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Abstract
Sirtuins in Mitochondrial Protein Folding Stress and Neuroinflammation
by
Andrew Widjaja
Doctor of Philosophy in Endocrinology
University of California, Berkeley
Professor Gian Garriga, Chair

Systemic aging and neurodegeneration are characterized by the progressive accumulation of
aberrant molecules and cellular damage. Tissue homeostasis deteriorates due to stem cell
exhaustion, chronic inflammation, and metabolic dysfunction, among other causes. In the
following chapters, | present evidence of the beneficial roles that sirtuins (SIRT1-7), NAD*-
dependent deacetylases, play in alleviating these conditions. Further understanding of the
molecular mechanisms associated with these conditions would provide potential targets of
therapeutic intervention for the alleviation of debilitating diseases, such as hematopoietic stem
cell dysfunction and multiple sclerosis.

In Chapter Two, we uncover the importance of the mitochondrial unfolded protein response
(UPR™) in hematopoietic stem cell maintenance. The UPR™ is a cellular protective program
that ensures proteostasis in the mitochondria, and it is known to be regulated by SIRT7. We
devised three experimental approaches that enabled us to monitor quiescent and proliferating
hematopoietic stem cells (HSCs) and provided direct evidence that the UPR™ is activated upon
HSC transition from quiescence to proliferation, and more broadly, mitochondrial integrity is
actively monitored at the restriction point to ensure metabolic fitness before stem cells are
committed to proliferation.

In Chapter Three, | use a mouse model of progressive multiple sclerosis (MS), a chronic
autoimmune disease of the central nervous system (CNS), and single-nuclei RNA seq data from
MS patients to demonstrate that SIRT2 deficiency may drive an inflammatory phenotype within
progressive MS lesions. More importantly, | show that NAD* boosting may alleviate MS
pathology.

These findings further emphasize the importance of understanding sirtuin biology for the
control of homeostasis across multiple systems, such as the hematopoietic and central nervous
systems.
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Chapter 1. Introduction



1.1 Sirtuins

Sirtuins are NAD*-dependent class Il histone deacetylases (HDACs) that have first been
shown to promote health and longevity in yeast (Rogina et al., 2004; Lin et al., 2000; Anderson
et al., 2003). In mammals, there are seven sirtuins, SIRT1-7, which localize in different cellular
compartments where they combat a wide variety of cellular stressors such as oxidative stress,
mitochondrial stress, inflammation, and DNA damage (Bosch-Presegué and Vaquero 2013).
SIRT1, SIRT6, and SIRT7 are localized within the nucleus where they influence epigenetics by
deacetylating histones (Guarente, 2013). SIRT2 is a cytosolic sirtuin that has been found to
modulate cell cycle control and inflammatory responses (Dryden et al., 2003; He et al., 2020).
SIRT3-5 act as energy sensors within the mitochondria to regulate metabolic enzymes in order
to increase oxidative stress tolerance (Verdin et al., 2010). While the pathways in which sirtuins
are involved in vary greatly, the common theme is that sirtuins regulate the aging process.
Here, we focus our attention on SIRT7 and SIRT2 and their roles in alleviating mitochondrial
stress and neuroinflammation, respectively.

1.2 SIRT7 in Stem Cell Aging and Mitochondrial Maintenance

Stem cell aging contributes to aging-associated tissue degeneration and dysfunction. Recent
studies reveal a mitochondrial metabolic checkpoint that regulates stem cell quiescence and
maintenance, and dysregulation of the checkpoint leads to functional deterioration of aged
stem cells. Here, we present evidence supporting the mitochondrial metabolic checkpoint’s role
in regulating stem cell aging and demonstrate the feasibility to target this checkpoint to reverse
stem cell aging. We discuss the mechanisms by which mitochondrial stress leads to stem cell
deterioration. We speculate the therapeutic potential of targeting the mitochondrial metabolic
checkpoint for rejuvenating aged stem cells and improving aging tissue functions.

The stem cell theory of aging postulates that aging is the result of the inability of tissue-
specific stem cells to repair and maintain tissues. A large body of evidence supports the notion
that stem cell functions decline with aging, consistent with the degeneration and dysfunction of
aging regenerative tissues (de Haan and Lazare, 2018; Lopez-Otin et al., 2013; Rossi et al.,
2008). These observations suggest the importance of stem cells in understanding the biology of
aging and in developing effective therapies for treating diseases of aging. Genetic regulators of
aging are critical for stem cell maintenance (Chen et al., 2008; Juntilla et al., 2010; Miyamoto et
al., 2007; Tothova et al., 2007). Prominently, some genetic regulators of aging become
dysregulated during aging and reversion of such dysregulations has been shown to improve the
maintenance and function of aged stem cells (Brown et al., 2013; Luo et al., 2017; Mohrin et al.,
2015). These findings strongly support the stem cell theory of aging and provide an entry point
for understanding the molecular mechanism of stem cell aging and the feasibility of
rejuvenating aged stem cells and reversing aging-associated tissue degeneration.

Stem cells in many tissues convert between two metabolically distinctive states:
metabolically inactive quiescent state and metabolically active proliferative state. In adult
animals, stem cells are mostly quiescent due to a lack of physiological demand to proliferate.
Compelling evidence indicates that stem cell quiescence is also a protective mechanism to
prevent stem cell death and the depletion of the stem cell pool (Cheung and Rando, 2013; Ren
et al., 2017). Quiescent stem cells have fewer mitochondria and primarily rely on glycolysis to



support the energy demand (lto and Suda, 2014). Upon the transition from quiescence to
proliferation, mitochondrial biogenesis occurs and OXPHOS is upregulated to meet the
increased energy demand of proliferating cells (Mohrin et al., 2018). This metabolic switch from
glycolysis to OXPHOS is also necessary to support stem cell differentiation (Anso et al., 2017;
Inoue et al., 2010; Khacho et al., 2016; Tang et al., 2016; Tormos et al., 2011; Vannini et al.,
2016; Zhang et al., 2013; Zheng et al., 2016).

Increased mitochondrial biogenesis during the transition from stem cell quiescence to
proliferation is inevitably concomitant with increased mitochondrial stress, such as
mitochondrial oxidative stress and mitochondrial protein folding stress, which makes the cells
prone to death (Mohrin et al., 2018). Thus, mitochondrial health needs to be monitored during
the transition from the GO to G1 phase of the cell cycle, at a cell cycle checkpoint known as the
restriction point. Because cells are committed to proliferation once they pass the restriction
point, monitoring the mitochondrial health at the restriction point ensures that only cells with
healthy mitochondria and metabolic competence can enter the cell cycle.

Recent studies revealed sirtuins, a family of protein deacetylases, as critical regulators of
the mitochondrial metabolic checkpoint in stem cells. SIRT3 is a mitochondrial deacetylase that
modifies mitochondrial antioxidant SOD2 to reduce oxidative stress (Qiu et al., 2010). It is highly
expressed in hematopoietic stem cells (HSCs) and its expression is suppressed in differentiated
hematopoietic cells (Brown et al., 2013). SIRT3 deletion results in loss of HSC quiescence and
compromised HSC maintenance and function at an old but not young age. SIRT7 represses the
expression of mitochondrial ribosomal proteins to regulate the mitochondrial unfolded protein
response and to reduce mitochondrial protein folding stress (Mohrin et al., 2015; Shin et al.,
2013). SIRT7 deletion leads to loss of HSC quiescence and aspects of HSC aging phenotypes,
such as reduced regenerative capacity per cell and myeloid-biased differentiation (Mohrin et
al., 2015). Interestingly, the expression of SIRT3 and SIRT7 is reduced in HSCs during aging, and
overexpression of SIRT3 or SIRT7 improves the function of aged HSCs (Brown et al., 2013;
Chambers et al., 2007; Mohrin et al., 2015). These studies demonstrate that dysregulation of
the mitochondrial metabolic checkpoint is an underlying cause of stem cell aging and may be
targeted for rejuvenation.
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Fig. 1. The mitochondrial metabolic checkpoint regulates stem cell quiescence, maintenance, and aging. Upon
stem cell transition from quiescence to proliferation, mitochondrial biogenesis takes place, which is associated
with increased mitochondrial oxidative stress and mitochondrial protein folding stress. SIRT3 and SIRT7 govern
mitochondrial stress in stem cells. Damaged mitochondria can also be cleared by mitochondrial fusion and fission,
and mitophagy. Accumulation of mitochondrial stress results in stem cell death due to DNA mutations and
activation of the NLRP3 inflammasome, which is regulated by SIRT2. During aging, the expression of SIRT2, SIRT3,
and SIRT7 reduces in stem cells, resulting in the dysregulation of the mitochondrial metabolic checkpoint and loss
of stem cell maintenance.
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1.3 SIRT2 and Multiple Sclerosis

Multiple sclerosis (MS) is a chronic auto-inflammatory disease of the central nervous
system (CNS) affecting motor, cognitive, sensory and bowel functions in patients. About 85% of
MS patients experience a relapsing-remitting course of the disease defined by episodes of
neurologic disability followed by partial or full recovery, while approximately 15% of patients
have a progressive course from onset (Faissner et al., 2019; Reich et al., 2018). There has been
much progress in the treatment of relapsing-remitting multiple sclerosis (RRMS); however,
these treatments have proven to be insufficient for chronic progressive MS as they provide only
partial protection against the neurodegenerative factor of the disease (Fitzner et al., 2010;



Hauser et al., 2020). To date, the anti-CD20 targeted B-cell depleting antibody ocrelizumab is
the only approved disease-modifying therapy for the treatment of primary progressive MS
(Montalban et al., 2017). Therefore, a better understanding of the progressive form of MS and
the discovery of new therapeutic targets are needed.

Advancing age is known to significantly influence clinical disease course and pathological
processes implicated in progressive MS (Mahad et al., 2015; Minden et al., 2004; Sanai et al.,
2016; Scalfari et al., 2011). Diffuse axonal injury and demyelination increase with age and are,
thus, more pronounced in patients with progressive disease compared to those with RRMS
(Lassmann et al., 2018). Inflammatory demyelination stemming from autoreactive immune cells
plays an important role in driving MS pathology and the development of experimental
autoimmune encephalomyelitis (EAE), an animal model of MS (Reich et al., 2018;
Constantinescu et al., 2011). However, how aging-associated chronic inflammation may
exacerbate CNS damage during progressive MS and how it can be alleviated remain important
outstanding questions.

Recent investigations have indicated that inflammasomes contribute to the etiology of
MS (Govindarajan et al., 2020). The NLR family, caspase activation and recruitment domain
(CARD)-containing 3 (NLRP3) sensor has been most closely examined of all inflammasome
sensor molecules (Imani et al., 2018; Malhotra et al., 2018; Olcum et al., 2020; Soares et al.,
2019). Aberrant activation of the NLRP3 inflammasome has been implicated in the
pathogenesis of MS with a particularly heightened activity in progressive MS compared to other
forms of the disease (Malhotra et al., 2020; Piancone et al., 2018). Therefore, development of
treatments that target inflammasome activation may alleviate chronic inflammatory events and
improve functional outcomes of progressive MS patients.

Sirtuin 2 (SIRT2), an NAD*-dependent deacetylase, is highly expressed in the central
nervous system (CNS) and has been reported to regulate a variety of processes including
inflammation, metabolism and aging (Fourcade et al., 2018; He et al., 2020; Lee et al., 2019; Luo
et al., 2019; Lo Sasso et al., 2014; Misawa et al., 2013). SIRT2 represses NLRP3 inflammasome
activation by deacetylating NLRP3 and tubulin, thus preventing inflammasome assembly and
transport (He et al., 2020; Misawa et al., 2013). Recent studies have also established a
connection between SIRT2 and age-related neurodegenerative disorders such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD) (Fourcade et al., 2018; Manjula et al., 2020; Yuan et
al., 2016). Although SIRT2 has been shown to affect neurological function, oligodendrocyte
differentiation and formation of myelin sheath, its focus in the context of MS in particular
remains inadequate.

Increasing NAD* levels is emerging to be an effective approach to activate sirtuins.
CD38, an NAD*-consuming enzyme, is upregulated as a consequence of aging and
neuroinflammation, leading to the decline of NAD* and sirtuin activity (Camacho-Pereira et al.,
2016; Chini et al., 2020; Guerreiro et al., 2020; Herrmann et al., 2016; Langley et al., 2021;
Roboon et al., 2019). 78c is a small molecule CD38 inhibitor and is proving to be a promising
NAD*-boosting therapeutic agent that activates sirtuin signaling-mediated physiological
functions (Hogan et al., 2019).



1.4 Benefits of NAD*-boosting

Tissue regeneration becomes compromised during aging, often originating from
mitochondrial dysfunction in adult stem cells; therefore, targeting mitochondrial quality control
mechanisms represents a potential treatment strategy for certain age-related diseases.
Nicotinamide adenine dinucleotide (NAD*) is a crucial molecule serving as a regulator of
mitochondrial homeostasis, neuroprotection, genomic stability, healthspan and lifespan
(Lautrup et al., 2019; Fang et al., 2017; Verdin, 2015; Lou et al., 2019). NAD* levels decrease
with age and is linked to various age-related pathologies such as skin cancer, cardiovascular
disease and neurodegenerative diseases (Johnson et al., 2018; Hershberger et al., 2017,
Penberthy et al., 2009). Pharmacological and/or genetic upregulation of NAD* levels improves
mitochondrial function and alleviates aging deficits in post-mitotic adult tissue, such as the
brain (Kerr et al., 2017; Penberthy et al., 2009). While the role of NAD* in regulating post-
mitotic tissue aging is well established, its role in stem cell aging has only recently gained
attention.

Replenishing NAD* levels by dietary nicotinamide riboside (NR), a key NAD* precursor,
increased sirtuin activity, reduced mitochondrial stress within HSCs, and improved the
regenerative function of HSCs (Vannini et al., 2019). It significantly expanded the pool of
progenitors, without concurrent HSC exhaustion, boosted survival by 80%, and accelerated
blood reconstitution after lethal irradiation and HSC transplantation. NR treatment induced the
mitochondrial unfolded protein response in aged MuSCs, and mitigated muscle degeneration
by decreasing MuSC senescence (Zhang et al., 2016). Treatment with NR was also effective in
preventing muscle degeneration in a mouse model of muscular dystrophy. Treatment with NR
rejuvenated intestine stem cells (ISCs) from aged mice and reversed an impaired ability to
repair gut damage (lgarashi et al., 2019), attenuates NSC senescence and increases the lifespan
of aged C57BL/6J mice (Zhang et al., 2016). These findings indicate that the mitochondrial
metabolic checkpoint regulation of stem cell aging is a conserved mechanism across tissues and
offer a translational path for maintaining tissue homeostasis and treating tissue degenerative
diseases.



Chapter 2. The mitochondrial unfolded protein
response is activated upon hematopoietic stem
cell exit from quiescence



In the previous chapter, | introduced the current knowledge behind sirtuin biology in the
context of stem cell aging and neurodegenerative diseases. In this chapter, | will showcase
findings that suggest the activation of the mitochondrial unfolded protein response (UPR™)
during hematopoietic stem cell proliferation.

2.1 Abstract

The mitochondrial unfolded protein response (UPR™), a cellular protective program that
ensures proteostasis in the mitochondria, has recently emerged as a regulatory mechanism for
adult stem cell maintenance that is conserved in multiple tissues. Despite the emerging genetic
evidence implicating the UPR™ in stem cell maintenance, the underlying molecular mechanism
is unknown. While it has been speculated that the UPR™ is activated upon stem cell transition
from quiescence to proliferation, direct evidence is lacking. In this study, we devised three
experimental approaches that enable us to monitor quiescent and proliferating hematopoietic
stem cells (HSCs) and provided direct evidence that the UPR™ is activated upon HSC transition
from quiescence to proliferation. Our results suggest that mitochondrial integrity is actively
monitored at the restriction point to ensure metabolic fitness before stem cells are committed
to proliferation.

2.2 Results

Adult stem cells persist throughout the entire lifespan of an organism to repair tissue damage
and maintain tissue homeostasis. Among their evolved adaptations are elaborate cellular
protective programs that ensure stem cell integrity, tissue homeostasis, and organismal survival
(Biteau, Hochmuth & Jasper, 2008; Brown et al., 2013; Ito et al., 2004; Rando, 2006; Renault et
al., 2009; Rossi, Jamieson & Weissman, 2008; Rossi et al., 2007; Sahin & Depinho, 2010; Sperka,
Wang & Rudolph, 2012; Walter et al., 2015). The mitochondrial unfolded protein response
(UPR™Y), a cellular protective program that ensures proteostasis in the mitochondria, has
recently emerged as a regulatory mechanism for adult stem cell maintenance that is conserved
across tissues (Berger et al., 2016; Mohrin et al., 2015; Zhang et al., 2016). This protective
program is dysregulated during physiological aging, contributing to the functional deterioration
of stem cells, tissue degeneration, and shortened organismal lifespan (Mohrin et al., 2015;
Zhang et al., 2016). In addition to the UPR™, deregulation of compensatory mitochondrial
protective programs such as mitophagy and mitochondrial dynamics leads to compromised
stem cells, further underscoring the importance of mitochondrial integrity in stem cell
maintenance (Ho et al., 2017; Ito et al., 2016; Luchsinger, de Almeida, Corrigan, Mumau &
Snoeck, 2016; Vannini et al., 2016).

Despite the emerging genetic evidence implicating the UPR™! in stem cell maintenance, the
underlying molecular mechanism is unknown. The UPR™ is a cellular pathway that is activated
when cells experience mitochondrial protein folding stress and retrograde signaling from the
mitochondria to the nucleus triggers transcriptional activation of nuclear-encoded
mitochondrial chaperones and proteases as well as repression of translation to reestablish
proteostasis (Haynes, Fiorese & Lin, 2013; Haynes & Ron, 2010; Mohrin et al., 2015; Munch &
Harper, 2016; Zhao et al., 2002). Primarily characterized in C. elegans, the UPR™ is activated



during a developmental stage when there is a burst of mitochondrial biogenesis (Houtkooper et
al., 2013; Lin et al., 2016; Merkwirth et al., 2016; Nargund, Pellegrino, Fiorese, Baker & Haynes,
2012; Pellegrino et al., 2014; Tian et al., 2016). It is therefore speculated that in stem cells, the
UPR™ is activated under a physiological condition when mitochondrial biogenesis is induced.
Adult stem cells frequently exit the cell cycle and are predominantly found in the quiescent (GO)
state, where the number of mitochondria is low and glycolysis is the primary metabolic
pathway to support energy production (Folmes, Dzeja, Nelson & Terzic, 2012; Takubo et al.,
2013; Warr & Passegue, 2013; Yu et al., 2013). As stem cells transit from quiescence to
proliferation, mitochondrial biogenesis is induced to enable metabolic reprogramming from
glycolysis to oxidative phosphorylation to meet increasing energy demands. Because a major
event during the transition from quiescence to proliferation is mitochondrial biogenesis, this
event raises the possibility that the UPR™ is activated during this transition. However, direct
evidence is lacking. In this study, we devised three experimental approaches that enable us to
monitor quiescent and proliferating stem cells and directly test this hypothesis.

We tested this hypothesis in hematopoietic stem cells (HSCs), immunophenotypically defined
as Lin—c-Kit+Scal+CD150+CD48-. About 90% of HSCs reside in a quiescent state under
homeostatic conditions (Pietras, Warr & Passegue, 2011). We isolated HSCs from mouse bone
marrow and stimulated them to exit quiescence ex vivo upon culture with cytokines. We first
confirmed that HSCs stimulated with cytokines were actively proliferating (Figure 1a) and that
mitochondrial mass was increased in HSCs upon proliferation (Figure 1b). Compared to freshly
isolated quiescent HSCs, proliferating HSCs stimulated with cytokines exhibited increased RNA
levels of mitochondrial chaperones and proteases (Figure 1c). Because mitochondrial
biogenesis upon HSC transition from quiescence to proliferation is regulated at the translational
level mediated by mTOR (Chen et al., 2008; Gan et al., 2010; Gurumurthy et al., 2010; Morita et
al., 2013; Nakada, Saunders & Morrison, 2010), increased expression of mitochondrial
chaperones and proteases at the transcriptional level suggests de novo activation of the UPR™,

We further validated these results by stimulating HSCs to exit quiescence in vivo upon
transplantation. Compared to HSCs isolated from untransplanted mice, donor HSCs isolated
from transplanted recipient mice 2 weeks post-transplant were actively proliferating (Figure
2a), had increased mitochondrial mass (Figure 2b,c), and increased expression of mitochondrial
chaperones and proteases at the transcriptional level (Figure 2d), indicative of activation of the
UPR™t,

An alternative approach to model HSC proliferation in vivo is to treat mice with
polyinosinic:polycytidylic acid (plpC), a synthetic double-stranded RNA (dsRNA) mimetic that
stimulates the multiple immune signaling pathways that are activated during a viral infection
(Walter et al., 2015). Compared to HSCs isolated from untreated mice, HSCs isolated from mice
24 hr after the plpC treatment showed increased proliferation (Figure 3A) and mitochondrial
mass (Figure 3B, C), and induction of the expression of oxidative phosphorylation genes (Figure
3D) and mitochondrial chaperones and proteases (Figure 3E). In contrast, the expression of
glycolysis genes (Figure 3D) and ER stress response genes (Figure 3E) was unchanged. These
data are consistent with the notion that proliferative HSCs have increased mitochondrial



number, experience a metabolic switch from glycolysis to oxidative phosphorylation, and
induce the UPR™ to maintain the mitochondrial homeostasis.

2.3 Discussion

Collectively, these results provide direct evidence that the UPR™ is activated upon HSC
transition from quiescence to proliferation (Figures 1 and 2), and more broadly, mitochondrial
integrity is actively monitored at the restriction point to ensure metabolic fitness before stem
cells are committed to proliferation. Stem cell quiescence is a protective mechanism that
prevents cell death and the depletion of the stem cell pool (Cheung & Rando, 2013). Consistent
with the activation of the UPR™ at the transition from quiescence to proliferation,
dysregulation of the UPR™ results in stem cell death, a reduced stem cell pool, and
compromised stem cell self-renewal (Berger et al., 2016; Mohrin et al., 2015; Zhang et al.,
2016). Among the induction of the UPR™! is increased expression of SIRT7 (Figure 2i), which
alleviates mitochondrial protein folding stress by repressing NRF1 activity and mitochondrial
translation, reduces mitochondrial activity and proliferation, and gives cells more time to
recover from stress (Mohrin et al., 2015). Failure to do so leads to HSC death. With aging, SIRT7
becomes inactivated, resulting in increased mitochondrial protein folding stress and functional
decline (Mohrin et al., 2015). Identifying molecular regulators of the UPR™ in stem cells opens
the door for novel therapeutic opportunities for improving stem cell maintenance, enhancing
tissue regeneration, and extending lifespan and health span.

2.4 Experimental Procedures

Mice

C57BL/6 mice were housed on a 12:12 hr light:dark cycle at 25°C. All animal procedures were in
accordance with the animal care committee at the University of California, Berkeley.

Flow cytometry and cell sorting

Bone marrow cells were obtained by crushing the long bones with sterile PBS without calcium
and magnesium supplemented with 2% FBS. Lineage staining contained a cocktail of
biotinylated anti-mouse antibodies to Mac-1 (CD11b), Gr-1 (Ly-6G/C), Ter119 (Ly-76), CD3, CD4,
CD8a (Ly-2), and B220 (CD45R) (BioLegend). For detection or sorting, we used streptavidin
conjugated to APC-Cy7, c-Kit-APC, Sca-1-Pacific blue, CD48-FITC, and CD150-PE (BioLegend). For
congenic strain discrimination, anti-CD45.1 PerCP and anti-CD45.2 PE-Cy7 antibodies
(BioLegend) were used. For assessment of cell cycle analysis, Ki-67 (BioLegend) staining was
performed according to the manufacturer's recommendation after cell surface staining. The
gates were drawn based on the fluorescence minus one (FMO) control. For mitochondrial mass,
bone marrow cells were incubated with 100 nM MitoTracker Green (Invitrogen) for 30 min at
37°Cin the dark after cell surface staining. All data were collected on a Fortessa (Becton
Dickinson), and data analysis was performed with FlowJo (TreeStar). For cell sorting, lineage
depletion or c-kit enrichment was performed according to the manufacturer's instructions
(Miltenyi Biotec). Cells were sorted using a Cytopeia INFLUX Sorter (Becton Dickinson).
Antibody details are provided in Table S1.
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To stimulate HSCs to exit quiescence, freshly isolated HSCs were cultured ex vivo in IMDM
(Invitrogen) supplemented with 5% stem cell FBS (Stem Cell Technologies), 1%
penicillin/streptomycin, sodium pyruvate, NEAA, I-glutamine (Invitrogen), and cytokines (IL-3
(10 ng/ml), GMCSF (10 ng/ml), SCF (25 ng/ml), IL-11 (25 ng/ml), FIt3L (25 ng/ml), TPO (25
ng/ml) (PeproTech), and EPO (4 U/ml) (R&D)) for 48 hr. Alternatively, to stimulate HSCs to exit
guiescence in vivo, 1 x 106 bone marrow cells were transplanted into lethally irradiated
recipient mice. Two weeks post-transplantation, donor HSCs were isolated via sorting. To
induce in vivo cycling of HSCs, mice were injected intraperitoneally (i.p.) with 5 mg/kg
polyinosinic:polycytidylic acid (Sigma) 24 hr prior to analysis.

mRNA analysis

RNA was isolated from cells using TRIzol reagent (Invitrogen). cDNA was generated using
gScript™ cDNA SuperMix (Quanta Biosciences). Gene expression was determined by real-time
PCR using Eva gPCR SuperMix Kit (BioChain Institute) on an ABI StepOnePlus system. All data
were normalized to B-actin expression. PCR primer details are provided in Table S2.

mtDNA/nDNA

The mitochondrial DNA/nuclear DNA (mtDNA/nDNA) ratio was determined by isolating DNA
from cells with TRIzol (Invitrogen), as described previously (Lai et al., 2008). The ratio of
mtDNA/nDNA was calculated as previously described (Venegas et al., 2011).

Statistical analysis

The number of mice chosen for each experiment is based on the minimum number of mice
necessary to have sufficient statistical power and is comparable to published literature for the
same assays performed. Mice were randomized to groups, and analysis of mice and tissue
samples was performed by investigators blinded to the treatment of the animals. Statistical
analysis was performed with Excel (Microsoft). Means between two groups were compared
with Student's t test. Error bars represent standard errors. In all corresponding figures, *
represents p < .05, ** represents p < .01, *** represents p < .001, and ns represents p > .05.
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2.5 Figures
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Figure 1. The UPR™ is activated upon HSC transition from quiescence to proliferation ex vivo.
(A) Cell cycle analysis of HSCs using Ki-67 staining showing increased proliferation in HSCs
stimulated by ex vivo culture with cytokines compared to quiescent HSCs freshly isolated from
mouse bone marrow. (B) MitoTracker Green staining showing increased mitochondrial mass in
HSCs stimulated to proliferate via ex vivo culture with cytokines compared to quiescent HSCs
freshly isolated from mouse bone marrow. (C) gPCR showing increased transcription of
mitochondrial chaperones and proteases in HSCs stimulated to proliferate via ex vivo culture
with cytokines compared to quiescent HSCs freshly isolated from mouse bone marrow. n=3
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Figure 2. The UPR™ is activated upon HSC transition from quiescence to proliferation in vivo
via transplantation. (A) Cell cycle analysis of HSCs using Ki-67 staining showing increased
proliferation in HSCs stimulated by in vivo transplantation (2 week post-transplantation)
compared to quiescent HSCs freshly isolated from mouse bone marrow. (B, C) MitoTracker
Green staining (B) and quantification of the mitochondrial to nuclear DNA ratio (C) showing
increased mitochondrial mass in HSCs stimulated to proliferate via in vivo transplantation
compared to quiescent HSCs freshly isolated from mouse bone marrow. n = 3. (D) gPCR
showing increased transcription of mitochondrial chaperones and proteases in HSCs stimulated
to proliferate via in vivo transplantation compared to quiescent HSCs freshly isolated from
mouse bone marrow. n = 3.
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Figure 3. The UPR™ is activated upon HSC transition from quiescence to proliferation in vivo
via plpC injection. (A) Cell cycle analysis of HSCs using Ki-67 staining showing increased
proliferation in HSCs stimulated by plpC treatment (24 hr after treatment) compared to
guiescent HSCs isolated from untreated mouse bone marrow. (B, C) MitoTracker Green staining
(B) and quantification of the mitochondrial to nuclear DNA ratio (C) showing increased
mitochondrial mass in HSCs stimulated to proliferate via plpC compared to quiescent HSCs
isolated from untreated mouse bone marrow. n = 3. (D, E) gPCR showing increased
transcription of oxidative phosphorylation genes and mitochondrial chaperones and proteases,
but not glycolysis genes and ER stress response genes in HSCs stimulated to proliferate via plpC
treatment compared to quiescent HSCs isolated from untreated mouse bone marrow. n =3
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Chapter 3. NAD* booster 78c ameliorates
multiple sclerosis
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In the previous chapter, we provided evidence that the UPR™ is activated when stem cells
proliferate as a mechanism of maintaining mitochondrial homeostasis, which is tightly
regulated by SIRT7.

Since sirtuins are known to maintain the homeostasis of various other tissues, | next sought to
investigate the role of SIRT2 in alleviating neurodegeneration and whether NAD*-boosting could
rescue multiple sclerosis pathology brought on by SIRT2 deficiency.

3.1 Abstract

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system (CNS),
defined by inflammatory demyelination and neurodegeneration. While the majority of
treatments exist for relapsing-remitting multiple sclerosis (RRMS), there is a strong need for the
development of therapies for individuals with progressive forms of MS. Although the cause of
progressive MS is largely unknown, advancing age significantly influences the clinical disease
course and pathological processes. SIRT2, a mammalian sirtuin and protein deacetylase, has
been shown to play a large role in regulating inflammatory responses in the central nervous
system; therefore, we sought to better understand the importance of SIRT2 in multiple sclerosis
disease progression in humans and mice. Analysis of publicly available single-nuclei RNA seq
data from white matter tissue of control samples and individuals with progressive MS (Jakel et
al., 2019) indicates that the expression of SIRT2 is decreased in the lesions of MS patients.
SIRT2-deficiency increased microglial activation, demyelination, and motor dysfunction in mice
induced with experimental autoimmune encephalomyelitis (EAE), a widely used animal model
of multiple sclerosis. Treatment with 78c, an NAD* booster, attenuated inflammatory
demyelination and motor deficits. These results suggest that SIRT2 deficiency may drive an
inflammatory phenotype within progressive MS lesions, and that NAD* boosting may alleviate
MS pathology.

3.2 Results

SIRT2 is downregulated in the lesions of progressive MS patients and EAE mice

To identify the potential genetic factors that drive progressive MS development, we analyzed
an snRNA-seq dataset derived from white matter post-mortem tissue from non-neurological
control samples and progressive MS patients (Jakel et al., 2019). Given SIRT2’s involvement in
regulating neuroinflammatory pathways, we asked whether a change in SIRT2 expression could
be associated with MS disease development. Interestingly, among the seven sirtuin family
members, the expression of SIRT2 was the most significantly reduced in MS samples than in
controls (Figure 1A). Additionally, mice with EAE exhibited lower SIRT2 levels in the subpial
region of the cortex (Figure 1B, C), a common area of demyelination in patients with
progressive MS (Kutzelnigg et al., 2019). These expression patterns reveal that SIRT2 may
particularly have an impact on MS development.

SIRT2 regulates EAE disease progression
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To understand the effect of SIRT2 on the progression of MS, we tracked the disease progression
of wild-type and Sirt2” mice for 17 days following EAE induction. Mice lacking Sirt2 were less
resistant to EAE development and started to exhibit signs of disease significantly earlier than
wild-type controls (Figure 2A). Concurrently, Sirt27- mice began to acquire motor deficits earlier
than wild-type mice following EAE induction as demonstrated through a longitudinal rotarod
assay (Figure 2B). In the rotarod test, the animal is placed on a rod that rotates at an increasing
speed, and the animal must remain upright and not fall off. It is widely used in mouse models of
neurodegeneration as it is especially sensitive to motor impairment caused by neurological
deficits as opposed to other tests that are more affected by the animal’s strength, such as the
inverted screen procedure. Overall, these data suggest SIRT2 plays an essential role in
maintaining proper motor activity during the development of EAE.

To address how SIRT2 deficiency may exacerbate EAE, we isolated the brains of wild-type and
Sirt27- mice with or without EAE and stained them for ionized calcium-binding adaptor
molecule 1 (Ibal), a microglial and macrophage-specific protein involved in phagocytosis whose
expression increases with microglial activation. Although Ibal levels remained unchanged
between young (4-6 months) wild-type and Sirt2”- control mice, after EAE induction Sirt2- mice
showed significantly higher microglial activation compared to wild-type mice (Figures 3A and
3B). In addition to microglial activation, a defining characteristic of progressive MS and EAE is
diffuse and localized demyelination within cortical grey matter regions (Giralamo et al., 2011).
In the subpial zone of the cortex, Sirt2- mice had more demyelination than wild-type mice
following EAE induction, as indicated by myelin basic protein (MBP) immunostaining (Figures 4A
and 4B). These data imply that the worsened EAE disease progression of Sirt2”- mice may be
attributed to increased microglial activation and demyelination.

78c alleviates EAE-induced motor deficit and inflammatory demyelination

To determine whether pharmacologic use of 78c is sufficient to alleviate MS disease symptoms,
we administered 78c or a vehicle control intraperitoneally to mice induced with EAE and
followed their disease progression daily. 78c treatment significantly attenuated EAE-induced
motor deficits as shown with decreased average clinical scoring and improved rotarod
performance (Figures 5A, 5B). Treatment with 78c also slightly prevented body weight loss of
EAE mice, although it did not reach statistical significance (Figure 5C). After three weeks,
cortical tissues were collected and used for subsequent histological staining of myelin and
activated microglia. 78c-treated EAE mice showed significantly lower microglial activation
compared to vehicle-treated EAE mice (Figures 6A and 6B). Additionally, 78c treatment
decreased the severity of EAE-induced demyelination (Figures 7A and 7B). These results provide
strong evidence that 78c is effective at rescuing EAE-induced motor deficit by suppressing
neuroinflammatory demyelination.

3.3 Discussion

Altogether, our report establishes SIRT2 as a crucial regulator of inflammatory demyelination
during EAE, and the decrease of SIRT2 expression in progressive MS lesions suggests its
potential involvement in human MS development. In addition to regulating neuroinflammation,
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SIRT2 prevents metabolic dysfunction, suppresses tumor growth, and extends lifespan (Gomes
et al., 2015; Kim et al., 2011; North et al., 2014); therefore, SIRT2 is increasingly becoming an
attractive target for improving healthspan. In addition to SIRT2, SIRT1 also has neuroprotective
effects in EAE mice (Shindler et al., 2010; Nimmagadda et al., 2013; McDougald et al., 2018;
Khan et al., 2014). Furthermore, genetic variants and the expression of mitochondrial sirtuins,
SIRT3-5, have been linked to mitochondrial dysfunction and neurodegeneration in MS patients
(Inkster et al., 2013; Rice et al., 2012).

NAD* levels have been shown to decrease during neuroinflammation and aging, contributing to
functional impairment of sirtuins and further exacerbation of inflammatory conditions
(Camacho-Pereira et al., 2016; Guerreiro et al., 2020; Langley et al., 2021). While MS lesions are
driven by inflammatory processes, other mechanisms underlying MS progression have been
suggested to be affected by NAD* levels. For example, NAD* supplementation can impact
oligodendrocyte lineage cell differentiation and improve the expression of myelin proteins
(Jablonksa et al., 2016; Yoon et al., 2016). Additionally, NAD* alleviates demyelination by
activating autophagy, which in turn regulates the differentiation of pro-inflammatory helper T
cell subsets, thereby reducing inflammatory cell infiltration (Wang et al., 2016). Our results
support NAD* boosting as a potential therapeutic strategy for multiple sclerosis, at least in part
through SIRT2, and add to the emerging knowledge around NAD* boosting for diseases of

aging.

3.4 Experimental Procedures

Mice

SIRT2 knockout mice (C57BL/6) (Bobrowska et al., 2012) were housed on a 12:12 hr light:dark
cycle at 25°C and received water and chow ad libitum. All animal procedures were in
accordance with the animal care committee at the University of California, Berkeley.

78c drug treatment

78c was administered to C57BL/6 (4-6 months old) mice by intraperitoneal injection (i.p.,
10mg/kg/dose) twice daily over a period of 21 days following EAE induction. Control mice
received vehicle (5% DMSO, 15% PEG400, 80% of 15% hydroxypropyl-g-cyclodextrin (in citrate
buffer pH 6.0)) injections.

EAE induction and clinical evaluation

Mice were housed in standard Makrolon cages in a quiet environment with ad libitum access to
water and food. To induce EAE, female mice (4-6 months) were subcutaneously injected at the
lower and upper back with a total of 200 ul myelin-oligodendrocyte glycoprotein (MOG>°), a
peptide antigen used to immunize the animal against myelin, emulsified in complete Freund’s
adjuvant (Hooke Laboratories) followed by an intraperitoneal injection of 100 ng of pertussis
toxin, which was repeated after 24 hr. Mice were monitored daily for weight and EAE score,
using the following scoring scale: 0, no obvious changes; 1, limp tail; 2, limp tail and impaired
righting reflex; 3, limp tail and partial paralysis of hind legs; 4, limp tail and complete paralysis
of hind legs; and 5, moribund.
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Immunohistochemistry

Tissue processing and immunohistochemistry was performed on free-floating sections following
standard procedure (Villeda et al., 2011). Briefly, mice were transcardially perfused with 10 ml
of PBS with 10 U/ml of heparin and then with 40 ml of PBS with 4% formaldehyde. Brains were
extracted and incubated in PBS with 4% formaldehyde at 4°C overnight. Brains were transferred
into PBS with 15% sucrose at 4°C for 6 hr and then transferred into PBS with 30% sucrose at 4°C
for a day before cutting. Brains were then sectioned coronally at 40 um with a cryo-microtome
(Leica Camera, Inc.) and stored in a cryoprotective medium. Primary antibodies were: rabbit
anti-Myelin Basic Protein (MBP) (1:250; Abcam), rabbit anti-lonized calcium binding adaptor
molecule (Ibal) (1:1000; Wako). After overnight incubation, primary antibody staining was
revealed using fluorescence conjugated secondary antibodies. Sections were examined at a
common area of interest (subpial zone) under a Zeiss LSM710 confocal laser scanning
microscope (Carl Zeiss, Inc.), with an average of three sections per animal. Fluorescence
intensity and percent area coverage quantification, as well as thresholding of images, was
performed in Imagel. The fluorescence values and percent area coverage were then
standardized against the average value of the control group to obtain relative values.

Rotarod assay

Motor coordination was evaluated using a rotarod apparatus (Columbus Instruments). The mice
were evaluated on the rotarod where each session consisted of 3 trials with an intertrial
interval of 5 mins. The rotation was set at 4 RPM which accelerated over the course of 300
seconds to 40 RPM. The average time (seconds) the subject maintains its balance on the
rotarod prior to falling off is recorded as the latency.

snRNA-sequencing analysis

The expression data were downloaded from the gene expression omnibus (GEO) database with
accession number GSE118257 (Jakel et al., 2019). The dataset included 20 samples of isolated
single nuclei from white matter post-mortem tissue from 5 non-neurological control samples
and post-mortem tissue from 4 progressive Multiple Sclerosis (MS) patients. Cells were quality-
filtered, clustered and annotated by the original authors. Differentially expressed gene
screening was performed in R using Seurat (v.4.0) and associated packages (Hao et al., 2021)
and calculated by Wilcoxon rank-sum test.

Statistical Analysis

The number of mice chosen for each experiment is based on the minimum number of mice
necessary to have sufficient statistical power and is comparable to published literature for the
same assays performed. Mice were randomized to groups and analysis of mice and tissue
samples were performed by investigators blinded to the treatment of the animals. Statistical
analysis was performed with Excel (Microsoft). Means between two groups were compared
with Student’s t-test. Error Bars represent standard errors. In all corresponding figures, *
represents p<0.05. ** represents p<0.01. *** represents p<0.001. ns represents p>0.05.
Wilcoxon rank-sum test for single-nuclei RNA sequencing analysis was performed using the
Seurat R package (v.4.0).
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3.5 Figures
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Figure 1. SIRT2 is downregulated in the lesions of progressive MS patients and EAE mice
(A) Violin plot comparing normalized expression values of seven sirtuins (SIRT1-7) between
control (ctrl) and MS samples in all recovered cells in the snRNA-seq dataset. Each dot
represents the gene expression levels in one cell. Wilcoxon rank-sum test.

(B and C) Representative images (B) and quantification (C) of SIRT2 immunostaining in the
subpial zone (n = 6 mice per group).
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Figure 2. SIRT2 regulates EAE disease progression

(A) Average clinical score per day of EAE-induced wild-type and SIRT2 KO mice. Disease scores
are presented as mean * SEM for each group (n = 7 per group).

(B) Rotarod performance tests were performed daily following EAE induction in wild-type and
SIRT2KO mice (n = 7 per group).

Error bars represent SE. Student’s t test. *: p<0.05. **: p<0.01. ***: p<0.001.
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Figure 3. SIRT2-deficiency increases EAE-induced microglial activation

(A and B) Representative images (A) and quantification (B) of Ibal immunostaining in the
subpial zone of EAE-induced wild-type and SIRT2 KO mice (n = 6-8 mice per group). Error bars
represent SE. Student’s t test. *: p<0.05. **: p<0.01. ***: p<0.001.
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Figure 4. SIRT2-deficiency increases EAE-induced demyelination

(A and B) Representative images (A) and quantification (B) of MBP immunostaining in the
subpial zone of EAE-induced wild-type and SIRT2 KO mice (n = 6-8 mice per group). Error bars
represent SE. Student’s t test. *: p<0.05. **: p<0.01. ***: p<0.001.
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Figure 5. 78c alleviates EAE-induced motor deficit and disease progression

(A) Average clinical score per day of EAE-induced mice treated with either a vehicle control or

78c. Disease scores are presented as mean + SEM for each group (n = 7 per group).

(B) Rotarod performance tests were performed daily following EAE induction in mice treated with

a vehicle control or 78c (n = 7 per group).

(C) Body weight of control mice and EAE mice treated with a vehicle control or 78c (n = 6-7 per

group).
Error bars represent SE. Student’s t test. *: p<0.05. **: p<0.01. ***: p<0.001.

23



Activated Microglia

A B
Control EAE EAE + 78c

400+ .
5 —
£ 300 .
§ o«
3 :
5 200 e, S
frd L]
% o o]
B 100 e
k] .
]
0 T T T
o % O
Ibal DAP! ooo“ < N
&

Figure 6. 78c alleviates EAE-induced microglial activation

(A and B) Representative images (A) and quantification (B) of Ibal immunostaining in the subpial
zone of EAE-induced mice treated with either a vehicle control or 78c. (n = 6-7 per group).

Error bars represent SE. Student’s t test. *: p<0.05. **: p<0.01. ***: p<0.001.
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Figure 7. 78c alleviates EAE-induced demyelination

(A and B) Representative images (A) and quantification (B) of MBP immunostaining in the
subpial zone (n = 6-7 per group).

Error bars represent SE. Student’s t test. *: p<0.05. **: p<0.01. ***: p<0.001.
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Chapter 4. Conclusion
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4.1 Concluding remarks

In Chapter 2, we delve into the mechanisms underlying stem cell maintenance, specifically the
mitochondrial unfolded protein response (UPR™!). We found that when hematopoietic stem
cells (HSCs) exit quiescence in response to stressors, the UPR™ is activated in order to maintain
mitochondrial homeostasis. Previous studies have linked sirtuins, such as SIRT7, to the
regulation of this critical process and provided evidence that a lack of SIRT7 drives HSC aging.
Altogether, this study highlights the importance of sirtuins in maintaining proper stem cell
function in response to different stressors and aging.

In Chapter 3, we focused on another sirtuin, SIRT2, and its role in regulating neuroinflammation
in the context of progressive multiple sclerosis (MS). Consistent with other reports of SIRT2’s
ability to suppress inflammation, mice lacking SIRT2 were more susceptible to disease
progression and paralysis induced by EAE, a model for MS. More importantly, treatment with
78c, a NAD* booster, abrogated the neuroinflammatory phenotypes present in EAE mice.

Studies in both chapters emphasize the importance of sirtuins in maintaining tissue
homeostasis in the contexts of aging and disease. While many studies have suggested
increasing sirtuin activity via NAD*-boosting may improve disease outcomes, it’s effects in
human aging-associated diseases are still not fully understood.

4.2 Future Implications for NAD" modulation

NAD* for Human Healthspan

The most common pharmacological method of NAD* upregulation is through the
supplementation of the NAD* precursor, nicotinamide riboside (NR). NR supplementation in
rodents ameliorates neuronal and metabolic dysfunction, but human data are sparse. Clinical
trials have already begun for the use of NR supplementation and data shows that the treatment
is well-tolerated by healthy individuals while increasing their NAD* levels (Martens et al., 2018;
Elhassan et al., 2019). Current trials are testing the efficacy of NR supplementation in patients
with Alzheimer’s Disease (AD). In a pilot study with low sample sizes, researchers could not find
a significant difference between treated and non-treated patients when testing their cognitive
function. Although their results were inconclusive, studies with larger sample sizes will be
performed before conclusions are made about the efficacy of NR supplementation on aging-
related disorders, such as AD. Moving forward, perhaps 78c can be another promising drug to
upregulate NAD* levels in humans.

Stem cell-aging disorders

Many diseases arise, in part, as a result of stem cell aging; therefore, there may be potential
benefits of NR supplementation in slowing or preventing the development of such aging-related
pathologies. For example, aged HSCs have an increased propensity of establishing a distinct
subpopulation of blood cells containing somatic mutations which confer a competitive
advantage upon transplantation (Jaiswal et al., 2019). This aging-related phenomenon, termed
clonal hematopoiesis, is linked to an increased risk of developing hematologic malignancies and
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cardiovascular disease (Genovese et al., 2014; Kusne et al., 2022). Although it is currently
unknown how HSCs first acquire these mutations, studies suggest that mitochondrial
dysfunction leads to genomic instability (Fakouri et al., 2018). It would be interesting to assess
whether NR supplementation could decrease the clonality of aged HSCs by maintaining proper
mitochondrial homeostasis, and thus lower the risk of DNA damage-induced malignant
transformation.
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