Bigner et al., 1990). STR analysis and sequencing of previously reported genetic alterations confirmed the identity of all cell lines. All cultures were incubated at 37°C with 5% CO2 and confirmed mycoplasma-free using a MycoAlertTM Mycoplasma Detection Kit (Lonza). D425 cells were cultured in modified IMEM (#A10489-01, Gibco) supplemented with GlutaMAX (#35050-061, Invitrogen), 10% fetal bovine serum (FBS, Cell Sera), and 10 μM HEPES (#15630-080, Gibco). D425 cells were transduced with pCL20-MSCV-GFP-ires-Luc2 lentiviral particles to drive expression of GFP and luciferase (referred to as D425GiL). D283 cells were cultured in MEMα (#12561072, Gibco) supplemented with GlutaMAX (Invitrogen) and 10% FBS. D283 were transduced with MSCV-ires-pacLuc2 retroviral particles to drive expression of a puromycin acetyltransferase and codon-optimized firefly luciferase fusion protein (referred to as D283Luc2). Viral constructs and packaging plasmids were kindly provided by Drs. Richard Williams and Arthur Nienhuis of St. Jude Children’s Research Hospital, United States.



In vitro Dose Response Assay

Veliparib (MedChem Express) was dissolved in DMSO (10 mM). D425Gil or D283Luc2 cells (5,000/well) were seeded into black-walled 384-well plates (Costar) and compounds were applied using a D300e digital dispenser (Tecan). Viability was assessed after 72 h using alamarBlue [0.6 mM resazurin, 1 mM potassium hexacyanoferrate (II) trihydrate, 1 mM potassium hexacyanoferrate (III), 2.5% methylene blue]. Resorufin fluorescence (excitation 570 nm, emission 590 nm) was used to calculate the percentage of viable cells relative to control (DMSO) wells. The effective dose that inhibits 50% of cells (ED50) was determined using data pooled from at least three independent experiments. For drug-radiation interaction assays, cells were treated with increasing concentrations of veliparib alone, X-ray radiation alone [1, 2.5, 5, or 7.5 Gy, delivered using an XRAD SmART 225-cx (Precision X-ray) (Supplementary Methods)], or the combination of both veliparib and radiation. The combinatorial treatment effects were assessed using Combenefit software (Di Veroli et al., 2016). At least three independent experiments were performed.



Comet Assays

D425Gil cells were treated with DMSO (0.1%) or veliparib (10 μM). After the addition of drug, cells were immediately placed on ice, then exposed to 10 Gy γ-radiation using a cesium source irradiator (Gammacell 3000, MDS Nordion) and returned to ice. Cells were either immediately resuspended in 1% low melting point agarose and spread onto a glass slide, or incubated at 37°C in 5% CO2 for 10, 20, 40, 60, 80, 100, or 120 min prior to processing. Slides were immersed in lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris–HCl and 1% Triton X-100) at 4°C for 1 h, then washed twice in alkaline solution (0.3 M NaOH, 1 mM EDTA). DNA was separated via electrophoresis in alkaline solution for 20 min at 18 V, 4°C. A reference standard slide with pre-irradiated (10 Gy) cells was included in every electrophoresis run for standardization. Slides were washed for 10 min and propidium iodide added for visualization. OpenComet software (Gyori et al., 2014) was used to determine the proportion of damaged DNA in each cell by calculation of percentage tail DNA. A minimum of three experimental replicates were performed.



Immunofluorescence

D425 and D283 cells were seeded onto Matrigel (BD Biosciences) coated coverslips and then treated with DMSO (0.1%) or 10 μM veliparib, followed by either 0 or 2 Gy γ-radiation (Gammacell 3000, MDS Nordion). Cells were fixed 24 h post-irradiation and stained using the following antibodies: γH2AX [Cell Signaling Technologies (CST), #9718S, 1:400], RPA32/RPA2 (CST #2208S, 1:200), AlexaFluor488 anti-rabbit (Life Technologies, #A11008, 1:400) and AlexaFluor568 anti-rat (Life Technologies, #A11077, 1:200). Nuclei were stained using NucBlue (Life Technologies, #R37605), and coverslips mounted in VectorShield (Vector Labs). Images were taken using a Nikon Ti-E microscope and images analyzed using NIS Elements software (Nikon).



Flow Cytometry

Cell cycle distribution was analyzed using EdU (added 45 min before harvest) to label cells in S phase and DAPI to label DNA content. Cells were treated and harvested as indicated in the figure legends. Cells were stained using the Click-iT EdU AlexaFluor488 kit (Invitrogen). Samples were analyzed using an LSRFortessa X20 (BD) and results were visualized and quantified using FlowJo software as previously described (Andradas et al., 2021). Data are pooled from two independent experiments and show the mean with standard deviation (SD).



Protein Analysis by Immunoblotting

D425GiL and D283Luc2 cells were treated with DMSO (0.1%) or 10 μM veliparib, alone or combined with 10 Gy γ-radiation (Gammacell 3000, Nordion). Cells were lysed after 24 h with radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors (Roche). Protein (30 μg/lane) was separated using 4–12% NuPAGE Bis-Tris gels (Invitrogen) and transferred to nitrocellulose membranes. Membranes were immunoblotted with primary antibodies and horseradish peroxidase-conjugated secondary antibodies (1:5000, Cytiva) which were detected using Supersignal West Dura (Pierce) or Clarity Western ECL (Bio-Rad) and images collected using a ChemiDoc (Bio-Rad). Primary antibodies used were phosphorylated (p-) CHK1Ser345 (#2348), p-CHK2Thr68 (#2661), p53 (#9282), PAR (#83732), PARP (#9542), CHK1 (#2360), CHK2 (#6334), and γH2AX (#9718S) from CST, and β-actin (Sigma-Aldrich, #A1978). Data are representative of two independent experiments.



Colony-Forming Assays

Medulloblastoma cells were treated with DMSO (0.1%) or veliparib (10 μM), then either untreated or exposed to 2 Gy γ-radiation (Gammacell 3000, Nordion) prior to suspending in media containing 1.25% methylcellulose (STEMCELL Technologies) and plating. After 14 days, colonies at least 100 μm in diameter were counted. Three independent experiments were performed.



Orthotopic Xenograft Model of Medulloblastoma

D425Gil cells (5 × 105) suspended in Matrigel (BD Biosciences) were implanted into the right cerebral cortex of 7–10 weeks old NOD/Rag1–/– mice (Jackson Laboratories). Tumor growth was monitored weekly using bioluminescence imaging (BLI, IVIS Spectrum, Caliper). Mice were randomized into treatment groups with equivalent mean bioluminescence (photons per second per centimeter squared per steradian, abbreviated as p/s). Veliparib dissolved in 20% Captisol® was delivered per os (p.o.) twice daily (12.5 mg/kg/dose). When delivered in combination, veliparib was administered 1 h prior to radiotherapy. Radiotherapy was delivered using an X-RAD SmART (Precision X-ray) employing cone-beam CT guidance with fully assessed spatial and dosimetric accuracy (Feddersen et al., 2019; Supplementary Material). For CSI, mice were anesthetized using isoflurane, and 18 Gy was delivered as nine 2 Gy fractions on sequential weekdays. Three sets of two lateral coplanar beams with 40 mm square collimation were delivered to three separate isocentres, with the first set of beams targeting the brain and cervical spine, the second targeting the thoracic spine, and the third targeting the lumbar spine. For Kaplan–Meier analyses an event was counted when mice required euthanasia due to tumor-related morbidity. Mice requiring euthanasia for non-tumor-related reasons (weight loss, physical trauma) were censored. Animal experiments were approved by the Animal Ethics Committee of the Telethon Kids Institute and performed in accordance with Australia’s Code for the Care and Use of Animals for Scientific Purposes.



Immunohistochemistry

BALB/cnu/nu mice (Animal Resources Centre) bearing intracranial D425GiL xenografts were treated with either vehicle (20% Captisol®), veliparib (two 12.5 mg/kg doses, p.o., 8 h apart), 2 Gy radiotherapy alone (delivered using the XRAD SmART), or a combination of veliparib and 2 Gy radiotherapy (n = 3–4 per group). Mice were anesthetized after 24 h, perfused with PBS followed by 4% paraformaldehyde (PFA) in PBS and brains were further fixed in 4% PFA/PBS overnight at 4°C prior to paraffin embedding. Tissue sections (5 μm) underwent antigen retrieval in citrate buffer before immunostaining with the following primary antibodies: cleaved caspase-3 (BD, #559565, 1:500), γH2AX (CST, #9718S, 1:500), phospho-histone H3Thr3 (CST, #9714, 1:100), PARP-1 (Abcam, #32138, 1:500). Sections were developed using an Elite ABC kit and NovaRED substrate, then counterstained with Gill’s hematoxylin (Vector Laboratories). Positively stained cells were quantified using a Nuance spectral unmixing camera and InForm software (Perkin Elmer).



Statistical Analysis

Prism v8.1.2 was used to analyze results. Comet assays were compared using unpaired two-tailed Student’s t-tests for each timepoint, using Holm-Sidak correction for multiple comparisons. Comparison of treatments in colony forming assays, immunofluorescence and immunohistochemistry was performed using a one-way ANOVA with Holm-Sidak multiple testing correction. Comparison of Kaplan–Meier survival curves was performed using the Mantel–Cox test. Where multiple testing correction was carried out, adjusted p-values are reported.



RESULTS


PARP Inhibition Alone Does Not Reduce Medulloblastoma Cell Viability

To determine the effect of PARP inhibition on medulloblastoma cell viability in vitro drug sensitivity assays were performed using veliparib (Supplementary Figures 1A,B). Minimal effect on D425GiL and D283Luc2 medulloblastoma cell viability was observed over a large range of concentrations. The ED50 was estimated to be >25 μM.



Inhibition of PARP Delays Repair of Radiation-Induced DNA Damage

The alkaline comet assay was used to determine the effect of veliparib on radiation-induced DNA damage repair in D425GiL medulloblastoma cells. Veliparib did not induce DNA damage when used as a single agent (Figure 1A). Radiation-induced DNA strand breaks, detected as an increase in the percentage of DNA in the comet tail, were almost completely resolved within 2 h in cells treated with DMSO (Figure 1A). When the cells were exposed to veliparib in combination with radiation, a significant delay in DNA damage repair following irradiation was observed (Figure 1A). These results indicate that PARP inhibition reduces the repair rate of radiation-induced DNA damage in human medulloblastoma cells.
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FIGURE 1. PARP inhibition reduces the repair rate of radiation-induced DNA damage. (A) Comet assays were performed to detect DNA damage post-irradiation. Violin plots showing DNA damage (measured as the percent of DNA in the comet tail) for D425GiL medulloblastoma cells treated with DMSO or veliparib; and exposed to 0 or 10 Gy γ-radiation. Mean values for each timepoint are shown in red. *p < 0.05, **p < 0.01, ***p < 0.001. Shown are representative images of comets with the head and tail regions outlined in red for each treatment at 40 min recovery time post-irradiation. (B) Representative fluorescent microscopy images of D425 medulloblastoma cells stained for DNA damage foci (γH2AX, green) and DNA repair foci (RPA32/RPA2, red), shown as single channel and composite images. Scale bar represents 20 μm. (C,D) Quantification of γH2AX foci (C) or RPA32/RPA2 (D) foci per cell. Each point is an individual cell and mean ± SD is shown. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns indicates not significant. (E,F) Immunoblots for the indicated proteins in D425GiL medulloblastoma cells treated with DMSO (–) or veliparib and exposed to 0 or 10 Gy γ-radiation. Blots are representative of two independent experiments.




PARP Inhibition Increases DNA Damage Foci

The effect of veliparib, radiation or combination treatment on the number of γH2AX foci (indicating DNA damage) and RPA32/RPA2 foci (indicating DNA repair) in medulloblastoma cells was determined (Figure 1B). In D425 cells treated with DMSO or veliparib few γH2AX foci were present but foci were significantly increased upon irradiation (2 Gy) and then further increased upon co-treatment with veliparib and irradiation (Figures 1B,C). Cells treated with veliparib showed significantly fewer RPA32/RPA2 DNA repair foci compared to DMSO controls, however there were no significant differences in DNA repair foci between cells treated with 2 Gy irradiation alone and combination veliparib/irradiation at the timepoint examined (24 h, Figure 1D). These results were validated in a second medulloblastoma cell line. D283Luc2 cells treated with DMSO or veliparib had few γH2AX foci (Supplementary Figure 2A). Irradiation significantly increased γH2AX foci compared to DMSO controls, and cells treated with combination veliparib/irradiation had significantly increased γH2AX foci compared to irradiation alone (Supplementary Figure 2B). Furthermore, in these cells RPA32/RPA2 foci were also increased in combination veliparib/radiation-treated cells compared to irradiation alone (Supplementary Figure 2C). These data are consistent with the comet assays and suggest that PARP inhibition delays the ability of medulloblastoma cells to repair radiation-induced DNA damage.



DNA Damage Pathways Are Upregulated Following PARP Inhibition

The DDR following veliparib and/or radiation exposure was further assessed using immunoblotting (Figures 1E–F). In D425 cells treated with veliparib, either alone or in combination with irradiation, clear inhibition of PARP was observed as a reduction in PAR protein. As expected, DNA damage (as measured by γH2AX abundance) was increased in irradiated medulloblastoma cells, either alone or in combination with veliparib. Notably, although p53 abundance was increased in cells treated with irradiation alone, it was further increased in combination-treated cells indicating exacerbated cellular stress. Radiation induces cell cycle arrest via activation of ATM, ATR and phosphorylation of the downstream regulators CHK1 and CHK2 (Huang and Zhou, 2020), which become dephosphorylated upon the completion of DNA repair. As expected, radiation induced both CHK1 and CHK2 phosphorylation, and this was increased by co-treatment with veliparib. Similar effects were observed in D283Luc2 medulloblastoma cells (Supplementary Figure 2D). Since CHK1 and CHK2 phosphorylation were increased following combination exposure of cells to veliparib and radiation we also investigated the effects of treatment on cell cycle progression using flow cytometry. D425 and D283 medulloblastoma cells were treated with DMSO, veliparib, radiation or both veliparib and radiation and cell cycle progression was assessed. Radiation induced a reduction in DNA synthesis and robust G2 arrest in both cell lines; however, no difference in cell cycle arrest or recovery was observed in the presence of veliparib (Supplementary Figure 3). Overall, the immunoblotting results indicate persistent activation of the DDR pathway when veliparib is combined with radiation and support our data suggesting veliparib delays DNA repair in medulloblastoma cells. Immunoblotting data also revealed that, in both cell lines, PARP cleavage was increased following combination treatment suggesting that apoptosis is induced.



PARP Inhibition Radiosensitizes Medulloblastoma Cells in vitro

Due to its effect on DNA damage repair, we investigated if there was a synergistic effect of combining veliparib and radiotherapy in vitro using three different mathematical models of measuring drug-radiation interactions (Bliss, 1939; Loewe, 1953; Tan et al., 2012): the Loewe Additivity method (Figures 2A,B), Bliss Independence model, and the highest single agent (HSA) model (both shown in Supplementary Figure 4). In D425Gil cells, veliparib and radiation was neither synergistic nor antagonistic across multiple different doses indicating an additive interaction (Figure 2A) and in D283Luc2 cells, most experimental conditions were additive, although the combination of 25 μM veliparib and 5 Gy radiation demonstrated significant synergy (Figure 2B). These results show that PARP inhibition in combination with radiotherapy reduces medulloblastoma cell viability in vitro.


[image: image]

FIGURE 2. PARP inhibitors enhance radiation-induced cytotoxicity and decrease colony forming ability in medulloblastoma cells. (A) D425GiL and (B) D283Luc2 cells were treated with increasing doses of radiation combined with veliparib and the mean ± SD synergy score for each combination was calculated using the Loewe Additivity model. Values greater than or less than zero indicate synergy or antagonism, respectively (indicated by the rainbow heat map). The number (n) of independent experiments used in the analysis is shown, and statistical comparisons were performed as described by Di Veroli et al., 2016. *p < 0.05. (C) D425Gil and (D) D283Luc2 cells were treated with DMSO, veliparib, 2 Gy irradiation or a combination of veliparib and irradiation as indicated and plated in methylcellulose. The mean number of colonies formed ± SEM is shown from three independent experiments (indicated in different colors). Groups were compared using one-way ANOVA with Holm–Sidak multiple testing correction. *p < 0.05, **p < 0.01, ***p < 0.001.


The limitation of these interaction assays is that they are performed over a short time frame (72 h). To further investigate the ability of veliparib and radiation to impact medulloblastoma proliferative capacity, clonogenicity assays were performed (Figures 2C,D). Medulloblastoma cells treated with radiation (2 Gy) showed significantly reduced colony forming capacity compared to controls (D425, p < 0.01; D283, p < 0.001). Veliparib alone also significantly impaired colony forming capacity (D425Gil, p < 0.01; D283Luc2, p < 0.001), which was in contrast to the failure of veliparib to measurably reduce cell viability in the dose response assays. Of note, the combination of veliparib with radiation resulted in a further significant reduction in colony number compared to radiation alone (D425Gil, p < 0.05; D283Luc2, p < 0.01). These results indicate that veliparib has a radiosensitizing effect on medulloblastoma cells and impairs colony forming capacity.



Veliparib in Combination With Radiation Increases Medulloblastoma Cell Apoptosis in vivo

Given the effects of veliparib and radiotherapy co-treatment on medulloblastoma cells in vitro, we examined the effect of treatment on medulloblastomas in vivo by immunohistochemical analysis of orthotopic D425GiL xenografts grown in immune-deficient mice (Figure 3). Combined treatment of mice with veliparib and radiotherapy significantly increased the proportion of apoptotic medulloblastoma cells (marked by cleaved caspase 3) compared to controls or single agents. There was a trend toward increased DNA damage and decreased mitosis (marked using γH2AX and phospho-histone H3, respectively) in medulloblastomas treated with combination therapy, but these results were not statistically significant at the timepoint examined. Notably, no difference in PARP1 staining was observed in the tumors of veliparib-treated mice, likely due to the 24-h timepoint examined, at which point very little veliparib remains in the brain (Gupta et al., 2016).


[image: image]

FIGURE 3. Veliparib in combination with radiotherapy increases apoptosis in an orthotopic xenograft model of medulloblastoma. Representative images are shown of immunohistochemistry for cleaved caspase 3 (CC3), γH2AX, phospho(p)-histone H3, and PARP1 from D425GiL xenografts in mice treated with vehicle, veliparib, radiotherapy (RT) or the combination of both veliparib and RT. The percentage of positively stained medulloblastoma cells for each antibody were quantified from three independent fields of view per tumor from n = 3 or 4 mice per treatment group. Error bars represent SEM. Scale bar represents 20 μm. *p < 0.05.




Veliparib in Combination With Radiotherapy Increases Animal Survival

Given the increased apoptosis observed following combination veliparib/radiotherapy treatment, the effect of veliparib in combination with CSI on medulloblastoma growth and overall animal survival was assessed. Mice with D425GiL medulloblastomas were treated as shown in Figure 4A and monitored until the development of tumor-related morbidity (Figure 4B). Control mice had a median tumor-free survival of 17 days. Veliparib treatment alone had no impact on animal survival, with a median survival of 17.5 days. As expected, radiotherapy (CSI) increased median survival compared to control mice (34.5 versus 17 days, respectively). Combination treatment with veliparib and radiotherapy significantly increased survival compared to radiotherapy alone, with a median survival of 53 days (p < 0.05, Figure 4B). Two mice were censored during treatment, one in the veliparib alone group (diarrhea) and one in the radiotherapy alone group (anesthesia-associated death). In concordance with the survival data, bioluminescence flux in mice treated with vehicle or veliparib was similar, while CSI delayed tumor growth (Figures 4C,D). Tumor growth was further delayed in mice treated with veliparib in combination with CSI; however, tumor regression was not observed.
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FIGURE 4. Combination veliparib and CSI extends survival of mice with medulloblastoma. (A) Preclinical mouse treatment protocol for mice with orthotopic D425GiL Group 3 medulloblastoma for data shown in (B-D), n = 5 mice per group. (B) Survival curves for mice treated as indicated in (A). Mantel–Cox tests compared the combination-treated group with CSI alone: *p < 0.05. (C) Bioluminescence measurements from the animals shown in (B). Data are represented as the fold change in mean ± SD bioluminescence flux measured over time with a representative mouse from each group shown in (D). Checked boxes indicate that the animal was euthanized prior to the timepoint shown.




DISCUSSION

This study aimed to identify treatments to improve medulloblastoma patient outcomes. We tested inhibition of the DDR pathway in combination with radiotherapy in MYC-amplified Group 3 medulloblastoma. Veliparib, a small molecule inhibitor of PARP1/2, was assessed for its ability to inhibit DNA repair in two human medulloblastoma cell lines.

In vitro assays were performed to test the effect of veliparib on medulloblastoma cell viability. Doses of up to 25 μM had no effect on the viability of medulloblastoma cells over a short time course. Higher doses were not tested, as they are unlikely to be achieved in vivo in the brain or brain tumor. Recent studies have shown peak concentrations of 0.71 and 3.0 μmol/L were achieved in mouse brain and brain tumors respectively, using the same veliparib dosing schedule as this study (Donawho et al., 2007; Gupta et al., 2016). It is important to note that since these medulloblastoma cell lines are not deficient in HR, we did not expect to see synthetic lethality, and therefore did not expect veliparib alone to affect viability; although, veliparib exposure did inhibit the colony-forming ability of medulloblastoma cells over a longer experimental period in vitro. Despite showing minimal cytotoxicity using the metabolic reagent alamarBlue, veliparib significantly reduced medulloblastoma cell colony forming capacity to a similar extent as radiation. To test the potential of veliparib to act as a radiosensitizing agent, we examined the interaction between veliparib and radiotherapy using both alamarBlue and clonogenicity assays. The combination of veliparib and radiation was found to be mostly additive with some synergy, suggesting that it may be an efficient radiosensitizer in medulloblastoma. Notably, the combination of veliparib and radiation significantly reduced colony formation for both cell lines. This demonstrates the limitation of short-term metabolic assays in understanding the impact of drug treatment in vitro, and adds evidence to suggest that veliparib can enhance medulloblastoma control in combination with radiotherapy. This potential radiosensitizing ability of PARP inhibition is consistent with observations made with veliparib in other brain cancers such as glioblastoma (Jue et al., 2017), and the PARP inhibitor olaparib on D283 medulloblastoma cells (Van Vuurden et al., 2011).

Mechanistically, comet assays demonstrated that veliparib was able to delay repair of radiation-induced DNA damage in the medulloblastoma cells tested. This is consistent with PARP1 deficient cells, which also exhibit delayed but not ablated DDR activation (Haince et al., 2007). However, veliparib treated cells had not completely repaired the radiation-induced DNA damage by the end of the experiment, warranting further investigation on the lasting mutational burden in these cells. This may be of particular importance since pediatric brain tumors are known to have low mutational burden, partially contributing to the relative lack of success with some immunotherapies (Wang et al., 2019; Patel et al., 2020). In further support of a potential therapeutic benefit that may be achieved by combining veliparib and radiation is the increased γH2AX foci in medulloblastoma cells following combination treatment compared to radiation alone. Additionally, in the TP53 mutant D425 cell line, veliparib markedly reduced the formation of DNA repair foci, and when combined with irradiation, no increase in DNA repair foci was seen in veliparib-treated cells despite increased DNA damage. This effect was not seen in the TP53 wild-type D283Luc2 cells, suggesting that p53 deficient cells may show an increased response to PARP inhibition in combination with radiotherapy. In combination with radiation, veliparib also increased downstream activation of the DDR pathway, including increases in p53, phosphorylated CHK1Ser345 and phosphorylated CHK2Thr68, suggesting the persistence of DNA damage in the combination treated cells.

Following these encouraging in vitro results, veliparib was tested as a radiosensitizing agent in a mouse model of medulloblastoma. Immunohistochemistry demonstrated that a single dose of veliparib in combination with radiotherapy significantly increased intratumoral apoptosis, suggesting that veliparib improves radiation-induced medulloblastoma cell death in vivo. A trend toward increased DNA damage and decreased mitosis was observed in combination treatment groups, although this was limited by the small number of animals examined and was not statistically significant. PARP-1 expression was high in D425Gil tumors, consistent with a previous study showing high expression in D283 medulloblastoma cells and clinical samples (Van Vuurden et al., 2011), although this expression remained high in groups treated with veliparib. Veliparib has been shown to cross the blood–brain barrier (Donawho et al., 2007) and our observed increase in apoptosis confirms intratumoral drug penetration in this model. However, pharmacokinetic studies in brain tissue show veliparib concentrations peak shortly after administration but are almost absent 6 h thereafter (Gupta et al., 2016), likely explaining why no change in PARP-1 expression was observed in our samples examined 24 h post-treatment. Due to the short half-life of veliparib, we chose twice daily administration to assess the impact of treatment on animal survival, similar to Jue et al. (2017).

The potential of veliparib to extend survival was examined in vivo using an orthotopic xenograft mouse model of Group 3 medulloblastoma. Veliparib had no effect on survival compared to controls, further confirming the in vitro findings that veliparib monotherapy was insufficient to induce medulloblastoma cell death. CSI alone increased survival over control groups but did not cure mice, consistent with clinical outcomes. The addition of veliparib to CSI significantly increased survival beyond that of radiotherapy alone, confirming our in vitro and immunohistochemical findings, and demonstrating the radiosensitizing potential of veliparib in an orthotopic xenograft model of medulloblastoma for the first time.

While veliparib was studied due to its clinical advancement at the time, many other PARP inhibitors with greater PARP trapping abilities and more favorable pharmacokinetics have since been investigated (Pommier et al., 2016). Several adult clinical trials have examined, or are in the process of examining the safety of PARP inhibitors such as olaparib (NCT03212742), rucaparib (NCT03542175), and niraparib (NCT03076203) in combination with radiotherapy. Other PARP inhibitors have also moved into clinical trial for pediatric brain cancers. Olaparib has been tested as a single agent (Pediatric MATCH, NCT03233204) (Takagi et al., 2019) in pediatric solid tumors, and was well tolerated. One patient with pediatric high-grade glioma who was treated with olaparib and temozolomide demonstrated a 2 year durable response (Valiakhmetova et al., 2020). Talazoparib has also been tested with temozolomide in pediatric solid tumors, though limited anti-tumor activity was observed in CNS tumors (Schafer et al., 2020), likely due to poor blood-brain barrier penetrance (Kizilbash et al., 2017).

Collectively our preclinical data demonstrate that PARP inhibition can improve animal survival in combination with radiotherapy. Although veliparib may not be the optimal PARP inhibitor to take forward clinically, we provide evidence that radiosensitization through PARP inhibition shows promise for improving the efficacy of radiotherapy in medulloblastoma.
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Soft-tissue sarcoma (STS) is represented by a heterogeneous group of rare malignancies with various molecular oncogenesis. Therapies targeting DNA repair pathways in STS have achieved minimal progress, potentially due to the lack of molecular biomarker(s) beyond the histology subtype. In this report, we comprehensively analyzed the expression profiles of 100 liposarcomas (LPSs), the most common STS subtype, in comparison with 21 adipose tissues from multiple GEO datasets to identify the potential prognostic and therapeutic biomarker for LPS. Furthermore, we investigated TCGA database, our archived tumor samples, and patient-derived tumor cell cultures (PTCCs) as a validation. We identified a total of 69 common differentially expressed genes (DEGs) among public datasets, with mini-chromosome maintenance protein 4 (MCM4) identified as a novel biomarker correlated with patients’ clinical staging and survival outcome. MCM4-high expression LPS was characterized by MCM4 copy number increase, genomic instability, and BRCAness phenotype compared with the MCM4-low expression counterpart. In contrast, the mutational and the immune landscape were minimally different between the two groups. Interestingly, the association of MCM4-high expression with genomic instability and BRCAness were not only validated in LPS samples from our institution (n = 66) but also could be expanded to the pan-sarcoma cohort from TCGA database (n = 263). Surprisingly, based on four sarcoma cell lines and eight PTCCs (three LPS and five other sarcoma), we demonstrated that MCM4 overexpression tumors were therapeutically sensitive to PARP inhibitor (PARPi) and platinum chemotherapy, independent of the histology subtypes. Our study, for the first time, suggested that MCM4 might be a novel prognostic biomarker, associated with dysregulated DNA repair pathways and potential therapeutic vulnerability in STS.

Keywords: mini-chromosome maintenance protein 4 (MCM4), soft-tissue sarcoma, liposarcoma, genome instability, BRCAness phenotype


INTRODUCTION

Soft-tissue sarcoma (STS) is represented by a heterogeneous group (>70 subtypes) of rare malignancies with a variety of molecular oncogenesis. The metastasis rate of STS in patients with intermediate- or high-grade tumors that are large and deeply seated to the fascia is approximated 50% despite local curative therapy, leading to dismal survival outcome. Currently, the prognostic and predictive biomarker(s) beyond histology-based classification is still lacking.

For example, liposarcoma (LPS) is one of the most common types of STS in the extremities and retroperitoneum with a variety of molecular pathogenesis (Crago and Brennan, 2015). Studies have shown that the primary pathological assessment of LPS results in a 25% misclassification of the histologic subtypes, indicating a pathological and morphological continuum of LPS tumor cells (de Vreeze et al., 2010). Furthermore, due to the inter-tumor heterogeneity, the biological behavior of the same LPS tumor could be drastically varied from proportion to another (Swanton, 2012; Bill et al., 2016). It was estimated that 20–40% of relapsed well-differentiated LPS (WDLS) could be identified with a dedifferentiated LPS (DDLS) component (Singer et al., 2003; Fabre-Guillevin et al., 2006). In contrast, tumor cells of different subtypes of LPS could also share common signaling pathways (Bill et al., 2016), epigenetic aberration (Chen et al., 2019), and intra-tumoral immune microenvironment (Tseng et al., 2015). Therefore, patient stratification based on histology alone is insufficient for the prognostication and management of sarcoma. Unfortunately, the molecular biomarkers for most of the STS have been minimally improved over the past decades (Patel et al., 2017). Therefore, novel histology-independent biomarker(s) for tailored prognosis and therapeutic regimen is as-yet to be exploited in LPS as well as in other histology subtypes.

In this report, we comprehensively analyzed the transcriptome of 100 LPS and 21 adipose tissue samples from multiple Gene Expression Omnibus (GEO) datasets, and identified mini-chromosome maintenance protein 4 (MCM4) as a novel biomarker associated with patient prognosis, as well as the genomic instability and BRCAness phenotype. We then investigated the MCM4 expression profiles from our archived tumor samples, nine histology subtypes of STS in TCGA, and patient-derived tumor cell cultures (PTCCs) as a validation (Figure 1A).
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FIGURE 1. The overall study design and the identification of the potential biomarkers. The schematic graph represents the overall design of the study. Mini-chromosome maintenance protein 4 (MCM4) was prioritized from multiple Gene Expression Omibus (GEO) datasets, and validated in liposarcoma (LPS) and pan-sarcoma cohorts. The therapeutic potential of the MCM4-high expression subgroup was explored in cell lines and patient-derived tumor cell cultures (A). A total of 69 common differentially expressed genes (DEGs) among three datasets of LPS (B), with the corresponding gene expression level shown in the heatmap (C).




MATERIALS AND METHODS


Gene Expression Omnibus Datasets and Microarray Data Analysis

To study the gene expression profiles, we obtained three LPS cohorts from the GEO database (Supplementary Table 1): (1) GSE21124 (89 LPS and 9 adipose tissues), (2) GSE51049 (4 LPS and 4 adipose tissues), and (3) GSE62747 (7 LPS and 8 adipose tissues). The online tool GEO2R (Davis and Meltzer, 2007) was used to screen for the differentially expressed genes (DEGs) between cancer and normal samples, according to the criteria of false discovery rate (FDR) < 0.05 and | fold-change (FC)| ≥ 2. The results were then overlapped to identify the common DEGs among three cohorts (Figures 1A,B). For multiple probes mapping to the same gene, we exhibited those with the max | log2FC| in the heatmap. Besides, to explore the gene expression between cell lines with different therapeutic sensitivity, we downloaded the raw RNA-seq data of sarcoma cell lines from GSE76981, comprising four STS cell lines (HT1080, SW684, DMR, and 402.91) and two bone sarcoma cell lines (TC106 and SJSA1).



Prioritization of the Prognostic Biomarker of Liposarcoma

To prioritize the gene of interest from common DEGs, a protein–protein interaction network was constructed using STRING database (Supplementary Table 1). The Molecular Complex Detection (MCODE) app in Cytoscape software v3.7.1 (confidence score ≥ 0.4) (Shannon et al., 2003) was used to remove the separated nodes in network, thereby leaving the key hub genes.

Using the clinical data of 60 patients with LPS in GDC TCGA-SARC cohort (Supplementary Table 1), the hub genes were then assessed by univariate and multivariate Cox regression analysis via the “survival” R package to prioritize the gene with the greatest prognostic significance. In univariate Cox regression analysis, we computed the hazard ratio of the hub genes contributing to the worse survival outcome (death). The hazard ratio is defined as the ratio of (hazard rate in study group)/(hazard rate in control group), while the hazard rate is the chance of a hazardous event occurring at a given time (Blagoev et al., 2012). The gene expression values were dichotomized according to the median expression into high-expression subset and low-expression subset. Furthermore, to identify the independent prognostic biomarker in LPS, multivariate analysis was performed among genes with hazard ratio > 1 and p < 0.05 in the univariate analysis. Results were demonstrated using “forestplot” and “survival” package in R. The receiver operating characteristic (ROC) curves were plotted to predict the 1-, 3-, and 5-year survival of patients based on MCM4 expression, via “survivalROC” package in R.



Multi-Omics Analysis of MCM4-High Liposarcoma

Multi-Omics data of the aforementioned 60 LPS specimens were obtained from the GDC data portal as well (Supplementary Table 1). LPS were classified into MCM4-high (n = 30) vs. MCM4-low (n = 30) subset using the median MCM4 expression level as the cutoff. For somatic mutations, we compared the difference of mutation frequencies and tumor mutation burden (TMB) between these two groups, and visualized the results by “maftools” package in R. The TMB was calculated as the total mutation frequency/megabase (Mb) for each sample. Then, we analyzed the association of MCM4 copy number and MCM4 methylation with MCM4 expression. The test results were visualized by “ggplot2” and “ggpubr” package in R. Finally, the transcriptome and immune landscape between the subgroups were compared using Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) (gene set permutations of 1,000 times, P < 0.05 and FDR < 0.05) and EPIC software (Racle et al., 2017), respectively. Wilcoxon test was used to compare the difference in immune cell infiltration between two groups.



Calculation of Genomic Instability and BRCAness

The proportion of the copy number variations (CNVs) across the whole genome (genome-wide CNVs) and weighted genome instability index (wGII) across 22 autosomal chromosomes were measured to estimate the genomic instability of sarcoma (Dewhurst et al., 2014). Moreover, to assess the function loss of homologous recombination (HR) pathway, we calculated the BRCAness (BRCA-like phenotypes shared by non-BRCA-mutated tumors) score on the transcriptome level based on the 60 gene signature (Konstantinopoulos et al., 2010), in addition to the PARP1 expression, which was reportedly associated with HR deficiency and therapeutic efficiency in sarcoma (Pignochino et al., 2017).



Validation of MCM4 Expression of Liposarcoma and Other Soft-Tissue Sarcoma in Oncomine Database

Oncomine database (Supplementary Table 1) was used to assess the gene mRNA expression for common types of sarcoma and the corresponding normal tissues. In this study, “MCM4” was searched with the following filter criteria: (1) threshold (P < 1E–4, FC > 2, gene rank: top 10%), (2) data type: mRNA, (3) analysis type: cancer vs. normal analysis, and (4) cancer type: sarcoma.



Validation of the MCM4 as a Biomarker in Pan-Sarcoma Cohort

The UCSC Xena database (Supplementary Table 1) was utilized to acquire the Genotype-Tissue Expression (GTEx; Supplementary Table 1) and TCGA gene expression data, so as to explore whether MCM4 transcripts were distinguishable between STS and 36 types of normal tissues (n = 8,425). Meanwhile, we used cBioPortal database (Supplementary Table 1) to retrieve the additional clinical information of 263 STS specimens, including cancer subtype classification, MCM4 copy number, metastasis, mitotic count, tumor necrosis rate, and survival outcome, thus, broadening our findings derived from LPS to a wider pan-sarcoma population.



Immunohistochemistry Validation of the Archived Sarcoma Specimens

As a validation, 66 MCM4 protein expressions from the surgical specimens of lipomatous neoplasms and normal adipose tissues were collected from patients diagnosed at Ruijin Hospital, affiliated to Shanghai Jiao Tong University School of Medicine. Among them were 39 LPS samples (malignant), 22 lipoma samples (benign), and five adipose tissue samples (normal). The pathological analysis was independently done by two expert pathologists, who identified tumor stages and grades according to the AJCC STS s staging system (8th) (Tanaka and Ozaki, 2019). The malignant group comprised 20 cases of WDLS, 9 cases of DDLS, 9 cases of myxoid LPS (MLS), and 1 case of pleomorphic LPS (PLS). All malignant samples were equipped with the information of Ki67 labeling index and S-100.

Paraffin-embedded tissues were cut into slices of 4 μm thickness. After heat-induced antigen retrieval, we incubated sections in a rabbit anti-MCM4 antibody (monoclonal; D3H6N, 1:200; CST) at 4°C overnight. Breast cancer sections with MCM4 expression were used as the positive control, while samples without primary antibody incubation were selected as the negative control. We graded the intensity of nuclear staining for MCM4 (0, no staining; 1, yellow; 2, pale brown; 3, dark brown), and scored the extent of staining based on the rate of the positive cell (0, < 5%; 1, 5–25%; 2, 26–50%; 3, 51–75%; 4, 76–100%). By multiplying the color value with positive cell rate, we got the final IHC score: 0–2 (–), 3–4 (+), 5–8 (++), and 9–12 (+++).



Establishing Patient-Derived Tumor Cell Cultures From Sarcoma Specimens

Eight STS specimens were collected from the tumor biopsy (the corresponding clinical data was shown in Supplementary Table 2), which were cut into 1–3 mm3 pieces after PBS washing. The tissue pieces were digested in 10 mL of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin–streptomycin, 5 μg/mL Amphotericin B (V900919, Sigma), and 1 mg/mL collagenase I (17100017, Thermo Fisher Scientific) on a constant temperature (37°C) water bath shaker for 1 h. We collected the digested cells by centrifugation at 1,500 rpm for 5 min. The pellet was then resuspended in 4 mL of fresh cell culture medium and filtered through a 70 μm filter. Afterward, dead or non-adherent cells were removed by medium change after 2 days, and adherent live cells were kept in culture medium. To explore the corresponding tumoral MCM4 expression, adherent cell cultures were digested and centrifugated into pellets, followed by 4% paraformaldehyde fixation and histological study, including HE staining and IHC labeling for MCM4.



Therapeutic Investigation of MCM4-High Soft-Tissue Sarcoma

PTCCs were treated with DMEM supplemented with 10% FBS and cisplatin (P4394, sigma) at 0.1, 0.5, 1.0, 5.0, and 10.0 μM for 24 h. To confirm the cytotoxicity of cisplatin for sarcoma cells, cell viability was measured by CCK-8 assay (CK04, Dojindo). Then we used built-in equations from Graphpad prism 8.0 (inhibitor vs. normalized response with Variable slope) to assess IC50, and compared the difference of IC50 between two groups via unpaired t-test. Also, Western blotting (WB) was performed as previously described (Peng et al., 2020). Briefly, we separated the proteins by 10% SDS-PAGE gel, and transferred them onto the polyvinyl difluoride (PVDF) membranes. The membranes were blocked by 5% bovine serum albumin (BSA) for 2 h at room temperature and incubated with primary antibodies overnight at 4°C. All primary and secondary antibodies can be found in Supplementary Table 3. Additionally, the gene expression profiles of four STS cell lines (Pignochino et al., 2017) were retrieved from GEO database to validate the association of MCM4 expression with therapeutic vulnerabilities.



RESULTS


Identifying Common Differentially Expressed Genes in Liposarcoma

LPS is one of the most common types of STS with a rich source of public data. We therefore started by analyzing a total of 121 samples, including 100 LPS and 21 adipose tissues in our study (Figures 1A,B). Based on the criteria of FDR < 0.05 and | FC| ≥ 2, we totally screened 339, 221, and 760 DEGs from GSE21124, GSE51049, and GSE62747 datasets, respectively. Sixty-nine DEGs were commonly found among three datasets, including 43 upregulated and 26 downregulated genes (Figure 1C).



MCM4-High Expression as a Robust Prognosticator in Liposarcoma Patients

Based on the STRING database, we constructed a protein–protein interaction network complex of 48 genes and 285 edges (average local clustering coefficient: 0.579; the enrichment p < 1.0e–16) (Supplementary Figure 1A) from the 69 DEGs, resulting in 22 “hub” genes hypothetically of great importance in LPS (Supplementary Figure 1B). We then asked whether these hub genes correlated with the patients’ survival outcome in LPS. Interestingly, in univariate Cox regression analysis, a total of four hub genes (CENPF, FOXM1, MCM4, and TOP2A) were found to have prognostic significance in terms of the overall survival, with MCM4 associated with the greatest hazard ratio of 2.934 (95% CI, 1.671–5.153, p < 0.001) (Figure 2A). Multivariate analysis further resulted in MCM4 as the only independent risk factor in LPS. After dichotomizing 60 LPS cases into MCM4-high (n = 30) and low (n = 30) expression subsets, we found that the overall survival was drastically worse in MCM4-high patients than the MCM4-low counterpart (Figure 2B). The ROC curve suggested a high predictive value of MCM4 for the 1–, 3–, and 5-year survival, respectively (Supplementary Figure 1C).
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FIGURE 2. Integrated genomic characterization of the MCM4-high and MCM4-low expression subgroup of LPS in TCGA (n = 60). (A) The four hub genes were investigated using the univariate Cox-regression analysis. The hazard ratio and the 95% confidence interval of each gene were shown in forest map. (B) The overall survival of the MCM4-high subgroup is significantly worse than that of the MCM4-low subgroup in LPS with Log-rank test p < 0.001. (C) The landscape of somatic mutations between MCM4 high- and low-expression LPS demonstrated recurrent mutations in ATRX, MUC16, TP53, etc. There was no significant difference in the frequency of the somatic mutations between the two groups (t-test, p > 0.05). (D) The MCM4 expression of LPS tumor samples was significantly affected by the copy-number variations of MCM4 (Kruskal–Wallis, p = 0.007). (E) The KEGG pathways enrichment analysis indicated that the transcriptome of the MCM4-high vs. the MCM4-low subset was different in several pathways, including the cell cycle, DNA replication and multiple DNA damage repair gene sets. (F–H) The tumor mutation burden (TMB) (t-test, p = 0.870), MCM4 methylation (Spearman’s correlation, p = 0.640), and immune cell infiltration (Wilcoxon test, p > 0.05; except for CAFs) were minimally different between the MCM4-high and MCM4-low LPS. In contrast, the MCM4-high LPS exhibited a higher level of genomic instability than the MCM4-low counterpart, as indicated by genome-wide copy number variations (CNV) burden [(I); Wilcoxon test, p = 0.020] as well as the weighted Genome Instability Index score [(J); Wilcoxon test, p = 0.008].




Integrated Multi-Omic Comparison of MCM4-High vs. MCM4-Low Liposarcoma

Whether MCM4-high LPS represents a mechanistically distinct entity with its own therapeutic potential remains an open question. We, therefore, investigated the genomic, epigenomic, transcriptomic, and immunological profiles between MCM4-high and MCM4-low LPS from TCGA cohort. As previously reported (Cancer Genome Atlas Research Network, 2017), recurrent mutations were found in TP53, ATRX, MUC16, etc., in both MCM4-high and -low subsets. However, we did not notice any statistical significance in any mutated genes (Figure 2C), total mutational burden (Figure 2H) or MCM4 gene methylation level (Figure 2F) between the two subsets (p > 0.05). The immune cell infiltration (Figure 2G and Supplementary Figures 2A,B) and immune checkpoints molecules expression such as PD-1, LAG3, CTLA4, etc. (Supplementary Figure 2C) were also minimally different between the MCM4-high and MCM4-low LPS. In contrast, copy number alteration analysis demonstrated that MCM4 expression was significantly affected by gene copy number (p = 0.007; Figure 2D).

The dysfunction of MCMs has been associated with double-strand DNA unwinding, DNA replication control, and DNA damage repair in several epithelial cancers (Yu et al., 2020). Consistently, GSEA demonstrated that the MCM4-high subgroup demonstrated an overexpression of cell cycle, DNA replication, as well as the HR pathways (Figure 2E and Supplementary Figure 3). In parallel, we observed that MCM4-high LPS more frequently harbored copy number loss in genes of HR pathway (Supplementary Figure 4). Furthermore, the MCM4-high LPS exhibited a higher level of genomic instability than the MCM4-low counterpart, as indicated by genome-wide CNV burden (p = = 0.019; Figure 2I) as well as the wGII score (P = 0.008; Figure 2J). In contrast, neither MCM4 copy number (P = 0.268) nor CNV burden (P = 0.636) was predictive of the patients’ overall survival (Supplementary Figures 1D,E).



Validation of MCM4 Expression With Oncomine Database

By searching a total of 75 significant unique analysis records from the Oncomine database, we noticed four LPS studies supporting the high tumoral expression of MCM4 compared with the normal, while no studies supported the MCM4-high expression in normal tissues (Figure 3A). Specifically, MCM4 was found to be consistently overexpressed in DDLS (222036_s_at), MLS (222036_s_at), and PLS (222036_s_at and 212141_at) compared with the adipose control (Figures 3B–E).
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FIGURE 3. Validation of MCM4 as a biomarker of LPS by Oncomine database and archived surgical specimens. A total of four registries supporting the high tumoral expression of MCM4 vs. normal, while no studies supported the MCM4-high expression in normal tissues (A). MCM4 was found to be consistently overexpressed in dedifferentiated LPS (DDLS) (B), Myoxoid LPS (MLS) (C), and Pleomorphic LPS (PLS) (D,E) compared to the adipose control. Using 66 archived surgical specimens, we confirmed the overexpression of MCM4 in LPS, but not the adipose tissue or benign lipoma (F,G). MCM4 Immunohistochemistry (IHC) scores significantly correlated with AJCC stage, histological grade, tumor relapse-free survival, and Ki67 index (t-test, p < 0.05) (H–K). *p < 0.05, **p < 0.01, **p < 0.001,scale bar = 100 um.




Validation of MCM4 Signature With Archived Liposarcoma Samples From Our Institution

Next, we performed IHC staining of MCM4 for 66 archived surgical specimens in our institution, including 39 LPS, 22 lipomas, and 5 normal adipose tissues (Figure 3F). We found that MCM4 expression was positive in 79.5% of the LPS specimens across multiple histology subtypes, but not in the benign or normal tissues (Figure 3G and Table 1). For LPS, MCM4 was significantly correlated with AJCC stage, histological grade, tumor relapse-free survival, and Ki67 index (p < 0.05), but not gender, age, tumor location, etc. (Figures 3H–K and Table 2). These results confirmed that MCM4-high LPS as a potentially aggressive subset with poor clinical prognosis across the histology subtypes.


TABLE 1. Mini-chromosome maintenance protein 4 (MCM4) expression in adipose tissues and lipomatous tumors.
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TABLE 2. Correlation between MCM4 expression and pathological parameters in liposarcoma (LPS).

[image: Table 2]


Validation of MCM4 Signature in Pan-Sarcoma Cohort

Using the UCSC Xena database (Goldman et al., 2020), we found that MCM4 overexpression was found almost exclusively in STS and testis, but not in other types of normal tissue (Figure 4A). Interestingly, the abundance of different MCM4 transcripts was distinguishable between STS and testis (Supplementary Figure 6C). A survey of all STS registries in Oncomine database confirmed a consistent overexpression of MCM4 not only in LPS but also in leiomyosarcoma, fibrosarcoma, synovial sarcoma, and undifferentiated pleomorphic sarcoma, compared with the normal (Supplementary Figure 5). To explore whether our findings derived from LPS could be broadened to a wider pan-sarcoma population, 263 STS specimens from TCGA-SARC (Cerami et al., 2012), including 104 leiomyosarcoma, 58 DDLS, 49 undifferentiated pleomorphic sarcoma, 25 myxofibrosarcoma, 10 synovial sarcoma, 9 malignant peripheral nerve sheath tumor, 4 sarcoma NOS (not otherwise specified), 2 PLS, and 2 desmoid fibromatosis, were assessed for MCM4 expression (Figure 4B). Surprisingly, the MCM4 expression was also found to be associated with MCM4 copy number (p < 0.001; Figure 4C), higher metastasis potential (p < 0.001; Figure 4D), tumor mitotic count (p < 0.001; Figure 4E), and worse survival outcome (p = 0.019; Figure 4F), but not tumor necrosis rate (Supplementary Figure 6A). In parallel with what we found in LPS, the MCM4 expression was positively correlated with genomic instability (wGII score) in STS (R = 0.498, p < 0.001; Figure 4G). Despite the lack of deleterious mutation in HR pathway (Supplementary Figure 6B), MCM4 overexpression STS also harbored an HR-deficiency (BRCAness) phenotype (R = 0.303, p < 0.001) as well as PARP1 overexpression (R = 0.510, p < 0.001) in a histology-agnostic fashion (Figures 4H,I).
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FIGURE 4. Validation of MCM4 signature in pan-sarcoma cohorts. (A) MCM4 is highly expressed in soft-tissue sarcoma and testis, compared with the normal tissues. (B) The landscape of MCM4 expression in various soft-tissue sarcoma (STS) subtypes from TCGA database. (C–F) MCM4 expression was correlated with MCM4 copy-number (Kruskal-Wallis, p < < 0.001, n = 255), metastatic state (Wilcoxon test, p < 0.001, n = 179), proliferation index (Wilcoxon test, p < 0.001, n = 93), and patient overall survival (Log-rank test, p < 0.019, n = 263) across multiple histology subtypes in STS. (G–I) The tumoral expression of MCM4 was observed to be positively correlated with genome instability (weighted Genome Instability Index (wGII) score; p < 0.001, R = 0.498, n = 263), BRCAness signature (p < 0.001, R = 0.303, n = 263), and PARP1 expression (p < 0.001, R = 0.510, n = 263) in STS, via Spearman’s correlation analysis.




Therapeutic Exploitation of MCM4 as a Predictive Biomarker of Sarcoma

Both of the genomic instability (Andor et al., 2017) and BRCAness (Konstantinopoulos et al., 2010) have been associated with increased sensitivity of tumor to DNA-damaging agents (such as cisplatin) and PARPi. To test this hypothesis in MCM-high STS, we first retrieved the expression profiles of four STS cell lines known to have a distinct vulnerability to PARPi or trabectedin, according to Pignochino et al. (2017). Interestingly, MCM4 was drastically overexpressed in the PARPi/trabectedin-sensitive cell lines compared with the PARPi/trabectedin-resistant cell lines (p = 0.007; Figure 5A). Next, PTCCs were established from the biopsy of eight STS patients (Figure 5B) and ranked from a to h according to the MCM4 IHC expression (Figure 5C). After treatment with cisplatin, the MCM4-high PTCCs (e–h) demonstrated inhibited cell proliferation (Figure 5D), with a lower half inhibitory concentration (IC50, 0.001–0.075 μM) than the MCM4-low subset (a–d) (0.403–0.827 μM, p = 0.001; Figure 5E). Additionally, the levels of p-AKT and p-S6 were also reduced when cell growth was inhibited (Figure 5F).
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FIGURE 5. Evaluation of the therapeutic potential in MCM4-high STS cell lines and patient-derived tumor cell cultures (PTCCs). (A) By comparing the gene expression profiles of four STS cell-lines, we found that MCM4 was drastically overexpressed in the PARPi/Trabectedin-sensitive cell lines compared with the PARPi/Trabectedin-resistant cell lines (t-test, p = 0.007, n = 4). (B,C) Patient-derived tumor cell cultures (PTCCs) were established from the biopsy of eight STS patients, ranked by the corresponding tumoral MCM4 expression. After treated with cisplatin, the MCM4-high PTCCs (patient e–h) demonstrated less cell proliferation (D), with a lower half inhibitory concentration (IC50) than the MCM4-low subset (a–d) (t-test, p = 0.001, n = 8) (E). Additionally, the levels of p-AKT and p-S6 were significantly reduced when cell growth was inhibited (F).




DISCUSSION

DDLS, high-grade MLS, and PLS are high-grade adipose sarcoma with disease-specific survival (DSS) of 44, 74, and 59%, respectively (Dalal et al., 2006). Although rarely metastasizing, WDLS, and low-grade MLS are at high risk of local failure, leading to poor general performance, and self-reported outcomes (De Vita et al., 2016). In this study, we selected multiple large publicly available datasets composed of 100 LPS tumor samples and 21 adipose tissues. We have discovered four genes of prognostic value (CENPF, FOXM1, MCM4, and TOP2A), and further prioritized MCM4 as a key biomarker of LPS associated with tumor invasiveness (tumor stage, grade, and Ki67 labeling index) and prognostication. These findings were validated by the data registries from Oncomine as well as the clinicopathological data from our institution. However, the underlying mechanism of MCM4 related to a worse prognosis remains unclear. Previous literature has suggested the MCM gene as a direct index of tumor (Choy et al., 2016) and replicative stress responder of genome instability (Ibarra et al., 2008). MCMs have also been implicated in the epithelial–mesenchymal transition (Zhang et al., 2019) and other well-known cancer cell signaling pathways, such WNT, CDK, MYCN, etc. (Shohet et al., 2002; Yu et al., 2020). More interestingly, we found that such prognostic significance of MCM4 could be further expanded to the pan-sarcoma population at a broader scale, and the association of genomic instability and HR deficiency (BRCAness) with MCM4 expression might be a common genomic and transcriptomic portrait shared among different sarcoma histologies. To our knowledge, there are no studies reporting such prognostic significance of MCM4 and its associated genomic/transcriptomic signature in LPS as well as in STS.

Genome instability and HR deficiency have been recently postulated as key molecular characteristics of dysregulated DNA repair pathways in STS with potential therapeutic implications. In addition to the traditional knowledge of BRCAness as the Achilles’ heel of cancer cells to PARPi and platinum-based chemotherapy, it is suggested that DNA-damaging agents could aggravate the copy number aberration in the chromosomal unstable tumor, surpassing the tolerance limit of the genome and leading to tumor cell death (Andor et al., 2017). Besides, targeting the HR and non-homologous end-joining (NHEJ) mechanism of cancer cell might further enhance such therapeutic sensitivity of the cancer cells with high levels of CNVs (Gregg et al., 1993; Zhang et al., 2014). However, previous clinical trials of PARPi and DNA-damaging agents mostly failed to confirm such vulnerability in unselected sarcoma population (Kalofonos et al., 2004; Choy et al., 2014). Interestingly, our study demonstrated that genomic instability and BRCAness phenotype could vary tremendously, both inter- and intra- in STS subtypes, which were correlative with tumoral MCM4 expression. On the basis of such observations, we speculated that DNA repair defect-targeted therapies might be implicated for MCM4-high subset, rather than the total population, of STS. Surprisingly, in accordance with our hypothesis, the therapeutic exploitation assay of PTCCs in our study clearly showed that the MCM4-high subset of STS owns a remarkably higher sensitivity to cisplatin treatment than MCM-low tumors. These findings warrant further elucidation of MCM4 as a biomarker for patient-tailored management of STS using DNA-damaging chemotherapy. The activity of PARPi and PARPi/chemotherapy combination therapy in MCM4-high STS is an even more attractive potential, although requiring more translational as well as mechanistic investigations in the future.
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Upon the induction of DNA damage, the chromatin structure unwinds to allow access to enzymes to catalyse the repair. The regulation of the winding and unwinding of chromatin occurs via epigenetic modifications, which can alter gene expression without changing the DNA sequence. Epigenetic mechanisms such as histone acetylation and DNA methylation are known to be reversible and have been indicated to play different roles in the repair of DNA. More importantly, the inhibition of such mechanisms has been reported to play a role in the repair of double strand breaks, the most detrimental type of DNA damage. This occurs by manipulating the chromatin structure and the expression of essential proteins that are critical for homologous recombination and non-homologous end joining repair pathways. Inhibitors of histone deacetylases and DNA methyltransferases have demonstrated efficacy in the clinic and represent a promising approach for cancer therapy. The aims of this review are to summarise the role of histone deacetylase and DNA methyltransferase inhibitors involved in DNA double strand break repair and explore their current and future independent use in combination with other DNA repair inhibitors or pre-existing therapies in the clinic.
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INTRODUCTION
According to the World Health Organization (WHO), approximately 9.6 million people were estimated to die from cancer in 2018. The WHO defines cancer as an event involving abnormal cell growth that can occur in any part of the body and later invade adjoining sections or spread to other organs (World Health Organization, 2019). Cancer develops at a molecular level and requires specific management strategies to achieve efficient treatment (Hanahan and Weinberg, 2000). This genomic disease often results as a consequence of normal cellular processes. For example, events such as DNA double strand breaks (DSBs), which have been classified as the most detrimental damage to DNA, usually occur in the chromosome due to environmental exposure to irradiation, ultraviolet light, or other chemical agents. These adverse genomic breakages can lead to imbalanced expression of proteins that are crucial for genomic stability (e.g., BRCA1/2, TP53, RAD51C). However, DSBs can be repaired by either one of the two conserved DSB repair pathways; homologous recombination (HR) and non-homologous end joining (NHEJ) (Mavaddat et al., 2013; Brown et al., 2017).
Changes in an organism can also be caused by modifications of gene expression, rather than alterations in the genetic code itself, a phenomenon defined as epigenetics. The epigenome comprises chemical compounds that are usually inherited, but that can also be altered by environmental influences such as diet and pollutants. These epigenetic modifications are described as a chemical layer on top of the DNA, which influences the way cells read genes. For instance, epigenetic modifications play a significant role in regulating several cellular processes involved in DNA damage/repair and thus, influence transcription, DNA damage response signaling and genomic stability, which are all hallmarks of cancer.
With the purpose of understanding the many genetic abnormalities that comprise cancer as a disease, epigenetics has been shown to be involved in altered gene function and malignant cellular transformation in the development of both solid tumors and hematological malignancies (Brower, 2011; Maeda et al., 2018; Rosenquist et al., 2018). The major epigenetic modifications involved in gene regulation are histone tail modifications, DNA methylation, chromatin remodeling and post translational ATP-dependent modifications, such as small non-coding RNA expression and gene imprinting (Wilson et al., 2010; Chervona and Costa, 2012; Werner et al., 2017; Zhou et al., 2020; Alexandrova et al., 2020; Zhou et al., 2018).
Histone tail modifications involving deacetylation and DNA methylation are the two epigenetic modifications most widely explored to date. Histone deacetylation is catalyzed by histone deacetylases (HDACs). On the other hand, DNA methylation is catalyzed by DNA methyltranferases (DNMTs) (Tu et al., 2020; Narayan et al., 2020; Ghasemi, 2020; Li et al., 2018; Mazzone et al., 2017; Werner et al., 2017; Villanueva et al., 2020). These discoveries have paved the way for targeted epigenetic therapy used in the clinic for the treatment of cancer. The inhibition of histone deacetylation and DNA methylation epigenetic mechanisms are a highly desirable target for novel drugs. The U.S Food and Drug Administration (FDA) has approved histone deacetylase inhibitors (HDACi) and DNA methyltransferase inhibitors (DNMTi) that are currently being used independently, or in combination with other cancer therapies (Narayan et al., 2020; FDA, 2020a; Mann et al., 2007). In this review, we investigate the mechanisms and effects of HDAC-HDACi and DNMT-DNMTi in DSB repair and their impact and/or potential as therapeutic agents.
CANCER, DNA DAMAGE AND EPIGENETIC CHANGES
DNA Damage as a Hallmark of Cancer
DNA damage has been defined as a hallmark of cancer (Hanahan and Weinberg, 2000; Andor et al., 2017). To remain guarded, the genome is reliant on stable DNA damage responses (DDR). Depending on the type of DNA damage, a signaling network is activated upon the detection of the DNA lesion to coordinate DNA repair, the cell cycle, senescence or apoptosis, in order to restore the genetic information (Falck et al., 2005). Hence, cancer cells can develop dysfunctional DNA repair mechanisms which further promote oncogenesis; however, this genomic instability can be exploited in cancer therapy (Jeggo and Löbrichf, 2015; Sokol et al., 2020; Caracciolo et al., 2021).
DNA damage may also lead to failures in cell cycle checkpoint activation, dysfunctional redox homeostasis and telomere attrition (Gad et al., 2014; Huber et al., 2014). Despite DNA being able to easily repair such lesions through DNA repair mechanisms, when these processes fail, mutations occur and this can predispose individuals to cancer (Hanahan and Weinberg, 2000; Andor et al., 2017). There are different types of DNA damage, including abasic sites (DNA base is missing), mismatches (replication errors), modified bases (changes to the bases), inter-strand crosslinks (covalent linkage between the two strands), single-strand breaks (a break in the sugar-phosphate backbone of one strand) or DSBs (both strand backbones are broken) (Ward, 1985; Vaz et al., 2017). A multiplicity of DNA repair systems has evolved in order to counteract these lesions. Some of these repair mechanisms involve base excision repair (BER), mismatch repair (MMR), post-replication repair and error-prone repair systems (Iyama and Wilson, 2013; Vaz et al., 2017; Rajapakse et al., 2019). BER features three steps: excision of the damaged base; use of the undamaged DNA strand as a template to fill in the gap via DNA polymerase; and DNA ligase to seal the process (Sancar, 1994). MMR, proofreads and corrects mismatched nucleotides (Kunkel and Erie, 2005). Post-replication repair involves modification of existing gaps in newly synthesized strands. The two most predominant post-replication repair systems are translation synthesis and template switching (Kaufmann, 1989). Lastly, homologous recombination (HR) and non-homologous recombination (NHEJ) pathways are involved in DSB repair, the most cytotoxic type of DNA backbone damage (Rodgers and Mcvey, 2016), which is discussed in more detail below.
DNA Double Strand Breaks
In contrast to single strand breaks, DSBs involve the breakage of the two strains of the double helix, making it more difficult to repair. These lesions bring alongside severe mutagenic consequences that promote oncogenesis. DNA DSBs occur spontaneously or are caused by both exogenous and endogenous agents (Takata et al., 1998; Moroni et al., 2013; Moloney and Cotter, 2018; Schwartz et al., 2005) (Figure 1). In response to this genetic insult, cells have evolved to recognize the damage and signal for DNA DSB repair mechanisms. The proteins responsible of signaling these events are PIKKs (phosphatidykinositol 3-kinase-related kinases), DNA-PKcs (DNA-dependent serine/threonine protein kinase catalytic subunit), ATM (ataxia telangiectasia mutated), and ATR (ataxia telangiectasia and Rad3-related protein). Unrepaired or incorrect repaired DSBs often lead to the loss of genetic information, chromosomal aberrations, unregulated cell division or cell death proceeding with genomic instability, which is a hallmark of cancer (Johnston et al., 1961; Antonarakis et al., 2004; Jackson and Bartek 2009; Jekimovs et al., 2014).
[image: Figure 1]FIGURE 1 | DNA Lesions and Repair Pathways. Schematic representation of DNA damage and repair. Exogenous and endogenous agents induce DSBs, which are repaired by the HR or NHEJ pathways.
DNA Double Strand Break Repair Mechanisms
The two most conserved repair pathways are homologous recombination (HR) and non-homologous end joining (NHEJ) (Schwartz et al., 2005; Takata et al., 1998; Essers et al., 2000). These two pathways work collaboratively but can also compete with each other (Figure 1) (Decottignies, 2013). Cells undergo a regulated mechanism to choose between these two pathways, the progressive 5–3′ resection of DNA ends promotes HR dependent repair and blocks NHEJ (Escribano-Díaz et al., 2013). On the other hand, binding of the Ku70/Ku80 complex enables repair of the damage site via NHEJ by protecting DNA ends from exonucleases and by preventing HR pathway mechanisms. Additionally, it has been reported that RIF1 and 53BP1 play an important role in promoting NHEJ mechanisms, while, BRCA1 and RBBP8 promote HR mechanisms (Chapman et al., 2012; Escribano-Díaz et al., 2013).
Homologous Recombination
HR is a strand invasion mechanism that occurs during the late S to G2 phase of the cell cycle and is known to be unerring as it uses the presence of a homologous chromosome or sister chromatid as a template for the repair (Figure 2A) (Essers et al., 2000). Human single stranded DNA binding protein 1 (hSSB1) has shown to be an essential protein to signal for DNA DSB repair through HR by recruiting the MRN (Mre11/Rad50/NBS1) complex to the lesion site (Lawson et al., 2020; El-Kamand et al., 2020; Ashton et al., 2017; Croft et al., 2017; Touma et al., 2016; Paquet et al., 2016; Richard et al., 2011a; Richard et al., 2011b; Richard et al. 2008). The MRN complex is responsible for activating the ATM kinase activity and binding the DNA ends at the break site (D’Amours and Jackson 2002). This complex also plays an important role in the DSB repair pathway selection. This occurs depending on the cell type, cell cycle stage and by competing with the binding of the Ku70/80 complex, which favors NHEJ, at the damage site (Lamarche et al., 2010). Once HR has been selected as the pathway to proceed with, for lesion repair, the ATM kinase initiates a cascade of events that signal for DSB resection to produce single-stranded DNA (ssDNA), that later acts as a substrate for recombinase Rad51 (Jazayeri et al., 2008). The process continues with resection of the DNA by exposing the ssDNA through the binding of replication protein A (RPA) (Garcia et al., 2011; Tomimatsu et al., 2012). RPA also aids in protecting DNA from inappropriate annealing that could alter the genome (Bolderson et al., 2010). BRCA1 ensures that RPA remains bounded to the lesion site (Chen et al., 2008). BRCA2 removes RPA exposing ssDNA and stimulating the activity of the Rad51. Rad51 creates a helical filament on ssDNA which hunts for nearby homologous double-stranded DNA facilitating strand invasion of the sister chromatid to finally repair the damage site. The final stage is resolution of the Holliday junction and ligation of the broken phosphate backbone (Figure 2A) (Yuan et al., 1999; Helleday et al., 2007; Jekimovs et al., 2014).
[image: Figure 2]FIGURE 2 | DNA double strand break repair pathways. (A) HR fixes two-ended DSBs by a resection process. A recombinase will then induce strand invasion. The single strand is then extended, using the complementary strand as template. Recapture of the second end occurs followed by ligation. The main proteins involved in this pathway are hSSB1, MRN complex, RPA, BRACA1/2 and Rad51. (B) NHEJ of DSBs in DNA is accomplished by a series of proteins that work together to carry out the synapsis, preparation, and ligation of the broken DNA ends. The main proteins involved in NHEJ eukaryotes are Ku and DNA-PK complexes, XLF and the XRCC4/DNA ligase IV complex.
Non-homologous End Joining
The NHEJ (also known as classical non-homologous or C-NHEJ) pathway takes place during all cell cycle stages, where it repairs DSBs through direct ligation (Figure 2B). NHEJ is the only available pathway in the G0 to G1 phases of the cell cycle. In contrast to HR, it does not use a homologous sister chromatin to fix DSBs, making it a potentially error-prone mechanism (Shrivastav et al., 2008; Jekimovs et al., 2014).
NHEJ follows a system involving recognition of the damage at site, DNA processing and ligation. Ku (Ku70 and Ku80 heterodimers) and DNA-PK are the most relevant protein complexes involved in this pathway (Dobbs et al., 2010). Ku recognizes the DNA DSB and it is responsible for protecting the DSB ends from degradation and attack of exonucleases. Similarly, it is in charge of recruiting other DNA damage repair proteins (Takata et al., 1998). DNA-PKcs, is a holoenzyme which functions to link the DNA ends together and DNA-PK is auto-phosphorylated either before or after the processing stage (Boldogh et al., 2003). These ends are processed by enzymes like the MRN complex. The DNA damage repair is finalized by stimulating end-joining. This occurs by the interaction of XLF and the XRCC4/DNA ligase IV complex (Figure 2B) (Ahnesorg et al., 2006).
Histone Acetylation and DNA Methylation as Epigenetic Regulator Mechanisms Involved in DNA Double Strand Break Repair
DNA is wrapped around histone proteins that are grouped into nucleosomes, which are coiled into a fiber that is later condensed into chromatin. When histones are modified, they affect gene expression regulation, protein activation and stability and can also enable or disable the access of transcription factors to the nucleotides (Mercurio et al., 2012) (Figure 3A). This can occur via epigenetic events known as histone modifications that are catalyzed through enzymatic activities that trigger reversible post-translational modifications such as: ADP-ribosylation (modification of histone ribosylation sites Aspartic/Glutamic acid) (Karch et al., 2017); ubiquitination (addition of a ubiquitin protein usually in histone H2A, lysine 119, and histone H2B, lysine 120) (Mercurio et al., 2012); sumoylation (addition of a small ubiquitin-related modifier SUMO, 11 kDa protein, at a lysine site) (Nathan et al., 2003); phosphorylation (mostly occurs in histone H2A(X), also known as γH2AX, at serine 139) (Jeggo and Löbrichf, 2015; Nair et al., 2017); methylation (a methyl group is added to a lysine or arginine residue in the histone tails) (Gupta et al., 2016); or acetylation.
[image: Figure 3]FIGURE 3 | Epigenetic Mechanisms - Histone Modifications and DNA methylation. (A) A schematic representation of the covalent post-translational modifications to histone proteins. These include ADP-ribosylation, ubiquitination, sumoylation, methylation, acetylation, and phosphorylation. (B) A schematic representation of the DNA methylation process that occurs by addition of the methyl (CH3) group to the DNA, thereby often modifying the function of certain genes and affecting gene expression.
However, in this review, we are mainly focusing on histone acetylation and DNA methylation as these have been the most widely studied epigenetic mechanisms due to their ability to modify chromatin and regulate transcriptional activity (Shinjo and Kondo 2015; Thakore et al., 2015; Podolsky et al., 2016). It has also been shown that histone modifications such as histone deacetylation and histone methylation can interact with DNA methylation to achieve long-term transcriptional repression (Freitag and Selker, 2005). It is important to mention that the deregulation of either of these epigenetic mechanisms during cancer initiation or progression can lead to resistance to therapy (Emran et al., 2019; Zhu et al., 2019).
Histone acetylation occurs through the addition of an acetyl group via acetyl-CoA to a lysine site at the N-terminal tail of the histone. Histone acetyl transferases (HATs) and histone deacetylases (HDAC) are the enzymes responsible of controlling the addition and removal of the acetyl group to histones, in an ATP-dependent manner (Verdone et al., 2005; Lakshmaiah et al., 2014). The addition of the acetyl group results in a charge change between histones and DNA. The acetyl group neutralizes lysine’s positive charge while unwinding the chromatin and hence reducing the affinity between histones and DNA. On the other hand, the removal of the acetyl group condenses the chromatin and promotes the binding of histones and DNA (Görisch et al., 2005). This usually occurs in histones H3 and H4 as they contain several lysine residues.
HDACs play a role in preparing the chromatin to promote the repair of DSBs via HR and NHEJ. One of the mechanisms in which this occurs is through the activation of potent poly (ADP-ribose) polymerse1 (PARP1), a protein abundantly present in the nucleus, that is responsible for post-translational changes by attaching a negatively charged polymer, poly (ADP-ribose) (PAR), to itself and multiple proteins. This activity is known as PARylation (Meter et al., 2016; Mao et al., 2011). PARP1 and the PAR chain signal for the recruitment of the nucleosome remodeling deacetylation (NuRD) complex, which consists of HDAC1, HDAC2, RBBP4, RBBP7, MTA1/2/3, MBD3/2 and CHD3/4, that are essential for DSB repair. HDAC1 and HDAC2 deacetylase target sites at histone H4, which stimulate the RNF8/RNF168-dependent ubiquitination at DSB, promoting repair through NHEJ (Verreault et al., 1998; Chou et al., 2010; Polo et al., 2010; Millard et al., 2016). It has also been reported that the acetylation/deacetylation of specific sites in both histones H4 and H2 can create a switch from NHEJ to HR through the regulation of 53BP1 binding at the DSB site (Tang et al., 2013; Chapman et al., 2013).
A recent player in the DSB repair pathway, COMMD4, has shown promise as a potential prognostic marker and therapeutic target in non-small cell lung cancer. The authors demonstrated that COMMD4 depletion resulted in the induction of mitotic catastrophe and apoptosis of non-small cell lung cancer cells (Suraweera et al., 2020). COMMD4 has additionally been shown to regulate chromatin remodeling at sites of DSBs (Suraweera et al., 2021). COMMD4 is initially recruited to sites of DSBs by hSSB1 and here COMMD4 functions to protect H2B from ubiquitination by the RNF20/40 E3 ligase complex. In undamaged cells, COMMD4 remains bound to H2B. However, upon the induction of DNA damage and subsequent phosphorylation, followed by disruption of the H2A-H2B dimer, COMMD4 preferentially binds to H2A. This switching of COMMD4 from H2B to H2A, enables RNF20/40 access to H2B and proceed with chromatin remodeling for DSB repair. Thus, highlighting the interplay between epigenetic regulatory mechanisms and DSB repair.
In addition to histone modifications, DNA itself can be modified by methylation. Methyl groups are added to the DNA molecule at specific sites known as CpG islands (Figure 3B). Methylation has the ability of changing the activity of a DNA segment without altering its sequence and is suggested to be the most stable of all epigenetic markers, contributing to more sustainable genetic changes. This epigenetic mechanism involves three players: the DNA, the enzyme (DNMTs) and cofactors and the S-adenosyl-l-methionine (SAM) of the cytosines at protected CpG (cystosine-phosphate-guanine sites, 5′-3′) sites of the genome (Lande-Diner and Cedar, 2005). DNA methylation occurs in approximately 60–90 CpG islands located at the promoter regions of the many genes. DNMTs are responsible for DNA methylation in early development. DNMTs obtain the methyl group from an activated S-adenosylmethionine (SAM) which leads to the release of S-adenosylhomocysteine (SAH) as a bi-product (Finkelstein, 1990; Mato et al., 1997). This allows for a cytosine structural change to 5-methylcytosine. Demethylation, comprises the involvement of human ten-eleven translocation (TET) enzymes. These enzymes are responsible of adding a hydroxyl group to the 5-methylcytosine, which leads to the formation of 5-hydroxymethil cytosine that is later transformed back into cytosine with the intervention of other TET enzymes during different pathways (Pastor et al., 2013; Cimmino et al., 2017). Hypomethylation and hypermethylation contribute to genomic instability and it is a characteristic present in cancer tumors. DNA methylation affects gene expression through a “writer,” “reader” and “eraser” system. The writer and eraser proteins are the ones in charge of creating or deleting genomic modifications, meanwhile, readers oversee the recognizing of such changes (Kass et al., 1997). DNA methylation allows for the permanent silencing of a gene allowing for the transcriptional machinery to focus on the essential genes needed for the expression and continuity of a differentiated phenotype. It has been shown that DNA methylation plays an important role in early somatic cell differentiation and may also play a role in DNA damage repair (Khavari et al., 2010). Studies have indicated that DSBs can induce hypermethylation and therefore downregulate gene expression. Similarly, DNA damage and repair can lead to an accumulation of aberrant DNA methylation (O’Haganet al., 2008). Additional literature suggests that a balanced intake of nutrients contributes to the maintenance of an effective DNA repair machinery through DNA methylation. For example, dietary folate deficiency is linked with an increased risk of cancer development through DNA damage, hypomethylation and through the inhibition of DNA methyltransferases (Steevens et al., 2011; Kadayifci et al., 2018; Ferrari et al., 2019). Similarly, it has been observed that cancer patients with a low vitamin C diet can lead to an acceleration in cancer progression (Cimmino et al., 2017; Sant et al., 2018; Gillberg et al., 2019). This is because vitamin C can enhance the activity of DNMTs. In terms of its influence in chromatin structure, high levels of methyl-CpG have been associated with transcriptional inactivity and nuclear resistance in endogenous chromosomes (Antequera et al., 1999).
Mechanisms of Histone Deacetylases and Their Inhibitors
HDACs are not redundant in function and have been classified into four groups, based on their homology to yeast. Class I includes HDAC 1, 2, 3 and 8 (yeast RPD3 deacetylase related) which are highly homologous in their catalytic sites and are often ubiquitously expressed in the nucleus. Class II includes HDAC 4, −5, −6, −7, −9 and −10 (yeast Hda1 related), they are usually found in the cytoplasm, but they can also be found in the nucleus. They share homology in the C-terminal catalytic domain and the N-terminal regulatory domain. Class III HDACs are also known as “sirtuins”, which enzymatic activity is NAD + dependent (Vaquero et al., 2007). Class IV HDACs (yeast Hda1 related) include HDAC11 and share conserved residues in the catalytic region with class I and II HDACs (Voelter-Mahlknecht et al., 2005).
Due to the different roles in which HDACs are involved; histone deacetylase inhibitors (HDACi) are currently playing an important part in cancer therapy. As the name describes, their function is to inhibit HDAC activity. This occurs by promoting chromatin relaxation through acetylation and therefore, endorsing transcriptional activation (Figure 4A). HDACi have been classified into groups which include hydroxamates, cyclic peptides, aliphatic acids, benzamides and electrophilic ketones (Voelter-Mahlknecht et al., 2005). For example, Class I and II HDACs are often inhibited by trichostatin A (TSA), suberoylanilide hydroxamic (SAHA) and related compounds (Ruijter et al., 2003). HDACi have been reported to induce cancer cell cycle arrest, differentiation and cell death, reduce angiogenesis and modulate immune response (Eckschlager et al., 2017). In the context of DSB repair, one of the observed outcomes indicates that HDAC inhibition or knockdown leads to the downregulation of RAD51 or Mre11 of the HR pathway. Similarly, it has been demonstrated that inhibition of HDAC1/2/3 leads to high levels of acetylated Ku 70/80, decreasing its bonding affinity to the DSB ends and therefore decreasing DSB repair via NHEJ. It has additionally been shown that the use of HDACi can increase sensitivity to DSB inducing chemotherapeutics (Koprinarova et al., 2011; Zhao et al., 2017), which occurs through their ability to alter the expression of the most critical proteins involved in the DNA DSB repair pathways.
[image: Figure 4]FIGURE 4 | Histone Acetylation and DNA methylation. (A) This figure shows the acetylation mechanism of adding an acetyl coenzyme A (acetyl CoA) to the N-terminal tail of a histone through the HAT enzyme, leading to a relaxed chromatin. Conversely, histone deacetylation removes the acetyl CoA through the HDAC enzyme, leading to a condensed chromatin and transcriptional repression. When a HDACi is added the acetyl CoA group cannot be removed and therefore, the chromatin remains relaxed and transcription remains active. (B) This figure depicts DNA methylation process being blocked by a DNMTI. The inhibitor prevents the addition of the methyl group to the CpG island site in DNA, inhibiting transcriptional repression.
HDAC1, 2 and 3 are involved in the direct regulation of non-histone proteins that play a critical role in DSB repair pathways. This occurs via acetylation/deacetylation of proteins, such as Ku70. Studies have reported a histone acetylation-independent mechanism by which the HDAC inhibitors; trichostatin A, suberoylanilide hydroxamic acid, MS-275, and OSU-HDAC42, are able to sensitize prostate cancer cells to DNA damaging agents through the regulation of Ku70 acetylation (Chen et al., 2007). Similarly, it has been shown that during HR, ATM is required for DSB-induced RAD52 acetylation through HATs (p300/CBP) (Yasuda et al., 2018). Rad52 acetylation is important for RAD51 colocalization at the DSB site, therefore, it plays an intrinsic role in the HR repair pathway. It has also been found that human SIRT6-dependent CtIP deacetylation promotes DNA resection, a crucial step in DNA DSB repair by HR (Kaidi et al., 2010). These approaches by which HATs/HDACs lead to mechanisms such as cell sensitization and or the regulation of RAD52 acetylation have been recognized as promising targets for cancer therapy. The use of epigenetic agents can be quite complex. A study showed that the inhibition of HDAC1 and HDAC2 was consistent with a decreased survival of cells upon induction of DSB, suggesting that these lysine deacetylases could potentially promote DSB repair by removing histone marks at the DNA damaged site (Miller et al., 2010). Further studies have revealed the existence of a DNA DSB-induced monoubiquitination-to-acetylation switch on histone H2B, regulated through the SAGA complex, as well as higher-ordering signaling at HR repaired DSBs whereby histone H1 is evicted, while ubiquitin and 53BP1 accumulate over γH2AX domains (Clouaire et al., 2018).
Mechanisms of DNA Methyltransferases and Their Inhibitors
DNMTs are enzymes that interact directly with the chromatin through chromatin-associated proteins, which bind to the histone tails at specific unmethylated sites, e.g., ADD, PWWP domains, H3K4 (Zhang et al., 2010). They are part of a family consisting of a conserved set of DNA-modifying enzymes. DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L are the five encoded human DNMTs from which only DNMT1, DNM3A and DNMT3B are canonical cytosine-5 that catalyze the addition of methyl groups to the DNA (Figure 4B). Whenever there is a dysregulation in the expression of genes that encode for DNA methylation there are also implications in the regulation of DNMT activity. These regulations can be affected by molecular interactions, post-translational modifications, alternative splicing and through gene loss and duplication (Li and Zhang, 2014; Robertson et al., 1999; Jeltsch and Jurkowska 2016; Aapola et al., 2000). These alterations often lead to the hypermethylation of tumors, however, the explanation behind such events still needs to be explored. In contrast to methylation of the CpG islands which leads to gene silencing, demethylation promotes gene activation. Studies have shown that DNMTi are able to reactivate tumor suppressor genes. In order to inhibit methylation, any of the three parts that comprise the catalytic pocket can be targeted, which is a promising approach for cancer treatment (Figure 4B) (Gros et al., 2015; Kim et al., 2012; Mair et al., 2014; Daskalakis et al., 2002).
Histone Deactylase Inhibitors and DNA Methyltransferase Inhibitors as Epigenetic Drugs Used in the Clinic
Studies have shown that modulation of HAT and HDAC are promising approaches to treat malignant gliomas, T-cell lymphoma, multiple myeloma, breast cancer and other malignancies (Werner et al., 2017; Eyüpoglu and Savaskan, 2016). Understanding how these modulations work has helped improve cancer classification schemes, identify markers for early cancer detection and/or monitoring metastatic disease, improve therapy response and dictate prognosis.
HDACi and DNMTi are the most predominantly approved epigenetic drugs (epi-drugs) by the FDA (Tables 1,2). Preclinical studies have recently started testing DNMTi and HDACi in combination with immunotherapies and have shown promising clinical responses in cancers such as lung adenocarcinoma, myeloid-derived carcinomas, melanoma and lymphomas (Mazzone et al., 2017) (Tables 1,2).
TABLE 1 | Most common clinically used histone deacetylase inhibitors that have been approved by the FDA or are currently undergoing clinical trials for the treatment of cancer.
[image: Table 1]TABLE 2 | Most common DNA methyltransferase inhibitors that have been approved by the FDA or are currently undergoing clinical trials for the treatment of cancer.
[image: Table 2]Vorinostat was the first HDACi approved by the FDA in 2006 for the treatment of T-cell lymphoma. Seventy-four patients were part of the clinical trial from which 61 had at least stage IIB disease. The overall response rate (ORR) was 29.7% overall; 29.5% in stage IIB or higher patients. Median time to response in stage IIB or higher patients was 56 days. Median duration of response (DoR) was estimated to be ≥ 185 days. Median time to progression was 4.9 months overall and ≥9.8 months for stage IIB or higher responders. Overall, 32% of patients had pruritus relief. Adverse effects included diarrhea (49%), fatigue (46%), nausea (43%), and anorexia (26%); most were grade ≤2. Those grade ≥3 included fatigue (5%), pulmonary embolism (5%), thrombocytopenia (5%), and nausea (4%) (Olsen et al., 2007). Vorinostat clinical trials are ongoing for the treatment of other cancers such as breast cancer, high grade glioma and acute lymphoblastic leukemia (Table 1). This drug can be used by itself or in combination with other therapies such as narrowband UVB. This approach has been successful for the treatment of different types of cutaneous T-cell lymphoma (CTCL) (Geskin, 2007; Mann et al., 2007; Ragheb et al., 2017).
Vorinostat in combination with the chemotherapy drug, etoposide, is currently undergoing phase I/II clinical trials for the treatment of solid tumors and relapsed refractory sarcomas in pediatric patients (ClinicalTrials.gov Identifier: NCT01294670). It is also being tested in combination with pembrolizumab to treat patients with advanced lung cancer (ClinicalTrials.gov Identifier: NCT02638090). Valproate (valproic acid) was approved by the FDA in 2008 for seizure treatment in gliomas. It is currently undergoing clinical trials (phase I/II) in combination with neratinib (tyrosine kinase inhibitor) to treat patients with advanced solid tumors (ClinicalTrials.gov Identifier: NCT03919292). Romidepsin was approved in 2009 for the treatment of CTCL and in 2011 for the treatment of peripheral T-cell lymphoma (PTCL). Romidepsin is currently undergoing clinical trials for the treatment of cancers such as relapsed/refractory T-cell lymphoma and peripheral T-cell lymphoma (Table 1). Ongoing studies involving romidepsin in combination with tenalisib (PI3K inhibitor) are currently on phase I/II for the treatment of patients with relapsed/refractory T-cell lymphoma (ClinicalTrials.gov Identifier: NCT03770000).
Belinostat was approved by the FDA in 2014 for the treatment of peripheral T-cell lymphoma. The clinical trial was a single-arm, open-label, multicentre trial in relapsed or refractory peripheral T-cell lymphoma (PTCL) patients. One hundred and twenty-nine patients were involved in the trial (range, 29–81 years old) from which the majority of patients had stage III or stage IV disease. The overall response rate (ORR) was 25.8% with a complete response (CR) of rate of 13% and partial response (PR) rate of 18%. Among responding patients treated with belinostat, probability of maintaining response was 57.7% at 6 months, 48.8% at 1 year and 32.6% at 2 years. The probability of surviving and being progression free at 1 year was 19.3%. One hundred and thirteen patients out of 129 tolerated belinostat well, median treatment duration was 7 weeks. The adverse events occurred in 96.9% of patients being generally mild to moderate in severity. These included nausea (41.9%), fatigue (37.2%), and pyrexia (34.9%). Grade 3–4 thrombocytopenia occurred in only 7.0% (O’Connor et al., 2015). Belinostat is currently undergoing studies to be used in the clinic for unresectable/metastatic conventional chondrosarcoma; glioblastoma multiforme and T-cell leukemia-lymphoma (Table 1). Clinical studies on belinostat in combination with SGI-110 (guadecitabine/hypomethylating agent) are currently in phase II trials for the treatment of unresectable and metastatic conventional chondrosarcoma (ClinicalTrials.gov Identifier: NCT04340843).
Panobinostat, was approved by the FDA in 2015 and has shown to be effective against Multiple Myeloma. The clinical trial consisted of combining panobinostat, bortezomib and dexamethasone with placebo, bortzomib and dexamethasone. This was a multicentre, randomized, placebo-controlled, double-blind phase III trial of relapsed or relapsed and refractory multiple myeloma who were randomly assigned 1:1. Seven hundred and eighty-six patients participated in the study. The median follow-up was 6.47 months in the panobinostat group and 5.59 months in the placebo group. The median progression-free survival was significantly longer in the panobinostat group than in the placebo group (11.99 vs 8.08 months, p < 0.0001). At the time of the study the overall survival was not yet mature. Serious adverse responses were reported in 60% of the 381 patients in the panobinostat group and 42% of 377 patients in the placebo group. Common grade 3–4 laboratory abnormalities and adverse events included thrombocytopenia (67% panobinostat group vs 31% placebo group), lymphopenia (53 vs 40%), diarrhea (26 vs 8%), asthenia or fatigue (24 vs 12%) and peripheral neuropathy (18 vs 15%) (San-Miguel et al., 2014). Other studies suggest that panobinostat may also be effective against triple negative breast cancer, non-small cell lung cancer and head and neck squamous cell carcinoma (HNSCC) (Raedler, 2016; Suraweera et al., 2018) (Table1). Additionally, panobinostat in combination with carfilzomib (proteasome inhibitor) is currently in phase I/II clinical trials for the treatment of patients with relapsed/refractory MM (ClinicalTrials.gov Identifier: NCT01496118).
DNMTis can be nucleoside, non-nucleoside or oligonucleotide. Nucleoside DNMTis are integrated into the DNA and are prone to toxicity (e.g. 5-azacytidine, azacytosine and zebularine) (Table 2) (Zhou et al., 2002; Stresemann and Frank 2008; Gnyszka et al., 2013). On the other hand, non-nucleoside DNMTis are less toxic and usually more effective because they are not integrated into DNA (e.g., epigallocatechin-3-gallate EGCG, RG108 and procaine) (Y. C. Li et al., 2018; Rondelet et al., 2017; Zhang et al., 2016a). Oligonucleotides comprise antisense molecules such as MG98 (Davis et al., 2003) (Table 2). 5-Azacytidine (Vidaza) was the first DNMTi approved by the FDA in 2008 to be used in the clinic for the treatment of patients with myelodysplastic syndromes (MDS) (Table 2). In a phase III, international, multicentre, controlled, parallel-group, open-label trial, 358 patients with higher-risk myelodysplastic syndromes were randomly assigned 1:1 to receive azacytidine (n = 179) or conventional care (n = 179). With a median follow-up of 21.1 months the median overall survival was 24.5 months for the azacitadine group vs 15.0 months for the conventional care group. At 2 years the estimated overall survival was 50.8% for patients in the azacitadine group and 26.2% in the conventional care group (p < 0.0001). Peripheral cytopenias were the most common grade 3–4 adverse events for all treatments (Fenaux et al., 2009). Azacitidine is currently undergoing phase IV clinical trials in combination with HAG (Homoharringtonine, Cytarabine, G-CSF) regimen for the treatment of elderly patients with newly diagnosed myeloid malignancy (ClinicalTrials.gov Identifier: NCT03873311). It is also being studied in combination with the mutant p53 reactivating compound APR-246 (phase I/II) for the treatment of MDS and acute myeloid leukemia (ClinicalTrials.gov Identifier: NCT03588078). Another DNMTi known as decitabine (DACOGEN) has recently been approved by the FDA in combination with cedazuridine for the treatment of previously treated/untreated, de novo and secondary MDS as well as intermediate 1, 2 and high-risk International Prognostic Scoring System groups (FDA n. d.). Decitabine, alone, was initially approved in 2006 for the treatment of MDS. A total of 170 patients with MDS were randomized to receive either decitabine or best supportive care. Patients treated with decitabine achieved a significantly higher ORR (17%), including 9% CR, compared with supportive care (0%) (p < 0.001). Responses were durable (median, 10.3 months) and a trend toward a longer median time to acute myelogenous leukemia progression or death compared with patients who received supportive care alone was observed (Kantarjlan et al., 2006). Decitabine’s efficacy has led to continuous studies for the treatment of different cancers such as primary malignant neoplasm of ovary, metastatic renal cell carcinoma and non-small cell lung cancer (Table 2). Hydralazine is a vasodilator initially approved by the FDA in 1997 for the treatment of high blood pressure and heart failure. However, recent studies have shown that it also acts as a DNMTi by inducing caspase-dependent apoptotic cell death in p53-mutant leukemic T lymphocytes (Ruiz-Magaña et al., 2016).
Despite, the promising outcomes of these epigenetic mechanisms in cancer patients, the anti-tumour activity achieved by HDACi and DNMTi are still limited. For instance, an alternative approach has been the use of combination therapy. Two or more therapeutic agents that individually produce similar or additive effects will often display enhanced efficacy, referred to as synergy, when given in combination (e.g., drug 1 + drug 2 = synergy). In this review we will mainly focus on the combination of HDACi and/or DNMTi together with DNA repair inhibitors and/or immune checkpoint inhibitors. The purpose behind this combination treatment approach is to target the blocking of several key pathways. Thus, to reshape the tumor microenvironment and potentially obtain a synergistic ani-tumour response that would be greater than that predicted by their individual potencies (Zeng et al., 2016; Villanueva et al., 2020; Zhou et al., 2018).
Histone Deactylase Inhibitors and DNA Methyltransferase Inhbitors in Combination With DNA Repair Inhibitors in the Clinic
The advent of PARP inhibitors has pinpointed DNA repair inhibitors as predominant targets for cancer therapy (Tangutoori et al., 2015). Olaparib (Lynparza), is a PARP inhibitor (PARPi) that targets the DNA damage response as a single agent for the treatment of breast and ovarian cancers in patients harboring BRCA1 or BRCA2 germline mutations (Kim et al., 2015). PARP anti-tumour activity is based on inducing defects in genes/pathways leading to genomic instability. PARPi induce apoptosis caused by the aggregation of DNA damage which favors the flow of T-cells into the tumor microenvironment, triggering the upregulation of PD-1/PD-L1 pathway. At present there are several clinical trials underway combining HDACi in combination with olaparib. A phase I clinical trial combining olaparib and vorinostat, busulfan, gemcitabine and melphalan with or without rituximab, has started for patients suffering from refractory lymphomas (ClinicalTrial.gov identifier: NCT03259503). There are additionally several clinical trials underway combining olaparib and entinostat for the treatment of ovarian carcinoma, peritoneal carcinoma fallopian tube carcinoma (ClinicalTrial.gov identifier: NCT03924245) and olaparib in combination with vorinostat for the treatment of relapsed, refractory and/or metastatic breast cancer (ClinicalTrial.gov identifier: NCT03742245).
Other approaches include a study conducted by (Kim et al., 2012), which suggests that DNMTi are able to induce radiosensitivity in a cell line model with A549 and U373MG cells together with an extended activity of γH2AX, which is believed to be achieved through DNA repair inhibition. However, more studies are needed to identify other additional mechanisms that can also be associated with radiosensitivity and to confirm the synergistic effects on radiosensitivity with other epigenetic drugs such as HDACi. It is expected that further investigation on this method will help determine whether the combination of DNMTi and radiation has potential as a future clinical approach for cancer treatment. Another approach involves using DNMTi in multiple myeloma cells through an ataxia telangiectasia and Rad3-related protein mediated manner that induces DNA DSBs, leading to apoptosis. (Kiziltepe et al., 2007). This study suggests significant relevance into pursuing more in-depth clinical trials involving 5-AzaC alone and in combination with other chemotherapy drugs for the treatment of multiple myelomas (Table 2). More recent examples of drug combinations are, the dual DNMTi and HDACi 208, which has shown to instigate antiproliferative activity against histiocytic lymphoma (U937) cells (Zhou et al., 2018). This occurs by inducing G1 cell cycle arrest and apoptosis through the upregulation of CDK inhibitor p16, combined with the downregulation of cyclin-dependent kinases and their activators. Proteome and bioinformatic analyses showed that 208 inhibitor combinations affected the expression of a series of proteins involved in DNA repair. Similarly, PARPi has been studied in combination with DNMTi (e.g. guadecitabine or 5-azacitidine) with the purpose of being able to resensitize tumors to primary therapies or reprogramming DNA damage repair responses in cancers such as breast, ovarian and non-small cell lung cancers (Abbotts et al., 2019; Zhou et al., 2018; Muvarak et al., 2017).
Previous literature also indicates that CRISPR/dCAS9 can induce histone acetylation/deacetylation and methylation by catalyzing direct covalent modifications or via the recruitment of complexes that mediate such mechanisms (Tang et al., 2019; Thakore et al., 2015; Hilton et al., 2015). Similarly, DNA methylation/demethylation mechanisms can be programmed for the methyl groups to be added or removed from specific CpG island sites using CRISPR/dCas9. This epigenetic editing approach has been under continuous investigation as it proves to be more effective than modifications previously attempted by ZINC finger nucleases and TALENs modifications (Zhou et al., 2018; Thakore et al., 2015; Hilton et al., 2015; Zhang et al., 2017; Chi et al., 2021b). The use of CRISPR/dCas9 is a powerful candidate to manipulate the expression of therapeutic target genes, via epigenetic mechanisms, in cancer cells. (Jiang et al., 2015; Momparler et al., 2017; Wang et al., 2018).
Histone Deactylase Inhibitors and DNA Methyltransferase Inhibitors in Combination With Immune Checkpoint Inhibitors
Immune checkpoint inhibitors (ICis) are one of the most recent effective methods at reactivating anti-tumour responses in immune-oncology. They fulfill the role of keeping effector T-cells active in order to fight tumor cells. The first checkpoint inhibitor to be approved by the FDA was ipilimumab (targeting T-lymphocyte antigen-4, CTLA-4) for the treatment of melanoma patients (Hodi et al., 2010; Robert et al., 2011). Other ICis that have already been approved to be used in treatment are pembrolizumab and nivolumab as well as, atezolizumab, durvalumab and avelumab, used for the treatment of different carcinomas including metastatic melanoma, non-small cell lung cancer, renal cell carcinoma and neck squamous carcinoma (Kim, 2017; Syed, 2017; Horn et al., 2018; Ferris et al., 2016; Reck et al., 2016; Khoja et al., 2015). The latest monoclonal antibody approved by the FDA is cemiplimab for the treatment of metastatic cutaneous squamous cell carcinoma (Markham and Duggan, 2018). There have been several studies of HDACi and DNMTi in combination with ICis as an innovative approach in immunotherapy. Studies have shown that bladder tumors carry upregulated levels of HDACs. Pre-clinical trials are currently ongoing for using the HDACi, romidepsin and SAHA, in combination with HR-DNA repair genes and PARPi for the treatment of bladder cancer (Criscuolo et al., 2019). Additionally, DNMTi 5-aza-2′-deoxycytidine is currently undergoing trials to be used together with CTLA-4 for the treatment of mammary carcinoma and mesothelioma (Covre et al., 2015). PD-1/PD-L1 ICis have also been commenced in combination with alterations of DDR genes to treat urothelial carcinoma. It is expected that further studies involving HDACi, DNMTi and ICis will reveal novel ways of targeting genes involved in DDR, that can potentially be used as personalized immunotherapies (Daver et al., 2019; Gray et al., 2019).
Histone Deactylase Inhibitors and DNA Methyltransferase Inhibitors: Challenges to Overcome
Often, a single approach, such as adjuvant chemotherapy, is not effective in every patient and therefore leads to disease recurrence (Mamounas et al., 2017). Combination therapy is an approach designed to reinvigorate a drug’s effect against a specific type of cancer, however, this path is also not always a safe bet. For example, the clinical use of atezolizumab in combination with paclitaxel protein-bound (abraxane) has been approved by the FDA for the treatment of metastatic triple negative breast cancer (mTNBC) in adult patients expressing PD-L1 (Narayan et al., 2020). The FDA has raised awareness about recent clinical studies showing that atezolizumab + paclitaxel combination has no effect in previously untreated inoperable locally advanced or mTNBC (FDA 2020b). It would therefore be recommended that abraxane should not be replaced with paclitaxel in clinical practice. Consequently, these results will require further testing and the potential update of current prescribing information. It is also well known that cancer cells develop drug resistance and therefore, cells can develop DNMTi and HDACi resistance (Maeda et al., 2018). This can lead to an increase or decrease in activity of important pathways such as HR and NHEJ. Some epi-drugs such as nucleoside DNMTi, are introduced into the DNA and have a toxic effect and future research should focus on finding epi-drugs that are more effective and less toxic. Similarly, it can be challenging to identify an epigenetic target that remains stable when tested in vivo. The emergence of nanotechnology in cancer therapy has shown to be an encouraging strategy to enhance the effectiveness of HDACi (Tangutoori et al., 2015).
CRISPR/dCAS9 is a novel promising approach to achieve programmable histone modifications and DNA methylation. However, this mechanism is still in its early stages and it requires further research before it can be used in the clinic as an epigenetic therapy. Currently, there are still risks of off-target effects, and potential secondary effects caused by unintended factors (Tang et al., 2019; Zhang et al., 2017; Thakore et al., 2015; Hilton et al., 2015). Additionally, when not used appropriately, CRISPR is prone to non-specific binding. Regardless of the mechanism, if successful, an epigenetic drug may be effective in one type of cancer but not in others. This means that it will require further clinical studies. It is also important to consider that the effect of an epigenetic change may vary in different phases of the trial.
CONCLUSION
DSBs are the most cytotoxic type of DNA backbone damage. In response to this genetic lesion, cells have evolved to recognize the damage and signal for DNA DSB repair mechanisms. Failing to repair DNA via HR or NHEJ pathways can lead to cancer and/or tumorigenesis. Investigating how cancer works from an epigenetic perspective has helped improve cancer classification schemes, identify markers for early cancer detection and/or monitoring metastatic disease, improve therapy response, dictate prognosis as well as helping in identifying epigenetic patterns associated to a cell’s transcriptional activity. DNMTi and HDACi have been shown to have positive effects in cancer treatment, especially when combined with traditional therapies or other epigenetic drugs. However, epigenetic drugs are just at the beginning of their apogee and there are still many factors to consider. Attention must be focused in finding epi-drugs that are more effective and less toxic; it is challenging to identify epigenetic targets that remain stable when tested in vivo. The CRISPR/dCAS9 approach to program the addition/removal of methyl groups still needs to be fine-tuned in terms of specificity. There are challenges in identifying epigenetic targets that remain equally effective in a type of cancer across all clinical trial phases. Taken together, epigenetic treatments are promising independent, combination treatment and potential personalized treatments in cancer therapy.
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Activation of the STING pathway upon genotoxic treatment of cancer cells has been shown to lead to anti-tumoral effects, mediated through the acute production of interferon (IFN)-β. Conversely, the pathway also correlates with the expression of NF-κB-driven pro-tumorigenic genes, but these associations are only poorly defined in the context of genotoxic treatment, and are thought to correlate with a chronic engagement of the pathway. We demonstrate here that half of the STING-expressing cancer cells from the NCI60 panel rapidly increased expression of pro-tumorigenic IL-6 upon genotoxic DNA damage, often independent of type-I IFN responses. While preferentially dependent on canonical STING, we demonstrate that genotoxic DNA damage induced by camptothecin (CPT) also drove IL-6 production through non-canonical STING signaling in selected cancer cells. Consequently, pharmacological inhibition of canonical STING failed to broadly inhibit IL-6 production induced by CPT, although this could be achieved through downstream ERK1/2 inhibition. Finally, prolonged inhibition of canonical STING signaling was associated with increased colony formation of MG-63 cells, highlighting the duality of STING signaling in also restraining the growth of selected cancer cells. Collectively, our findings demonstrate that genotoxic-induced DNA damage frequently leads to the rapid production of pro-tumorigenic IL-6 in cancer cells, independent of an IFN signature, through canonical and non-canonical STING activation; this underlines the complexity of STING engagement in human cancer cells, with frequent acute pro-tumorigenic activities induced by DNA damage. We propose that inhibition of ERK1/2 may help curb such pro-tumorigenic responses to DNA-damage, while preserving the anti-proliferative effects of the STING-interferon axis.
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INTRODUCTION
Upon activation by cytoplasmic DNA, cyclic guanosine monophosphate–adenosine monophosphate (cGAMP) synthase (cGAS) synthesizes cGAMP, which binds to the adaptor protein STING (stimulator of interferon [IFN] genes) (Zhang et al., 2013). This results in STING translocation from the ER to the Golgi, where it is palmitoylated to recruit TANK-binding kinase 1 (TBK1) and the inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKKε) (Mukai et al., 2016; Balka et al., 2020). This in turn activates IRF3 and NF-κB transcriptional programs, culminating in the production of IFN-β and pro-inflammatory cytokines such as IL-6 and TNFα, respectively.
In addition to its immune function in the sensing of cytosolic pathogenic DNA, cGAS can initiate immune responses to endogenous nuclear and mitochondrial DNA (Dou et al., 2017; Wu et al., 2019). Such cGAS sensing of cytosolic DNA arising from genome instability promotes senescence and replicative crisis, aimed at eliminating pre-cancerous cells (Dou et al., 2017; Glück et al., 2017; Nassour et al., 2019). Accordingly, since cancer cells have deregulated cell cycle checkpoints they frequently harbor cytoplasmic DNA, which is increased further upon genotoxic damage and radiotherapy exposure, and can lead to cGAS-STING activation (Chen et al., 2017; Dou et al., 2017; Harding et al., 2017; Mackenzie et al., 2017; Bakhoum et al., 2018; Nassour et al., 2019; Carozza et al., 2020); (Marcus et al., 2018; Schadt et al., 2019; Carozza et al., 2020).
While DNA damage-driven GAS-STING cell-intrinsic engagement in cancer cells has been shown to be involved in the recruitment of immune cells to promote anti-cancer activities, through the engagement of the IRF3/IFN-β arm (Ho et al., 2016; Takashima et al., 2016; Harding et al., 2017; Vanpouille-Box et al., 2017; Yamazaki et al., 2020; Suter et al., 2021; Tian et al., 2021), there is also evidence that chronic activation of the pathway can drive tumorigenesis and metastasis (Ahn et al., 2014; Lemos et al., 2016; Bakhoum et al., 2018). The latter is aligned with a correlation between cGAS-STING expression in human cancers and pro-inflammatory NF-κB signatures, including the expression of IL-6 (Dou et al., 2017; Bakhoum et al., 2018). Such NF-κB signals can fuel the resistance to the DNA damage (Didonato et al., 2012), and directly contribute to the growth of cancer cells (Chen et al., 2016; Bakhoum et al., 2018). As such, IL-6 production results in autocrine and paracrine activation of STAT3 signaling that promotes survival of cancer cells in response to DNA damage and pro-apoptotic mediators such as TNFα (Li et al., 2012; Yun et al., 2012). Further, IL-6 directly inhibits the IRF3/IFN-β arm of STING signaling in selected cancer cells, alleviating the tumor suppressive effects of the pathway in vivo (Wu et al., 2017; Suter et al., 2021).
Albeit currently proposed to be associated with chronic STING activation (Decout et al., 2021), little is known of the mechanisms regulating the engagement of STING-dependent pro-inflammatory NF-κB factors in the context of acute genotoxic treatment of cancer cells. A recent study reported the existence of a non-canonical STING pathway, rapidly driving IL-6 production with minimal IFN-β production upon DNA damage resulting from topoisomerase-2 inhibition in HaCaT keratinocytes (Dunphy et al., 2018). This non-canonical STING pathway was independent of cGAS/cGAMP/TBK1 and did not require translocation from the ER to the Golgi (Dunphy et al., 2018). However, whether this non-canonical STING pathway is involved in the response to acute genotoxic treatment of cancer cells is currently unknown.
Following on the observation that pharmacological inhibition of STING reduced IL-6 production upon topoisomerase 1 inhibition in mouse TC-1 cancer cells, we decided to broadly interrogate the role of STING signaling in the IL-6 response to acute DNA damage in human cancer cells. Our results collectively support a direct role for STING signaling in the frequent IL-6 production in response to genotoxic treatment of cancer cells, most often independent of a marked IRF3 signature. As such, we demonstrate that both canonical and non-canonical STING signaling can participate in the rapid IL-6 production seen upon DNA damage in different cancer cells, indicating that the pro-tumorigenic activities of the pathway are not limited to its chronic engagement. We also provide evidence that ERK1/2 pharmacological inhibition may provide therapeutic opportunities to limit production of IL-6 upon genotoxic treatment, while preserving the anti-proliferative effects of the STING-interferon axis.
MATERIALS AND METHODS
Cell Culture and Treatments
Human osteosarcoma MG-63 and HOS cells were purchased from ATCC (#CRL-1427 and #CRL-1543, respectively) and grown in ATCC-formulated Eagle’s Minimum Essential Medium, supplemented with 10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific) and 1 × antibiotic/antimycotic (Thermo Fisher Scientific). PC-3 cells purchased from ATCC (#CRL-1435) and BT-549 breast ductal carcinoma cells (a kind gift from Prof S. Lakhani) were grown in Roswell Park Memorial Institute (RPMI) 1,640 plus L-glutamine medium (Life Technologies) complemented with 1x antibiotic/antimycotic and 10% heat inactivated fetal bovine serum (referred to as complete RPMI). TC-1 cells (kind gift from Prof. N. McMillan) and HaCaT cells (wild type–kind gift from Prof. S.M. Jane) were cultured in Dulbecco’s modified Eagle’s medium plus L-glutamine supplemented with 1 × antibiotic/antimycotic (Thermo Fisher Scientific) and 10% heat-inactivated fetal bovine serum (referred to as complete DMEM). SK-OV-3 ovarian carcinoma cells (a kind gift from Prof J. Hooper) were cultured in McCoy’s medium (Thermo Fisher Scientific) plus L-glutamine and 10% heat inactivated fetal bovine serum. MDA-MD-231 and HS-578T breast carcinoma cells (a kind gift from Prof S. Lakhani) were cultured in complete DMEM. HaCaT, MDA-MD-231, SK-OV-3 and BT-549 were authenticated using the GenePrint® 10 System kit from Promega. All the cells were cultured at 37°C with 5% CO2. Cell lines were passaged 2–3 times a week and tested for mycoplasma contamination on a routine basis by PCR. For clonogenic assays, ∼1,500 cells were added per well of a 6-well plate, and the drugs/medium changed every 2–3 days. After the indicated times, cells were fixed with 10% formalin and stained with 0.1% crystal violet (w/v) in 20% ethanol, before several thorough H2O washes.
Further methods are available in Supplementary Materials and Methods.
RESULTS
Pharmacological Inhibition of Canonical STING Signaling Decreases CPT-Induced IL-6 in Mouse TC-1 Cells
We have recently reported that expression of the simian virus 40 (SV40) large T antigen could lead to potentiation of cGAS-STING engagement in cells treated with low-dose topoisomerase 1 inhibition with camptothecin (CPT) treatment (Pépin et al., 2017a). To broaden our observations to other viral oncogenes, we initially investigated whether CPT could induce STING-dependent signaling in mouse epithelial TC-1 cancer cells, which were co-transformed with HPV-16 E6 and E7 and c-Ha-ras oncogenes (Lin et al., 1996). Focusing on IL-6 and IP-10 production as surrogate markers of the NF-κB and IRF3 branches of STING activation, respectively (Pépin et al., 2017b; Dunphy et al., 2018), we first showed that low-dose CPT significantly induced the production of both cytokines in TC-1 cells (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) TC-1 cells were treated with 0.5 μM CPT for 48 h, and IL-6 and IP-10 levels in supernatants were determined by ELISA. Cytokine levels were normalized to the non-treated (“NT”) condition after background correction with the NT condition. Data shown are averaged from three independent experiments in biological replicate (±s.e.m. and ordinary two-way ANOVA with Sidak’s multiple comparison tests). (B, C) TC-1 cells were treated with 0.5 μM CPT in the presence of decreasing amount of H151 [7.2, 3.6, 1.8 or 0.9 μM for (B), 3.6 μM for (C)] for 48 h and IL-6 levels in supernatants were determined by ELISA (B) or cell viability assessed with resazurin assay (C). B) IL-6 levels were normalized to the “CPT only” and are shown as percentages. Data shown are averaged from two independent experiments in biological triplicate (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition). (C) Data were normalized to the NT condition, after background correction with blank condition. Data shown are averaged from three independent experiments in biological replicate (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition). (D) TC-1 cells were treated with 0.5 μM CPT with or without 3.6 μM H151 for 48 h, and IL-6 and IP-10 levels in supernatants were determined by ELISA, while cell lysates were processed for RNA purification. Left: cytokine levels were normalized to the “CPT only” condition and are shown as percentages. Right: Expression of the panel of 3 mouse IFN-driven genes was analyzed by RT-qPCR. Expression of the indicated genes was reported relative to 18 s expression and divided further by the mean of the NT condition. Data shown are averaged from three independent experiments in biological replicate. Left: ± s.e.m. and Mann-Whitney U tests are shown; right: ± s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 and “ns” is non-significant.
To implicate STING directly in this response to CPT, we repeated the experiments above using a recently reported pharmacological inhibitor of canonical STING, by preventing its palmitoylation, referred to as H151 (Haag et al., 2018). CPT-driven IL-6 production by TC-1 cells was significantly inhibited by H151 in a dose-dependent manner, without increasing further the cell death induced by CPT (Figures 1B,C). Accordingly, while H151 decreased production of IP-10 and IL-6 protein by ELISA, we also observed a decrease in expression of interferon-stimulated genes (ISGs) Rsad2 and Ifit1, along with Il-6 at the mRNA level by RT-qPCR (Figure 1D).
Divergent Induction of IL-6 and ISGs in Response to DNA Damage in Human Cancer Cells
This concurrent induction of Il-6, Rsad2 and Ifit1 by CPT in TC-1 cells prompted us to broadly assess whether such convergent induction of the NF-κB and IRF3 branches was a frequent response to DNA damage in cancer cells. For this purpose, we relied on a published dataset comparing the time-dependent transcriptional responses of cancer cells from the NCI60 panel, treated with several genotoxic agents (Monks et al., 2018). Forty-two cell lines in this panel significantly expressed STING based on the Cancer Cell Line Encyclopedia (Barretina et al., 2012), and were used for our in silico studies (Supplementary Table S1). Transcriptional analyses of IL-6, RSAD2, IFIT1 and IFNB1 following treatment with the CPT analogue topotecan (Top) suggested that 15 and 21 out of 42 human cancer cell lines expressing STING showed increased IL-6 expression >2 fold after 6 and 24 h Top treatment, respectively (Figure 2A and Supplementary Table S1).
[image: Figure 2]FIGURE 2 | (A) Selected NCI-60 cell lines expressing STING (see Supplementary Table S1) were treated for 6 or 24 h with 1 μM topotecan (Top) or doxorubicin (Dox) and analyzed by microarray as reported in the NCI Transcriptional Pharmacodynamics Workbench (Monks et al., 2018). The heatmap shows the log2 fold change to NT condition (the values below 0.5 are blue and the values above are purple). Missing values are shown in grey. (B) Indicated cell lines were treated with CPT (see Materials and Methods for dosage used) with or without 3.6 μM H151 for 24 (BT-549, HS-578T, MDA-MB-231, PC-3 and SK-OV-3 cells) or 48 h (MG-63 and HOS cells), and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT only” condition and are shown as percentages. Data shown are averaged from three independent experiments in biological replicate (±s.e.m. and Mann-Whitney U tests are shown). (C) MG-63 and HOS were treated with CPT with or without decreasing concentrations of H151 (3.6, 1.8 and 0.9 μM) for 48 h, and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT only” condition and are shown as percentages. Data shown are averaged from three independent experiments in biological replicate (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition). (D) MG-63 and HOS were treated with CPT with or without 3.6 μM H151 for 48 h, and cell lysates were processed for RNA purification and RT-qPCR analyses. IL-6 levels were reported relative to 18S expression and divided further by the mean of the NT condition. Data shown are averaged from three independent experiments (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition). (E) MG-63 and HOS were treated with CPT with or without 200 nM WEHI-122 for 48 h and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT only” condition and are shown as percentages. Data shown are averaged from three (MG-63) or two (HOS) independent experiments in biological replicate (±s.e.m. and Mann-Whitney U tests are shown). (F, G) MG-63 were treated overnight with 100 nM GSK#3, with or without 3.6 μM H151 (F) or 200 nM WEHI-112 (G), and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “GSK only” condition and are shown as percentages. Data shown are averaged from three (F) or two (G) independent experiments in biological replicate (±s.e.m. and Mann-Whitney U tests are shown). (H, I, J) Wild-type (WT) (H), cGAS-deficient (I) and STING-deficient (J) HaCaT cells were treated with 0.2 μM CPT in the presence of decreasing amounts of H151 (3.6, 1.8 or 0.9 μM) (H) or 3.6 μM (I) for 24 h, and IL-6 levels in supernatants were determined by ELISA. (J) Cells were treated with poly(I:C) [p(I:C)] at 1 μg/ ml, where indicated. IL-6 levels were normalized to the “CPT only” (H, I) or “p(I:C)” (J) condition and are shown as percentages. Data shown are averaged from two (I) or three (H, J) independent experiments in biological replicate [±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition (H), and Mann-Whitney U tests are shown (I, J)]. (K) MG-63 and HOS were transfected with 10 nM of the indicated siRNAs for 24 or 48 h, respectively, prior to CPT treatment for 48 or 24 h, respectively, and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT + siNC5” condition and are shown as percentages (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT + siNC5” condition). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 and “ns” is non-significant.
Critically, the induction of IFIT1/RSAD2 and IFNB1 was mostly divergent from that of IL-6, while being more restricted. As an example, 14/42 cell lines showed >2-fold increase in IFIT1 expression at 24 h, but only five also displayed increased IL-6 levels (Figure 2A). A similar observation was made with Doxorubicin (Dox)-driven topoisomerase 2 inhibition; albeit some of the cells that induced IL-6 > 2 fold differed from those treated with Topotecan. Nonetheless, Dox treatment induced IL-6 in 23/35 cells lines at 24 h with a 2-fold threshold, versus 16/35 for IFIT1—with only five cell lines showing increases in both genes (Figure 2A). Collectively, these analyses revealed that while IL-6 was rapidly induced in 50% of cancer cells by DNA damage, this induction was often independent of that of ISGs.
Inhibition of STING Palmitoylation Does Not Reduce IL-6 in MG-63 and SK-OV-3 Cells
To confirm the potential involvement of STING signaling in this rapid IL-6 production upon DNA damage, we selected a subset of five cancer cell lines from this panel to which we had access (BT-549, HS-578T, MDA-MB-231, PC-3 and SK-OV-3 cells), that exhibited various profiles of IL-6/ISGs responses. For example, SK-OV-3 cells induced high amounts of IL-6 but not ISG, while BT-549 cells robustly induced both IL-6/ISG responses (Figure 2A). MDA-MB-231 and HS-578T cells had more variable responses to Dox and Top but did induce IL-6 and IFIT1 >2 fold with Top, while PC3 displayed a stronger IFIT1 induction than IL-6 with Top. We also tested two STING-expressing osteosarcoma lines we had previously found to produce IL-6 upon CPT treatment (HOS and MG-63 cells).
Low-dose CPT increased IL-6 production that was significantly inhibited by H151 in five cell lines (BT-549, HS-578T, MDA-MB-231, PC-3 and HOS cells), independent of increased cell death, supporting a direct contribution of canonical STING signaling in the pro-inflammatory response to CPT in these cells (Figure 2B; Supplementary Figures S1A,B). This aligned with the detection of IFIT1/ISG induction upon genotoxic treatment in our transcriptional analyses for BT-549, HS-578T, MDA-MB-231 and PC-3 cells (Figure 2A). Conversely, H151 failed to significantly reduce IL-6 production in MG-63 and SK-OV-3 cells (Figure 2B). Consistently with this, pharmacological inhibition of canonical STING or TBK1 failed to reduce the CPT-driven IL-6 induction at the mRNA and protein levels in MG-63, while it did in HOS cells (Figures 2C–E). MG-63, however, did produce IL-6 in response to a human synthetic STING agonist (referred to as GSK#3 herein - (Ramanjulu et al., 2018)), and this was significantly reduced by H151 or TBK1 inhibition (Figures 2F,G), confirming the capacity of MG-63 cells to also produce IL-6 through canonical STING signaling.
Pharmacological Inhibition of STING Palmitoylation Does Not Impact Non-Canonical STING Signaling
Non-canonical STING signaling does not require translocation from the ER to the Golgi and as such is not impacted by TBK1 inhibition (Dunphy et al., 2018). Since STING palmitoylation occurs at the Golgi, we speculated that the lack of inhibitory activity of H151 in MG-63 cells could relate to non-canonical STING signaling being at play in these cells upon CPT treatment. We first confirmed that H151 could not inhibit CPT-driven IL-6 production stemming from non-canonical STING signaling in wild-type and cGAS-deficient HaCaT cells (Figures 2H,I, Material and Methods, and Supplementary Figures S1A,S2). Importantly, STING deficiency entirely abolished CPT-driven IL-6 production in HaCaT cells, confirming the reliance on STING for this non-canonical response (Figure 2J) (Dunphy et al., 2018). In agreement with this, RNA interference mediated down-regulation of STING significantly decreased CPT-driven IL-6 production in both MG-63 and HOS cells, demonstrating the dependence on STING in both cell lines (Figure 2K; Supplementary Figures S1C,D). Collectively, these results demonstrated that the inhibitory activity of H151 was limited to canonical STING signaling and supported the engagement of non-canonical STING signaling upon genotoxic DNA damage in select cancer cell lines.
Inhibition of Downstream MAP Kinases Broadly Suppresses CPT-Driven IL-6
The lack of activity of H151 on non-canonical STING signaling led us to investigate whether targeting of downstream mediators of NF-κB signaling could help broadly dampen CPT-driven IL-6 production, independent of the type of STING signaling engaged. Non-canonical STING has been shown to rely on TRAF6 activity (Dunphy et al., 2018). While the signaling components operating downstream of TRAF6 to control STING-driven IL-6 have not been characterized to date, we posited a role for mitogen-activated protein kinases (p38 and ERK1/2) based on their known involvement in DNA-damage responses and control of IL-6 expression (Craig et al., 2000; Phong et al., 2010; Wei et al., 2011; Dainichi et al., 2019). Inhibition of ERK1/2 with SCH772984 (Morris et al., 2013) and p38 with SB202190 were initially assessed with dose responses on canonical STING signaling induced with the GSK#3 STING agonist in MG-63 cells (Figures 3A,B). p38 and ERK1/2 inhibition both significantly reduced STING-driven IL-6 production in these cells (Figures 3A,B), although the effect was more potent with ERK1/2 inhibition. In agreement with a selective effect on NF-κB signaling downstream of canonical STING signaling, ERK1/2 inhibition did not reduce but rather increased IP-10 production upon GSK#3 stimulation - consistent with the prior findings that ERK1/2 inhibit type-I IFN production (Figure 3B) (Janovec et al., 2018).
[image: Figure 3]FIGURE 3 | (A, B) MG-63 were treated overnight with 100 nM of the STING agonist GSK#3 with or without decreasing concentrations of the p38 inhibitor SB202190 [SB] (at 3, 1.5 and 0.75 μM) (A) or decreasing concentrations of the ERK1/2 inhibitor SCH772984 [SCH] (at 1.25, 0.63 and 0.313 μM) (B), and IL-6/IP-10 levels in supernatants were determined by ELISA. IL-6 and IP-10 levels were normalized to the “GSK only” condition and are shown as percentages. (A, B) Data shown are averaged from two independent experiments in biological replicate (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “GSK only” condition). (C) HaCaT WT, MG-63 and HOS were treated with CPT for 24 (HaCaT) or 48 h (MG-63 and HOS), with or without 1 μM SCH, and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT only” condition and are shown as percentages. Data shown are averaged from a minimum of three independent experiments in biological replicate (±s.e.m. and Mann-Whitney U tests are shown). (D) HaCaT WT, MG-63 and HOS were treated with CPT for 24 (HaCaT) or 48 h (MG-63 and HOS), with or without decreasing concentrations of SB (at 3, 1.5 and 0.75 μM) and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT only” condition and are shown as percentages. Data shown are averaged from a minimum of three independent experiments in biological replicate (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “CPT only” condition). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 and “ns” is non-significant.
We next studied the effect of p38 and ERK1/2 inhibition in MG-63/HaCaT cells (non-canonical STING) and HOS cells (canonical STING) treated with low-dose CPT. Both inhibitors lead to a significant reduction of CPT-driven IL-6 in the three cell models, without impacting further cell viability (Figures 3C,D, Supplementary Figure S1A), suggesting that they may be suitable to control the production of pro-tumorigenic factors upon DNA damage.
Pharmacological Inhibition of STING Palmitoylation can Lead to Increased Cancer Cell Growth
Having demonstrated the capacity of H151 to block CPT-induced canonical STING signaling in selected cell lines, we next assessed its impact on cancer cell proliferation, independent of DNA damage, compared to p38 and ERK1/2 inhibition. MG-63, HOS, and TC-1 cells were grown in the continuous presence of H151, SB202190 or SCH772984 for 7–12 days in clonogenic assays. Surprisingly, H151 and SB202190 robustly increased clone formation in MG-63 cells (Figures 4A,B). This positive effect of H151 on clone formation was limited to MG-63 cells and reflected by increased growth curves (Figure 4C). However, SB202190 also potentiated the growth of HOS cells and, to a lesser extent, TC-1 cells (Figures 4A,B). Conversely, ERK1/2 inhibition with SCH772984 strongly limited the expansion of MG-63 and TC-1 cells, and modestly impacted that of HOS cells (Figures 4A,B). Having previously shown that MG-63 had a functional cGAS-STING response (Valentin et al., 2021), we reasoned that H151 may block canonical STING signaling basally engaged in these cells, normally restraining their growth. Accordingly, the basal expression of several ISGs (RSAD2, IFIT1, IFIT2, IFIT3) was significantly decreased by H151 treatment in MG-63 cells (Figure 4D). In addition, treatment of MG-63 cells with increasing amounts of type-I IFN significantly decreased the growth of the cells (Figure 4E), supporting the concept that H151 increased cell proliferation through the inhibition of constitutive anti-proliferative interferon signaling.
[image: Figure 4]FIGURE 4 | (A, B) HOS, MG-63 and TC-1 cells were plated at low density and treated with 3.6 μM H151, 3 μM of the p38 inhibitor SB202190 [SB] or 1 μM of the ERK1/2 inhibitor SCH772984 [SCH] for 10, 12, and 7 days, respectively (see Materials and Methods). The clones formed were stained with crystal violet after fixing (A) and counted manually (B). (B) The number of colonies were reported to the NT condition. The data shown are representative (A) or averaged (B) from three independent experiments (in biological triplicate) (±s.e.m. and ordinary one-way ANOVA with Dunnett’s multiple comparison tests to the “NT” condition). (C) Proliferation of MG-63 cells treated with 3.6 μM H151 was measured by xCELLigence real-time monitoring over 48 h of treatment. Cell proliferation slopes were calculated and normalized to the NT condition. Data shown are averaged from three independent experiments in biological triplicate (±s.e.m. and Mann-Whitney U tests are shown). (D) MG-63 cells were treated or not with 3.6 μM H151 for 48 h, and cell lysates were processed for RNA purification and RT-qPCR analyses. Expression of the indicated genes was reported relative to 18S expression. Data shown are averaged from three independent experiments in biological duplicate and normalized to the NT condition (±s.e.m. and ordinary two-way ANOVA with Sidak’s multiple comparison tests). (E) Relative confluency of MG-63 cells with or without (NT) increasing concentrations of recombinant IFN (12, 120, 2000 IU/ ml) was assessed over 48 h with Incucyte. Data shown are averaged from 6 wells per condition, and trends are representative of three independent experiments. (F) PC-3, SK-OV-3 and BT-549 cells were treated with CPT for 24 h with or without 1 μM SCH, and IL-6 levels in supernatants were determined by ELISA. IL-6 levels were normalized to the “CPT only” condition and are shown as percentages. Data shown are averaged from a minimum of three independent experiments in biological replicate (±s.e.m. and Mann-Whitney U tests are shown). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 and “ns” is non-significant.
Finally, since it appeared to limit CPT-driven inflammation from both canonical and non-canonical STING signaling, without promoting cancer cell proliferation, we also tested the effect of ERK1/2 inhibition with SCH772984 on CPT-treated PC-3, SK-OV-3 and BT-549 cells (Figure 4F). Although less potent than in the other cells, SCH772984 significantly reduced CPT-driven IL-6 in PC-3 and SK-OV-3 cells, supporting its broad anti-inflammatory effect independent of how STING is activated (noting that there was no significant effect of SCH772984 on cell viability–Supplementary Figure S1E). Nonetheless, SCH772984 did not significantly reduce IL-6 production in BT-549.
DISCUSSION
Well before its description as a selective agonist of murine Sting (Gao et al., 2013), the small molecule 5,6-dimethylxanthenone-4-acetic acid (DMXAA, or vadimezan) had been characterized as a strong anti-cancer drug that potentiated anti-cancer activities promoted by radio and chemotherapies in syngeneic murine cancer models (recently reviewed in (Le Naour et al., 2020)). Accordingly, several human STING agonists have been developed in recent years by academic and pharmaceutical industry laboratories (Ramanjulu et al., 2018; Chin et al., 2020; Pan et al., 2020), and clinical trials are underway to assess their efficacy against cancers in combination with immune checkpoint inhibitors (Le Naour et al., 2020). While it is clear that STING activation of the immune-cell compartment of the tumor microenvironment can have strong anti-tumoral activities, owing to production of anti-proliferative IFN-β (Parker et al., 2016) and the ensuing recruitment of CD8+T cells (Diamond et al., 2011), the cell-intrinsic role of STING signaling on the growth of cancer cells remains poorly defined.
In the current work, we investigated the cell-intrinsic effects of genotoxic DNA damage on STING signaling in human cancer cells. Our analyses of a dataset of 42 STING-expressing cancer cell lines demonstrated the frequent induction of IL-6 upon topoisomerase 1 and 2 inhibition in [image: image] 50% of the cells, often independent of a marked ISG response. As such, 8/21 cells lines displaying IL-6 increased with CPT [image: image] two fold failed to show a significant induction of IFIT1/RSAD2 or IFNB1 at this threshold, indicating a preferential engagement of the NF-κB branch over that of IRF3 in a third of the cell lines. Although noticeable variations of IL-6 induction existed for select cell lines between topoisomerase 1 and 2 inhibition, 16/21 cell lines responsive to Top also induced IL-6 with Dox, often independently of ISG signatures. Nonetheless, 29/42 cell lines displayed increased induction of one of the 3 ISGs considered with either Dox or Top treatment, against 27/42 for IL-6 induction. This confirms that both NF-κB and IRF3 branches are frequently engaged in cancer cells upon genotoxic treatment.
Critically, we showed that IL-6 induced by DNA damage was partially dependent on STING signaling in all the cell lines we tested–as revealed by a significant decrease in IL-6 production with pharmacological inhibition or down-regulation of STING expression. Given that up to 85% (819/934) of the cancer cell lines in the Cancer Cell Line Encyclopedia expressed STING, we speculate that STING-dependent IL-6 induction in response to DNA damage is very frequent in cancer cells. This aligns with the literature supporting that IL-6 and its activation of STAT3 counteracts the effects of radio- and chemotherapy in many cancers (Yang et al., 2020). It remains possible, however, that CPT-driven IL-6 production in select cancer cells is independent of STING, and reliant on alternative pathways involving other innate immune sensors detecting DNA damage from the nucleus or the mitochondria (Burleigh et al., 2020; Tigano et al., 2021). While warranting further studies in larger datasets of cancer cells, this constitutes, to our knowledge, the first direct evidence that cell-intrinsic canonical STING signaling frequently contributes to the production of pro-tumorigenic IL-6 upon DNA damage in cancer cells.
The recent study by Dunphy et al. suggested the existence of a cGAS-independent, non-canonical STING signaling, activated upon DNA damage with the topoisomerase 2 inhibitor Dox in human immortalized and primary keratinocytes (Dunphy et al., 2018). Although the study did not define whether this pathway was frequently invoked upon DNA damage in cancer cells (beyond the case of PMA-differentiated THP-1 cells), it is noteworthy that this alternative STING pathway favored the activation of NF-κB driven pro-inflammatory factors such IL-6, with limited IRF3 signaling (Dunphy et al., 2018).
Here we confirmed the observation from Dunphy et al. that HaCaT cells lacking cGAS can produce IL-6 upon DNA damage, in a STING-dependent manner (Dunphy et al., 2018). In support of the concept of a non-canonical STING signaling pathway, we demonstrated that pharmacological inhibition of STING palmitoylation did not impact CPT-driven IL-6 in these cells. Critically, we provide evidence that the occurrence of non-canonical STING signaling is not limited to keratinocytes, and that it can also be activated by DNA damage in cancer cells such as MG-63 cells. While IL-6 production was dependent on STING expression in MG-63 cells, pharmacological inhibition of canonical STING/TBK1 signaling did not reduce CPT-driven IL-6 in these cells. Although additional experiments would be required to confirm that the STING-dependent responses to DNA damage seen in HaCaT operate the same way in MG-63 cells, the hallmarks of the responses in both cell lines support the concept that they share key similarities. How frequently this non-canonical STING signaling is engaged in human cancers remains to be determined, but the fact that it can be engaged independently of cGAS suggests that it could be relatively common. For example, analyses of TCGA datasets indicate that >30% of high expressing STING lung adenocarcinoma or testicular cancer tumors have low cGAS expression (Supplementary Table S2).
Importantly, albeit failing to respond to H151 inhibition, MG-63 and HaCaT cells both responded to transfected DNA through canonical cGAS-STING signaling (Supplementary Figure S2) (Valentin et al., 2021). Perhaps most surprisingly, we demonstrated that prolonged exposure to H151 increased the growth of MG-63 cells, concurrently with a significant decrease of a basal ISG signature (noting that MG-63 cells are known to produce high levels of type-I IFN) (Billiau et al., 1977). These observations support a basal anti-proliferative activity of STING in MG-63 cells, through the IRF3/IFN arm of the pathway, supported by the reduced growth of the cells cultured in the presence of type-I IFN. This points to the capacity of MG-63 cells to rapidly switch between steady-state canonical STING signaling, most likely resulting from low levels of cytoplasmic DNA, to non-canonical STING signaling activated by acute DNA damage.
The results collectively obtained in MG-63 cells crystalize the duality of the pathway in cancer cells, which can rapidly shift from anti-proliferative to pro-tumorigenic in the context of DNA damage. Given how frequently rapid induction of IL-6 was observed in cancer cells, the current concept that pro-tumorigenic activities of the pathway would be limited to its chronic engagement clearly needs revision (Decout et al., 2021). These findings are also important to our understanding of how to best apply STING agonists in cancer immunotherapy involving DNA damage, since IL-6 was found to inhibit the anti-tumoral effects of STING activation in vivo (Suter et al., 2021).
With the aim of inhibiting the pro-tumorigenic NF-κB branch of STING signaling, but retaining that of IRF3/IFN-β, we discovered that inhibition of ERK1/2 was able to reduce IL-6 production upon canonical and non-canonical STING activation. Critically, ERK1/2 inhibition did not compromise the IRF3 branch of STING signaling, as seen with preserved IP-10 levels in MG-63 cells treated with a human STING agonist. Accordingly, in addition to its own anti-cancer activities (Kidger et al., 2018), pharmacological ERK1/2 inhibition may be a viable strategy to broadly decrease IL-6 production upon DNA damage, while retaining the anti-proliferative effects of the pathway, seen in MG-63 cells. Although further studies are warranted, this is the first description, to our knowledge, that ERK1/2 participate in the production of pro-inflammatory factors downstream of STING. Note that ERK1/2 phosphorylation has been reported in mouse embryonic fibroblasts stimulated with DMXAA (Abe and Barber, 2014). Nevertheless, ERK1/2 inhibition may not universally limit IL-6 production driven by DNA damage in cells where the IRF3 branch of STING signaling dominates the response to DNA damage, as suggested by our results in BT-549 cells.
In conclusion, we demonstrate here that STING is an important contributor to the rapid IL-6 production frequently seen upon DNA damage in cancer cells. Our results collectively indicate that targeting of signaling components operating downstream of STING to modulate NF-κB activity may be more useful than direct STING inhibitors to help prevent production of pro-tumorigenic factors such as IL-6. We propose that pharmacological targeting of ERK1/2, which is already investigated in cancer patients with oncogenic RAS-dependent tumors (Lu et al., 2020), may also help attenuate the resistance to radio- and chemotherapy treatments mediated in part by STING-dependent pro-inflammatory factors, while retaining the anti-tumor activity of the IRF3/IFN-β branch of the pathway.
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Histology: COAD Ref Ref Ref Ref
Mucinous COAD 1.300 0.7569-2.225  0.338 0.991 0.470-2.088 0.983 0.328 0.044-2.441 0277 1.029 0.608-1.744 0913
MSI status: MSS Ref Ref Ref Ref
MSI-L 1205 0.732-1.984  0.461 1.282 0.692-2.372 0.429 1.370 0.530-3.539 0515 1.456 0.939-2.258  0.093
MSI-H 0.918  0.534-1.577  0.758 0.791 0.381-1.642 0.531  0.320 0.072-1.407 0.132 0.828 0.493-1.390 0.476
KRAS: WT Ref Ref Ref Ref
Mutation 0.982  0.642-1.501 0.933 1.519 0.874-2.641 0.138  2.240 0.927-5.408 0.073 1.770 1.203-2.604  0.004
BRAF: WT Ref Ref Ref Ref
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Gene expression
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OS, overall survival; DSS, disease-specific survival;, DFI, disease-free interval; PFl, progression-free interval;, HR, hazard ratio; Cl, confidence interval; * indicates p < 0.05.
Bold values represent any significant association of analyzed gene with patient prognosis.
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T-cell lymphoma; T-cell non-Hodgkin
lymphoma

Relapsed/refractory T-cell lymphoma;
peripheral T-cell lymphoma; relapsed/
refractory lymphoid malignancies; multiple
myeloma, non- Hodgkin's lymphorma;
recurrent or metastatic triple negative
breast cancer

Multiple myeloma

Acute myeloid leukemia; myelodysplastic
syndromes

Multiple myeloma; recurrent plasma cel
myeloma; refractory/relapsed muitiple
myeloma; relapsed/refractory non-
Hodgkin lymphorma; diffuse intrinsic
pontine gioma

Non-small cell lung carcinoma

Hodgkin lymphorma; lymphoma; relapsed/
refractory hodgkin lymphoma; relapsed
and refractory diffuse large B-cell
lymphoma and follcular lymphoma

Advanced/metastatic breast cancer

Renal cell carcinoma; male breast
carcinoma, recurrent breast carcinoma;
endometrial endometrioid
adenocarcinoma; cholangiocarcinoma and
pancreatic cancer; metastatic pancreatic
cancer; metastatic uveal melanoma;
bladder cancer; advanced or recurrent
breast cancer

Epithelial ovarian cancer; peritoneal
cancer; fallopian tube cancer; CNS tumor;
solid tumor; non-small cell lung cancer;
melanoma; mismatch repair-proficient
colorectal cancer; clear renal cell
carcinoma; metastatic kidney carcinoma
stage Il, IV renal cell cancer; breast
neoplasm

Renal cel carcinoma

Relapsed/refractory folicular lymphoma

Peripheral T-cell lymphorma
Unresectable/metastatic conventional
chondrosarcoma; glioblastorna multiform
of brain; T-cell leukemia-ymphoma

Seizure treatment in glioma
High-grade glioma; myelodysplastic
syndromes

Solid tumors; acute myeloid leukernia

Muttiple myeloma; relapsed/refractory
cutaneous T-cell ymphoma

Cutaneous T-cell ymphoma

Breast cancer; neuroblastoma; adenomas
in Cushing’s disease; cutaneous T-cel
lymphoma/mycosis fungoides;
myelodysplastic syndromes or chronic
myelomonocytic leukermia

High grade glioma

Recurrent squamous cell head and neck
cancer or salivary gland cancer;
melanoma, skin neoplasms; multiple
myeloma; advanced sarcoma; diffuse large
B-cell ymphorma (stage Il Il or IV);
glioblastoma; glioblastoma muttforme;
HV-related diffuse large B-cell non-
hodgkin lymphorma; acute myeloid
leukemia in remission; myelodysplastic
syndromes or acute myeloid leukemia
Head and neck cancer; skin cancer
Non-melanoma skin cancer, squamous
cell carcinoma, basal cell carcinoma;
breast cancer metastatic, platinum
resistant recurrent ovarian cancer;
metastatic lung carcinoma; chronic
myeloid leukermia

Non-small cell lung carcinoma

Status

Active, not
recruiting
Completed

Active, not
recruiting

Completed
Completed

Active, not
recriting

Active, not
recniting
Active, not
recniting

Active, not
recriting
Active, not
recriting

Active, not
recruiting

Active, not
recruiting
Active, not
recruiting
Completed
Active, not
recruiting

Completed
Active, not
recruiting
Active, not
recruiting

Active, not
recriting
Completed
Active, not
recriting

Active, not
recruiting
Active, not
recruiting

Completed
Active, not
recniting

Active, not
recruting

FDA
approval

No

Yes

No

Yes
No

No

No

No

No

No

No

No
No

Yes
No

Yes
No

No

No

Yes
No

No

No

Yes
No

No

Source: U.S. National Library of Medicine, U.S. Food and Drug Administration, NIH Clinical Trial database: www.clinicaltrials.gov

DNA damage impact: Proteins
regulated or involved/pathway
impact/cellular response

DNA damage and apoptotic cell death
through caspase activation;
accumulation of DNA-RNA hybrids
(R-loops); radiosensitiser; activation of
ATM pathway, increased production of
reactive oxygen species (ROS),
decreased mitochondrial membrane
potential Valdez et al., (2018); Miles et al.,
(2019); Pailas et al., (2020); Rossetti

et al, (2021); Safari et al., (2021)

Pleiotropic antitumour effects and
autophagy; induces clastogenicity,
aneugenicity, oxidative damages and
hypomethylation; increased G2/M arrest
and production of ROS, enhanced
proton-induced DNA damage A.

J. Wilson et al., (2020); Choi et al.,
(2021); A-Hamamah et al., (2019);
Medon et al., (2017)

Potentially regulates RAD51 through
HDAC2 in some cancers; maintains
chromatin state; chemosensitizer; tumor
suppression; increases tumor antigen
presentation; cell cycle progression;
suppresses cell proliferation; induces
apoptosis through the upregulation of
miR-31 (pro-apoptotic microRNA)
(Briere et al., (2018); Q. Zhang et al.,
(2016b; Mondal et al., (2020); Headley
etal., (2019); Shan et al., (2017); G.; Yan
and Efferth (2020)

Inhibits RADS1/FANCD2 mediated HR;
increases radiosensitization by
prolongation of yH2AX Yao et al., (2018);
Christmann and Kaina (2019); Kaina and
Christmann (2019)

Regulates RAD51 (Kashyap et al., (2020)

Upregulates the expression of several
genes in DNA damage pathway (PARP1,
Gadd4sa, Mpg); downregulates the
expression of several genes involved in
DNA damage pathway (Cdc25c, RAD
18, 51,9, 1, TRPS3, XRCC
radiosensitizing through the induction of
oxidative stress and DNA damage;
interferes with mitotic spindle assembly;
promotes stem cell differentiation and
inhibits MYC pathways (Garcia-Giménez
etal oetal, (2017); F. Chietal.,
(2021; Marion et al., (2018); S. M.; Attia
etal, (2018)

Upregulates gadddsa; radiosensitizer
via increase of yH2AX phosphorylation;
alters cell proliferation, cell survival, cell
migration and hormone receptor
expression; increases cell cycle arrest by
increasing the expression of cycin
dependent kinase inhibitor (CDKN1A)
Jang et al. (2020); Gao et al., (2020); S.;
Yan et al., (2021); Bhatti et al, (2021);
Ding et dl., (2020)

Downregulates the expression of genes
involved in DNA repair pathway (BIRP1,
GDC25C, RAD proteins, TRPS3,
XRCC1); upregulates mRNA transcripts
of repair genes implicated in DNA
damage (GadddSa, PARP1, BAX);
induces chromosomal aberrations,
oxidative damages, apoptosis and
hypomethylation; decreases cellular
viabiity and ROS (M. Singh et al., (2021);
Sher et al, (2020); B. Zhang et al.,
(2020); Sabry M. Attia et al., (2020)

Represses genes involved in DNA
damage and repair (FANCD2, BRCAT,
RADS; increases levels of
phosphorylated DDR markers (yH2AX,
PChki and p53) leading to celluiar
sensitivity (Pillay et al., (2021); Ogino
et al, (2019); Magahaes et al, (2021);
M.; Singh et al., (2021)
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DNMT inhibitor

5-Azacitidine

Decitabine (analogues:

5-Aza-fluoro-2-
deoxycytidine;
zebularine)

MGo8

$110

DNMT class

Nucleoside

Nucleoside

Oligonucieotide

Miscellaneous

Maximum
phase of
therapy

Phase Ill

Phase Il

Phase Il

Phase Il

Phase IV
Phase Ill
Phase Ill
Phase I/l

Phase Il

Phase I

Phase |

Phase I

Phase Il

Phase I/l

Cancer type

Continued treatment of acute myeloid
leukemia and treatment of all
subtypes of myelodysplastic
syndrome

Acute myeloid leukemia;
myelodysplastic syndromes

Acute myeloid leukemia or high-risk
myelodysplastic syndrome
Advanced sold tumors; male breast
carcinoma; recurrent breast cancer,
stage IIIC breast cancer; stage IV
breast cancer, trile negative breast
carcinoma; neoplasms; pancreatic
cancer; epithelial ovarian cancer;
advanced/metastatic non-small cel
lung cancer; prostate cancer;
ovarian, primary peritoneal, or
fallopian tube cancer; peripheral
T-cell lymphoma; Chronic myeloid
leukemia; relapsed/refractory acute
myeloid leukernia or relapsed/high-
risk myelodysplastic syndrome
Mutant myeloid neoplasm; solid
tumors, gliomas; acute myeloid
leukemia; myelodysplastic syndrome;
non-Hodgkin lymphoma, multiple:
myeloma, lymphocytic leukermia;
recurrent ovarian, fallopian tube or
primary peritoneal cancer

Acute myeloid leukemia

Myelodysplastic syndromes (MDS)
including myelomonocytic leukemia
Acute myeloid leukermia;
myelodysplastic syndromes

Acute myeloid leukemia or high-risk
myelodysplastic syndrome
Non-smal cell lung cancer; acute
myeloid leukemia; leukemia;
myelodysplastic syndromes
Advanced solid tumors; acute
myeloid leukemia; acute
myelogenous leukemia; diffuse large
B cell lymphoma

Solid tumors

Acute myeloid leukermia;
myelodysplastic syndromes, chronic
myelomonocytic leukemia

Small cell lung cancer;
myeloproliferative neoplasms;
recurrent ovarian carcinoma, primary
peritoneal or fallopian tube cancer;
urothelial cancer; high-risk
myelodysplastic syndrome
Advanced Kidney cancer; recurrent
ovarian, fallopian tube or primary
peritoneal cancer

Status

Completed

Active, not
recruiting
Active, not
recruiting
Active, not
recruiting

Active, not
recniting

Active, not
recniting
Completed

Active, not
recruiting
Active, not
recruiting
Active, not
recruiting

Active, not

recruiting

Completed

Completed

Active, not
recruting

Active, not
recruiting

FDA
approval

Yes

No

No

No

No

No

Yes

No

No

No

No

No

No

No

No

Source: U.S. National Library of Medicine, U.S. Food and Drug Administration, NIH Clinical Trial database: www.clinicaltrials.gov

DNA damage impact: Proteins
regulated or involved/pathway
impact/cellular response

Cytotoxicity caused by genormic
instabiity and DNA damage as a
result of hypomethylation;
reactivation of tumor suppressor
genes (TSG); apoptosis through the
reduction of MCL-1 expression levels
(Guo etal., 2021; Guirguis, Liddicoat,
and Dawson 2020; Goel et al,, 2021;
2.; Zhou, L, and Liu 2018)

Increases DSB frequency; reduces
proliferation through PARP binding;
invasion and adhesion; activation of
tumor suppressor genes (VHL,
CDKN2A, GATA4, MLH1) Sato, et al.
(2017); de: Dellomo et al. (2019);
Kashyap et al. (2020); Nigris et .
(2021)

Cellular sensitization, growth
inhibition concomitant with re-
expression of TSGs P16ink4a and
RUNX3 Beaulieu et al. (2004); Reu
et al. (2004); Ramezankhani et al.
(2021)

Suggested to be a damaging variant
of the NHEJ pathway through
XRCC4; retards tumor growth (van
de Voorde et al. (2012); P. K. Singh
etal. (2018)
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Metabolic protein Canonical Non-canonical function Inhibitor Clinical Observations DNA repair References
function stage pathways
PGAM Catalyzes the Maintains the stability of PGM1-0004A Preclinical Reduces tumor HR Hatzivassiliou et al.,
phosphoglycerate conversion of 3-  CTBP-interacting protein (CtIP) data growth in vitro/vivo 2005; Wellen et al.,
mutase enzyme phosphoglycerate Activates DDR pathway via the 2009; Keller et al.,
(BPG) to (2PG) regulation of WIP1 activity 2014; Koerner
etal, 2017
PKM2 pyruvate Pyruvate Binds to the promoter of HIF TLN-232 Preclinical Decreases aerobic HR Hatzivassiliou et al.,
kinase M2 production increasing its transcriptional (Thallion) data glycolysis in some 2005; Wellen et al.,
activity tumor models 2009; Keller et al.,
Promotes DSB repair as ATM 2014; Koerner
phosphorylates PKM2; etal., 2017
FH fumarate Catalyzes the Produces fumarate inhibiting Miconazole Preclinical Reduces DNA repair NHEJ Hatzivassiliou et al.,
hydratase/fumarase  conversion of the demethylase KDM2B nitrate (MN) data activity 2005; Wellen et al.,
fumarate to increasing H3 methylation Enhances the 2009; Keller et al.,
malate Phosphorylates DNA-PK cytotoxicity of 2014; Koerner
cisplatin (CDDP) etal., 2017
ACLY ATP-citrate Production of Production of ACLY increases  SB-204990 Preclinical ~ Anti-proliferative HR Seltzer et al., 2010;
lyase acetyl-CoA histone acetylation, promoting ~ (Furan data activity in several Wang et al., 2010;
DNA repair carboxylate cancer cell lines Tardito et al., 2015;
Increases the expression of derivatives) Tumor growth Fuetal., 2019
genes promoting cell cycle inhibition
progression and cell
proliferation
GS glutamine Catalyzes the Enhances DNA repair via de Glutaminase Clinical ~ Sensitizes malignant HR Seltzer et al., 2010;
synthetase conversion of novo nucleotide synthesis inhibitor (CB839) data cells expressing Wang et al., 2010;
glutamate and mutant IDH1 to Tardito et al., 2015;
ammonia into GLS1-targeting Fuetal., 2019
glutamine agents
Studies in Leukemia
and solid tumors
PFKB3 PFKB catalyzes  Nuclear PFKB3 drives cancer ~ KAN0438757 Preclinical  Induces HR Yalcin et al., 2009;
6-phosphofructo-2-  the synthesis of  cell proliferation data radiosensitivity in Gustafsson et al.,
kinase/fructose-2,6-  F6P to F2,6BP Promotes recruitment of HR transformed cells 2018
Biphosphatase factors
3
L/D-lactate Cellular energy Promotes histone 1-(phenylseleno)-  Preclinical  Inhibits the cellular HR and Hunt et al., 2007;
source hyperacetylation and 4 (trifluoromethyl) data growth of several NHEJ Manerba et al.,
decreased chromatin benzene tumor cell lines; 2012; Sonveaux
compactness leading to (PSTMB) Blocks aerobic etal., 2012; Kim
enhanced DNA repair activity Galloflavin glycolysis and etal, 2019

Induces the expression of
genes involved in DNA repair,
such as upregulation of
DNA-PK

induces cell death by
triggering apoptosis
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Variable TCGA dataset ‘GSE84042
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HRand 95% Cl  pvalue HRand95% Cl pvalue HRand95%Cl pvalue  HRand 95% Cl  p value
Age 0995 (0.957-1.036)  0.819 NA NA 0980 (0.908-1.058) 0.612 NA NA
Pathologic T (ref: T2T3-T4  4.942 (2.233-10.940) <0.001 2.280 (0951-5.464) 0065 3251 (1.124-0408) 00296 4.467 (1.520-13.130)  0.007
Gieason score 2113 (1.613-2768) <0001 1541 (1.145-2074) 0004  2.208 (0.499-9.770) ~ 0.296 NA NA
PSA 1.021(1.005-1.087) 0009 1.008 (0.987-1.020) 0465 1030 (0.955-1.111) 0442 NA NA
DRG signature (ref: low risk) 5,206 (3.013-0.310)  <0.001 8.462 (1927-6221) <0.001 0293 (0.101-0850) 0.024 4672 (1.580-13.810)  0.005
High risk

HR, Hazard ratio; DRG, DNA repair gene; NA, not applicable.

p value < 0.05 was considered statistically significant and highighted in bold.In the multivariate Cox regression, only factors with a pvalue < 0.1 in the univariate analysis were included. In
the TCGA dataset, the pathalogic T stage, Gleason score, PSA and DRG signature were included. In the GSEB4042 dataset, only pathologic T stags and DRG signature were included.
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Parameters

C Index of DRG signature
C Index of Nomogram,

C Index of Clinical model

C Index of Walz's model
Nomogram vs clinical model

Nomogram vs Walz's model

IDI of 1 year
NRI of 1 year
IDI of 2 years
NRI of 2 years
IDI of 3 years
NRI of 3 years
DI of 4 years
NRI of 4 years
DI of 5 years
NRI of 5 years
DI of 1 year
NRI of 1 year
DI of 2 years
NRI of 2 years
DI of 3 years
NRI of 3 years
DI of 4 years
NRI of 4 years
DI of 5 years
NRI of 5 years

TCGA dataset

GSE84042

Value and 95% CI

0.777 (0.722-0.831)
0.780 (0.722-0.838)
0.711 (0.642-0.780)
0.691 (0620-0.762)
0.040 (0.014-0.083)
0511 (0.159-0.662)
0.046 (0012-0.093)
0.452 (0.031-0.610)
0.076 (0017-0.144)
0.477 (0.055-0.616)
0.072 (:0.001-0.150)
0.376 (-0.030-0.561)
0.049 (-0.087-0.131)
0.302 (-0.118-0.496)
0.053 (0.021-0.098)
0.052 (0.269-0.695)
0.057 (0019-0.108)
0.428 (0.220-0.596)
0.110 (0.039-0.195)
0.435 (0.208-0.579)
0.139 (0.049-0.242)
0.380 (0.157-0.539)
0.121 (0.009-0.231)
0.309 (0.055-0.498)

p value

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.016
< 0.001
0.042
0.010
0.028
0.056
0.068
0.276
0.128
< 0.001
< 0.001
0.006
< 0.001
< 0.001
0.002
< 0.001
0.004
0.038
0.024

Value and 95% CI

0634 (0.516-0.752)
0.750 (0.630-0.870)
0,680 (0.548-0.811)
0678 (0.535-0.822)
0.066 (~0.028-0.230)
0.374 (-0.155-0.651
0,068 (-0.017-0.218)
0.335 (-0.091-0.584
0.105 (~0.039-0.279)
0.357 (-0.094-0.576)
0.113 (-0.031-0.280)
0.396 (-0.005-0.618)
0.124 (-0.012-0.295)
0.424 (0.017-0.638)
0,057 (-0.018-0.199)
0.388 (-0.299-0.636)
0.068 (-0.013-0.196)
0.350 (-0.134-0.587)
0.078 (-0.042-0.193)
0.373 (-0.301-0.575)
0.084 (-0.012-0.235)
0.413 (-0.205-0.608)
0.087 (-0.014-0.208)
0.424 (-0.202-0.637)

C index, Harrels concordance index; DRG, DA repair gene; ID), Integrated discrimination improvement; NRI, Continuous net reciassification improvement.
o value < 0.05 was considered statistically signiicant and highightad in bold.

p value

0.026
<0.001
0.007
0.014
0.170
0.106
0.128
0.112
0.138
0.086
0.098
0.052
0.074
0.040
0.129
0.378
0.102
0.194
0179
0.289
0.090
0.169
0.090
0.209
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Groups Cases Low High Positive rate (%) P-value

() #H ) )

Malignant 39 8 16 9 6 79.5 <0.001*
Benign 22 22 0 0 0 0
Normal 5 5 0 0 0 0

*P < 0.05 was regarded as statistically significant.
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Characteristics

Gender

Male

Female
Age (years)

<60

>60
Tumor size (cm)
<10

> 10

Location

Trunk and extremity

Retroperitoneum
Stage

I+

I+

Grade

Relapse*
No
Yes

Ki67 labeling index

<5%

>5%
S-100 expression
Negative
Positive

Cases

24 (61.5%)
15 (38.5%)

22 (56.4%)
17 (43.6%)

7 (17.9%)
32 (82.1%)

30 (76.9%)
9 (23.1%)

24 (61.5%)
15 (38.5%)

23 (68.9%)
12 (30.8%)
4 (10.3%)

9 (47.4%)
10 (52.6%)

18 (46.2%)
21 (53.8%)

9 (23.1%)
30 (76.9%)

Low

(+)

4
12

(++)

High

(+++)

High positive rate (%)

33.33
46.67

40.91
35.29

42.86
37.50

40.00
33.33

16.67
73.33

13.64
75.00
75.00

22.22
70.00

11.11
61.90

33.33
40.00

P-value

0.405

0.721

0.792

0.718

<0.001*

<0.001*

0.037*

0.001*

0.718

*P < 0.05 was regarded as statistically significant. ¥ Due to incomplete follow-up data, 19 samples were included in the tumor relapse comparison.
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Parameters Univariate analysis Multivariate analysis

HR C P HR C C P

lower upper lower upper
Age 1 1 1 0078 101 0993 102 0325
Gender 082 057 12 0262 0958 0666 1.38 0819

Histological 1.1 0.85 1.3 0651 115 0911 146 0238
grade

M 13 1.1 15 00092 129 101 166 0.0416
N 12 1 15 00378 1.1 0851 143 0455

T 1.2 12 13 <0.0001 121 1.1 1.33 <0.0001
Pathologic 1.2 1 13 000012 1.04 0919 1.17 0559

stage

YTHDF1 %7 15 46 0000462 22 12 403 0011

Bold, P < 0.05. Cl, confidence interval: HCC, hepatocellular carcinoma; HR, hazard ratio;
TCGA, The Cancer Genome Atlas.
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Parameters

HR
Age 1
Gender 098

Histological  0.98
grade

M 0.96
N 1
T 13

Pathologic 1.3
stage

YTHDF1 25

Univariate analysis

cl

lower upper

0.99
0.69
08

0.79
0.87
1.2
1.2

15

cl

4
14
12

12
13
14
15

43

s HR
0849 0.996
0919 117
0.873 0982
0.694 092
0656 1.7

<0.0001 1.23
<0.0001 1.05
0.000581 2.07

Multivariate analysis

cl
lower

0983
0.811
0.791

0.704
0.913
11
0.888

1.18

cl

upper

1.01
=l
122

12
151
1.38
124

3.62

P

0.608
0.395
087

0.543
0212
0.000308
0.565

0.0111

Bold, P < 0.05. CI, confidence interval; HCC, hepatocelllar carcinoma; HR, hazard ratio;

TCGA, The Cancer Genome Atlas.
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Characteristics Number of cases Percentages (%)

Age
<65 223 50.63
=65 150 40.11
Not available 1 026
Gender

Male 253 67.65
Female 121 3235
Survival status

Alve 238 63.64
Dead 130 34.76
Not available 6 1.60
stage

| 173 46.26
[ 87 23.26
il 8 2273
L\ 5 1.34
Not available 24 6.42
Histological grade

G1 55 14.71
G2 178 4759
a3 124 33.16
G4 12 321
Not available 5 1.34
T classification

Tt 183 4893
T2 % 25.40
3 80 2139
T4 18 3.48
Not available 3 08
N classification

NO 254 67.91
Nt 4 1.07
NX 115 30.75
Not available 1 027
M classification

Mo 268 71.66
M1 4 1.07
MX 102 2727

HCC, hepatocellular carcinoma; TCGA, The Cancer Genome Atlas.
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Clinical characteristics

Age (=65 vs.<65)
Gender (female vs. male)
Stage (V1 vs. lI/V)
Histological grade
(G1/G2 vs. G3/G4)

T (T1/T2 vs. T3/T4)

N (NOvs. N1)

M (MO vs. M1)

Total (N)

370
371
347
366

368
256
270

Odds ratio in YTHDF1

1.07 (0.71,1.62)
0.76(0.49,1.17)
3.27 (1.965.47)
2,49 (1.61,3.87)

3.2(1.985.32)
2.68(0.28,26.15)
68825722.07 (0, Inf)

P-value

0.75
0.209
<0.0001
<0.0001

<0.0001
0.364
0.021

Bold, P < 0.05. HCC, hepatocellular carcinoma; TCGA, The Cancer Genome Atlas.
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