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Adult neurogenesis is important for the maintenance of nervous system function during ageing. As the source of adult neurogenesis, the adult neural stem cells (NSC) pool declines with age. As a result, DNA double-strand break (DSB) accumulates in adult stem cells leading to their dysfunction in various tissues from the aged organism, but less is known for NSCs. SIRT1 is an essential anti-ageing protein, protecting multiple kinds of tissue from ageing-related insults, including DSBs. 
We thus proposed that SIRT1 plays the protection role in NSCs confronting DSBs during ageing in mice. We obtained some findings in the study with in vivo and in vitro investigations. First, the activated NSCs from the SVZ of aged mice displayed decreased cell number, cell proliferation and DSBs but enhanced NHEJ repair capacity. Second, Sirt1 loss in SVZ NSCs of young mice increased cell proliferation, impaired DSB repair and ultimately led to premature ageing of SVZ. Third, Sirt1 loss in SVZ NSCs of aged mice increased the proliferative cells that could be apoptotic induced by DSB accumulation. Last, SIRT1 deacetylated NICD to suppress cell proliferation and KU70 to promote NHEJ repair of DSBs in adult SVZ NSCs; the reduced ubiquitination mediated proteasome degradation of SIRT1 protein may account for the low proliferation and few DSBs in SVZ NSCs of aged mice.
In conclusion, the study demonstrates the critical role of SIRT1 in protecting SVZ NSCs during ageing in mice. 
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1.1 Adult neurogenesis
Most metazoan neurogenesis occurs in the embryo, and the neural tube develops into central nervous system (CNS) compartments. Neural progenitors migrate from the points of origin to the destinations where they synapse with each other and wire into neural circuits to fulfil their information passaging and processing functions. Neurodevelopment persists after birth; however, the culmination of neurogenesis is over in the CNS of most species, especially after adulthood. 
[bookmark: OLE_LINK54][bookmark: OLE_LINK55]In the adult brain, the neurogenesis concerning the generation of new neurons in certain regions is generally referred to as adult neurogenesis. Adult neurogenesis is evident in some major vertebrate classes. Taking zebrafish as an example in bony fishes, new neurons are widely generated in multiple areas of the adult brain, including the telencephalon, diencephalon, mesencephalon, rhombencephalon and cerebellum (Zupanc 2006, Ganz and Brand 2016). Neurogenesis in adult amphibians, such as frogs, is less widely distributed than in fishes but persists in brain regions, including the preoptic, thalamus, hypothalamus, midbrain and cerebellum (Raucci, Di Fiore et al. 2006, Kaslin, Ganz et al. 2008). In reptiles and birds, taking lacertilian lizards and songbirds as examples, adult neurogenesis mainly occurs in the ventral and dorsal telencephalon (Font, Desfilis et al. 2001, Nottebohm 2002, Paredes, Sorrells et al. 2016). Adult neurogenesis has been profoundly studied in mammals; in rattus, the generation of new neurons is restricted to two specific regions in the brain, the subventricular zone (SVZ) and the hippocampal subgranular zone (SGZ) (Gage 2000, Aimone, Jessberger et al. 2007). 
Adult neurogenesis is detected or confirmed by in vivo labelling or tracing techniques. The stem cells and their descendants are labelled with permanent signals and detected by cell-specific markers. In early studies, the materials that can be incorporated into the DNA of cells during DNA syntheses, such as 14C, [3H]-thymidine and BrdU, were used to label the dividing cells in vivo. In recent years, genetic labels with fluorescent protein have been widely used for in vivo tracing in animal models. In both situations, the labelled cells were characterised by cell-specific markers to identify the cell types. 
Technological advances have significantly improved the knowledge about adult neurogenesis in mammals, especially mice. However, it is unlikely to apply radioactive tags as a tracing technique in humans. As such, no evidence is convincing enough to prove the existence of adult neurogenesis in human beings. Decades ago, one case study based on the detection of BrdU in NeuN (a marker for neuron) positive cells in the postmortem human brain from cancer patients who had been treated with BrdU indicated the presence of neurogenesis in the adult human hippocampus (Eriksson, Perfilieva et al. 1998). However, the other study based on the detection of 14C in human NeuN-positive neurons for the birth of time analysis demonstrated that no detectable new neurons were generated in the adult human cerebral neocortex (Bhardwaj, Curtis et al. 2006). 
Recently, one of the profound arguments was between two groups in the year 2018. Sorrells SF et al. claimed that human hippocampal neurogenesis barely exists anymore in the subgranular zone of the dentate gyrus of the adult human hippocampus (Sorrells, Paredes et al. 2018). Notwithstanding, Boldrini M et al. argued that neurogenesis persists in the adult hippocampus and even could be observed in ageing brains (Boldrini, Fulmore et al. 2018). Both studies made the conclusions mainly based on the immunostaining results of DCX (doublecortin) and PSA-NCAM (polysialylated neural cell adhesion molecule), two neurogenesis markers widely used in animals in human brain postmortem. These studies then triggered intense discussions, and the arguments were finally dropped into the questions about the immunostaining of DCX and PSA-NCAM (Kempermann, Gage et al. 2018, Paredes, Sorrells et al. 2018, Tartt, Fulmore et al. 2018, Moreno-Jiménez, Terreros-Roncal et al. 2021, Sorrells, Paredes et al. 2021). The group supporting the presence of adult neurogenesis in humans questioned the other with the inappropriate protocols for the immunostaining of DCX and PSA-NCAM (Moreno-Jiménez, Terreros-Roncal et al. 2021), while the latter questioned the usage of DCX as the only evidence for neurogenesis (Sorrells, Paredes et al. 2021). 
Despite the arguments, in adult mice brains, neurogenesis is evident. The proliferative NSCs in adult mice SGZs have been named radial glial-like cells; in the streamline of neurogenesis, the radial glial-like cells differentiate into the neural progenitor cells (NPC), neuroblast cells and immature neurons. After migrating to the hippocampus's granule cell layer (GCL), immature neurons connect their dendrites to the molecular layer (ML) while synapsing with the CA3 regional resident neurons with axons. Thus these newly generated neurons wire themselves into the local circuits and start to function and mature new granule cells (Figure 1.1) (Zhao, Teng et al. 2006, Ming and Song 2011). Likewise, in mice SVZ, adult NSCs develop into neuroblast cells and migrate through the long journey of the rostral migratory stream (RMS) to the olfactory bulb (OB). In the OB, the immature neurons integrate themselves into the OB functional circuits and become interneurons (Figure 1.2) (Lois, Garcia-Verdugo et al. 1996, Lledo, Alonso et al. 2006, Ming and Song 2011). 
[image: ]

[bookmark: OLE_LINK61]Figure 1.1: The adult neurogenesis in the SGZ of mouse hippocampus. The radial glial-like cells differentiate into neural progenitor cells (NPC), neuroblast cells and immature neurons. After migrating to the hippocampus's granule cell layer (GCL), the immature neurons connect their dendrites to the molecular layer (ML) while synapsing with the CA3 regional resident neurons with axons. Figure adapted from (Ming and Song 2011). 
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Figure 1.2: The adult neurogenesis in the SVZ of mouse ventricle. The quiescent radial glial-like cells turn into the transient amplifying cells, neuroblast cells and immature neurons through the long journey of the rostral migratory stream (RMS) to the olfactory bulb (OB). In the OB, the immature neurons integrate themselves into the OB functional circuits and become interneurons. Figure adapted from (Ming and Song 2011). 
[bookmark: _Toc112342624][bookmark: _Toc129820961]1.2 Adult neurogenesis diminishes with age
Neurons produced by adult neurogenesis are vital for the functions of the hippocampus and the olfactory bulbs in adult mice brains. The newborn neurons in the hippocampus SGZ recapitulate the resident neurons, exhibiting a more remarkable synaptic plasticity (Schmidt-Hieber, Jonas et al. 2004, Ge, Sailor et al. 2008, Mongiat and Schinder 2011). These newly generated neurons rewire into the existing circuits in the hippocampus with communicative support from glial cells and the extracellular matrix embedded in this brain region. Thus, they play their parts in hippocampal functions, such as learning, memory, emotions and social behaviour (Sahay and Hen 2007, Deng, Aimone et al. 2010, Aimone and Gage 2011, Sahay, Wilson et al. 2011, Akers, Martinez-Canabal et al. 2014, Cope and Gould 2019, Kempermann 2022). 
Neurons generated from the SVZ to the OB of adult mice are diversified, including the -aminobutyric acid (GABA) neurons, dopaminergic neurons and glutamatergic neurons. The SVZ to OB adult neurogenesis maintains the structural and functional integrity of mice’s OB, eventually preserving olfactory memories and olfactory-based social behaviours (Brill, Ninkovic et al. 2009, Feierstein, Lazarini et al. 2010, Apple, Fonseca et al. 2017, Adamson, Zheng et al. 2021). 
The SVZ and SGZ-originated adult neurogenesis diminishes with ageing processes. The imminent consequence of neurogenesis decline is reducing newborn neurons in their target areas, impairing the related neural functions. Researchers have learnt that the decreased SGZ neurogenesis compromised the memories in ageing rats, while decremental SVZ neurogenesis weakens the capacities of odour discrimination in ageing mice (Drapeau, Mayo et al. 2003, Enwere, Shingo et al. 2004). In an ageing brain, the environment becomes more unforgiving for a newly-produced neuron to survive; on the other hand, fewer NSCs transform into new neurons(Kuhn, Dickinson-Anson et al. 1996, Ben Abdallah, Slomianka et al. 2010, Trinchero, Buttner et al. 2017, Mercau, Patwa et al. 2022). Many have reported that, in ageing brains (primarily rats and mice), the adult NSC pool size shrinks, and the number of NSCs in both activated and quiescent status reduces. The quiescent NSCs become harder to awake, proliferate and differentiate into neurons (Figure 1.3) (Maslov, Barone et al. 2004, Ahlenius, Visan et al. 2009, Encinas, Michurina et al. 2011, Encinas and Sierra 2012, Capilla-Gonzalez, Cebrian-Silla et al. 2014, Leeman, Hebestreit et al. 2018, Obernier, Cebrian-Silla et al. 2018, Kalamakis, Brüne et al. 2019, Takei 2019, Xie and Laks 2020).
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Figure 1.3: The characterisations of NSCs during ageing in mice and rats. The adult NSC pool size shrinks, the number of NSCs in both activated and quiescent status reduces, and the quiescent NSCs become harder to awake, proliferate and differentiate into neurons. 

Previous studies have extensively inspected the neurogenesis procedures. Researchers nowadays are familiar with the cellular behaviours of NSC and neurons, such as proliferation, differentiation, migration and maturation. Great efforts have also been made to elucidate the molecular mechanisms regulating these neurogenesis Field steps(Jones and Connor 2012, Bond, Ming et al. 2015, Lim and Alvarez-Buylla 2016, Obernier and Alvarez-Buylla 2019). Moreover, in the ageing brains of mice, it has been proven that the adult NSCs were maintained even though downscaled. The size of the adult brain's NSC pool dictates neurogenesis's intensity. 
In contrast, the exhaustion of the NSCs impairs adult neurogenesis from the beginning. Recent studies put considerable effort into studying the maintenance of the adult NSC pool and the subsequent neurogenesis in an ageing individual (Signer and Morrison 2013). Like adult stem cells in other tissue, adult NSCs comprise two interchangeable forms, the quiescent and active (Morshead, Reynolds et al. 1994, Li and Clevers 2010, Codega, Silva-Vargas et al. 2014, Llorens-Bobadilla, Zhao et al. 2015, Leeman, Hebestreit et al. 2018, Kalamakis, Brüne et al. 2019). In an older brain, quiescent NSCs become more reluctant to be activated. We deduce that the breakage of the quiescence of the ageing NSCs may stimulate neurogenesis, hence postponing senescence in mice’s brains. However, it is also possible that the dormancy of NSCs may protect the NSC pool from being quickly consumed.
It is still unconvincing to explain the dwindling of the NSC pool relying on the increasing quiescent NSC numbers. Other studies have introduced models based on cell cycles and cell divisions. One recent study described the consumption pattern of the SVZ NSC pool by tracing the cell dividing lineages: the asymmetrical division of an NSC produces a new NSC and a transient amplifying progenitor (TAP); nevertheless, the symmetric division of an NSC yield two NSCs or two TAPs. In mouse SVZ (P21), about 20% of the total NSC population is still self-renewable. In comparison, up to 80% of the NSC pool enters the terminal differentiation (Figure 1.4) (Calzolari, Michel et al. 2015, Basak, Krieger et al. 2018, Obernier, Cebrian-Silla et al. 2018). Therefore, NSCs could be used up as age grows in adult mice.
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Figure 1.4: The cell division model of NSCs during ageing. The asymmetrical division of an NSC produces a new NSC and a transient amplifying progenitor (TAP), and the symmetric division of an NSC yield two NSCs or two TAPs. In the SVZ of the mouse (P21), about 20% of the total NSC population is still self-renewable, and 80% of the NSC pool enters the terminal differentiation, which leads to a declined number of NSCs during ageing. Figure adapted from (Obernier and Alvarez-Buylla 2019). 
[bookmark: _Toc129820962][bookmark: _Toc112342625]1.3 DNA damage and adult neurogenesis maintenance 
DNA damage has long been considered an essential contributor to ageing. DNA damages pose severe threats to the homeostasis of the genome, eventually the survival of the cells exposed to all sorts of stimulating factors across an individual’s life span. Lesions on the DNA helices are caused by environmental stimuli containing physical characteristics such as UV, chemical and biological reagents, and cellular activities, i.e. the ROS and the mistakes made in DNA replication processes (Linn 2003, Hoeijmakers 2009, Bohlander and Kakadia 2015). Confronting the DNA damage, cells developed a set of responses. Firstly, the damages are recognised and alarmed; a repertoire of proteins will be recruited to passage the information and initiate the repair system. The responsive series of events post the DNA damages are summarised as the DNA damage responses (DDR) (Sancar, Lindsey-Boltz et al. 2004, Lord and Ashworth 2012). In three aspects, DNA damage was connected with ageing. First, many DNA damages were found accumulating in the nucleus of ageing cells; Second, unrepaired DNA damages are reported to induce cells and organs to display senescence-related features; Finally, deficiency in DDR corresponding genes causes premature ageing (progeria) (Kolodner, Putnam et al. 2002, Gerson 2005, Lombard, Chua et al. 2005, Liu and Rando 2011, Moskalev, Shaposhnikov et al. 2012). 
Specific DNA damage triggers distinct DDRs that vary with cell types and cellular developments. DNA double-strand breaks (DSBs) are the most hazardous type of DNA damage. In this study, we intend to investigate DSBs and their consequences in NSCs. The DDR pathways for DSBs are under extensive investigation; however, many details are yet to be elucidated. First, the DSBs are sensed, and the signals are transduced, then the mediators recruit different effectors leading to various cellular outcomes, such as DNA repair, cell cycle arrest, apoptosis or senescence. It has been reported that cell cycles and the P53 protein activities may dominate the results of the DDRs (Figure 1.5) [70](Ciccia and Elledge 2010, Blanpain, Mohrin et al. 2011, Fortini, Ferretti et al. 2013, Vitale, Manic et al. 2017, Weeden and Asselin-Labat 2018).
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Figure 1.5: The responses of DNA double-strand breaks in cells. The major players of the DDRs are sensors, transducers, mediators and effectors. Depending on the success or failure of the DSB repair, cells choose to recover from a halting status, commit apoptosis, cell senescence or remain poised. Figure adapted from (Blanpain, Mohrin et al. 2011).

DSBs in the cellular genome are repaired by the non-homologous end joining (NHEJ) or the homologous recombination (HR) (Figure 1.6). In a typical NHEJ DNA repair procedure, KU70/KU80 complex recognises the DSBs on DNA molecules, recruits DNA-dependent DNA-PKCs and then the nuclease Artemis to trim the outstanding DNA ends, leaving the gap refilled with the DNA Polymerases µ and . Finally, the LIG4/XRCC4/XLF DNA ligase complex is summoned to anneal the broken strands. NHEJ can repair the DSBs at any cell cycle stage, as templates are not required (Lieber, Ma et al. 2003, Lieber 2010, Lans, Marteijn et al. 2012). 
The HR DNA repair keeps a high fidelity as the templates are presented. Therefore, it is only observed during the late S phase and G2 phase when DNA replicates. As DSB occurs, the MRE11-RAD50-NBS1 (MRN) complex functions with the CtIP (CtBP interacting protein) protein to generate a short single-stranded DNA (ssDNA) at the DSB ends; nucleases and helicases, including Exonuclease 1 (EXO1), DNA replication ATP-dependent helicase/nuclease DNA replication helicase/nuclease 2 (DNA2) and Bloom syndrome protein (BLM) are recruited to extend the ssDNA and from the DNA end resection. So that the Replication protein A (RPA) coats the extending DNA and RAD51 lands on the complex to construct the homologous recombination intermediate, thus accurate DNA repair could be accomplished (Bernstein and Rothstein 2009, Blanpain, Mohrin et al. 2011, Scully, Panday et al. 2019). 
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Figure 1.6: The NHEJ and HR repair of DSBs. In NHEJ, the DSBs are recognised by KU70/KU80 complex, then DNA-PKCs are recruited. With the participation of the nuclease Artemis trimming the DNA ends and the DNA Polymerase refilling the gaps, the LIG4/XRCC4/XLF DNA ligase complex finally produces the indel DNA products. In HR, the DSBs are processed to generate ssDNAs coated by RPAs. The recombinases (RAD51 family members) are recruited for strand invasion and synthesis. The recombinases are released at the end of the recombination, the strands are then annealed and synthesised, and the nicks are sealed to generate accurate DNA products.
Figure adapted from (Nickoloff, Taylor et al. 2021). 

DDR is crucial for maintaining adult stem cells in ageing animals. DSB repair deficiencies could cause apoptosis and hence the exhaustion of the stem cells; furthermore, the mistakes accumulated by inaccurate DNA repair may expose cells to the risk of cancer (Figure 1.7) (Kenyon and Gerson 2007, Signer and Morrison 2013, Insinga, Cicalese et al. 2014). It has been widely reported that DSBs accumulate in the stem cells of various ageing tissues such as blood, skin, muscle, intestine, mesenchymal matrix and the germline (McNeely, Leone et al. 2020). In these tissues, DSB repair deficiencies trigger the differentiation, apoptosis and senescence of the stem cells and the exhaustion of the related stem cell pools (Nijnik, Woodbine et al. 2007, Rossi, Bryder et al. 2007, Ruzankina, Pinzonguzman et al. 2007, Takubo, Ohmura et al. 2008, Inomata, Aoto et al. 2009, Sperka, Wang et al. 2012, Wang, Sun et al. 2012, Sotiropoulou, Karambelas et al. 2013, Titus, Li et al. 2013, Beerman, Seita et al. 2014, Zhang, Li et al. 2015, Inagaki, Roset et al. 2016, Diao, Wang et al. 2018). 
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[bookmark: OLE_LINK72]Figure 1.7: The DSBs in stem cells contributing ageing and cancer. DSB repair with high fidelity maintains stem cell function. Defects in DSB repair lead to apoptosis andageing of adult stem cells, which leads to the depletion of tissue stem cells. Non-fidelity repair leads to the malignant transformation of stem cells through the gradual accumulation of gene mutations. Figure adapted from (Mandal, Blanpain et al. 2011). 

Heterogeneity has been noticed in the adult NSC populations. Mice brains exposed to a single dose of X-ray radiation witnessed cell deaths of the proliferative SGZ NSCs and the prolonged decline of neurogenesis in a dose-dependence manner (Mizumatsu, Monje et al. 2003). One day post the gamma radiation, the proliferative NSCs survived the trauma and halted the regeneration until two months later; However, cell regeneration and neurogenesis were still impaired six months after the radiation (Mineyeva, Bezriadnov et al. 2018). X-ray radiation to the SVZ region of mice induced the deaths of proliferative NSCs and the NPCs; additionally, the processed NSCs were unable to transfer to the NPCs (Achanta, Capilla-Gonzalez et al. 2012). On the other hand, the mice skull under X-ray radiation at the same dose caused an irreversible proliferation inhibition and an astrocyte glial characteristic of the SVZ NSCs (Schneider, Pellegatta et al. 2013). It has also been observed that SVZ NSCs were more sensitive to radiation-induced DSBs than SGZ NCSs. X-ray radiation at the same level induced NSC apoptosis in the SVZ, whereas SGZ NSCs were not significantly affected (Barazzuol, Rickett et al. 2015, Barazzuol and Jeggo 2016). Nevertheless, the quiescent NSCs are more resistant to the DSBs than the activated ones. It has been proposed that the activated NSCs are apoptotic-prone when confronting the DSBs for economic reasons. Immediate consumption of the activated NSCs when the condition is unfavourable could protect the quiescent NSC pool while preventing the DSBs in the activated NSCs from being carried on for further neurogenesis (Barazzuol, Ju et al. 2017). 
These previous studies show that exogenous factors induced DSBs to impede adult NSC generation and neurogenesis. In contrast, the endogenous factors that caused DSBs have not been sufficiently discussed. NSCs derived from the ageing mice showed loss of heterozygosity in the genomes and loss of fragments in the chromosomes (Bailey, Maslov et al. 2004). It is concludable that DNA damages and error-prone DNA repairs (e.g. NHEJ repair for DSBs, base excision repair for damaged bases) caused mutations accumulated in the ageing NSC. However, a recent study examined the DSBs in NSCs from ageing mice by the comet assay, demonstrating no significant ageing related DSB accumulation in NSCs. (Kalamakis, Brüne et al. 2019). As a result, much work is needed to illuminate how DSBs under ageing affect NSC statuses and the subsequent neurogenesis.
[bookmark: _Toc112342626][bookmark: _Toc129820963]1.4 SIRT1 maintains adult neurogenesis
[bookmark: OLE_LINK60][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66]The Silent Information Regulator 2 (SIR2) gene, encoding a NAD-dependent deacetylase, was famous for extending the life span of yeasts, worms and flies (Kaeberlein, McVey et al. 1999, Tissenbaum and Guarente 2001, Rogina and Helfand 2004). The homologues of the SIR2 gene in mammals include seven members, namely sirtuins 1-7 (Sirt1-7). The proteins encoded by different sirtuins, namely SIRT1-7, are relatively conserved but display distinct subcellular localisation and possess enzymatic activities for other substrates (Haigis and Guarente 2006). 
In mammals, sirtuins encode protein deacetylases that are classified as the third type (Class III) of the four histone deacetylase (HDAC) types (Class I to IV). HDACs are responsible for deacetylating histones to silence the gene transcription (Parbin, Kar et al. 2014, Seto and Yoshida 2014). Besides, all classes of HDACs can deacetylate the non-histone proteins to regulate diverse cellular processes. Distinguishing from all other zinc-dependent HDACs (Class I, II and IV), the NAD+-dependent SIRTs play essential roles in regulating cellular processes at the metabolic level (Haigis and Guarente 2006, Haigis and Sinclair 2010). 
Mammalian SIRTs localise in different subcellular compartments and display variant roles (Haigis and Guarente 2006, Wang and Lin 2021). SIRT1, SIRT6 and SIRT7 localise in the nucleus. As the most studied sirtuins family member, SIRT1 broadly participates in the metabolic regulation of many tissues and the cellular responses to oxidative stress and DNA damage, (Revollo and Li 2013). The most notable role of SIRT6 is the promotion of the DNA repair (Qian, Liu et al. 2018), and that of SIRT7 is the promotion of rDNA transcription and ribosome biogenesis (Ford, Voit et al. 2006, Song, Hotz-Wagenblatt et al. 2017). SIRT3, SIRT4 and SIRT5 are mitochondrial sirtuins important for maintaining mitochondrial function (Haigis and Guarente 2006). Cytoplasmic SIRT2 regulates various biological processes concerning metabolism and cell cycle control (Wang and Lin 2021).
The SIRT1 protein has long been considered an anti-ageing remedy since the overexpression of the protein extended the life span of many organisms, including yeasts, worms, flies and mice (Kaeberlein, McVey et al. 1999, Tissenbaum and Guarente 2001, Rogina and Helfand 2004, Satoh, Brace et al. 2013). Early studies demonstrated that the disruption of SIR2 in yeasts led to the repression of silent genes and the defects in the NHEJ repair of DNA DSBs (Tsukamoto, Kato et al. 1997, Kegel, Sjöstrand et al. 2001). However, these results were not completely applied to the situations in mice. The disruption of Sirt1 (the presumed ortholog of SIR2), producing SIRT1 protein with either a missing part of the catalytic domain or no detectable level, led to developmental defects and neonatal lethality in mice (Cheng, Mostoslavsky et al. 2003, McBurney, Yang et al. 2003). The cells harbouring Sirt1 disruption displayed few changes in global gene silencing but increased sensitivity to DNA damage compared to the wild-type cells (Cheng, Mostoslavsky et al. 2003, McBurney, Yang et al. 2003). More recent studies were performed with mice containg targeted loxp-Sirt1-loxp and CreER system, in which the Sirt1 gene was conditionally disrupted in distinct tissues at the specific time (Burns, Ayoub et al. 2007, Li, Rajendran et al. 2007). The details about the tissue or cell-specific disruption of Sirt1/SIRT1 will be included in the following discussions about the molecular functions of the SIRT1 protein.  
As a Sirtuin protein family member, SIRT1 functions as a deacetylase. Conversely, SIRT1 is deeply entangled in many signalling and transcription modification pathways (Tsang and Escalantesemerena 1998, Frye 2000, Borra 2003, Haigis and Guarente 2006, Satoh, Brace et al. 2010, Preyat and Leo 2013). Thus, SIRT1 participates in many cellular functions, such as energy metabolism, mitochondria biogenesis, lysosomal autophagy, DNA damage response and the process of cell senescence (Chen, Zhou et al. 2020). In addition, SIRT1 protein deacetylates the pillar proteins of the signalling pathways, thus promoting anti-ageing procedures (Figure 1.8). For instance, SIRT1 deacetylates P65 protein to inhibit the NF-κB-induced inflammation reactions (Yeung, Hoberg et al. 2004, Edwards, Perrien et al. 2013, Gano, Donato et al. 2014); SIRT1 deacetylates P53 and FOXO to depress DNA damages and the reactive oxygen species (ROS) reactions (Luo, Nikolaev et al. 2001, Vaziri, Dessain et al. 2001, Langley, Pearson et al. 2002, Brunet, Sweeney et al. 2004, Motta, Divecha et al. 2004, Hori, Kuno et al. 2013, Lamichane, Baek et al. 2019); The PGC1A is deacetylated by SIRT1 to enhance mitochondria biogenesis (Zarzuelo, López-Sepúlveda et al. 2013, Dilberger, Baumanns et al. 2019, Kitada, Ogura et al. 2019, Wang, Luo et al. 2019), and the TSC2 and LKB1 are deacetylated to accelerate autophagy (Lan, Cacicedo et al. 2008, Ghosh, McBurney et al. 2010, Kauppinen, Suuronen et al. 2013, García-Aguilar, Guillén et al. 2016). 
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Figure 1.8: The molecules affected by SIRT1 contributing to anti-ageing. SIRT1 protein suppresses the inflammation and DNA damage and promotes autophagy and mitochondria function to confront ageing processes. Figure adapted from (Chen, Zhou et al. 2020). 


Many have reported that SIRT1 suppresses DNA damage-triggered apoptosis via deacetylation of its downstream targets in promoting DNA damage repair (Haigis and Sinclair 2010, Alves-Fernandes and Jasiulionis 2019). In the nucleus, SIRT1 deacetylates the histones and makes the chromatin more compact in the structure; On the other hand, the DDR-related proteins are activated by SIRT1. Thus, the SIRT1 protein protects chromatin homeostasis from being interrupted (Figure 1.9) (Ura, Araki et al. 2001, O'Hagan, Mohammad et al. 2008, O'Hagan, Wang et al. 2011, Kumar, Horikoshi et al. 2012, O'Hagan 2014). SIRT1 deacetylates the WRN, NBS1 and RAD51 to promote HR repair; moreover, KU70 deacetylation promotes NHEJ repair while inhibiting the BAX to repress apoptosis (Cohen, Lavu et al. 2004, Jeong, Juhn et al. 2007, Yuan, Zhang et al. 2007, Li, Casta et al. 2008, Oberdoerffer, Michan et al. 2008). In mammalian stem cells, SIRT1 protein dissociates from other DNA sites, relocates to the DSB point, and activates the ATM signalling pathways to enhance DNA repair; Further, the chromatin structure changes caused by the relocation of the SIRT1 protein alter the expression of some ageing related genes (Oberdoerffer, Michan et al. 2008). 
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Figure 1.9: The protective role of SIRT1 in maintaining genomic stability. SIRT1 promotes the formation of heterochromatin to inhibit gene transcription. When DSB occurs, the SIRT1 protein will locate to the DSB site mediating the transcriptional changes and participate in the recruitment and deacetylation of DDR and DSB repair proteins. Figure adapted from (Alves-Fernandes and Jasiulionis 2019). 

SIRT1 proteins play a protective role in a wide range of organs and tissues, for instance, increasing insulin secretion, gluconeogenesis in the liver and fatty acid oxidation in the muscle; at the same time, decreasing the cardio inflammation responses and the fatty acid synthesis. (Fr, eacute et al. 2004, Rodgers, Lerin et al. 2005, Lagouge, Argmann et al. 2006, Qiao and Shao 2006, Milne, Lambert et al. 2007, Z, Rodgers et al. 2007, Brandes 2008, Borradaile and Pickering 2009, Purushotham, Schug et al. 2009, Haigis and Sinclair 2010, Bordone, Motta et al. 2012). SIRT1 protein also protects the nervous system in many aspects (Libert and Guarente 2012). It has been proven that SIRT1 protein maintains the stability of neuronal structure through ROCK kinase and AKT, promotes the CREB and BDNF-regulated synapsis formation and enhances the DSB repair by repressing the genome instabilities (Ferrante, Browne et al. 1997, Oberdoerffer, Michan et al. 2008, Gao, Wang et al. 2010, Li, Chen et al. 2013). It has been reported that SIRT1 ameliorates the progression of neurodegeneration diseases to some extent (Herskovits and Guarente 2014, Chandramowlishwaran, Vijay et al. 2020). Overexpression of SIRT1 protein significantly cleared the -Amyloid plaque formation in the Alzheimer mice models (Chen, Zhou et al. 2005, Donmez, Wang et al. 2010, Min, Cho et al. 2010, Cohen, Guo et al. 2011). In cases of the Parkinson’s Disease models, α-synuclein aggregating was prevented by exploiting the SIRT1 agonists (Donmez, Arun et al. 2012, Raynes, Jr et al. 2012). Resveratrol, the renowned SIRT1 agonist, is introduced to tissue and cell protection in radiation therapy according to SIRT1’s protective function against radiation-induced DNA damage (Agbele, Fasoro et al. 2020, Qin, Zhang et al. 2021).
SIRT1 proteins are regulative to adult stem cells from various tissues. In the procedure of hematopoiesis, SIRT1 protein loss accelerated abnormal stress-induced hematopoiesis; Moreover, SIRT1 loss triggered genome instability and long-term deficiency in hematopoiesis in hematopoietic stem cells (Rossi, Bryder et al. 2007, Leko, Varnum-Finney et al. 2012, Singh, Williams et al. 2013). In muscle, tissue-specific SIRT1 inactivation dwindled the muscle fibres' diameter while impeding the muscle tissue regeneration (Ryall, Dell'Orso et al. 2015). In another mouse model of premature ageing, the mesenchymal stem cells (MSC) in the adult bone marrow are rejuvenated. The progeria phenotypes are rescued to some extent when the SIRT1 protein is activated by Resveratrol (Liu, Ghosh et al. 2012). Nevertheless, SIRT1 loss in the MSCs causes defects in MSC-originated tissues, such as fat and bone (Simic, Zainabadi et al. 2013). 
Neural stem cells are characterised by self-renewability and triple differentiating (neurons, astrocytes and oligodendrocytes) potential. SIRT1 protein affects NSC lineages by regulating cell proliferation, differentiation and apoptosis during embryonic development (Figure 1.10) (Sakamoto, Miura et al. 2004, Hisahara, Chiba et al. 2008, Cai, Xu et al. 2016). In adults, the SIRT1 expression level is still significant in NSCs from both SVZ and SGZ regions (Ramadori, Lee et al. 2008, Zakhary, Ayubcha et al. 2010). Saharan et al. showed that the SIRT1 protein inhibits neuronal differentiation while SVZ and SGZ NSC proliferation is unaffected (Saharan, Jhaveri et al. 2013). According to Rafalski and colleagues’ study, SIRT1 loss in SVZ NSCs promotes oligodendrocyte differentiation while neuronal differentiation is still expected (Victoria A. Rafalski 2013). However, Ma et al. demonstrated that the SIRT1 protein represses the proliferation, differentiation and regeneration of SGZ NSCs (Ma, Yao et al. 2014). Despite the discrepancies in these studies, a common conclusion is that SIRT1 affects adult NSC behaviours profoundly. We suppose that SIRT1 functions could vary with the microenvironments.
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Figure 1.10: The impact of SIRT1 protein on NSC fate. Upon the action of NAD+ (Nicotinamide Adenine Dinucleotide), SIRT1 protein deacetylates a series of NSC fate determinants, such as FOXO3, NOTCH1, PAX6 and P53, thereby affecting NSC self-renewal, differentiation and apoptosis (Cai, Xu et al. 2016).
[bookmark: _Toc112342627]
1.5 Aims of the study
The study aims to investigate the role of Sirt1 in NSCs of mice during ageing. Specifically, we aim to dissect the DSB accumulation in mouse NSCs during ageing, the DSB repair affected by SIRT1 in ageing NSCs, and the impact of Sirt1 on the maintenance of NSCs in ageing mice. 
 To investigate, we employed a natural ageing mice model along with the specifically deleted Sirt1 gene in adult NSCs. We examined the NSC proliferation, DSB and DSB repair in vivo or in vitro and inspected the molecular mechanisms behind the DSB repair and NSC behaviours. 

Chapter 1 Introduction
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2.1 Materials
[bookmark: _Toc112342630][bookmark: _Toc129820966]2.1.1 Mice, cell lines and plasmids
Transgenic mice, including Nestin-CreERT1 (JAX #012906) (Burns KA et al, 2007), Sirt1loxP (JAX #008041) (Li H et al, 2007) and Rosa-26-EGFP (JAX #007906) (Madisen L et al, 2010) were obtained from The Jackson Laboratory (Maine, the United States of America). The wild type C57/BL6 and ICR mice were purchased from SLAC Animal (Shanghai, China). All mice were housed in Tongji University Experimental Animal Center under SPF (specific pathogen-free) conditions. Animal care and all experimental procedures were reviewed and approved by the Animal Committee of the School (Tongji University, Shanghai, People’s Republic of China, TJmed-010-10).
HEK293T cells were obtained from the American Type Culture Collection (ATCC). The mouse neural stem cells were isolated and cultured in our own laboratory. 
pCMV delta R8.2 and pCMV-VSV-G were used for lentivirus packaging. pCMV delta R8.2 was a gift from Didier Trono (Addgene plasmid #12263), and pCMV-VSV-G was a gift from Bob Weinberg (Addgene plasmid #8454). The empty vector pLenti-CMV-TagGFP-P2A-Puro for gene overexpression was obtained from OriGene Technologies (Wuxi, China). The HR/NHEJ reporter plasmids were kindly provided by Zhiyong Mao (Tongji University, Shanghai, China). 
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2.1.2 Reagents, antibodies, synthesized DNA
 The reagents used for cell culture are listed in Table 1. The reagents used for in vitro experiments are listed in Table 2. The antibodies are listed in Table 3. The sequences of the synthesized DNA (Sangon, Shanghai, China) are listed in Table 4. 
Table 1. Reagents used for cell culture.
	Reagents
	Origins
	Suppliers
	Catalogs

	0.05% Trypsin-EDTA
	USA
	Gibco
	#25300

	1 M Hepes 
	China
	Sangon
	#E607018

	B27 supplement
	USA
	Gibco
	#17504-044

	bFGF
	USA
	R&D
	#233-FB

	BMP4
	USA
	PEPROTECH
	#120-05

	DispaseII
	USA
	Roche
	#04942078001

	DMEM 
	USA
	Gibco
	#11965-092

	DMEM/F12
	USA
	Gibco
	#11330-032

	EGF
	USA
	R&D
	#236-EG

	FBS
	USA
	Gibco
	#13562-049

	GlutaMAX
	USA
	Gibco
	#35050-061

	HBSS
	USA
	Hyclone
	#14175-095

	Heparin
	USA
	Sigma
	#H3149

	Lipo293™ Reagent
	China
	Beyotime
	#C0521

	Lipo8000™ Reagent
	China
	Beyotime
	#C0533

	Matrigel
	USA
	Corning
	#354230

	PBS
	USA
	Hyclone
	#SH30256.01

	Penicillin-Streptomycin
	USA
	Gibco
	#GB15140-122

	Polybrene
	USA
	Sigma
	#107689

	Puromycin
	China
	Sangon
	#A610593

	Cycloheximide
	China
	Selleck
	#S7418 

	Chloroquine
	China
	Selleck
	#S6999 

	MG-132
	China
	Selleck
	#S2619 





Table 2. Reagents used for in vitro experiments.
	Reagents
	Origins
	Suppliers
	Catalogs

	2x Hieff Clone® kit
	China
	YEASEN
	#10922ES20

	5 x TBST
	China
	Sangon
	#C520009

	5x SDS loading buffer
	China
	Beyotime
	#P0283

	Agarose
	USA
	ThermoFisher
	#75510019

	BamHI
	USA
	ThermoFisher
	#FD0054

	BSA
	USA
	JACKSON
	#001-100-162

	Chloroform
	China
	Sinoreagent
	#10006828

	Citric acid
	China
	Sangon
	#A100529

	Corn oil
	China
	aladdin
	#C116023

	DH5α
	China
	Sangon
	#B528413

	DNA ladder
	China
	Transgene
	# BM301

	Dnase/RNase
free water
	USA
	ThermoFisher
	# AM9937

	ECL substates
	China
	Beyotime
	#P0018

	EcoRI
	USA
	ThermoFisher
	#FD0274

	EDTA
	China
	Sangon
	#B540625

	Ethanol
	USA
	Sigma
	#1.07017.2511

	Glycerol
	China
	Sangon
	#A100854

	Glycine
	China
	Sangon
	#A610235

	Isopropanol
	China
	Sangon
	# A600918

	Methanol
	China
	Sangon
	#A601617

	NaCl
	China
	Sangon
	#A100241

	NaN3
	China
	Solarbio
	#S8200

	NP-40
	USA
	ThermoFisher
	#85124

	OCT compound
	USA
	Sakura
	#TISSUE-TEK
4583

	PAGE gel 
preparation kit
	China
	Epizyme
	#PG111

	PCR mix
	China
	Transgene
	#AS111

	Pentobarbital sodium
	China
	Solarbio
	#P8410

	PFA
	China
	Solarbio
	#P8430

	Plasmids DNA 
isolation kit
	Germen
	MACHEREY-NAGEL
	#NucleoBond® 
Xtra Midi EF

	Plasmids 
preparation kit
	China
	TIANGEN
	#DP103

	PMSF
	China
	Beyotime
	#ST506

	Pre-stained 
protein marker
	China
	Sangon
	#C520010

	PrimeScript™
1st Strand cDNA synthesis kit
	Japan
	TAKARA
	#6110A

	PrimeSTAR® GXL DNA polymerase
	Japan
	TAKARA
	#R050B

	PVDF membrane
	USA
	Millipore
	#IPVH00010

	qPCR mix
	China
	Transgene
	#AQ601

	SDS
	China
	Sangon
	#A100227

	Sucrose
	China
	Sangon
	#A100335

	SYBR Safe
	USA
	ThermoFisher
	#S33102

	Tamoxifen
	USA
	Sigma
	#T5648

	TransScript All 
in One kit
	China
	Transgene
	#AT341

	Tris
	China
	Sangon
	#A600149

	Triton X100
	China
	Sangon
	# A110694

	TRIzol
	USA
	invitrogen
	#15596026

	Western/IP cell 
lysis buffer
	China
	Beyotime
	# P0013




Table 3. Antibodies.
	Antigens
	Origins
	Suppliers
	Catalogs
	Dilutions

	53BP1
	USA
	Bethyl
	#A300-272A
	1:500

	ACTIN
	USA
	Cell Signaling
	#CST4970
	1:1000

	BrdU
	USA
	SIGMA
	#B2531
	1:1000

	CCND3 
	USA
	Cell Signaling
	#CST2936
	1:1000

	Cleaved-Caspase-3
	USA
	Cell Signaling
	#CST9661
	1:1000

	CNPase
	USA
	Millipore
	#MAB326
	1:500

	DAPI
	USA
	Sigma
	#D9542
	1:1000

	EGFR
	USA
	Millipore
	#06-847
	1:500

	GFAP 
	USA
	Millipore
	#MAB360
	1:3000

	HES5 
	USA
	abcam
	#ab194111
	1:1000

	K-Ace 
	USA
	Cell Signaling
	#CST9441
	1:1000

	Ki67
	USA
	ThermoFisher
	#MA5-14520
	1:1000

	KU70
	China
	ABclonal
	#A2076
	1:1000

	NESTIN
	USA
	Abcam
	#ab6142
	1:1000

	NeuN
	USA
	Millipore
	#MAB377
	1:500

	NICD
	USA
	Cell Signaling
	#CST4147
	1:1000

	NOTCH1 
	USA
	SantaCruz
	#sc6014
	1:1000

	Oligo2
	USA
	CHEMICON
	#AB9610
	1:500

	PGC1A 
	China
	Sangon
	#D162041
	1:1000

	SIRT1
	USA
	Millipore
	#07-131
	1:1000

	SOX2
	USA
	Santa Cruz
	#sc-17320
	1:1000

	Tuj1
	USA
	covance
	#PRB-435P
	1:10000

	Ubiquitin 
	USA
	SantaCruz
	#sc8017
	1:1000

	γH2AX 
	USA
	Epitomics
	#2212-1
	1:1000

	Mouse normal IgG
	USA
	SantaCruz
	#sc2025
	1:200

	Rabbit normal IgG
	USA
	SantaCruz
	#sc2027
	1:200

	CF488/CF543/CF633
	USA
	Biotium
	
	1:1000

	HRP conjugated anti-mouse
	USA
	Cell Signaling
	#CST7076
	1:2000

	HRP conjugated anti-rabbit
	USA
	Cell Signaling
	#CST7074
	1:2000

	Protein A/G Agarose
	USA
	SantaCruz
	#sc2003
	




Table 4. The synthesized DNA sequences.
	Cre genotyping

	5’-GAACCTGATGGACATGTTCAGG-3’

	5’-AGTGCGTTCGAACGCTAGAGCCTGT-3’

	Sirt1 genotyping

	5’-GGTTGACTTAGGTCTTGTCTG-3’

	5’-CGTCCCTTGTAATGTTTCCC-3’

	Rosa-26 genotyping for wild type

	5’- AAGGGAGCTGCAGTGGAGTA-3’

	5’-CCG AAAATCTGTGGGAAGTC-3’

	Rosa-26 genotyping for transgene

	5’-AACCAGAAGTGGCACCTGAC-3’

	5’-GGCATTAAAGCAGCGTATCC-3’

	Sirt1 gene clone

	5’-GGGCGGCCGGGAATTatggcggacgaggtgg -3’

	5’-CCCCGCTCATGCTCGAGGATCCtgatttgtctgatggatagtttaca -3’

	Gapdh RT-qPCR

	5’- TCCCACTCTTCCACCTTCGATGC -3’

	5’- GGGTCTGGGATGGAAATTGTGAG -3’

	Sirt1 RT-qPCR

	5’- CTCTAGTGACTGGACTCCGC -3’

	5’- AACAATCTGCCACAGCGTCA -3’

	Notch1 RT-qPCR

	5’- GATGGCCTCAATGGGTACAAG -3’

	5’- TCGTTGTTGTTGATGTCACAGT -3’

	Hes5 RT-qPCR

	5’- AGTCCCAAGGAGAAAAACCGA -3’

	5’- GCTGTGTTTCAGGTAGCTGAC -3’

	Ccnd3 RT-qPCR

	5’- CGAGCCTCCTACTTCCAGTG -3’

	5’- GGACAGGTAGCGATCCAGGT -3’

	Nmnat1 RT-qPCR

	5’- TGGCTCTTTTAACCCCATCAC -3’

	5’- TCTTCTTGTACGCATCACCGA -3’


[bookmark: _Toc112342632][bookmark: _Toc129820968]
2.2 Methods
[bookmark: _Toc112342633][bookmark: _Toc129820969]2.2.1 The generation of NSC-specific Sirt1 knockout and genetic tracing mice
[bookmark: _Toc112342634][bookmark: _Toc129820970]2.2.1.1 The generation of NSC-specific Sirt1 knockout mice
The generation of NSC-specific Sirt1 knockout mice is shown in Figure 2.1.
[image: ]

Figure 2.1: The schematic presentation of the generation of NSC-specific Sirt1 knockout mice. The Nestin-CreER mouse genome contains a gene fragment expressing CreER driven by a Nestin promoter, and the Sirt1 gene of Sirt1LoxP/LoxP mouse is floxed by LoxP sites. The CreER gene encodes a fusion protein, which is Cre recombinase fused with estrogen receptor. The CreER proteins are located in the cytoplasm, which enter into the nucleus to cut Loxp sites within the genomic DNA upon the introduction of tamoxifen. The Nestin-CreER mice were crossed with Sirt1LoxP/LoxP mice to get Nestin-CreER/Sirt1+/LoxP mice, which were intercrossed to generate Nestin-CreER/Sirt1+/+ or +/LoxP or LoxP/LoxP mice. Upon the administration of tamoxifen, the Sirt1 gene floxed by Loxp sites was deleted. The Nestin-CreER/Sirt1+/+ or +/LoxP or LoxP/LoxP mice were the wild type (Sirt1+/+), heterozygous (Sirt1+/KO) and homozygous (Sirt1KO/KO) for Sirt1 knockout, respectively.
[bookmark: _Toc112342635][bookmark: _Toc129820971]2.2.1.2 The generation of NSC-specific tracing mice
The generation of NSC-specific tracing mice is shown in Figure 2.2. 
[image: ]

Figure 2.2: The schematic presentation of the generation of NSC-specific Sirt1 knockout and genetic tracing mice. the Rosa-26-EGFP mouse genome contains a gene fragment Loxp-Stop codon-Loxp-EGFP at Rosa-26 sites, so the EGFP can only be expressed when the stop codon is removed by Cre recombinase. The Rosa-26-EGFP mice were crossed with Sirt1LoxP/LoxP mice to obtain Rosa-26-EGFP/Sirt1+/LoxP mice, then crossed with Nestin-CreER/Sirt1+/LoxP mice to generate Rosa-26-EGFP/Nestin-CreER/Sirt1+/+ or +/LoxP or LoxP/LoxP mice. Upon the administration of tamoxifen, the stop codon and Sirt1 gene floxed by Loxp sites were deleted. Then the Rosa-26-EGFP/Nestin-CreER/Sirt1+/+ or +/LoxP or LoxP/LoxP mice were the wild type (Sirt1+/+), heterozygous (Sirt1+/KO) and homozygous (Sirt1KO/KO) for Sirt1 knockout, in the meantime, the cells were labelled with EGFP. 
[bookmark: _Toc112342636][bookmark: _Toc129820972]2.2.1.3 Mouse genotyping and tamoxifen administration 
Seven to ten days after birth, the toe of each mouse pup was clipped and numbered. Then, each toe tissue was collected into individual 1.5 ml microtubes containing 100 μl 25 mM NaOH. The tissues were incubated in a boiling water bath for 30 min. After cooling to room temperature, 100 μl 40 mM Tris-HCL was added to each tube and mixed thoroughly. 
Tubes were centrifuged at 1,2000 g for 5 min. Then, the supernatant containing genomic DNA was transferred to a new tube. PCR reactions (genomic DNA solution 1 μl, 10μM forward primer 0.1μl, 10μM reverse primer 0.1 μl, 2x EasyTaq PCR SuperMix 5μl, ddH2O 3.8 μl) with the amplification procedure (94℃ 15 s, 60℃ 15 s, 72℃ 30 s, 38 cycles). PCR products were examined with 2% agarose gel electrophoresis and checked signal with gel imaging system. The genotype of each sample displayed as Figure 2.3. For tamoxifen administration, adult mice (~8-week old) were intraperitoneally injected with 100 μl tamoxifen (dissolved in corn oil, 20 mg/ml) daily for five successive days, and 7 days after the last injection, the mice could be analyzed for the gene knockout.
 [image: ]

Figure 2.3: The presentation of mouse genotyping results. Bands of 320 bp (primers are located to the targeted DNA sequences of the Cre gene) are Cre positive. A single band at 550 bp (primers are located to the bilateral introns of exon 4 of the wild type Sirt1 gene) is wild type, at 750 bp (primers are located to the bilateral introns of exon 4 of the targeted DNA sequences of Sirt1 gene) is homozygous and double bands at both 550 and 750 bp is heterozygous for Sirt1. Bands of 197 bp (primers are located to the targeted DNA sequences of WPRE and ZsGreen) are ROSA-26-EGFP positive.
[bookmark: _Toc129820973]2.2.1.4 X-ray irradiation of Mouse 
The mice anaesthetise was performed with pentobarbital sodium (50mg/kg body weight). The skulls of anaesthetised mice were irradiated at 1 Gy/min for 10 min in an X-ray system (RX-650, Faxitron), with the rest of the body protected by a lead shield.
The generation of NSC-specific Sirt1 knockout and genetic tracing mice was helped by Dr Guangming Wang. 

[bookmark: _Toc112342637][bookmark: _Toc129820974]
2.2.2 The culture, quiescence and activation induction and differentiation of mouse SVZ-derived NSCs
[bookmark: _Toc112342638][bookmark: _Toc129820975]2.2.2.1 The culture of NSCs from mouse SVZ
The mouse was sacrificed by cervical dislocation, and then the whole brain was removed and washed with ice-cold PBS containing 1% Penicillin/Streptomycin in a tissue culture dish. The washing was performed on at least six different dishes. Dissected out and collected the SVZ tissue in a 15 ml centrifuge tube containing 1 ml Dispase II and added 2 ml Dispase II after pipetting the tissue with 1 ml tips several times. Incubated the centrifuge tube in a 37℃ water bath for 1 h and then centrifuged at 110 g for 3 min. Discarded the supernatant, suspended the pellet with 1 ml basal medium (DMEM/F12 containing 1% Penicillin/Streptomycin and 1% GlutaMAX) and pipetted with 1 ml tips for 15 times. The tube was centrifuged at 110 g for 3 min after adding 4 ml basal medium. Repeated the washing step and suspended the pellet with growth medium (basal medium containing 20 ng/ml bFGF, 20 ng/ml EGF, 1% B27 supplement and 5 g/ml Heparin). Cells were plated into 6-well tissue culture plates and incubated at 37˚C with 5% CO2 in an incubator. After 5-7 days, the neurospheres should have formed and were ready for the subsequent experiment.
[bookmark: _Toc112342639][bookmark: _Toc129820976]2.2.2.2 The neurospheres formation assay
[bookmark: OLE_LINK5]The neurospheres were recollected in a 15 ml tube and centrifuged at 110 g for 1 min. Discarded the medium and suspended the pellet with 1 ml 0.05% Trypsin-EDTA. The tubes were incubated for 1 min at room temperature and then centrifuged at 110g for 3 min after adding 4 ml basal medium (DMEM/F12 containing 1% Penicillin/Streptomycin and 1% GlutaMAX). The medium should then be discarded and changed into 1 ml growth medium (basal medium containing 20 ng/ml bFGF, 20 ng/mL EGF, 1% B27 supplement and 5 g/ml Heparin). The cell and medium mixture were pipetted with 1 ml tips about twenty times. After cell counting, the cell suspension was diluted to a final cell density of 500 cells/ml. Cells were plated in 6-well tissue culture plates (2 ml per well) and incubated at 37˚C with 5% CO2 in an incubator. After 7 days, the neurospheres were then counted.
[bookmark: _Toc112342640][bookmark: _Toc129820977]2.2.2.3 The quiescence and activation induction of NSCs
A 6-well tissue culture plate was coated with coating medium (Matrigel 1:300 diluted in DMEM/F12, 2 ml per well) and incubated at 37 ˚C for 2 h before use. Neurospheres and single-cell suspension should be collected and prepared to induce quiescence per the previous description (section 2.2.2.2). After the coating medium completely changed into a growth medium, cells were plated on the coated plate and incubated at 37˚C with 5% CO2. When the cells got 60-70% confluency, the growth medium was completely replaced by 2 ml quiescence induction medium after washing the plates twice with basal medium (basal medium containing 20ng/ ml bFGF, 20ng/ ml BMP4, 1% B27 supplement, 5 ug/ ml Heparin). Incubated at 37˚C with 5% CO2 for at least 6 days, and medium changed every 3 days. The medium was removed for the induction of activation from quiescence, and the cells dissociated with 0.05% Trypsin-EDTA (0.5 ml per well). At the same time, the cells were incubated at 37˚C for 2 min. 2 ml basal medium 2 min was added to each well to forbid the enzyme, and then the cell suspension was transferred into a 15 ml tube. After centrifuging at 110g for 3 min, discarding the medium, the cells were suspended with 5 ml basal medium and centrifuged again at 110g for 3 min. After discarding the medium, the cells were suspended with growth medium, plated into coated 6-well plates and incubated at 37˚C with 5% CO2.
[bookmark: _Toc112342641][bookmark: _Toc129820978]2.2.2.4 The differentiation of NSCs
The 24-well tissue culture plate was coated with coating medium (Matrigel 1:300 diluted in DMEM/F12, 2 ml per well) and incubated at 37 ˚C for 2 h before use. Single-cell suspension from neurospheres or attached cells were prepared as previously described (sections 2.2.2.2 and 2.2.2.3). For the coated 24-well tissue culture plate, the coating medium was completely removed and cell suspensions were plated in and incubated at 37˚C with 5% CO2. The medium was replaced with a 1 ml differentiation medium when the cell density reached about 80% confluent (basal medium containing 0.05% FBS) after washing the plates twice with the basal medium. Incubate at 37˚C with 5% CO2 for 7 days.
[bookmark: _Toc112342642][bookmark: _Toc129820979]
2.2.3 Immunohistochemistry and immunocytochemistry
[bookmark: _Toc112342643][bookmark: _Toc129820980]2.2.3.1 Immunohistochemistry
The mice were anaesthetised with pentobarbital sodium (50mg/kg body weight) and perfused with 50 ml PBS following 50 ml ice-cold 4% paraformaldehyde. The whole mouse brain was dissected, extracted and put into a 15 ml tube containing 5 ml ice-cold 4% paraformaldehyde, incubated overnight at 4°C. The next day, the 4% paraformaldehyde solution was entirely replaced by 5 ml 30% sucrose to submerge the brain, and then the sucrose was discarded and replaced by 5 ml fresh 30% sucrose. At this point, specimens were stored at 4°C overnight. When the brain sank to the bottom of the tube, it was ready to be embedded the brain with Tissue-Tek optimal cutting temperature (OCT) compound and to be stored at -80°C. The freezing microtome needed to be pre-cold to optimised temperature; the OCT-embedded brain specimens were then moved into the chamber for a temperature balance of around 1 h. Coronally section the specimens at 20-μm intervals. For each brain, sections should be numbered consecutively and collected into 8 wells (number #1 to #8) of a 24-well plate containing 1 ml PBS (including 0.1% NaN3) per well, each well contained an 8-interval series of sections:  #1 well contains sections #1, 9, 17…, #2 well contain sections 2, 10, 18…, etc. Store the sections at 4°C. 
For the immunostaining procedure, the sections were transferred into wells of 6-well plates containing 2 ml washing buffer (PBS, containing 0.25% Triton X100) per well. Been washed for 3 x 10 min on a rotating device. The sections should be transferred into a 10-cm tissue culture dish containing 50 ml PBS. The sections then should have been wholly unfolded. Then sections needed to be mounted onto the adhesive glass slides. After resting at room temperature for 1-2 h, the mounted sections were prepared for staining. For the staining of BrdU, the slides were pre-incubated in 2N HCl for 20 min at room temperature and then dehydrated after washing with PBS five times. The antigen retrieval buffer (0.01 M citric acid, pH 6.0) was pre-warmed to 95℃ in a chamber in a water bath. The slides were immersed into the 95℃ buffer for 15 min. After cooling to room temperature, the slides were washed in PBS at least three times. A closed circle was drawn along the outer edge of the tissues on the slide with a pap pen. Specimens were incubated with blocking buffer (3% normal donkey serum and 0.25% Triton X100 in PBS) for 1 h at room temperature, followed by primary antibodies diluted in blocking buffer at 4°C. After overnight incubation, the slides were washed by washing buffer for 3 x 10 min on an orbital shaker. Incubated with secondary antibodies diluted in blocking buffer for 1 h at room temperature, the specimens were incubated with DAPI for 10 min under the same condition. The slides were then washed with washing buffer for 3 x 10 min on an orbital shaker, mounted by the slides and detected the signal by a confocal fluorescence microscope with 40× or 63× oil objectives.
[bookmark: _Toc112342644][bookmark: _Toc129820981]2.2.3.2 Immunocytochemistry
For the cells cultured in coated 24-well plate, the medium was discarded and added 0.5 ml PBS per well; the plate was gently shaken several times. PBS discarded, 0.5 ml ice-cold 4% paraformaldehyde was added per well and incubated at room temperature for 15 min. Then paraformaldehyde was removed, and cells in each well were rinsed with 0.5 ml PBS three times. Discarded the PBS and then added 0.5 ml PBS containing 0.25% Triton X100 to each well. After incubating for 15 min, the Triton solution was discarded and added 0.5 ml of blocking buffer (3% normal donkey serum and 0.25% Triton X100 in PBS) was added into each well. After incubating for 45 min at room temperature, the blocking buffer was replaced by primary antibodies diluted in the blocking buffer at room temperature for 2 h. After washing each well with 0.5 ml PBS for 3 x 10 min on an orbital shaker, the specimen was incubated with secondary antibodies diluted in blocking buffer at room temperature for 1 h, followed by incubation with DAPI for 10 min under the same condition. Each well was washed with 0.5 ml PBS for 3 x 10 min on a shaking device, the signals were checked on a fluorescence microscope.
Dr Chuanming Dong and Xianli Wang Wang helped with the performing of immunohistochemistry and immunocytochemistry.

[bookmark: _Toc112342645][bookmark: _Toc129820982]
2.2.4 The construction of the overexpression vectors, the lentivirus production and the infection of NSCs with lentivirus
[bookmark: _Toc112342646][bookmark: _Toc129820983]2.2.4.1 The construction of Sirt1 overexpression vector
Total NSC RNA is isolated with TRIzol reagent (section 2.3.5.1). Preparation of cDNA: with 1 μg total RNA using PrimeScript™ 1st Strand cDNA kit in a 20 μl volume to make a 50 ng/μl cDNA mix. Preparation PCR reaction: 50 ng/μl cDNA mix 1 μl, 10 μM forward and reverse primer 0.5 μl each, dNTPs 2 μl, 5x PrimeSTAR® GXL buffer 5 μl, PrimeSTAR® GXL DNA polymerase 1 μl and nuclease-free water 15μl. The Amplifications of the Sirt1 gene were performed with a set program (94℃ 15 s, 60℃ 15 s, 68℃ 2 min, 38 cycles), and the PCR results were examined with 1% agarose gel electrophoresis. 
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Preparation of the restriction enzyme reaction mix: pLenti-CMV-TagGFP-P2A-Puro 1 μg, BamHI 1μl, EcoRI 1μl, 10 x Fast Digest buffer 2μl, nuclease-free water to 20 μl.  The reaction mix was incubated at 37℃ for 45 min. Preparation of the homologous recombination clone mix: The reaction mix was incubated digested vector mix 1.5 μl, PCR product 6 μl, 2x Hieff Clone® Universal Enzyme Premix 7.5 μl at 50℃ for 25 min. The cloned products were transferred into competent Escherichia coli DH5α resolutions. The bacterial suspension was plated onto agar-coated plates containing 34 μg/ml chloromycetin. After overnight incubation at 37℃, single colonies were picked into 15 ml tubes containing 3 ml Luria-Bertani medium amid 34 μg/ml chloromycetin. After culturing the bacteria at 37℃ in a shaking incubator for over 16 h, the plasmids were extracted, and the success of construction was examined by commercial DNA sequencing. Scale up the culture of the clones containing successfully constructed plasmids. The interested plasmids were prepared for subsequent use by the NucleoBond® Xtra Midi kit. Figure 2.4 and Figure 2.5 show the empty and the cloned vector, respectively. 
[image: ]

Figure 2.4: The plasmid map of the pLenti-CMV-TagGFP-P2A-Puro vector. This is a third generation lentiviral vector. In this vector, the ori means replication origin, the CmR and AmpR promoter indicates the chloromycetin resistance, the 5’ LTR (long terminal repeat) truncated, HIV-1 Ψ, RRE and cPPT/CTS are elements for lentiviral packaging. The first CMV enhancer and promoter (before the 5’ LTR) is used to increase the efficiency of the lentiviral production and the second CMV enhancer and promoter drives the expression of TagGFP2, which is followed by P2A (porcine 2A peptide) and PuroR (puromycin resistance). The WPRE (woodchuck hepatitis virus posttranscriptional regulatory element) is used to increase the expression of genes. 

[image: ]

Figure 2.5: The plasmid map of the pLenti-CMV-mSirt1-TagGFP-P2A-Puro vector. This is the vector containing the cloned wild-type Sirt1 gene of the mouse (WT mSirt1) based on the empty one (Figure 2.4). The fragment of WT mSirt1 was inserted into the position between the second CMV promoter and TagGFP2. The expression product of WT mSirt1 is fused with TagGFP2.  

[bookmark: _Toc112342647][bookmark: _Toc129820984]
2.2.4.2 Lentivirus production
The revival of the HEK293T cells stored in liquid nitrogen proceeded in a 37°C water bath with gentle agitation. Cells were transferred into a pre-warmed 15 ml tube containing 5 ml growth medium (10% FBS and 1% Penicillin/Streptomycin in DMEM). The tube was centrifuged at 110 g for 3 min. The supernatant was removed, and the cell pellets were gently resuspended by 1 ml growth medium.  Then the cell suspension was plated into a 10 cm tissue culture dish containing 9 ml growth medium. The dish was carefully shaken in crossing directions to distribute the cells evenly and culture the cells in a 37°C humidified incubator with 5% CO2. After 2-3 days of culture, the medium was aspirated when the cells reached about 90% confluency. 3 ml sterile PBS was gently refilled to submerge the cells. After aspirating the PBS, 3 ml 0.05% Trypsin-EDTA was added to the plate and incubated in a 37°C humidified incubator. After 3-5 min incubation, the plate was gently tapped to detach the cells. A 3 ml growth medium was added to the plate to terminate enzyme digestion. The cell suspension was then transferred into a 15 ml tube for centrifuging at 110 g for 3 min. The supernatant was aspirated, and 1 ml growth medium was added and to be resuspended with 1 ml pipette tip. Then the cell suspension was plated into a 10 cm tissue culture dish containing 9 ml growth medium. For routine cell maintenance, cells were passaged at 1:6 and 1:3 for lentivirus production.
The next day after cell passage, transfection for lentivirus production was performed when the cells were about 80% confluent. For one 10 cm dish, two 1.5 ml sterile tubes (tube A and B), each containing 0.5 ml DMEM should be compared. 45 μl Lipo293™ transfection reagent was added to tube A, and plasmids mix (pCMV-dR8.2 7.5 μg, pCMV-VSV-G 5 μg and expressing vector 10 μg) to tube B. Each tube was mixed well. The plasmids mixture was transferred from tube B to tube A and mixed well. After incubating the mix at room temperature for 15 min, the total mixture was added dropwise to cell solutions in a 10 cm dish. The dish was shaken gently back and forth several times and incubated the dish in a 37°C humidified incubator with 5% CO2. 
48 h post-transfection, the medium was collected and stored at 4°C. 10 ml fresh growth medium was added to the cells and kept culturing in the incubator. 24 h later, the medium was collected again. Totally 20 ml medium was centrifuged at 200 g for 10min and filtrated through a 0.45 μM filter. The supernatant was then transferred to ultracentrifuge tubes (BECKMAN COULTER, #344058) and was centrifuged at 17,500 rpm for 2 h using the JS-24.38 swinging-bucket rotor (BECKMAN COULTER, #360743). The supernatant was removed entirely and replaced with 100 μl DMEM/F12 medium to resuspend the pellet. The suspension was transferred to a sterile 1.5 ml tube, and another 100 μl medium was added to the ultracentrifuge tube's bottom. The medium was then collected in the same 1.5 ml tube and stored at 4°C overnight. The tubes were then at 12,000 g for 3 min; the supernatant was transferred to a new sterile 1.5 ml tube. Transduction of the cells with the virus was then processed. 
[bookmark: _Toc112342648][bookmark: _Toc129820985]2.2.4.3 The transduction of NSCs with lentivirus
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]NSCs were cultured in coated 6-well plates as described before (section 2.2.2.3). The transduction was processed when the cells were about 30% confluent. For each well of the 6-well plate, 1 μl polybrene (10 mg/ml stock) was added. After incubating for 2 h, aspirate 1 ml medium from each well and 20μl of the concentrated virus was applied. The plate was shaken back and forth several times and incubated in a 37°C incubator with 5% CO2 for 6 h. The 2 ml fresh growth medium was added to replace the lentivirus-containing medium. 3 days later, cells were cultured in the growth medium containing 1 μg/ml puromycin for at least 3 more days. 
[bookmark: _Toc112342649][bookmark: _Toc129820986]
2.2.5 RNA extraction, RT-qPCR and RNA-Seq
[bookmark: _Toc112342650][bookmark: _Toc129820987]2.2.5.1 Total RNA extraction
About ~2 x 106 cells were collected into a 1.5 ml tube, and centrifuged at 800 g for 3 min. Aspirated the supernatant and added 300 μl TRIzol to the tube, the cells were thoroughly pipetted and incubated in the tube at room temperature for 5 min. RNA isolation should be immediately performed or the cell lysates should be stored at -80℃. For cell lysates stored at -80℃, samples were completely thawed at room temperature before the extraction procedures. 
To each tube containing 300 μl TRIzol lysates, 60 μl chloroform was added, and then the solutions were mixed well by inverting the tubes several times. After the tube had been incubated at room temperature for 3 min, they were centrifuged at 12,000 g/4℃ for 10 min. The colorless upper aqueous phase was carefully transferred to a new DNase/RNase-free 1.5 ml tube. Next, 250 μl isopropanol was added to each tube and cap the tubes were capped and mixed well by flopping up and down for several times. The samples were incubated at room temperature for about 10 min and then centrifuged at 12,000 g /4℃ for 10 min. After carefully removed the supernatant, 500 μl 75% ethanol was added to suspend the pellet and the tube was vortexed for a few seconds. After that, tubes were centrifuged at 7,500 g for 5 min at 4℃. The supernatant was carefully aspirated. The tubes were rested at room temperature for 10 min. No more than 30 μl DNase/RNase-free water was added to each tube to suspend the pellet and incubated t in a 55℃ heat block for 10 min. After that, the cDNA synthesis was performed or the RNA sample were stored at -80℃. 
[bookmark: _Toc112342651][bookmark: _Toc112342652]
2.2.5.2 RT-qPCR
    For each reverse transcription, 20 μl reaction mix (total RNA 1 μg, 5X TransScript All in One SuperMix 4 μl, gDNA Remover 1μl, RNase-free water up to 20 μl) was prepared and added in a 200 μl RNase-free microtube. Gently mixed well and incubated at 42℃ for 15min and then 85℃ for 5s in a PCR thermocycler. The reaction mix solution was mixed well and transferred into a 1.5 ml tube containing 180 μl DNase/RNase-free water. Preparation of the PCR reactions as such: cDNA mix 4 μl, 10μM forward and reverse primers, 0.5 μl each, dNTPs 2 μl, 2x qPCR SuperMix 10 μl and RNase-free water 5 μl. For each gene of every sample, triplicates were prepared. Ran the reactions on an ABI Prism7500 device with a set amplification program (94℃ 5 s, 60℃ 15 s, 72℃ 10 s, 40 cycles) and the fluorescence signal acquisition time of 34 s. Analyse the results using 2-Δ(ΔCT) method. 
[bookmark: _Toc129820988]2.2.5.3 RNA-Seq
The quality of each RNA sample was examined by Agilent 2100 Bioanalyzer (Figure 2.6). For the qualified RNA samples, the genomic DNA was removed by DNase I and mRNA enrichment was processed using Oligo (dT) beads. cDNA libraries were obtained after mRNA fragmentation, cDNA synthesis and PCR amplification. cDNA libraries were qualified and performed sequencing using Illumina Hiseq2000. 
The sequence qualification was generated by FastQC sequencing and filtered out low-quality sequences to ensure clean reads (Figure 2.7). The clean reads were aligned to reference genomes and genes using SOAP2 to obtain each gene's RPKM (Reads Per Kilobase Per Million Mapped Reads) value. Finally, DESeq analysed the differential gene expression. 
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Figure 2.6: The example of the quality of RNA sample analysed by Agilent 2100. 
The representative results of the RNA sample analysed by Agilent 2100 were shown.  
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Figure 2.7: The distribution of base percentage and qualities along reads in data filtering. The base percentage distribution and the base qualities distribution along the reads of the filtered sample were shown.  

[bookmark: _Toc112342653][bookmark: _Toc129820989]
2.2.6 Protein extraction, Immunoprecipitation, Co-immunoprecipitation and Western Blotting
[bookmark: _Toc112342654][bookmark: _Toc129820990]2.2.6.1 Immunoprecipitation (IP) and Co-immunoprecipitation (CoIP)
[bookmark: _Toc112342656]For protein extraction, cells were collected into 1.5 ml tubes and centrifuged at 600 g for 3 min. The supernatant was discarded, and 0.5 ml ice-cold PBS was added to suspend the cells. The supernatant was discarded again and resuspended the cells with 100 μl Western/IP cell lysis buffer (add freshly made 1 mM PMSF) per 1.0 x 106 cells. The tubes were incubated on ice for 20 min and centrifuged at 14,500 g/4℃ for 15 min. The supernatant was then transferred into new 1.5ml tubes. 
The protein sample was diluted with (250 mM Tris-HCl, 10% SDS, 0.04% bromophenol blue, 30% glycerol, and 500 mM DTT) for western blotting and boiled in a boiling water bath for 5 min. 
For IP or Co-IP, 1/10 of each protein sample was left aside for input groups. The input samples were diluted with 5 x SDS loading buffer and boiled in a water bath for 5 min. The primary antibodies or IgG from the same species used for producing the antibodies were added for the rest of each protein sample. The samples were incubated at 4℃ on a rotating device overnight. Next, Protein A/G agarose was added to each sample (20 μl per 1 ml cell lysates) and incubated at 4℃ on a rotating device for 4 h. The tubes were centrifuged at 1000g/4℃ for 2 min. The supernatant was discarded without disturbing the agarose pellet. Next, the pellet was washed with washing buffer (25 mM Tris-HCl, 1 mM EDTA, 1% NP-40, 150 mM NaCl and 10% glycerol) four times by centrifuging at 1000g/4℃ for 2 min. After the last time of washing, the supernatant was discarded, and the pellet was resuspended with 100 μl 1 x SDS loading buffer (5 x SDS loading buffer diluted in Western/IP cell lysis buffer). The samples were boiled for 5 minutes in a water bath. 
[bookmark: _Toc129820991]2.2.6.2 Western blotting
SDS-PAGE gels were prepared using PAGE Gel Quick Preparation Kit. The boiled samples were thoroughly thawed at room temperature if stored at -20℃. Samples were loaded into the wells of the gels along with the pre-stained protein maker. Electrophoresis was launched at a constant voltage of 60 V for 10 min. It was followed by 90 V for 2-3 h to separate protein bands according to their theoretical molecular weight in running buffer (25 mM Tris, 192 mM glycine and 0.1% SDS). The gels with frames were taken out and washed with running water. The sandwich-like module made of the filter paper was prepared, and PVDF membrane and filter paper in transferring buffer (25 mM Tris, 192 mM glycine and 20% methanol) were pre-cooled at 4℃. The sandwich-like module was then transferred into an electrophoresis chamber containing a pre-chilled transferring buffer and ran the electrophoresis at a constant current of 250 mA for 2-3 h. The membrane was rinsed once in TBST buffer. The membrane was incubated in blocking buffer (5% BSA in TBST) for 1 h at room temperature and then with primary antibodies diluted in blocking buffer for 2 h at 37℃ or overnight at 4℃. The membranes were washed with TBST for 3 x 10 min on a shaking device, followed by incubation with HRP-conjugated secondary antibodies diluted in blocking buffer for 1 h at room temperature. The membranes were washed with TBST, and then detected the signal with ECL chemiluminescence. 
[bookmark: _Toc129820992]2.2.7 HR and NHEJ reporter assay
[bookmark: _Toc112342657][bookmark: _Toc129820993]2.2.7.1 The illustration of HR and NHEJ reporter assay
The illustration of HR and NHEJ reporter assay is shown in Figure 2.8 (Seluanov, Mao et al. 2010). In this assay, HR or NHEJ reporter constructs were linearised by I-SceI enzyme, purified, and co-transfected with DsRed into cells. FACS then analysed the transfected cells, and the repair efficiency was calculated as the ratio of GFP+/DsRed+ cells.
[image: ]

Figure 2.8: The illustration of the HR and NHEJ reporter assay. The NHEJ reporter construct contains a GFP gene with an engineered intron from the Pem1 gene (Pem1) which includes an adenoviral exon (Ad) flanked by recognition sequences for I-SceI endonucleases for induction of DSBs. The intact NHEJ construct is GFP negative as the adenoviral exon disrupts the GFP ORF(open reading frame). Upon induction of DSBs by I-SceI, the adenoviral exon is removed and the repaired NHEJ restores function of the GFP gene. In the HR construct, the first exon of the GFP gene interrupted by the Pem1 intron contains two inverted I-SceI restriction sites and is followed by a promoter-less/ATG-less GFP-Pem1. This intact construct is GFP-negative. Upon induction of a DSB by I-SceI digestion, the functional GFP gene is reconstituted by intramolecular or intermolecular gene conversion between the two mutated copies of the first GFP exon.
[bookmark: _Toc112342658][bookmark: _Toc129820994]2.2.7.2 The test of HR and NHEJ repair efficiency of NSCs
The HR or NHEJ reporter constructs were linearised by I-SceI digestion, and the digested products were purified using a Qiagen Qiaex II Purification Kit. Culture NSCs were cultured in coated 6-well plates as described before (section 2.2.2.3). Transfection was performed when cells were about 60% confluent. For one well of the 6-well plate, two 1.5 ml sterile tubes (tube A and B), each containing 0.1 ml DMEM medium, was prepared. To tube A, 5 μl Lipo8000™ transfection reagent was added, and 2.5μg plasmids were to tube B. Gently mix each tube well. Transfer the plasmids mix in tube B to tube A and mix well. After incubating the mix at room temperature for 15 min, the total mix was added dropwise to cells in the plates. The dishes were gently shaken back and forth several times and incubated the dish in a 37°C humidified incubator with 5% CO2. Three days after transfection, single-cell suspensions were prepared, analysing the samples on a FACSVerse Flow Cytometer. Results were analysed by Flowjo software (Figure 2.9).
Note: Prepared control wells for gating for flow cytometry analysis. Control wells included transfections with 2.5 μg plasmids expressing no fluorescence, GFP, or DsRed. Each experimental well was co-transfected 2 μg linearised HR or NHEJ plasmids with 0.25 μg DsRed. Triplicates were prepared for each experimental group.
[image: ]

Figure 2.9: The gating strategy of the flow cytometry in the HR and NHEJ reporter assay. Flow cytometry analysis of cells transfected with plasmids expressing no fluorescence (A), GFP (B), DsRed (C) and co-transfected linearised reporter constructs with DsRed (D). In the flow cytometry analysis, the FITC (Fluorescein isothiocyanate) and PE (Phycoerythrin) channels were used to detect GFP and DeRed, respectively. The compensation of the two fluorescence was adjusted to exclude interference between each other. The gating was then performed based on the compensated fluorescence channels.
    Dr Guangming Wang helped with this assay.


[bookmark: _Toc112342659][bookmark: _Toc129820995]
2.2.8 The Social Transmission of Food Preference (STFP) assay
[bookmark: _Toc112342660][bookmark: _Toc129820996]2.2.8.1 The illustration of STFP assay
The STFP assay for the olfactory memory test of mice was described in a published protocol (Wrenn, 2004). As shown in Figure 2.10, the STFP assay comprised three phases: the habituation phase, the interaction phase, and the choice phase. In the habituation phase, all mice were trained to be habituated to eat powdered food. The demonstrator mice were habituated to eating cued powdered food, while observer mice were habituated to eating chain powdered food. Mouse with an intake of 0.2 g of powdered food was considered to be successfully habituated. In the interaction phase, the observer mice were allowed to interact with and receive cued food information from the demonstrator mice. Before the interaction, the demonstrator and the observer mice were deprived of food for 18 h. Following food deprivation, the demonstrator mice were given cued food for 1 h and then allowed to interact freely with the observer mice in a new cage for 30 min. During the choice phase, the observer mice were put into choices between the novel food and the cued food. 24 hours post the interaction, the observer mice were allowed free access to cued and novel food for 1 h. At the end of the test, the cued and novel food in each cage was weighed, and the respective cued and novel food intake for each observer mouse was calculated. During the interaction and the choice phase, the behaviours of the observer mice were videotaped and analysed later for sniffs to the demonstrator’s muzzles and jar climbs on jars containing cued and novel food.
[image: ]

Figure 2.10: The schematic representation of the STFP assay to test the olfactory memory of mice. In brief, the observer mice, habituated with chain chow, were allowed to interact with the demonstrator mice that had been habituated with cued chow to gain the memory of the cued chow. They were then allowed to choose between the novel and cued chow. The greater the preference for the novel chow, the worse the memory.
[bookmark: _Toc112342661][bookmark: _Toc129820997]2.2.8.2 The experimental procedure of STFP assay
Adult C57BL/6 mice (half male and half female) were exploited as the observers, and adult ICR mice (female) as the demonstrators. After an 18 h deprivation of food, each mouse was singly housed in one cage containing a food jar of powdered chain chow for the observers or 2% cocoa powdered chow for the demonstrators. The mice were allowed to eat the food for 1 h. Each mouse was placed in the home cages containing normal food and water. The jars were weighed before and after the presentation to each mouse. The habituation was processed for 2-3 days. The mouse with an intake of 0.2 g or more powered food were employed for the subsequent experiments. 
All successfully habituated mice were singly housed in cages containing no food and water after an 18 h deprivation of food. The demonstrating mice were allowed to freely eat the 2% cocoa powdered chow for 1 h. The demonstrators were placed in cages of the observers. Free interaction between the two groups was for 30 min. The mice's behaviours were videotaped during the interaction with the camera set half a meter away. At the end of each interaction, the demonstrators were placed into home cages containing normal food and water. The observers were housed singly in new cages containing two food jars, one of which contained 2% cocoa-powered chow. The other one contains 1% cinnamon. The observers were allowed to eat freely for 1 h and videotape the behaviours of the mice. At the end of the feeding, each observer mouse was singly placed into new cages with free access to water but not food and weighed the net consumption of each food. 24 h later, the food choice test was performed again. The behaviour analysis was processed after the end of the test.
Dr Guangming Wang helped with this assay.


第2章 实验材料与方法
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[bookmark: _Toc112342662][bookmark: _Toc129820998]CHAPTER 3: The DNA Damage of The Activated Neural Stem Cells in Ageing Mice


[bookmark: _Toc93734163][bookmark: _Toc112342663][bookmark: _Toc129820999]
3.1 Introduction
[bookmark: _Toc112342664]Neural stem cells (NSCs) and neurons are essential in the nervous system. The NSCs are the sources of the generation of neurons that execute neural functions. Adult neurogenesis in mice is active in the subgranular zone (SGZ) and the subventricular zone (SVZ), although the existence of which in the human brain is under debate. In the SGZ, granule cells generated from NSCs participate in neural functions of learning and memory, and the interneurons derived from NSCs of the SVZ take part in the maintenance of the olfactory function (Ming and Song 2011). 
The nervous system ages with time. On the one hand, neurogenesis decreases with age. On the other hand, the neurons are constantly lost due to the accumulation of various injuries during ageing. The decreasing neurogenesis and the losing neurons render the ageing of the nervous system irreversibly worse and worse (Drapeau, Mayo et al. 2003, Enwere, Shingo et al. 2004). Adult stem cells exist in quiescent and active states (Li and Clevers 2010). In mice, the quiescence state is thought to be one of the mechanisms for lifelong maintenance of the NSC pool during the ageing (Kalamakis, Brüne et al. 2019). However, the more quiescent and reluctant to be-activated of NSCs in ageing mice also contribute to the ageing (Leeman, Hebestreit et al. 2018). 
DNA damage has long been deemed as one of the main contributors to ageing, which has been evidenced by the accumulation of DNA damage in ageing cells, the senescence-related features in cells with DNA damage induction and the premature ageing caused by DDR (DNA damage response) deficiencies (Kolodner, Putnam et al. 2002, Gerson 2005, Lombard, Chua et al. 2005, Liu and Rando 2011, Moskalev, Shaposhnikov et al. 2012). 
DNA DSB (double-strand break) is the most dangerous type of DNA damage. DSBs can be repaired with high fidelity by homologous recombination (HR) or with error tolerance through a non-homologous end joining (NHEJ) (Sancar, Lindsey-Boltz et al. 2004). Besides, DNA DSBs trigger different responses that ultimately lead to cell cycle arrest, apoptosis or senescence of adult stem cells (Blanpain, Mohrin et al. 2011).  
DNA DSBs accumulate in stem cells of different tissues during ageing, such as blood, skin, muscle, intestine, mesenchymal matrix and the germline (McNeely, Leone et al. 2020). However, this ageing-related DSB accumulation has yet to be studied in NSCs. 
[bookmark: _Toc129821000]3.2 Aim
The aim of this chapter is to evaluate the status of DSB in NSCs during ageing. In order to achieve this aim, we used a natural ageing model of mice and focused on SVZ niche. We first took the ageing related phenotypes of neurons in ageing mice as contrast and characterized the quiescence and activation of ageing NSCs. Then we employed in vivo detection of DSB related markers to check the DSBs in ageing SVZ NSCs of mice. 

[bookmark: _Toc112342665][bookmark: _Toc129821001]
3.3 Results
[bookmark: _Toc112342666][bookmark: _Toc129821002][bookmark: OLE_LINK62][bookmark: OLE_LINK63]3.3.1 Increases of DNA DSBs and Apoptosis imaging Mice Neurons
First, we sliced the brains of young (1-month old) and aged (24-months old) mice and marked the neurons with NeuN. We applied Cleaved Caspase 3 and γH2AX to show the apoptosis and DNA DSBs. We then calculated the percentages of Caspase 3 positive and γH2AX positive neurons in both specimens and found that the apoptosis and DSBs are more likely to occur in neurons from elder mice (Figure 3.1).
[image: ]

Figure 3.1: The apoptosis and DNA DSBs of neurons in ageing mice. (A) Immunostaining for NeuN and Cleaved Caspase 3 and the nuclei were counterstained with DAPI. The red triangles point out the Caspase 3- NeuN+ cells and the white triangles point out the Caspase 3+ NeuN+ cells. (B) The quantification of the apoptotic neurons in the SVZ-neighboring regions of mice at 1 and 24 months of age. (C) Immunostaining for NeuN and γH2AX and the nuclei were counterstained with DAPI. The red triangles point out the γH2AX- NeuN+ cells and the white triangles point out the γH2AX 3+ NeuN+ cells. (D) The quantification of the DNA DSBs in neurons (percentage of γH2AX-positive neurons) in the SVZ-neighboring regions of mice at 1 and 24 months of age. Scale bars, 50 μm. Scale bars in insets, 20 μm. Five coordinated sections from each mouse were used for quantification. Data from three male mice of different ages were used for statistical analysis. ** p<0.01, **** p<0.001, Student’s t-test, data are presented as means ± SEM. Dr Chuanming Dong and Xianli Wang contributed to the immunohistochemistry in this result.

[bookmark: _Toc112342667][bookmark: _Toc129821003]
3.3.2 Mouse NSCs exist in both quiescent and activated status
The NSCs harboured in adult mouse brains exist in both quiescent and activated states. The quiescent NSCs can be marked simultaneously by SOX2 and GFAP, while the activated NSCs can be characterised by the colocalisation of SOX2 and EGFR or SOX2 and NESTIN (Codega, Silva-Vargas et al. 2014). By such markers, we tested the NSCs in adult mouse brain sections with the features mentioned above and identified NSCs in the two states (Figure 3.2). To confirm the interchangeability between activated and quiescent grades of the SVZ NSCs, we set up an in vitro system to induce the NSCs to switch from activation to quiescence (with the combination of FGF and EGF) or otherwise (with the combination of FGF and BMP) (Figure 3.3). We then tested the cell cycles of the cultured NSCs with Ki67 and PI (Propidium Iodide) staining, followed by flow cytometry analysis. The results indicate that up to 70% of the activated NSCs are in the S-G2-M phase, whereas over 80% of the quiescent NSCs are under the G0 phase (Figure 3.4). We also induced the NSCs to go through the circle of activation-quiescence-reactivation. We then differentiated those particular cells into neurons (Tuj1 positive), astrocytes (GFAP positive) and oligodendrocytes (CNPase and Olig2 co-localize) separately to confirm that these NSCs were still tri-potent (Figure 3.5).
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Figure 3.2: The in vivo characterization of quiescent and activated NSCs with immunostaining. The co-immunostaining of GFAP or EGFR or NESTIN with SOX2 in the SVZs of 1-month-old mice. The quiescent NSCs are marked by co-expression of SOX2 and GFAP, and the activated NSCs are characterised by the co-expression of SOX2 and EGFR or SOX2 and NESTIN. The white arrows are examples of cells with co-expression. LV, lateral ventricule. The white dash line indicates the margin of the SVZ. Scale bar, 50 μm.
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Figure 3.3: The in vitro characterization of the induced quiescent and activated NSCs with immunostaining. The immunostaining of SOX2 or GFAP or EGFR or NESTIN in cultured NSCs. The quiescent NSCs are positive for GFAP and negative for EGFR or NESTIN. The activated NSCs are positive for EGFR or NESTIN but negative for GFAP. Scale bar, 50 μm.



[image: ]

Figure 3.4: The cell cycle analysis of the induced quiescent and activated NSCs with flowcytometry. Cells without staining, with Ki67 alone staining and PI (Propidium Iodide) alone staining were used for gating control, and then cells with Ki67/PI double staining were analyzed. Cells in G0 phase are PI and Ki67 double negative. Cells in G1 phase are PI negative and Ki67 positive. Cells in S-G2-M phase are PI (Propidium Iodide) and Ki67 double positive. A, Activated; Q, Quiescent; R, Reactivated. Triplicates for each group. *** p<0.005, Student’s t-test. Three independent experiments were performed. 

 [image: ]

Figure 3.5: The characterization of the differentaion of induced reactivated NSCs with immunostaining. The co-immunostaining of GFAP with Tuj1 and CNPase with Oligo2 in differentiatted cells. Neurons are Tuj1 positive, astrocytes are GFAP positive and oligodentrocytes are CNPase and Olig2 positive. Scale bar, 50 μm.
[bookmark: _Toc112342668][bookmark: _Toc129821004]
3.3.3 The number and proliferation of NSCs decrease in ageing mice SVZ
We characterised the proliferation of the activated NSCs (colocalisation of NESTIN and Ki67) in SVZs of mice in different age groups (1, 6 and 24 months old). By quantifying and comparing these age groups, we noticed that the total number and the proliferation of activated NSCs in mice SVZs decreases with age (Figure 3.6).
[image: ]

[bookmark: _Toc112342669]Figure 3.6: The number and proliferatin of activated NSCs in mice SVZ decreases with age. (A) Example of the immunostaining for Nestin and Ki67 in the SVZs of mice. The red triangles point out the Nestin+/Ki67+ cells and the white triangles point out the Nestin+/Ki67- cells. (B) Immunostaining for Nestin and Ki67 in the SVZs of mice with different ages. (C) The quantification of the number of NSCs (Nestin+ with DAPI) in NSC layer. (D) The quantification of the thickness of the NSC layer. (E) The quantification of active NSCs (Nestin+ & Ki67+/Nestin+) in NSC layer. The area surrounded by white dashed lines was used for quantification. Five coordinated sections from each mouse were used for quantification. Data from three male mice of different ages were used for statistical analysis. Scale bars, 50 μm. Scale bars in insets, 20 μm. * p<0.05, ** p<0.01, Student’s t-test. Dr Chuanming Dong and Xianli Wang contributed to the immunohistochemistry in this result.
[bookmark: _Toc129821005]3.3.4 The DSBs in activated NSCs are fewer in aged Mice SVZs
We then examined the DNA DSBs with the general marker γH2AX in SVZs from mice in different age groups (1, 6 and 24 months old), finding that the γH2AX marked DSBs were reduced with the increasing ages (Figure 3.7). We also applied 53BP1, another generally accepted DSB marker, to confirm further that the DSBs were fewer in ageing mice SVZs (Figure 3.8). 
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Figure 3.7: The DSBs showing by γH2AX in activated NSCs in mice SVZs decrease with age. (A) Immunostaining for Nestin and γH2AX (a marker for DSB, red) in SVZs of mice with different ages. The dotted lines demark the SVZ. (B) The example of γH2AX-positive (pointed out with white triangles) and γH2AX-negative (red triangles) NSCs for quantification. (C) The quantification of the DSBs in SVZ NSCs (percentage of γH2AX-positive NSCs) from mice of different ages. Five coordinated sections from each mouse were used for quantification. Data from three male mice of different ages were used for statistical analysis. Scale bars, 50 μm. ** p<0.01, Student’s t-test. Dr Chuanming Dong and Xianli Wang contributed to the immunocytochemistry in this result.
[image: ]

Figure 3.8: The DSBs showing by 53BP1 in activated NSCs in mice SVZs decrease with age. (A) Immunostaining for Nestin and 53BP1 (a marker for DSB, red) in SVZs from mice of 1 month and 24 months old. (B) The example of 53BP1-positive (pointed out with red triangles) and 53BP1-negative (white triangles) NSCs for quantification. (C) The quantification of the 53BP1-positive NSCs in SVZs from mice of different ages. Five coordinated sections from each mouse were used for quantification. Data from three male mice of different ages were used for statistical analysis. Scale bars, 50 μm. *** p<0.001, Student’s t-test. Dr Guangming Wang contributed to the immunohistochemistry in this result.
[bookmark: _Toc112342670][bookmark: _Toc129821006]
3.3.5 Enhanced NHEJ repair in activated NSCs of aged mice SVZs
We then derived SVZ NSCs from mice in different age groups (1, 6 and 24 months old) to thoroughly observe the DSBs in these cells. We recapitulated the γH2AX staining in activated NSCs cultured in vitro. We found that the DSB level decreases with the growing age of mice (Figure 3.9), which is consistent with our in vivo studies. To further test the consequences of DSBs, we checked the DNA damage repairs in activated SVZ NSCs. Cells exploit homologous recombination (HR) and non-homologous end joining (NHEJ) to cope with DSBs. We then applied an HR/NHEJ repair efficiency system to check the efficiency of DNA repairs in cultured SVZ NSCs derived from mice in different age groups. The results showed that in aged groups of activated SVZ NSCs, the NHEJ repair was more efficient than in younger groups of mice; nevertheless, the HR repair showed a contrary tendency (Figure 3.10).


[image: ]

Figure 3.9: The DSBs in cultured activated NSCs in mice SVZs decrease with age. (A) Immunostaining for γH2AX (a marker for DSB, red). (B) The quantification of the DSBs in NSCs (γH2AX foci number per cell) derived from the SVZs of mice with different ages. The number at the side of the nucleus (Enlarged) shows the γH2AX foci number of the cell. Five random fields of each sample were used for quantification in one experiment. Scale bars, 50 μm. ** p<0.01, Student’s t-test. Three independent experiments were performed. Dr Chuanming Dong and Xianli Wang contributed to the immunocytochemistry in this result.
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Figure 3.10: Enhanced NHEJ repair in activated NSCs of aged mice SVZs. (A) The HR repair efficiency of the cultured activated NSCs from SVZs of mice at 1 and 24 months old. (B) The NHEJ repair efficiency of the cultured activated NSCs from SVZs of mice at 1 and 24 months old. For each experimental well, 2 μg linearized HR or NHEJ plasmids together with 0.25 μg DsRed (as transfection control) were co-transfected. The repair efficiency was calculated by GFP+/DsRed+. Triplicates for each group. * p<0.05, ** p<0.01, Student’s t-test. Three independent experiments were performed.
[bookmark: _Toc112342671][bookmark: _Toc129821007]
3.4 Discussion
In this part, we first tracked the accumulation of DSBs (γH2AX staining) and increment of apoptosis (Cleaved Caspase 3 staining) of neurons in aged mice brains (Figure 3.1), which might be the expected situations during ageing and served as a comparative result for our subsequent analysis for NSCs. 
An adult or ageing brain may adapt to the environment by producing newly generated neurons; thus, the states of adult NSCs are vital for adult neurogenesis and the protection of the central nervous system (CNS). With in vivo immunostaining of cell-specific markers that are widely accepted in the area (Codega, Silva-Vargas et al. 2014), we confirmed that the quiescent (co-expression of GFAP with SOX2) and the activated (co-expression of NESTIN or EGFR with SOX2) NSCs co-exist in SVZ (Figure 3.2). Further, with the reported in vitro transition system (Martynoga, Mateo et al. 2013), we successfully induced the activated NSCs into quiescence and reactivated them (Figure 3.4 and Figure 3.5) and confirmed that NESTIN and EGFR were highly expressed in activated NSCs and GFAP was highly expressed in quiescent ones (Figure 3.3). 
Using the above criteria, we noticed a decreased number and proliferation rate of activated NSCs in ageing mice (Figure 3.6), as reported by others (Leeman, Hebestreit et al. 2018). Actually, we also observed a similar result in quiescent NSCs (data not shown). The limitation of our results is the lack of the absolute quantification of SVZ NSCs in mice with age; we only drew a comparative analysis between different ages. The reason for this is that the absolute quantification of SVZ NSCs in ageing mice needs massive work, which is beyond the purpose of our study.  
We then adopted γH2AX and 53BP1, two widely used markers for DSB, to detect the DSBs in activated SVZ NSCs. We were surprised that the DSBs were less severe in ageing mice SVZ-derived activated NSCs than in their younger counterparts (Figure 3.7 and Figure 3.8) since these results were different from the findings in stem cells of other tissues, such as blood and muscle (Chakkalakal, Jones et al. 2012, Gutierrez-Martinez, Hogdal et al. 2018). 
Using the in vitro HR and NHEJ reporter assay (Seluanov, Mao et al. 2010), we noticed that the NHEJ pathway of DSB repair was more efficient than the HR pathway in ageing NSCs (Figure 3.10), which could be caused by the lower proliferation rate of activated NSCs in aged mice giving the launching conditions of HR and might contribute to the fewer DSBs in NSCs of ageing mice. In this assay, the GFP+ cell propotion was lower in HR groups than that in NHEJ groups, which was consistent with the original research and could be caused by the difference in repair efficiency between HR and NHEJ. 
The limitation of the reporter assay is only the relative repair efficiency for the specific HR or NHEJ can be compared between different cell groups, neither the absolute repair efficiency nor the comparasion of HR and NHEJ for the same cells. Each value of the repair efficiency calculated by GFP+ cell (repaired cells) propotion dividing DsRed+ cell (transfection control) propotion depends heavily on the amount of vectors for transfection. In our experiments, the low DsRed+ cell propotion could be the reason of low amount of DsRed for transfection. While without disturbing our mian results, the various amounts of DsRed could have been tested. 
第7章 结论与展望
第3章 衰老小鼠激活态神经干细胞的增殖及DNA损伤
Chapter 3 DNA Damage in NSCs
In summary, in this chapter, we first found that, compared to the younger mice, the SVZ NSCs generated from ageing mice were less proliferative under an activated status. It seemed that ageing could cause such a low level of proliferation and subsequently impair the capacity of neurogenesis. Thus, it is interesting to investigate how cellular proliferation would be regulated molecularly in the activated NSCs in ageing mice's brains. On the other hand, we would try to investigate why the ageing and activated NSCs maintained such relatively fewer DSBs and how such a phenomenon would affect the mice physically.




[bookmark: _Toc112342672][bookmark: _Toc129821008]CHAPTER 4: SIRT1 Affects The Activated NSCs in SVZ of Young Mice


[bookmark: _Toc112342673][bookmark: _Toc129821009]
4.1 Introduction
In the previous chapter, we examined the cellular characteristics of activated NSCs from SVZs of mice’s brains and found relatively decreased proliferation and DSBs with growing ages. The neurogenesis in the ageing brains is slowing down for obvious reasons, e.g. increased quiescence of NSCs, reduced number of NSCs (Encinas and Sierra 2012, Leeman, Hebestreit et al. 2018); by the same token, with the shrinking capacity of proliferation in activated NSCs from ageing brains, the severity of DSBs should have been escalating instead of ameliorating (as we had observed). We wanted to decipher this phenomenon. 
It has long been accepted that SIRT1 plays a vital role in DNA damage-related anti-ageing process (Wang, Luo et al. 2019, Chen, Zhou et al. 2020). The SIRT1 protein participates in the deacetylation of targets deeply associated with cellular functions like proliferation and DNA damage repair, such as NICD (Guarani, Deflorian et al. 2011), P53 and FOXO (Hori, Kuno et al. 2013). 
Sirt1 is essential for the maintenance of various tissue stem cells. For example, loss of Sirt1 has been reported to lead to tissue regeneration deficiency in hematopoietic stem cells, muscle stem cells, and mesenchymal stem cells (Rossi, Bryder et al. 2007, Leko, Varnum-Finney et al. 2012, Simic, Zainabadi et al. 2013, Singh, Williams et al. 2013, Ryall, Dell'Orso et al. 2015). Moreover, studies show that SIRT1 is essential in maintaining neurogenesis in mouse brain regions such as SVZ and SGZ (Victoria A. Rafalski 2013, Ma, Yao et al. 2014). On the other hand, one of our previous studies demonstrated that SIRT1 could delay the progression of Parkinson’s disease by regulating cell autophagy (Liang Zhu et al. 2019). 
[bookmark: _Toc112342674]It is undoubtedly that SIRT1 protein plays a vital role in the maintenance of adult NSCs. However, few studies have concerned the role of SIRT1 in the long-term maintenance of NSCs during ageing. Furthermore, the DNA damage and repair affected by SIRT1 were much less studied in NSCs during ageing. 
[bookmark: _Toc129821010]4.2 Aim
In this chapter, we decided to focus on the function of SIRT1 in activated NSCs of the ageing mouse brain to investigate the relationship between the decreased DSBs and ageing. By conditionally knocking out Sirt1 in mouse NSCs, we started with the young mice and tried to explore the functions of SIRT1 protein in cell proliferation and DNA damage repair during ageing. 



[bookmark: _Toc112342675][bookmark: _Toc129821011]
4.3 Results
[bookmark: _Toc112342676][bookmark: _Toc129821012]4.3.1 Sirt1 loss promotes the proliferation of SVZ NSCs in young mice
We applied mice conditionally knocked out (cKO) of Sirt1 genes, specifically in NSCs, to investigate the effect of SIRT1 proteins on the DNA damage repair in NSCs located in the SVZs. We first tested the knockout efficiencies. Then, by immunostaining of the mice brain sections and the staining and the western blotting of the NSCs derived from the mice, we confirmed that Sirt1 had been successfully knocked out in NESTIN-positive NSCs (Figure 4.1 and Figure 4.2).  
We then exploited Ki67 immunostaining to mark the proliferative NSCs. By Ki67 and NESTIN colocalisation, we identified the proliferating activated NSCs. After one month of Sirt1 cKO, in SVZ, up to 38% of activated NSCs were Ki67 positive, whereas only 25% of activated NSCs were Ki67 positive in WT groups (Figure 4.3). On the other hand, we also observed higher proliferative levels of activated NSCs in the cKO group than in the WT group by in vitro cell culture (Figure 4.4). Moreover, the activated NSCs of the cKO group formed significantly more neurospheres than the WT group by neurosphere assays (Figure 4.5). In summary, the immediate effect of SIRT1 loss was to accelerate the proliferation of the activated NSCs. 
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Figure 4.1: The in vivo validation of NSC-specific Sirt1 knockout. The images depict the co-immunostaining of SIRT1 and NESTIN in the SVZ of wild-type (WT) and Sirt1 conditional knockout (cKO) mice following TAM treatment. 
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Figure 4.2: The in vitro validation of NSC-specific Sirt1 knockout. (A) In vitro validation of NSC-specific Sirt1 KO with immunostaining in cultured SVZ-derived NSCs. (B) In vitro validation of NSC-specific Sirt1 KO with immunoblotting in cultured SVZ-derived NSCs. Scale bars, 30 μm.
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Figure 4.3: The in vivo detection of the proliferation of SVZ NSCs with one-month loss of Sirt1. (A) Immunostaining for Nestin (green) and Ki67 (a marker of proliferating cells). (B) The quantification of the proliferative NSCs (Nestin+ Ki67+/Nestin+) in the SVZs of WT and Sirt1 cKO mice. The quantification was performed with the same way in Figure 3.6A. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 50 μm. * p<0.05, Student’s t-test.
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Figure 4.4: The in vitro detection of the proliferation of SVZ NSCs. (A) Immunostaining of Ki67 (red) on cultured SVZ NSCs. (B) The example of Ki67+ (pointed out with red triangles) and Ki67- (white triangles) NSCs for quantification. (C) The quantification of the proliferative NSCs (Ki67+ cell propotion). Five random fields of each sample were used for quantification in one experiment. Scale bars, 50 μm. * p<0.05, Student’s t-test. Three independent experiments were performed.
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Figure 4.5: The in vitro detection of the proliferation of SVZ NSCs with neurosphere formation assay. (A) The bright-field images of neurospheres. (B) The quantification of neurosphere numbers for cultured SVZ-derived NSCs from WT and Sirt1 KO mice. Three wells of each sample were used for quantification in one experiment. Scale bars, 50 μm. *** p<0.001, Student’s t-test. Three independent experiments were performed.
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4.3.2 Sirt1 loss accelerates the NSC pool shrinking of mice during ageing
We then studied the prolonged effects of Sirt1 loss in mice with age. After 12 months of Sirt1 deletion, we quantified the activated NSCs and their proliferation in the SVZs of the mice brains in WT and cKO groups. It showed that compared to the WT group, the number of activated NSCs in SVZs of cKO mice was about 30% less (Figure 4.6); among them, the number of Ki67 positive NSCs was about 25% less (Figure 4.7).
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Figure 4.6: The detection of the activated NSCs in mice SVZs with 12-month loss of Sirt1. (A) Immunostaining for Nestin (red) and Sox2 (green). (B) The example of Nestin+/Sox2+ (pointed out with white triangles) NSCs for quantification. The red triangles pointed out Nestin-/Sox2+ cells. (C) The quantification of the number of activated NSCs in the SVZs of WT and Sirt1 cKO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 50 μm. * p<0.05, Student’s t-test.
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Figure 4.7: The detection of the proliferative NSCs in mice SVZs with 12-month loss of Sirt1. (A) Immunostaining for Nestin and Ki67. (B) The quantification of the proliferative NSCs in the SVZs of WT and Sirt1 cKO mice. The quantification was performed with the same method in Figure 3.6A. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 50 μm. * p<0.05, Student’s t-test.
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4.3.3 Sirt1 ablation diminishes neurogenesis in ageing mice SVZs
We then tried to fathom how the NSC pool downsizing in mouse SVZs would affect the neurogenesis in the mouse brain. We managed to mark the SVZ NSCs and their descendants and trace their migration from the SVZ to the olfactory bulb (OB) using the GFP Tracing Technique, with which the cells expressed GFP at the same time when Sirt1 was knocked out (Figure 2.2) (Madisen, Zwingman et al. 2010). The rostral migratory stream (RMS) was considered one of the effective forms of adult neurogenesis and delineated the procedure of neuronal maturation from SVZ NSCs. 
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]We focused on the essential regions in the route of RMS and calculated the GFP-positive cells in SVZ, RMS and OB areas. We checked the GFP-positive NSCs 12 months post Sirt1 knockout and found that in all regions, there were significantly fewer GFP-positive cells in the cKO groups than in the WT groups (Figure 4.8). We also applied NeuN to identify the neurons among the GFP-positive cells in the OB and found that 90% of the positive signals overlapped in mice brains from either the cKO group or the WT group (Figure 4.9).
We launched behaviour tests to investigate further the physiological effects of neuronal loss in the OB of cKO mice. In this test, we examined the social transmission of food preference (STFP) in mice's social communications processes. While with no innate preference for either of the two flavoured food used for later tests, WT and Sirt1-KO mice showed no difference in the memory related social interaction, motor function and olfactory discrimination, as both groups interacted similarly with the demonstrators, climbed more times on the jars with cued food, and eat a comparable amount of total food (Figure 4.10). Six months after Sirt1 deletion, we noticed that cKO mice showed weaker olfactory memories than the WT mice; Twelve months after Sirt1 deletion, the weakening of olfactory memories became significantly more severe in the cKO group than in the WT group (Figure 4.11). 
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Figure 4.8: The detection of GFP traced SVZ NSCs and their descendants along SVZ-RMS-OB axis. (A) Images representing the coronal plane of SVZ, RMS, and OB of wild-type (WT) and Sirt1-knockout (cKO) mice with GFP tracing 12 months post tamoxifen administration. LV, lateral ventricle. CTX, cortex. A, anterior. P, posterior. (B) The quantification of the GFP positive cells in each area. Three coordinated sections from three mice for each group were used for quantification and statistical analysis. * p<0.05, *** p<0.001, **** p<0.0001, Student’s t-test.
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Figure 4.9: The detection of neurons in olfactory bulbs of GFP traced mice. Images represents the immunostaining for NeuN in olfactory bulbs. The white arrows indicate the GFP positive but NeuN negative cells. Scale bars, 50 μm.
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Figure 4.10: The behaviour analysis of mice in STFP assay. (A) WT and Sirt1 KO mice showed no preference for each of the two flavors before the test. (B) The number of sniffs of the demonstrator’s muzzle by WT and Sirt1 KO mice at 6-month and 12-month after tamoxifen introduction. (C, D) The jar climbs onto the jar containing the cued food and the jar containing the novel food of WT and Sirt1 KO mice. (E) The total food intake of WT and Sirt1 KO mice at 6- and 12-month time point. N=6 mice of mixed sex in A; N=6 mice of mixed sex for 6 months and N=8 for 12 months in B-E. 
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Figure 4.11: The food preference of mice in STFP assay. (A) The preference for novel food of WT and Sirt1-KO mice 6 months post tamoxifen administration. (B) The preference for novel food of mice 12 months post tamoxifen administration. (C) Two-way ANOVA for the preference for novel food of WT and Sirt1-KO mice at 6 and 12 months of age. In WT, there is little difference between 6 and 12 months, while significant increase of novel food intake between 6 and 12 months in Sirt1-KO mice. N=6 mice of mixed sexuality in A; N=8 mice of mixed sexuality in B. ns, not significant. * p<0.05. Student’s t-test for A and B, Two-way ANOVA for C. 
[bookmark: _Toc112342679][bookmark: _Toc129821015]
4.3.4 Sirt1 loss results in DSB repair defects in activated SVZ NSCs of mice
Next, we were curious about how Sirt1 deletion affects DSB repair in NSCs from the mouse SVZs. The DSBs in vivo were artificially induced by ionising radiation (IR) (Barazzuol, Rickett et al. 2015, Barazzuol and Jeggo 2016). With immunostaining of γH2AX, we found that, immediately after the IR treatment (3 hrs post-IR), widespread DSBs were spotted in SVZ NSCs of both WT and cKO mice (Figure 4.12). Four days after the IR treatment, most artificially induced DSBs had been repaired in the WT groups; however, significantly more DSBs remained in the cKO mice (Figure 4.13). We concluded that loss of SIRT1 protein might impair the capacities of DNA damage repair in SVZ NSCs. We also tested the IR induction of DSBs and the DSB recovery effects in vitro in mouse SVZ-derived NSCs. The DNA damage repair in the cKO NSCs was significantly less efficient than in the WT NSCs (Figure 4.14).
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Figure 4.12: The detection of DSBs in SVZ NSCs of mice 3 hrs post IR. (A) Immunostaining for Nestin and γ2HAX. (B) The quantification of the DSBs in SVZ NSCs of WT and Sirt1 cKO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 50 μm. Student’s t-test. Dr Chuanming Dong and Xianli Wang contributed to the immunohistochemistry in this result.
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Figure 4.13: The detection of DSBs in SVZ NSCs of mice 4 days post IR. (A) Immunostaining for Nestin and γ2HAX. (B) The quantification of the DSBs in SVZ NSCs of WT and Sirt1 cKO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 50 μm. ** p<0.01, Student’s t-test. Dr Chuanming Dong and Xianli Wang contributed to the immunohistochemistry in this result.
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Figure 4.14: The detection of DSBs in cultured SVZ NSCs treated with IR. (A) Immunostaining for γH2AX in cultured SVZ NSCs. (B) The quantification of the DSBs (number of γH2AX foci per cell) in NSCs before X-ray treatment. (C) The quantification of the DSBs in NSCs after X-ray treatment. Five random fields of each sample were used for quantification in one experiment. Scale bars, 10 μm. * p<0.05, ** p<0.01, Student’s t-test. Three independent experiments were performed.



We wondered if the deletion of Sirt1 would cause DSB accumulation in the NSCs of mice with age. Twelve months post Sirt1 knockout in mouse SVZ NSCs, up to 63% the NSCs were γH2AX positive, while in WT mice’s SVZs, only 52% of the NSCs were γH2AX positive (Figure 4.15). On the other hand, we speculated that cells that contained more DSBs were more apoptotic-prone. The result was that the apoptotic NSCs from Sirt1 cKO mice’s SVZs were four times more than their counterparts in WT mice (Figure 4.16). Such results indicate that the NSC pool downsizes after Sirt1 deletion could be caused by the DSB-related apoptosis. 
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Figure 4.15: The detection of DSBs in SVZ NSCs of mice 12 months post Sirt1 loss. (A) Immunostaining for Nestin and γ2HAX. The white triangles pointed out the γ2HAX-/Nestin+ cells. (B) The quantification of the DSBs in SVZ NSCs of WT and Sirt1 cKO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 20 μm. ** p<0.01, Student’s t-test.
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Figure 4.16: The detection of apoptosis of SVZ NSCs of mice 12 months post Sirt1 loss. (A) Immunostaining for Nestin and cleaved Caspase 3. (B) The quantification of the apoptotic SVZ NSCs of WT and Sirt1 cKO mice. The “thickness” in (B) refers to the whole SVZ along the posterior to the anterior direction (schematically represented in Figure 4.8A). For each mouse, all Caspase 3+ NSCs from five coronal sections (20 μm per section) were counted, and the quantification was performed using the total number of Caspase 3+ NSCs dividing 100 μm. Data from three mice of different groups were used for statistical analysis. Scale bars, 20 μm. ** p<0.01, Student’s t-test. 
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4.4 Discussion
In this chapter, we studied how Sirt1 loss affects NSC proliferation and DSB repair in the SVZ of young mice. 
Using the Nestin promoter drived expression of Cre recombinase, we successfully knocked out the Sirt1 gene in NESTIN-positive NSCs in mouse SVZ, as evidenced by no detectable SIRT1 protein in NESTIN-positive NSCs in vivo (Figure 4.1) and in vitro (Figure 4.2). It needs to be noted that we did not check the situation of mouse SGZ and GFAP-positive NSCs.
With these mice, firstly, we proved NSC proliferation was accelerated by Sirt1 deletion in young mice’s SVZs, determined mainly by Ki67 quantification in activated NSCs one month post Sirt1 loss in vivo (Figure 4.3) and in vitro (Figure 4.4). The results were consistent with one previous report (Ma, Yao et al. 2014). 
As ageing was our focus, we kept these mice for long-term analysis. However, when the Sirt1 cKO mice aged (12 months post Sirt1 loss), we noticed downsizing of the activated NSC pool (Figure 4.6 and Figure 4.7) and the relatively weakened neurogenesis through SVZ to RMS and OB (Figure 4.8). There were fewer neurons spotted in the OB regions of Sirt1 cKO mice. The results concluded that fewer GFP+ cells were observed in OB of Sirt1 cKO mice, and about 90% of GFP+ cells were NeuN positive for both WT and Sirt1 cKO mice (Figure 4.8 and Figure 4.9). Without verification, the GFP+/NeuN- cells could be neural progenitors or immature neurons. 
The finding of the decreased neuron production in OB of Sirt1 cKO mice was not consistent with a previous study that claimed no difference in the OB neurogenesis between WT and Sirt1 cKO mice with the same knock-out strategy (Victoria A. Rafalski 2013). The exploration for this could be the difference in the observation time between each other. We performed the analysis with mice with a 12-month loss of Sirt1, while Rafalski and colleagues analysed mice with a 1-month loss of Sirt1. As reckonning, we should have done the same analysis for reference.
We further observed a compromised olfactory memory in mice with Sirt1 loss using behaviour tests (Figure 4.10 and Figure 4.11), which could be the results of fewer neurons produced in OB of Sirt1 cKO mice, as SVZ and OB neurogenesis was thought to be critical for the maintenance of olfactory function (Enwere, Shingo et al. 2004, Feierstein, Lazarini et al. 2010). 
The above results demonstrated that the SIRT1 protein suppressed cell proliferation, and the loss of Sirt1 immediately promoted the proliferation of SVZ NSCs. However, after the Sirt1 knockout, we suspected overproliferated NSCs drained out the SVZ NSC pool in the ageing processes; therefore, the downsizing was captured. 
Subsequently, we noticed that SIRT1 protein played a vital role in DSB repair of activated NSCs of mice’s SVZs. The NSCs with Sirt1 loss displayed compromised repair ability for DSBs induced by radiation in vivo (Figure 4.12 and Figure 4.13) and in vitro (Figure 4.14). In the in vitro study, we observed that the DSBs in NSCs at 24 h post radiation treatment fallen even below the baseline level, which might be explained by the activation of DNA repair stimulated by the introduction of DSBs. 
Without Sirt1 expression, more DSBs had accumulated in the activated NSCs with age (12 months post Sirt1 loss) (Figure 4.15); at the same time, these NSCs were more prone to apoptosis (Figure 4.16). Our results are consistent with the reports which demonstrate that the SVZ NSCs are very sensitive to DSBs and undergo apoptosis (Achanta, Capilla-Gonzalez et al. 2012, Barazzuol, Rickett et al. 2015, Barazzuol and Jeggo 2016). It suggested that DNA damage-related apoptosis might contribute to the cell loss of the activated NSC pool in Sirt1 cKO mice. 
第6章 NSC中SIRT1蛋白上游及下游调控的分子机制
Chapter 4 SIRT1 in NSCs of Young Mice
In this chapter, we demonstrated that the SIRT1 protein suppressed the proliferation and promoted the repair of DSBs of mouse SVZ NSCs. Besides, we also found that SIRT1 absence could shrink the NSC pool size in SVZ by DSB-related apoptosis with age. The role of SIRT1 protein on proliferation and DSB repair explored here coincided with the observation in aged SVZ NSCs (lower proliferation and fewer DSBs) in the previous chapter, indicating the necessity for further study.    







[bookmark: _Toc112342681][bookmark: _Toc129821017]CHAPTER 5: SIRT1 Functions in Activated NSCs in SVZ of Ageing Mice
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5.1 Introduction
In the first results chapter, we found that in mouse brain SVZs, the activated NSCs became less proliferative as age grew, while the number of DSBs in these cells reduced. Such an observation contradicts one’s instinct that the genomes should have been more unstable amid the ageing process. 
In the second results chapter, we studied how Sirt1 loss affects NSC proliferation and DSB repair in young mice. We found that SIRT1 protein played an integral part in suppressing SVZ NSC proliferation and promoting DSB recovery in the brains of young mice, because of which SIRT1 absence led to an accelerated shrinking of the NSC pool size in SVZ with age. 
SIRT1 suppressed the proliferation and promoted the DSB repair of NSCs, and aged NSCs displayed lower proliferation and fewer DSBs. Hinted by such observations, we supposed that the SIRT1 protein in the activated SVZ NSCs of ageing mice brains might suppress the proliferation of the activated NSCs while promoting DSB-related DNA damage repair, leading to the observed phenotypes in NSCs of aged mice. 
[bookmark: _Toc112342683][bookmark: _Toc129821019]5.2 Aim
In this chapter, we aim to investigate how the SIRT1 protein affects the cellular processes, including cell proliferation and DSB repair in activated SVZ NSCs in ageing mice. 
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5.3 Results
[bookmark: _Toc112342685][bookmark: _Toc129821021]5.3.1 SIRT1 protein highly expresses in activated SVZ NSCs of ageing mice 
We first checked SIRT1 protein expression in activated NSCs from both young and old mice brain SVZs. SIRT1 protein expressions were examined in SVZ NSCs dissected from mice of different ages (1, 6, 12, 18 and 24 months old). With immunoblotting analysis, we noticed the trend where SIRT1 expression levelled up as age grew (Figure 5.1). 
We also applied Flow Cytometry in derived SVZ NSCs, and immunostaining in mice brain sections to test if SIRT1 expression level clustering exists within the total population of activated SVZ NSCs in both young and old mice. Instead of capturing any clustering of SVZ NSCs based on the SIRT1 expression level in the same age group, we noticed that SIRT1 expressed significantly higher in ageing mice SVZ NSCs than in younger mice (Figure 5.2 and Figure 5.3).
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Figure 5.1: Western blot analysis of SIRT1 expression in activated SVZ NSCs. (A) Representative images of western blot bands. (B) Quantification and analysis of the western blot relusts from three independent experiments. *p<0.05, ** p<0.01, Student’s t-test. 
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Figure 5.2: Flow cytometry analysis of SIRT1 expression in activated SVZ NSCs. (A) Representative flow cytometry analysis of NSCs stained with anti-SIRT1 antibodies. (B) Diagram of FITC (Fluorescein isothiocyanate) intensity analysis of NSCs. (C) Statistics of FITC intensities. 1 M, 1 month. 24 M, 24 months. Three samples for each group were used for statistical analysis. *** p<0.005, Student’s t-test.
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Figure 5.3: Immunostaining analysis of SIRT1 expression in activated SVZ NSCs. (A) Immunostainings of SIRT1 and NESTIN in SVZ sections of 1 and 24 months old mice. (B) The quantification and statistical analysis of SIRT1 fluorescence intensities in NSCs. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 50 μm. **** p<0.0001, Student’s t-test.
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5.3.2 Sirt1 loss promotes proliferation of activated SVZ NSCs in ageing mice
We knocked out Sirt1 in aged mice (22-month-old) and one month after Sirt1 deletion, the mice were sacrificed. The proliferation rate of the activated SVZ NSCs was indicated by Ki67 positivity. The immunostaining results showed that in the KO group, up to 32% of the NESTIN-positive NSCs were proliferative, whereas, in the WT groups, the overlapping rate was no more than 25% (Figure 5.4). Meanwhile, we applied BrdU to mark the cells under the S phase 2 hrs before the mice were sacrificed. We found there were more BrdU-positive cells in the KO mice SVZs instead of in the WT mice SVZs (Figure 5.5). The results suggest that the deletion of Sirt1 accelerated NSC proliferation in SVZs of ageing mice brains. 

[image: ]

Figure 5.4: The detection of the proliferative NSCs in ageing mice SVZs with 1-month loss of Sirt1. (A) Immunostaining for Nestin and Ki67. (B) The quantification of the proliferative NSCs in the SVZs of WT and Sirt1 KO mice. The quantification was performed with the same way in Figure 3.6A. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 20 μm. * p<0.05, Student’s t-test.
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Figure 5.5: The detection of the proliferative cells in ageing mice SVZs with BudU. (A) Immunostaining for BrdU. (B) The quantification of the BrdU positive cells in the SVZs of WT and Sirt1 KO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 200 μm. ** p<0.05, Student’s t-test. 
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5.3.3 Sirt1 loss dose not affect the neurogenesis of olfactory neurons from SVZ
We then tested how the increased proliferation of NSCs under Sirt1 loss affected the neurogenesis from SVZ to OB in ageing mice’s brains. At the same time as Sirt1 was knocked out, we exploited BrdU to label the NSCs in S phase. One month later, we calculated the total number of activated SVZ NSCs. The KO and WT groups showed no significant differences (Figure 5.6). Next, the immunostaining of BrdU in both groups showed that the intensity of neurogenesis from SVZ to OB was comparable (Figure 5.7). Thus, we concluded that Sirt1 deletion promoted the proliferation of SVZ NSCs but not the final neurogenesis in the OB. 
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Figure 5.6: The detection of the activated NSCs in ageing mice SVZs with 1-month loss of Sirt1. (A) Immunostaining for NESTIN and SOX2. (B) The quantification of the number of NSCs in the SVZs of WT and Sirt1 KO mice. The quantification was performed with the same way in Figure 4.6B. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 20 μm. Student’s t-test. 
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Figure 5.7: The detection of the BrdU labelled cells in ageing mice OBs with 1-month loss of Sirt1. (A) Immunostaining for BrdU. (B) The quantification of the BrdU positive cells in the OBs of WT and Sirt1 KO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 100 μm. Student’s t-test.
[bookmark: _Toc112342688][bookmark: _Toc129821024]
5.3.4 Sirt1 loss increases the accumulation of DSBs and the apoptosis of NSCs
We were curious why the increased activated NSC proliferation caused by Sirt1 deletion did not boost the neurogenesis in the OB of the aged brain. Previously it had been demonstrated that the ablation of Sirt1 heightened the DSB-related DNA damages and yet accelerated NSC apoptosis. Therefore, we inspected the DSBs in the activated NSCs and the apoptosis of these cells in the ageing brain SVZs one month after Sirt1 knockout. By immunostaining, more γH2AX positive cells were spotted among the activated SVZ NSCs in the cKO mice rather than in the WT mice brains (Figure 5.8). Meanwhile, apoptotic NSCs were almost four times higher in the KO groups than in the WT groups (Figure 5.9). We assume that the apoptosis caused by DNA damages had also compromised the NSC proliferation ranges uplifted by Sirt1 depletion.  
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Figure 5.8: The detection of the DSBs in SVZ NSCs in ageing mice with 1-month loss of Sirt1. (A) Immunostaining for NESTIN and γ2HAX. The white triangles pointed out the γ2HAX-/Nestin+ cells. (B) The quantification of the γ2HAX positive NSCs in the SVZs of WT and Sirt1 KO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 10 μm. ** p <0.01, Student’s t-test.
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Figure 5.9: The detection of the apoptotic cells in SVZ of ageing mice with 1-month loss of Sirt1. (A) Immunostaining for cleaved Caspase-3. (The immunostaining of Caspase-3 shown in the figure is overexposed.) (B) The quantification of the Caspase-3 positive cells in the SVZs of WT and Sirt1 KO mice. Three coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 20 μm. ** p <0.01, Student’s t-test.

Further, we recapitulated the experiments on an ionising radiation (IR) induced ageing model. The Sirt1 deleted mice underwent IR induction to produce severe DNA damage, especially DSBs (Figure 4.12 in Chapter 4). In a month, the mice were sacrificed. As to the young mice (2-month-old), when there were no DSBs artificially induced, we did not detect significant SVZ NSC pool size changes in both KO and WT groups a month after Sirt1 depletion (Figure 5.10). Whereas with IR induction, the number of SVZ NSCs in KO mice’s brains was about 30% less than in the WT mice (Figure 5.11). To this point, we can conclude that SIRT1 is vital for DSB-induced DNA damage repair. On the other hand, SIRT1 loss might impede the age-related DNA damage repair, leaving the DSBs to accumulate in the NSCs and cause apoptosis.
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Figure 5.10: The detection of the activated SVZ NSCs in young mice with 1-month loss of Sirt1. (A) Immunostaining for NESTIN and SOX2. (B) The quantification of the number of NSCs in the SVZs of WT and Sirt1 KO mice. The quantification was performed with the same way in Figure 4.6B. Five coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 30 μm. Student’s t-test.
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Figure 5.11: The detection of the activated SVZ NSCs in IR treated young mice with 1-month loss of Sirt1. (A) Immunostaining for NESTIN and SOX2. (B) The quantification of the number of NSCs in the SVZs of WT and Sirt1 KO mice. The quantification was performed with the same way in Figure 4.6B. Five coordinated sections from each mouse were used for quantification. Data from three mice of different groups were used for statistical analysis. Scale bars, 30 μm. * p<0.05, Student’s t-test. 
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5.3.5 Sirt1 loss compromises the NHEJ repair in activated SVZ NSCs
We then tested the efficiency of the HR and NHEJ repair in activated SVZ NSCs affected by Sirt1 loss. NSCs were derived from the SVZ region of young mice brains and then underwent the HR/NHEJ repair efficiency test. It showed that the NHEJ efficiency was 40% lower in the Sirt1 cKO groups than in the WT groups. Nevertheless, the repair efficiency of HR was not affected by the knockout of Sirt1 (Figure 5.12).
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Figure 5.12: The detection of the HR and NHEJ repair in activated SVZ NSCs of young mice with 1-month loss of Sirt1. (A) The HR repair efficiency of the cultured activated NSCs from SVZs of WT and Sirt1 KO mice. (B) The NHEJ repair efficiency of the cultured activated NSCs from SVZs of WT and Sirt1 KO mice. Triplicates for each group. ** p<0.01, Student’s t-test. Three independent experiments were performed.
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5.4 Discussion
In this chapter, we studied the functions of SIRT1 protein in activated NSCs of ageing mice brains. Firstly, we noticed that the expression of SIRT1 protein was heightened as age grew in cultured activated NSCs (Figure 5.1). There would be two different reasons for the higher expression of SIRT1 protein in aged activated NSCs. One is that the expression of SIRT1 protein is universally higher in aged activated NSCs. The other is that the activated NSCs could be devided into two subpopulations, namely SIRT1 high and SIRT1 low NSCs. The proportion of the SIRT1 high NSCs may be higher in aged NSCs than that in young ones. The results of our analysis in vitro (Figure 5.2) and in vivo (Figure 5.3) supported that SIRT1 protein was universally higher in aged activated NSCs.
Secondly, we proved that in activated SVZ NSCs of aged mice brains, the Sirt1 loss also promoted cell proliferation (Figure 5.4 and Figure 5.5), which was consistent with the findings in young mice (Chapter 4, Figure 4.3). It should be noted that the immunostaining of NESTIN should have been performed in our results concerning BrdU analysis (Figure 5.5), without which we could not term the BrdU+ cells as NSCs. 
Meanwhile, we observed that with only one month loss of Sirt1 in aged mice, the DSB-related DNA damages were worsened (Figure 5.8). This should be distinguished from the findings in young mice, where the worsened DSBs were found in mice with 12-month-loss (Chapter 4, Figure 4.15). Additionally, Sirt1 loss compromised the NHEJ repair in activated SVZ NSCs with little impact on HR (Figure 5.12), which coincidently applied to the increased NHEJ and decreased HR in aged NSCs (Chapter 3, Figure 3.10). 
It is now illustrated that the uprising expression of SIRT1 suppresses the proliferation of activated SVZ NSCs while enhancing the DNA repair of DSBs due to ageing in mice brains. As a result, we observed that DSBs were reduced while NSC became less proliferative in the activated SVZ NSCs of ageing mice’s brains. 
Our study also showed that although Sirt1 depletion gained proliferation of the NSCs, the neurogenesis did not rise as expected (Figure 5.6 and Figure 5.7). Given SIRT1’s crucial function in DSB repair, as the Sirt1 has been knocked out, the un-repaired DSBs could cause cells to be apoptotic. As to DSBs induced by IR, SIRT1 loss could cause the SVZ NSC pool to drain quickly in younger mice (Figure 5.10 and Figure 5.11). We indeed observed more apoptotic cells in the SVZ of aged mice with Sirt1 loss (Figure 5.9). It should be noted that the immunostaining of NESTIN should have been performed to confine NSCs, and the images were over-exposed (Figure 5.9). 
Overall, our results linked the role of SIRT1 protein with the regulation of proliferation and DSB repair in SVZ NSCs during ageing in mice. In young mice, where DSBs are less introduced by the microenviroment, SIRT1 surpresses the excessive proliferation and promotes the DSB repair of NSCs to prevent the exhaustion of SVZ NSC pool. With age, when the microenviroment is more harmful to the survival of NSCs, e.g. much more DSB stimulus, the up-rising SIRT1 protein mainly confront DSBs, which surpresses the proliferation of NSCs inevitably. 
The surpression of NSC proliferation by SIRT1 in aged mice seems harmful to neurogenesis and benificial to ageing, then we may expect that the inactivation of SIRT1 in SVZ NSCs of aged mice would stimulate neurogenesis. However, the results reached out of our expectation. We would speculate that the increased proliferative NSCs were consumed by DSB induced apoptosis in aged mice with Sirt1 loss, which ultimately made few contributions to OB neurogenesis. To conclude, our data demonstrated the protection role of SIRT1 in SVZ NSCs during ageing in mice.
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6.1 Introduction
In previous chapters, we illustrated that the SIRT1 protein was crucial in the activated SVZ NSCs of young and ageing mice. In NSCs from younger mice, the SIRT1 protein represses the proliferation of the activated SVZ NSCs while promoting the DSB repair in the activated NSC population. Doing so protects the NSC pool in the SVZ of the mouse brain from early exhaustion. Compared to the younger mice, the expression level of SIRT1 protein is even higher in the ageing mice NSCs to cope with the ageing-related DNA damage risks. It is the robustly functioning SIRT1 that reduces the DSBs by enhancing the NHEJ repair, consequently halting cellular proliferation. 
The regulation of cell proliferation and DNA repair by SIRT1 has been extensively studied. For example, NOTCH signalling is essential for the maintenance of the active NSCs (Imayoshi, Sakamoto et al. 2010, Basak, Giachino et al. 2012); it is then proved that SIRT1 deacetylates notch intracellular domain (NICD) in endothelial cells (Guarani, Deflorian et al. 2011) and the effect of increased proliferation caused by SIRT1 inactivation can be diminished by the inhibition of NOTCH in mouse NSCs (Ma, Yao et al. 2014). Moreover, SIRT1 deacetylates many proteins that directly participate in DSB repairs, such as WRN, NBS1 and RAD51 for HR repair and KU70 for the NHEJ repair (Cohen, Lavu et al. 2004, Jeong, Juhn et al. 2007, Yuan, Zhang et al. 2007, Li, Casta et al. 2008, Oberdoerffer, Michan et al. 2008). 
Besides regulating molecules by the SIRT1 protein, the product of the Sirt1 gene is regulated at different levels. At the mRNA level, the transcription of Sirt1 is promoted by transcription factors like E2F1 and FOXO1 and inhibited by PPAR and HIC1 (Chen, Wang et al. 2005, Wang, Chen et al. 2006, Han, Zhou et al. 2010, Feng Zhang 2011, Xiong, Salazar et al. 2011). On the other hand, at the protein level, the activity of SIRT1 is activated by SUMOylation and JNK1 phosphorylation and inhibited by DBC1 (Beausoleil, Jedrychowski et al. 2004, Yang, Fu et al. 2007, Kim, Chen et al. 2008, Zhao, Kruse et al. 2008). Besides, the SIRT1 protein can be degraded by ubiquitylation and proteasomes (Ren, Chen et al. 2019). 
[bookmark: _Toc112342693][bookmark: _Toc129821028]6.2 Aim
Confirmed the cellular phenotypes induced by Sirt1 loss in young and ageing mice NSCs in vivo and in vitro, we wondered how SIRT1 protein functioned as a bona fide deacetylase in its related upstream and downstream pathways in the ageing NSCs. We then tried to explain how SIRT1 interact with the essential proteins that regulate cell proliferation and DNA damage repair and how the SIRT1 protein expresses higher in aged NSCs. In this chapter, we focused on the molecular mechanism involving SIRT1 with the help of high-throughput sequencing and comparative biochemical methods. 
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6.3 Results	
[bookmark: _Toc112342695][bookmark: _Toc129821030]6.3.1 Transcriptomic and proteomic analysis of the activated SVZ NSCs of Mice
We compared the gene expression in activated SVZ NSCs from various age groups (including 1,7,17 and 24 months old mice) with the embryo SVZ NSCs by transcriptomic analysis based on high-throughput RNA sequencing. The neural development-related genes were significantly downregulated in the activated NSCs of the one-month-old mice compared to that in the embryo mice (Figure 6.1). However, few differentially expressed genes were seen between 1-month-old and 24-month-old mice NSCs (Figure 6.2). We also launched the proteomic analysis in NSCs from mice aged seven days postnatal, 1-month and 24 months. Compared to the neonatal mice, most downregulated proteins in 1-month NSCs were connected to the nervous system development (Figure 6.3). Moreover, few proteins displayed significant expression differences between NSCs from 1-month and 24-month-old mice (data not shown). We then chose some candidates that matched our interests and verified their expression at the mRNA and protein level in the activated NSCs derived from mice with 1- and 24-month old (Figure 6.4).
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[bookmark: OLE_LINK56]Figure 6.1: The gene expression analysis of activated SVZ NSCs from embryonic and 1-month old mice. (A) Heatmaps of the differentially expressed genes. (B) Gene Ontology (GO) Enrichment Analysis of the differentially expressed genes. (C) Heatmaps of the differentially expressed genes correlating to neural development. E, Embryonic mice; 1 M, 1-month old mice.
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Figure 6.2: The gene expression analysis of activated SVZ NSCs from mice with different ages. Heatmaps of the differentially expressed genes among different age groups (1-, 7-, 17-, 24-month).  
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Figure 6.3: The GO analysis of the differentially expressed proteins between NSCs from postnatal and 1-month-old mice. The top 20 terms enriched in the GO analysis were shown. 
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Figure 6.4: The expression analysis of the candidates in activated SVZ NSCs from mice with 1- and 24-month old. (A) The mRNA expression detected by RT-qPCR. (B) The protein expression detected by western blot. Triplicates of each gene for each sample were used for statistical analysis. ***p<0.005, Student’s t-test. 
[bookmark: _Toc112342696][bookmark: _Toc129821031]
6.3.2 SIRT1 suppresses proliferation by deacetylating NICD
It has been reported that the SIRT1 protein represses the NOTCH pathway to hold back cell proliferation of NSCs in mouse SGZ (Ma, Yao et al. 2014). We supposed that this observation could be consistent in activated SVZ NSCs. Thus in Sirt1 knockout (KO) and overexpression (OE) NSCs of mice, we studied the expression and acetylation level of notch intracellular domain (NICD), which regulates the transcriptomic activity of NOTCH proteins. In the KO group, NICD expression was up-regulated while its lysine acetylation (K-Ace) was enhanced (Figure 6.5A); Nevertheless, in the OE group, the opposite tendency was witnessed in NICD expression and the K-Ace levels (Figure 6.5B). Further, we exploited the Co-immunoprecipitation (Co-IP) technique to capture the interactions between SIRT1 and NICD (Figure 6.6). Conversely, we applied DAPT as an NICD antagonist to the NSCs to repress cell proliferation. DAPT treatment eliminated the differences in cell expansion caused by SIRT1 KO or OE (Figure 6.7). To conclude, SIRT1 proteins regulate NSC proliferation by directly deacetylating NICD.
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Figure 6.5: SIRT1 downregulates the acetylation of NICD in activated SVZ NSCs. (A) The detection of NICD and its acetylation by western blot after NICD was immunoprecipitated from WT and Sirt1 KO NSCs. (B) The detection of NICD and its acetylation by western blot after NICD was immunoprecipitated from control and Sirt1 OE NSCs. The green triangle pointed out the overexpressed SIRT1 with the GFP tag, and the red triangle pointed out the endogenous SIRT1 protein (the primary band could be cut off, which made the band almost invisible). Separate blots were performed for SIRT1 (~110 kDa), NICD (~110 kDa) and K-Ace detection for the same samples.
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Figure 6.6: SIRT1 interacts with NICD in activated SVZ NSCs. (A) The western blot analysis of the immunoprecipitates by anti-SIRT1 antibodies in activated SVZ NSCs. (B) The western blot analysis of the immunoprecipitates by anti-NICD antibodies in activated SVZ NSCs. Separate blots were performed for SIRT1 (~110 kDa) and NICD (~110 kDa) detection for the same samples.
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Figure 6.7: The NICD inhibitor surpress the proliferation of activated SVZ NSCs. (A) The neurosphere formation of activated SVZ NSCs with Sirt1 KO or OE under DAPT (NICD inhibitor) treatment. (B) The quatification of neurosphere number of each group. Three independent experiments were performed for statistics. ** p<0.01, Student’s t-test. 
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6.3.3 SIRT1 promotes DSB repair by deacetylating KU70
According to our previous study, SIRT1 loss causes the deficiency of NHEJ DNA repair in activated NSCs of mice. Thus we decided to study the KU70 (also named XRCC6) and SIRT1 interactions in the activated NSCs of mice as it has been reported that SIRT1 deacetylated KU70 affects NHEJ repair (Jeong, Juhn et al. 2007). First, we proved that mouse NSC's endogenous KU70 and SIRT1 interact post IR DSB inductions by immunoprecipitation (Figure 6.8). Next, we also examined the deacetylation of KU70 by SIRT1. Under induced DNA lesion, the level of KU70 acetylation on lysine residue was increased in SIRT1 KO but reduced in SIRT1 OE NSCs (Figure 6.9). Then we tested the DNA repair efficiency on the DSBs by checking the recovery of γH2AX. The outstanding amount of γH2AX could be time-dependently diminished due to the progress of the DNA repair after the end of the IR procedure. We noticed that the velocity of γH2AX clearance was faster in the SIRT1 OE NSCs than in the SIRT1 KO NSCs (Figure 6.10). It is deducible that SIRT1 could promote the repair of DSBs in the NSC genomes.
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Figure 6.8: SIRT1 interacts with KU70 in activated SVZ NSCs. (A) The western blot analysis of the immunoprecipitates by anti SIRT1 antibodies in activated SVZ NSCs under IR treatment. (B) The western blot analysis of the immunoprecipitates by anti NICD antibodies in activated SVZ NSCs IR treatment.
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Figure 6.9: SIRT1 downregulates the acetylation of KU70 in activated SVZ NSCs. (A) The detection of KU70 and its acetylation by western blot after KU70 was immunoprecipitated from WT and Sirt1 KO NSCs. (B) The detection of KU70 and its acetylation by western blot after KU70 was immunoprecipited from control and Sirt1 OE NSCs. The two bands of SIRT1 in WT of (A) showed the results from normal condition where the electrophoresis was performed for enough long time during the western blotting procedure. The lower bands of SIRT1 in (B) indicated the endogenous SIRT1 (red triangles) and the upper band of SIRT1 in OE represented the overexpressed SIRT1 with GFP tag (green triangles). The upper band of SIRT1 in CT of (B), which should not be there, could be the contamination caused by leaked sample from the next well during electrophoresis.
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Figure 6.10: SIRT1 enhances the DSB repair in activated SVZ NSCs. (A) The western blot analysis of γH2AX expression in activated SVZ NSCs post IR treatment. (B) The quatification and statistical analysis of western blot results. For quantification, all γH2AX bands were first normalized to their ACTB, then different time points were normalized to time 0. Results form three independent experiments were used for statistical analysis. Linear regression was performed for different groups and the slopes were calculated, the slope difference between every two groups was shown.  
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6.3.4 Ubiquitin proteasome mediated SIRT1 degradation in activated NSCs
We also found that the SIRT1 protein level raised as age grew in mice NSCs, notwithstanding the SIRT1 mRNA quantity plateaued. The rising level of SIRT1 protein, therefore, might not be mainly directed by its transcription. It has been reported that the homeostasis of proteins could be disturbed in ageing processes. Besides, the SIRT1 protein degradation is regulated by ubiquitylation and proteasomes (Ren, Chen et al. 2019). We then speculated that the modulation of SIRT1 protein degradation might contribute to the SIRT1 protein accumulation. We first applied Cycloheximide (CHX) to forbid all protein synthesis in the activated NSCs derived from mice SVZs. As the CHX processing went on, the quantity of SIRT1 protein dropped (Figure 6.11A). Next, we applied Chloroquine (CHQ) and MG132 to constrain the activity of lysosome and ubiquitin-proteasome. After MG132 treatment, SIRT1 protein quantity levelled up (Figure 6.11B). This result demonstrated that ubiquitylation was the major pathway of SIRT1 degradation. Further, we enriched the SIRT1 protein with the immunoprecipitation from the mice NSCs after MG132 treatment. A significant rise in SIRT1 ubiquitylation was observed (Figure 6.11C). These results indicated that SIRT1 could be degraded by ubiquitylation and proteasomes in mice NSCs.  
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Figure 6.11: SIRT1 is degraded by proteasome in activated SVZ NSCs. (A) The western blot analysis of SIRT1 protein in activated SVZ NSCs treated with Cycloheximide (CHX). (B) The western blot analysis of SIRT1 protein in activated SVZ NSCs treated with Chloroquine (CHQ) and MG132. (C) The western blot analysis of the ubiquitination of SIRT1 protein in activated SVZ NSCs treated with MG132. Note that the IgG control IP should have been performed.
 
After illuminating that the primary degradation pathway of SIRT1 was ubiquitylation, we investigated the extent of SIRT1 degradation in activated NSCs derived from young and ageing mice. Post CHX treatment, the SIRT1 protein degraded faster in NSCs from 1-month old mice than the 24-month old mice (Figure 6.12A, B). Additionally, we tested the ubiquitylation level of the SIRT1 found that the ubiquitylation of SIRT1 protein in NSCs from the ageing mice was much lower than in the young mice (Figure 6.12C). These results indicated that the slowdown of protein degradation causes SIRT1 to remain more in ageing mice NSCs than in the young mice. 
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Figure 6.12: SIRT1 is less degraded in ageing activated SVZ NSCs. (A) The western blot analysis of SIRT1 protein in young (1-month old) activated SVZ NSCs treated with Cycloheximide (CHX). (B) The western blot analysis of SIRT1 protein in ageing (24-month old) activated SVZ NSCs treated with CHX. (C) The quatification and statistical analysis of western blot results. For quantification, all SIRT1 bands were first normalized to their ACTB, then different time points were normalized to time 0. Results form three independent experiments were used for statistical analysis. Linear regression was performed for different groups and the slopes were calculated, the slope difference between two groups was shown. (D) The western blot analysis of the ubiquitination of SIRT1 protein in young and ageing activated SVZ NSCs treated with MG132. Note that the IgG control IP should have been performed.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]
As a deacetylase, SIRT1 integrates deeply in energy metabolisms by deacetylating the PGC1A (Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-Alpha), a central inducer of mitochondria biogenesis (Mouchiroud, Houtkooper et al. 2013, Fang, Scheibye-Knudsen et al. 2014). We noticed that in mice NSCs, SIRT1 overexpression gained the PGC1A protein level and lowered its acetylation (Figure 6.13A). It has been proven that the SIRT1 protein activity depends on the NAD+ (Nicotinamide Adenine Dinucleotide) level (Lautrup, Sinclair et al. 2019). Moreover, the NAD+ level in the ageing nervous tissue is much lower than in the young (Fang, Lautrup et al. 2017, Yoshino, Baur et al. 2018). According to our study, in NSCs of ageing mice, the expression level of NMNAT1 (Nicotinamide Mononucleotide Adenylyl Transferase 1) was relatively low (Figure 6.4). Thus there were smaller amounts of NAD+ to be synthesised.
The SIRT1 protein could be activated by promoting NAD+ synthesis. We supplemented the NMN (Nicotinamide Mononucleotide), an intermediate of NAD+, to increase NAD+ production. Although NMN supplements have drastically upregulated the level of PGC1A protein, it costs a considerable amount (up to 200M) of NMN for PGCA1 protein in the WT NSCs to catch up with the average expression level in the SIRT1 OE group (Figure 6.13B). On the other hand, the Hu (Hydroxyurea) induced DNA damage could decrease the PGC1A level. However, when treated with the Hu, we found that in NSCs with SIRT1 overexpression, the PGC1A protein level was not dramatically affected (Figure 6.13C). In summary, the relatively high level of SIRT1 expression in the ageing mice NSCs probably plays a vital role in metabolism. 
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Figure 6.13: SIRT1 regulates PGC1A in activated SVZ NSCs. (A) The western blot analysis of PGC1A protein and its acetylation in activated WT and SIRT1 OE SVZ NSCs. (B) The western blot analysis of PGC1A protein in activated SVZ NSCs treated with NMN (Nicotinamide Mononucleotide). (C) The western blot analysis of PGC1A protein in activated SVZ NSCs treated with Hu (Hydroxyurea). The bands of the endogenous SIRT1 (pointed out with red triangles) and the GFP Tagged SIRT1 (pointed out with red triangles) were well distinguished in (B). They were undistinguishable and the bands of the endogenous SIRT1 were nearly invisible in (A) and (C), which could be caused by insufficient separation during electrophoresis along with the high signal of the GFP tagged SIRT1. 
[bookmark: _Toc112342699][bookmark: _Toc129821034]
6.4 Discussion
In this chapter, we first examined the gene and protein expression in activated NSCs from mice of different ages by transcriptomic (Figure 6.1 and Figure 6.2) and proteomic (Figure 6.3) analysis. Only two replicates for each group were employed for analysis, which should be treated as the limitation of the study. Take the difference between activated NSCs of the one-month-old mice and the embryo mice as proof of the analysis. Only a few differentially expressed molecules had been captured between activated NSCs of young and aged mice. The results were consistent with a previous study demonstrating that significant gene expression differences existed between different subpopulations of NSCs but not the same population of different ages (Leeman, Hebestreit et al. 2018). 
Still, we exploited these hints and illuminated that the SIRT1 protein in the NSCs regulates cellular proliferation by deacetylating NICD (Figure 6.5, Figure 6.6 and Figure 6.7) and NHEJ repair by deacetylating KU70 (Figure 6.8, Figure 6.9 and Figure 6.10). We performed the loss of (NSCs from Sirt1 knock-out mice) and the gain of (NSCs overexpressed with lentiviral SIRT1) function of SIRT1 protein in NSCs to evaluate the deacetylation of targets by SIRT1. It should be noted that the viral vectors were not titrated in our study, which should have been performed to ensure the best transduction results and to minimise the variation among batches. 
There was some inconsistency concerning bands of endogenous SIRT1 in our western blotting results, which could be caused by different separating times of electrophoresis during the western blotting procedure, such as only one band in Figure 6.8A with a short separating time and two bands in Figure 6.9A with long separating time. The other inconsistency concerned the disappearance of the bands of endogenous SIRT1, which could be caused by the short separating time in electrophoresis along with the inappropriate cutting of membrane before western blottings, such as the difference between Figure 6.13A and Figure 6.13B. Therefore, consistency should have been maintained among all western blotting procedures to avoid misunderstanding. 
We also clarified that the relatively high SIRT1 protein level in the activated NSCs from the ageing mice could be caused by the decreased degradation by ubiquitin-proteasome. With immunoprecipitation (IP) of SIRT1 following western blotting analysis, we found significantly increased ubiquitination of SIRT1 in NSCs treated with MG132 (Figure 6.11), an inhibitor of ubiquitin-proteasome, and decreased ubiquitination of SIRT1 in aged NSCs (Figure 6.12). However, it needs to be noted that the IgG control IP, which is missing in our experiments, should have been performed. 
Many details in the SIRT1 ubiquitination still need to be explained, for instance, the processes of E3 ligase working on the SIRT1 protein, the ubiquitin sites of SIRT1 and other post-translational modification (PTM) that would affect SIRT1 ubiquitination. Furthermore, given the actual function of SIRT1 as a deacetylase, the reason for its expression fluctuations in NSCs could be intensively regulated by the PTM system instead of at the transcription level.  
We briefly described how SIRT1 affected the energy metabolisms by deacetylating and regulating the activity of the metabolic-related proteins, i.e. PGC1A, a central inducer of mitochondria biogenesis (Figure 6.13). In the unavoidable ageing process, cells must cope with unfavourable conditions. By studying the coping mechanisms, we may finally grab the chance to reverse ageing. However, this part merits further investigation. 
In summary, we demonstrated that in mice SVZ NSCs, SIRT1 deacetylated the NICD proteins and subsequently suppressed cell proliferation; on the other hand, the KU70 protein was also deacetylated by SIRT1, which was related to the activation of DSB repair. The higher quantity level of SIRT1 proteins in NSCs derived from more aged mice might be caused by the compromised efficiency of ubiquitin-proteasome mediated SIRT1 degradations.
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7.1 Discussion
[bookmark: _Toc112342702][bookmark: _Toc129821037]7.1.1 Decreased proliferation and DSBs in activated SVZ NSCs of Ageing Mice
The SVZ NSCs in mice brains are heterogenous based on their phases and future lineages. As a result, these NSCs could be characterised by many antibodies. NESTIN and SOX2 have been widely accepted as general markers of the embryo and adult NSCs (Lendahl, Zimmerman et al. 1990, Graham, Khudyakov et al. 2003, Imayoshi, Sakamoto et al. 2011, Pastrana, Silva-Vargas et al. 2011). As research in this area approaches, the SVZ NSCs have started to be divided into activated and quiescent groups according to their proliferating status. It has been shown in these studies that the NESTIN protein is only significantly expressed in the activated NSCs (Codega, Silva-Vargas et al. 2014). Thus, we exploited NESTIN as a marker of the activated NSCs.
The activation and quiescence status of NSCs can be interchangeable. The quiescent NSCs could transfer to activated NSCs when treated with EGF (Epidermal growth factor). In contrast, the inverse transfer could be induced by BMP (Bone morphogenetic protein) (Doetsch, Petreanu et al. 2002, Pastrana, Cheng et al. 2009, Mira, Andreu et al. 2010). So we applied an EGF/BMP inducing system to modulate the NSC status transfer in vitro (Sun, Hu et al. 2011, Martynoga, Mateo et al. 2013). 
In this study, we cultured the NSCs derived from the mice SVZs and tested the quiescence and activation transfer in vitro. We also proved that such transitions could be reversible by EGF/BMP inductions. The NSCs underwent the quiescent and activation transition and could still be differentiated into neurons, astrocytes and oligodendrocytes separately. With in vitro culturing system, we identified the activated NSCs with NESTIN+/SOX2+ colocalisation and the quiescent NSCs with GFAP+/SOX2+. 
With the characterising system, we tested the proliferation and DNA damage in NSCs from mice of different age groups. It showed that in the NSCs derived from the ageing mice SVZ, the proliferation and the DSB level was lower than in the younger groups. Besides, the activated NSC were thought to be more sensitive to DSBs (Barazzuol, Ju et al. 2017). As a result, we focused more on the activated NSCs. 
We then tried to elucidate the decreased DSBs in the NSCs of aged mice. One of the explanations was that as age grew, the rate of proliferation slowed down; thus, the DNA helices of these aged NSCs were less likely to duplicate themselves, and therefore, the genome became dormant. Besides, DNA replications generate DSBs. It has previously been reported that in the embryo NSCs, much more DSBs are spotted compared to the adult NSCs (Barazzuol, Rickett et al. 2015). In another report, the replication-related DSBs in NSCs are more likely to be captured in particular large-sized genes that participate in brain functions (Wei, Chang et al. 2016). Several pieces of research show that γH2AX, the DSB flag, suppresses SVZ NSC proliferation in embryo or adult mice brains (Stucki and Jackson 2006, Andäng, Hjerling-Leffler et al. 2008, Fernando, Eleuteri et al. 2011). In our study, among the activated NSCs, the γH2AX positive cells doubled the number of proliferative cells. On the other hand, with the loss of SIRT1 protein in the activated NSCs, the DSBs reduced while the cells became more proliferative. Such contradictory results indicated that the reason for the downgrading DSBs in the activated NSCs from ageing mice could be more complicated than a lower proliferation rate.
There is another possibility. The NSCs harbouring greater DSBs might be eliminated by apoptosis, whereas the NSCs with fewer DSBs could survive. It has also been reported that the adult NSCs were particularly sensitive to DSB-triggered apoptosis, which supported this possibility (Barazzuol, Rickett et al. 2015). In addition, we found that the upgraded SIRT1 protein helped the ageing NSCs repair DSBs to forbid possible apoptosis. Consequently, due to senescence, the NSC niche would not be exhausted too soon. 
[bookmark: _Toc112342703][bookmark: _Toc129821038]7.1.2 The exhaustion of NSCs due to proliferation and accumulation of DSBs in ageing mice
Our tests validated that the SIRT1 protein deacetylated NICD to repress the proliferation of the activated NSCs. NICD comprises the intracellular part of the NOTCH protein as a subunit. When NOTCH is triggered by ligand combination, NICD cleaves from the NOTCH molecule and enters the NSC nuclear to upregulate the expression of proliferation-related genes (Artavanis-Tsakonas, Matsuno et al. 1995, Mumm and Kopan 2000). So that the NOTCH pathway maintains NSC proliferation; on the other hand, NOTCH1 deletion prevents NSCs from generating, hence the long-term (Imayoshi, Sakamoto et al. 2010, Basak, Giachino et al. 2012). Furthermore, research demonstrated that SIRT1 deacetylate NICD accelerates its degradation in the endothelial cells (Guarani, Deflorian et al. 2011). It has also been reported that the SIRT1 protein might suppress the NOTCH pathway to downscale the proliferation of NSCs in mice SGZ (Ma, Yao et al. 2014). Together with these findings, we could confirm that the effect of SIRT1 deacetylating NICD is to repress NSC proliferation.
In the activated NSCs of the young mice, the imminent consequence of the SIRT1 protein depletion was to accelerate cellular proliferation; howbeit, prolonged SIRT1 deficit impedes neurogenesis in the whole region of SVZ. The activated NSCs and the newly generated OB neurons were reduced in number. It has been reported that the loss of proliferation inhibitive proteins, such as γH2AX and PTEN, could temporally promote NSC proliferation and neurogenesis (Gregorian, Nakashima et al. 2009, Fernando, Eleuteri et al. 2011). Numerous studies showed that the over-activation of quiescent NSCs could quickly discharge the NSC niche in the ageing process; nevertheless, few studies have focused on the population of the existing activated NSCs in the neurogenesis compartments (Encinas and Sierra 2012). The activated NSCs do not linger in the SVZ niche; once activated, they would soon amplify and be consumed (Calzolari, Michel et al. 2015, Basak, Krieger et al. 2018, Obernier, Cebrian-Silla et al. 2018). Our study also supported the theory that most of the activated NSCs in the adult SVZ became self-renewal and progenerated to cause the erosion of the SVZ NSC pool. It can be deduced that activated NSCs should be proliferative to maintain neurogenesis; at the same time, over-proliferation must be prohibited to disturb the homeostasis of the NSC niche.
Our study also revealed that the DNA damage responses of the NSC DSBs were crucial to preserving the SVZ NSC niche and neurogenesis. The absence of SIRT1 in the NSCs could cause DSBs to upgrade in NSCs, making these cells prone to apoptosis. One study illustrated that a modest amount of DSBs leads adult NSCs to apoptosis (Barazzuol, Rickett et al. 2015). Senescence per se weakens NSC’s capacity to cope with the increasing turbulences on its genome (Jin 2010, Mattson and Arumugam 2018). We proved that as ageing progress, NSC SIRT1 loss in the early life of mice triggers a high level of SVZ NSC apoptosis. Such an effect intruded the neurogenesis, although a wave of NSCs generated due to the absence of SIRT1. Even if the deletion of SIRT1 in the activated NSCs was conducted after mice ageing, DSBs significantly increased and stimulated apoptosis. Over and above that, after the IR treatment, intense DSBs combined with the depletion of SIRT1 in young mice NSCs caused an acute diminishment of the activated NSC numbers in SVZ and neurogenesis rates in the OB. Not only had we proved that activated NSCs were highly sensitive to DSBs, but also the protective function of SIRT1 toward the activated NSCs by supporting DSB repair.
We demonstrated that NSCs became more apoptosis prone after SIRT1 knockout. Therefore, we proposed that SIRT1-induced DSB repairs protected cells from apoptosis. We found that SIRT1 advanced NHEJ repair in the NSCs; these results were consistent with our observations of the high NHEJ repair efficiencies and the rising SIRT1 protein levels in the ageing groups of NSCs. Further, we elucidated the direct interaction between SIRT1 and KU70 and illuminated that SIRT1 deacetylated KU70. It had been widely accepted that KU70 functions as an initiation factor of the NHEJ repair procedures, yet its deacetylation on lysine residue is vital for its operations to proceed (Jeong, Juhn et al. 2007). In addition, SIRT1 deacetylates KU70 to regulate the BAX-induced apoptosis (Cohen, Lavu et al. 2004, Cohen, Miller et al. 2004). Thus we have illustrated the molecular mechanisms of the protective effect of the SIRT1 protein in the NSCs. 
[bookmark: _Toc112342704][bookmark: _Toc129821039]7.1.3 The upregulated SIRT1 protein in activated NSCs of ageing mice SVZs 
We demonstrated that the SIRT1 protein expression was higher in the SVZ NSCs of the ageing mice than in the younger mice. According to a previous study, Sirt1 gene expression intensifies within the progression of the NSC neuronal differentiations (Jang, Huh et al. 2017). Additionally, Sirt1 expression is modulated by transcriptional and post-transcriptional regulation. Transcription factors like E2F1 and FOXO1 promote Sirt1 transcription, whereas PPAR and HIC1 inhibit the Sirt1 transcription (Chen, Wang et al. 2005, Wang, Chen et al. 2006, Han, Zhou et al. 2010, Feng Zhang 2011, Xiong, Salazar et al. 2011). The mRNA level of Sirt1 could also be upregulated by microRNAs, i.e. Mir-181 and Mir-199; RNA modification proteins such as HuR could promote Sirt1 mRNA translation (Brennan and Steitz 2001, Abdelmohsen, Jr et al. 2007, Rane, He et al. 2009, Saunders, Sharma et al. 2010).
The post-translation modifications (PTM) likewise affect SIRT1 activities. PTM modifications such as SUMOylation and JNK1 phosphorylation activate the SIRT1 proteins; DBC1 binds to the SIRT1 catalytic domain to inhibit its functionalities (Beausoleil, Jedrychowski et al. 2004, Yang, Fu et al. 2007, Kim, Chen et al. 2008, Zhao, Kruse et al. 2008). In senescent cells, the capacities of proteostasis maintenance were weakened (Lopez-Otin, Blasco et al. 2013). Some studies argued that the dysregulation of protein degradation pathways, i.e. lysosome and ubiquitin-proteasome, was accountable (Dikic 2017). Most neurodegenerative diseases are related to the abnormal aggregation of undegradable proteins, for instance, the accumulation of the tau protein and the -Amyloid plaques in brains of Alzheimer's patients (Koga, Kaushik et al. 2011, Goloubinoff 2016). A plausible explanation is that the protein degradation systems in these diseased cells have malfunctioned.
Another study also elegantly elucidated that genes related to lysosome autophagy were mainly clustered in the quiescent NSC transcriptomes, whereas activated NSCs expressed more ubiquitin proteasome genes. Interestingly, the lysosome proteolytic pathways could not be activated extensively in the ageing quiescent NSCs. Meanwhile, these quiescent NSCs could not be started unless the lysosome proteolytic functions had been recovered (Leeman, Hebestreit et al. 2018). Hinted by this research, we emphasised the ubiquitylating degradation in activated NSCs. Our study unveiled that the ubiquitylation proteasomes regulate SIRT1 stability in activated SVZ NSCs of ageing mice. Besides, the degradation level of the SIRT1 ubiquitin proteasome dwindled. 
How SIRT1 ubiquitylation proteasome degrades in the activated NSCs from ageing mice. We suppose there are two possibilities worth considering: like the decreased lysosome proteolytic pathways in the quiescent NSCs of the ageing mice, senescence-related factors impede the performance of the ubiquitylation pathway; per contra, SIRT1 proteins suppressed the ubiquitylation pathway in the activated NSC. Therefore, less ubiquitylation proteasome proteins have been captured. 
As a bona fide deacetylase, SIRT1 belongs to the sirtuin family and profoundly entangles with the net of energy metabolism. So we investigated the metabolic functions of the SIRT1 protein in the activated NSCs by examining its deacetylation to PGC1A, an initial co-factor of mitochondria genesis. Studies showed that the interaction between PGC1A and SIRT1 promotes the survival of cells by assisting the mitochondrion construction (Mouchiroud, Houtkooper et al. 2013, Fang, Scheibye-Knudsen et al. 2014). Consistently, our results showed that SIRT1 upregulates PGC1A by deacetylating it. 
According to previous studies, the deacetylating activity of SIRT1 protein is NAD+-dependent (Lautrup, Sinclair et al. 2019). NAD+ (Nicotinamide adenine dinucleotide) is a well-known intermediate that is integral to cellular metabolism. NAD+ diminishes in ageing cells and tissues across species, whereas supplementing its precursors, such as NR (Nicotinamide riboside) and NMN (Nicotinamide mononucleotide), postpones ageing in many cases (Fang, Lautrup et al. 2017, Yoshino, Baur et al. 2018). We also found that at a higher SIRT1 expression level, PGC1A expression was gained. Further, the gaining effect caused by NMN treatment was even more amplified in SIRT1 overexpressing cells. Reports showed increased DSBs also impaired mitochondrial functions (Fang, Scheibye-Knudsen et al. 2016). Thus, our observations could be explained to some extent.
[bookmark: _Toc112342705][bookmark: _Toc129821040]7.1.4 The DSBs in adult NSCs and other tissue stem cells
Our results demonstrated that DSBs remained relatively low in the activated SVZ NSCs of ageing mice. However, in adult stem cells from tissues other than the nervous system, such as the skin, muscle, mesenchymal, intestine and germ line, DSBs rise with age (McNeely, Leone et al. 2020). Furthermore, the responses of the ageing correlated DSBs vary with tissue types. For instance, most of the DSBs in the hematopoietic stem cells are repaired (Beerman, Seita et al. 2014, Gutierrez-Martinez, Hogdal et al. 2018), muscle stem cells enter a senescence phase (Sinha, Jang et al. 2014, Sousa-Victor, Gutarra et al. 2014), intestine stem cells are prone to autophagy (Otsuka, Suzuki et al. 2018). The mesenchymal stem cells differentiate (Pino, Rosen et al. 2012). Despite the responses, the DSBs in adult cells from the ageing tissues finally increased.
In contrast to the differentiated cells that have become postmitotic, stem cells in adult tissue are still self-renewable. Instead of accumulating in genomes, DSBs in the stem cells trigger acute cellular behaviour changes against the dynamic microenvironment. That might explain the vicissitudes of cellular responses to DNA damage in various body tissues. However, few studies traced the fluctuating DSB levels and ageing-related fluctuations during ageing.
In this study, we demonstrated that SIRT1 protein increases in the activated NSCs of ageing mice with the downscale of DSB level. However, in contrast with our observations, the SIRT1 protein decreases with age in stem cells from many other tissues and organs, such as the hematopoietic stem/progenitor cells and the bone marrow stem cells (Xu, Wang et al. 2020). In these situations, the downregulated SIRT1 protein is reported to be processed by the lysosome autophagy pathway, distinct from the ubiquitylation-dominated SIRT1 degradation pathways as we have illuminated in ageing mice NSCs.
[bookmark: _Toc112342706][bookmark: _Toc129821041]7.2 Conclusion
In conclusion, the present study demonstrates the protection role of SIRT1 in the activated NSCs during ageing in mice. In young mice, the SIRT1 protein suppresses the proliferation and promotes the DSB repair of the activated NSCs to prevent the early exhaustion of the SVZ NSC pool. In aged mice, by promoting the DSB repair to avoid apoptosis, SIRT1 maintains the pool size of the activated SVZ NSCs in ageing scenarios. The upregulated SIRT1 protein mediated by the low level of ubiquitin-proteosome contributes to the lower proliferation and the fewer DSBs in aged NSCs. SIRT1 directly deacetylates NICD to suppress cell proliferation and KU70 to promote DSB repair in activated SVZ NSCs of mice. 
[bookmark: _Toc112342707][bookmark: _Toc129821042]7.3 Future perspectives
In summary, we explained how the SIRT1 protein protects SVZ NSCs in ageing mice by suppressing proliferation while promoting DNA damage repair in the case of the DSBs. In the younger mice, SIRT1 loss causes a temporary boost of SVZ NSC generation, and the SVZ NSC pool is exhausted due to the apoptosis induced by escalating DSB levels. Conversely, SIRT1 overexpression maintained the NSC pool size while enhancing DSB repair in NSC genomes. In the later life of mice, the SIRT1 protein becomes stabler, improving its function in DSB repair. Further, we illustrated that SIRT1 repressed NSC proliferation and promoted DSB repair in the NSC genome by deacetylating NICD and KU70, respectively. However, more studies are necessary to unveil the deeper mechanisms.
Firstly, the relationship between NSC genesis, DSB repair and SIRT1 protein level in quiescent NSCs and the NSCs in hippocampus SGZ still need to be clarified. In this study, we focused on the DSBs and NSC genesis in the SVZ region of the ageing mice. Previous studies showed that the activated SVZ NSCs, instead of the NSCs from the SGZ and the quiescent NSCs, are more sensitive to the DSBs. However, the activated NSCs are sourced from the quiescent NSCs and the quiescent NSCs compartmented the NSC pool in a more significant proportion. On the other hand, SGZ in the hippocampus has also been considered an NSC progenesis region in the adult brain. Therefore, it is interesting to discuss SIRT1’s protective role in other NSC populations.
Secondly, we wonder if maintaining SIRT1 proteins in the activated NSCs in the ageing mice is regulated. In answering that, there are two possibilities worth bringing up. On the one hand, evidence supports that the lysosome proteolytic pathways dominated protein degradation in quiescent NSCs, whereas ubiquitylation pathways were preferred in the activated NSCs in mice. However, in the ageing mice, lysosome proteolytic functions significantly dwindled despite NSC statuses. So SIRT1 proteins may be retained in the activated NSCs due to the lysosome proteolytic loss of function. On the other hand, it is also possible that the ubiquitylation pathways degrading SIRT1 are downregulated explicitly for a particular purpose, i.e. protecting the NSCs from apoptosis. More details of the SIRT1 ubiquitylating reactions must be elucidated in this case, including the E3 ligase, the ubiquitylating sites and the affiliated PTMs. 
Moreover, while the stability of SIRT1 increases, we need to clarify if the activity of this protein has been preserved. In our study, strong overexpression of SIRT1 was proved to intensify the acetylation of NICD, KU70 and PGC1A. Nevertheless, under in vivo conditions, the subsequent acetylating reactions caused by the SIRT1 protein upgrade did not reach the same extent as in the in vitro experiments. Considering the low NAD+ levels in vivo, it is yet to be illuminated if the SIRT1 protein increase amplifies its deacetylating function. 
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Chapter 7 General Discussion
Finally, we are still determining if the enhanced activation of the SIRT1 pathway in the NSCs postpones the ageing in an individual's nervous system. Our data demonstrated that SIRT1 loss in the NSCs impedes neurogenesis in ageing mice. Numerous studies have also pointed out that SIRT1 proteins protect the homeostasis of the adult NSC pool from ageing. Besides, the effect of such protective functions could be regulated by energy metabolism. When assisted with SIRT1 agonists, NAD+ precursors and limiting Calorie intake, SIRT1 proteins better preserve the stem cells and related tissues. As mentioned above, our results indicated that the adult NSCs were distinctive from other adult stem cells in the trend of DSB levels and SIRT1 stabilities. We wonder what caused such distractions, mainly when considering a whole body, and how researchers should employ SIRT1 as an antidote for the unavoidable ageing progression.
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