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ABSTRACT

Neurodegenerative diseases affect millions of people worldwide and are the leading cause of
disability in older adults. Chronic neuroinflammation is an underlying mechanism for the initiation
and progression of many neurodegenerative diseases, including Alzheimer's disease and
Parkinson's disease. One of the key drivers of inflammatory response in the central nervous system
is chronic activation of microglia cells. Activated microglia produce several neurotoxic factors,
including prostaglandins, pro-inflammatory cytokines, and reactive oxygen species. Therefore,
anti-inflammatory mechanisms that regulate microglia activation are therapeutic targets for
neurodegenerative diseases. The Regulator of G protein signaling 10 (RGS10) is expressed in
microglia, and loss of its expression during inflammation is associated with dysregulation of the
microglial pro-inflammatory response and an increased risk of age-related neurodegeneration.
However, the anti-inflammatory effect of RGS10 is mediated by an unknown mechanism,
independent of its canonical role in G protein regulation. Therefore, while the protective functions

of RGS10 position it as an anti-inflammatory target for neurodegenerative diseases, the lack of



information on its molecular mechanism limits its therapeutic potential. In this study, we used a
combination of proteomics and signaling approaches and identified a biochemical and functional
interaction between RGS10 and the endoplasmic reticulum (ER)-localized calcium sensor STIMZ2,
which is an essential component of the store-operated calcium entry (SOCE) machinery.
Furthermore, we determined that the SOCE pathway is required for the induction of pro-
inflammatory genes in microglia and that the anti-inflammatory effects of RGS10 require a
functional interaction with the SOCE machinery. In addition to its anti-inflammatory role,
transcriptome analysis showed that RGS10 regulates a wide range of genes involved in stress
response pathways and innate immune and viral defense processes, further suggesting additional
neuroprotective functions. Overall, our study provides information on the protective mechanisms
of RGS10, which has implications for many neurodegenerative diseases associated with chronic

neuroinflammation.
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CHAPTER 1

MICROGLIA PHENOTYPES IN AGING AND NEURODEGENERATIVE DISEASES !

YWendimu, Menbere Y., Hooks, Shelley. B. Submitted to Cells, April 15, 2022



Abstract

Neuroinflammation is a hallmark of many neurodegenerative diseases (NDs) and plays a
fundamental role in mediating the onset and progression of disease. Microglia, which function as
first-line immune guardians of the central nervous system (CNS), are the central drivers of
neuroinflammation. Numerous human postmortem studies and in vivo imaging analyses have
shown chronically activated microglia in patients with various acute and chronic neuropathological
diseases. While microglial activation is acommon feature of many NDs, the exact role of microglia
in various pathological states is complex and often contradictory. However, there is a consensus
that microglia play a biphasic role in pathological conditions, with both detrimental (M1-like) and
protective (M2-like) phenotypes, and the overall response of microglia and the activation of
different phenotypes depends on the nature and duration of the inflammatory insult, as well as the
stage of disease development. This review provides a comprehensive overview of current research
on the various microglia phenotypes and inflammatory responses in health, aging, and NDs, with
a special emphasis on the heterogeneous phenotypic response of microglia in acute and chronic
diseases such as hemorrhagic stroke (HS), Alzheimer’s disease (AD), and Parkinson’s disease
(PD). The primary focus is on translational research in preclinical animal models and bulk/single-
cell transcriptome studies in human postmortem samples. Additionally, this review covers key
microglial receptors and signaling pathways that are potential therapeutic targets for modulating
microglial inflammatory responses during aging and in NDs. Additionally, age, sex, and species-

specific microglial differences will be briefly reviewed.



1.1. Microglia in physiology
Microglia origin, development, and maturation
Microglia are resident immune cells of the central nervous system (CNS) with specialized

macrophage-like functions. After decades of controversy, a series of parabiosis, transplantation,
and lineage tracing experiments have confirmed that microglia and blood monocytes have distinct
developmental origins (Ajami et al., 2007; Alliot et al., 1999; Ginhoux et al., 2010; Goldmann et
al., 2016) (For historical reviews, see (Ginhoux & Garel, 2018)). Unlike circulating monocytes
with blood-derived myeloid lineages (Fogg et al., 2006), microglia and most tissue macrophages
emerge exclusively from erythromyeloid progenitors in the yolk sac (YS) that differentiate into
YS macrophages during embryonic development (Alliot et al., 1999; Goldmann et al., 2016).
These precursor YS macrophages migrate to/and colonize the CNS parenchyma prior to the
maturation of the blood-brain barrier and subsequently differentiate to microglia (Ginhoux et al.,
2010; Goldmann et al., 2016; Gomez Perdiguero et al., 2015; Monier et al., 2007).

After colonizing the CNS, microglia maintain their population through self-renewal and
become ubiquitously distributed in nonoverlapping fields (Ajami et al., 2007; Monier et al., 2007),
accounting for 0.5-16% and 5-12% of total cells in mouse and human brains, respectively (Lawson
etal., 1990; Mittelbronn et al., 2001). Microglia maintain a steady number of cells during lifetime
by a dynamic and finely regulated balance between local proliferation and apoptosis, without the
contribution of peripheral progenitors (Askew et al., 2017). According to some studies, microglia
exhibit regional heterogeneity within the CNS and are abundant in some anatomical regions,
including the hippocampus, basal ganglia, and substantia nigra, but are sparse in brain stem cells

and cerebellum (Lawson et al., 1990; Mittelbronn et al., 2001). The relative density of microglia



in the white and gray matter has been observed to vary between species; white matter of the human
cortex exhibits higher microglia density than gray matter (Mittelbronn et al., 2001), while gray
matter of the mouse cortex has higher density of microglia (Lawson et al., 1990). Dos Santos et al.
(2020) recently challenged the idea that microglia have species-specific distribution,
demonstrating that microglia density differs little across different brain structures and mammalian
species (Dos Santos et al., 2020).

As microglia mature in the CNS, they exhibit some characteristics that distinguish them from
precursor cells, such as downregulation of certain cell surface proteins, such as cluster of
differentiation 45 (CD45) and MHC class Il molecules (MHCII), and expression of unique
microglia signature genes, including transmembrane protein 119 (TMEM119), P2Y purinergic
receptor 12 (P2RY12), and Sal-like protein (SALL1) (Bennett et al., 2016; Butovsky et al., 2014;
Buttgereit et al., 2016; Li & Barres, 2018). Microglia development, differentiation, and
maintenance in the CNS are regulated by a variety of factors, such as cell-cell interaction between
microglia and neurons. Interactions between the microglial colony stimulating factor-1 receptor
(CSF1R) and neuron-derived secreted ligands, 1L-34 and CSF-1, are critical for microglial
development and survival (Easley-Neal et al., 2019; Elmore et al., 2014; Wang et al., 2012), while
interaction between the microglial CX3-chemokine receptor 1 (CX3CR1) and the neuronal ligand
CX3CL1 regulates their proliferation and activation (Hatori et al., 2002; Pawelec et al., 2020).
Microglia functions in physiology

Microglia are the immune guardians of the brain that play a critical role in providing host
defense against pathogens and CNS disorders (Nimmerjahn et al., 2005). Additionally, microglia

perform essential housekeeping functions, such as maintaining CNS homeostasis during
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development, adulthood, and aging (Schwartz et al., 2013). During development, they play an
essential role in the regulation of neurogenesis and neuronal survival by phagocytosing newborn
apoptotic cells, removing excess synaptic connections, and secreting neurotrophic mediators such
as insulin-like growth factor-1 (IGF-1), transforming growth factor- 3 (TGF-p), and brain-derived
neurotrophic factor (BDNF) (Parkhurst et al., 2013; Ueno et al., 2013). Microglia are also essential
for maintaining brain homeostasis in the adult brain; They provide neuronal support, promote
oligodendrocyte development and myelination, phagocytose excess metabolic products and
damaged tissues, and play a critical role in learning by regulating synaptic pruning and remodeling
of neuronal circuits (Butovsky & Weiner, 2018).
Microglia morphologies

In a healthy brain and under normal conditions, microglia exhibit a ramified morphology with
numerous long, thin, and highly branched processes (Boche et al., 2013). Ramified microglia were
long thought to be in a 'resting state’ until advances in molecular tools such as in vivo two-photon
imaging revealed the highly motile nature of microglial protrusions with unique abilities to extend
and retract, allowing them to actively survey, detect, and respond to environmental aberrations
(Davalos et al., 2005; Nimmerjahn et al., 2005) Transcriptome analysis demonstrated that
microglia with ramified morphology largely express genes associated with steady-state brain
functions such as synaptic integrity, neuronal maturation, and overall maintenance of cell
homeostasis (Parakalan et al., 2012). The branched processes of microglia enable them to perform
these essential functions, as they allow microglia to constantly interact with neurons and other glial
cells, either through direct contact or through secreted mediators (Cserep et al., 2020; Davalos et

al., 2005; Nimmerjahn et al., 2005). Upon detecting environmental changes, microglia rapidly
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migrate toward the triggering stimuli via their branched processes, aided by chemotactic cues
(Boche et al., 2013). Microglial activation is commonly accompanied by a morphological
transformation from a ramified state to an amoeboid state, characterized by an enlarged cell body,
shorter processes, and the presence of numerous cytoplasmic vacuoles (Kaur et al., 1985; Madore
et al., 2013; Nimmerjahn et al., 2005). Morphological transformation in activated microglia also
accompany functional responses such as migration, antigen presentation, and phagocytosis
(Parakalan et al., 2012).

Along with the well-known ramified and amoeboid morphologies, other microglia phenotypes
have been characterized through ultrastructural studies (Savage et al., 2018; Sierra et al., 2016). A
biopolar/rod-shaped morphology is described as a transition state between ramified and amoeboid
states (Au & Ma, 2017), and this microglia phenotype exhibits distinct transcriptome profiles and
a high proliferative and phagocytic ability (Tam & Ma, 2014; Ziebell et al., 2012). Activated
microglia with these morphological features have been characterized mostly in the aged brain and
in neuropathological conditions where they closely align with and surround injured axons,
generally assuming neuroprotective roles (Bachstetter et al., 2017; Bachstetter et al., 2015; Taylor
et al., 2014; Ziebell et al., 2012). Additionally, bipolar/rod-shaped microglia are involved in other
essential functions such as synaptic stripping, which supports rewiring of neuronal circuits (Au &
Ma, 2017). Other microglial morphologies have also been reported, including hypertrophic
microglia, dystrophic (senescent) microglia, satellite microglia, gitter cell-like microglia, and dark

microglia (Savage et al., 2018).



1.2. Microglia activation and polarization

Microglia express various immune pattern recognition receptors (PRRS), including toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and
scavenger receptors (SRs)(Doens & Fernandez, 2014). PRRs recognize exogenous pathogenic
molecules known as pathogen-associated molecular patterns (PAMPSs) or endogenous host-derived
molecules known as damage-associated molecular patterns (DAMPs) (Ransohoff & Brown, 2012;
Zindel & Kubes, 2020). PAMPs and DAMPs have distinct responses; PAMPs induce an
antimicrobial response and inflammation in response to infection, while DAMPs drive sterile
inflammation in response to CNS injuries such as trauma, hypoxia, and NDs (Broggi & Granucci,
2015). When microglial PRRs interact with PAMP/DAMPs, a variety of intracellular cascades,
kinases, and downstream transcription factors are activated, ultimately leading to the synthesis of
molecular mediators of inflammation and other cellular responses (Broggi & Granucci, 2015;
Ransohoff & Brown, 2012).

Microglia activation is associated with changes in the expression of cell surface receptors,
unique polarization responses, and the release of a variety of inflammatory mediators that
contribute to either a tissue reparative protective role or a detrimental neurotoxic response.
Although oversimplified, activation of microglia is frequently defined in terms of two broad
polarization states: a classically activated M1-like phenotype or an alternatively activated M2-like
phenotype. These polarization states differ in the triggering stimuli, expression of phenotypic
markers, and secreted mediators, all of which determine the overall outcome. In general, the

classically activated M1 phenotype is associated with pro-inflammatory and neurotoxic responses,



while the M2 phenotype mostly mediates anti-inflammatory and neuroprotective functions (Tang
& Le, 2016). (Figure 1.1).

The M1 microglia phenotype is induced in vitro by interferon-y (IFNy) and/or the gram-
negative bacterial endotoxin lipopolysaccharide (LPS). LPS is a ligand for Toll-like receptor 4
(TLR4) which couples with coreceptors to activate various pro-inflammatory transcription factors
including NFkB, AP1, STAT5 and IRFs, via TIR domain-containing adapter inducing IFNf
(TRIF) and myeloid differentiation primary response protein 88 (MyD88)-dependent pathways
(Goulopoulou et al., 2016; Platanitis & Decker, 2018). IFNy acts on IFNy receptors 1 and 2 (IFNyR
1/2) and activates the JAK/STAT pathway that leads to the phosphorylation and nuclear
translocation of STAT1 and other IRFs (Ivashkiv, 2018) Transcription factors activated by M1
microglia trigger upregulation of pro-inflammatory cell surface markers, such as MHCII and the
cluster of differentiation marker 86 (CD86)(Boche et al., 2013; Chhor et al., 2013) Additionally,
they induce the production of a variety of pro-inflammatory mediators, including cytokines, such
as tumor necrosis factor-a (TNFa) and interleukins (IL-1pB, IL-6, 1L-12, IL-17, IL-18, IL-23),
chemokines such as CCL12 and CXCL10, and other pro-inflammatory mediators, including
reactive oxygen and nitrogen species (ROS and RNS), inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2)(Chauhan et al., 2021; Chhor et al., 2013; Franco & Fernandez-Suarez,
2015; Nakagawa & Chiba, 2015). M1 microglia play an important role in eliciting innate immune
responses to combat foreign pathogens and trigger the adaptive immune response (Lehnardt,
2010). However, chronic activation in pathological conditions contributes to neuroinflammation,

oxidative stress, and neurotoxicity (Lehnardt, 2010; Song & Suk, 2017) (Figure 1.1; left side).



M2 polarized microglia can assume an ‘alternatively activated,” or ‘acquired deactivation’
state, and are often associated with functions such as immune resolution and tissue repair through
the secretion of anti-inflammatory and neurotrophic factors (Song & Suk, 2017; Subramaniam &
Federoff, 2017; Tang & Le, 2016). M2 microglia can be activated by four major anti-inflammatory
cytokines, IL-4, IL-10, IL-13, and TGF-p. IL-4 and IL-13 promote the alternative activation state,
and generally function to antagonize M1 pro-inflammatory responses such as the production of
TNFo, IL-6, and iINOS (Gadani et al., 2012; Jurga et al., 2020). The multifunctional cytokine TGF-
B plays a pivotal role in angiogenesis, immunoregulation, and tissue repair, and together with IL-
10, it induces the acquired deactivation state (Tang & Le, 2016). The M2 phenotypes are
subclassified into three states, M2a, M2b, and M2c, which have overlapping biochemical roles but
differ in the activating stimuli, marker expression, and mechanism of actions (Franco &
Fernandez-Suarez, 2015). (Figure 1.1; right side).

M2a is considered an anti-inflammatory, phagocytic, and wound healing phenotype, and is
activated upon stimulation with IL-4 or IL-13 cytokines (Song & Suk, 2017). This is accompanied
by the activation of the JAK1/3-STATG6 pathway leading to the upregulation of cell surface
markers CD206 (mannose receptor), Argl (arginase-1), YML1 (chitinase-like protein), Fizzl
(found in inflammatory zone 1), and different scavenger receptors (SRs)(Boche et al., 2013;
Nakagawa & Chiba, 2015). The M2a phenotype is involved in immunity against parasites,
collagen formation, and tissue repair (Chhor et al., 2013). M2b microglia, also known as type 11,
is generally characterized as an inflammation regulatory phenotype, and is activated by fusion of
TLRs and FCy receptors, and subsequent interaction of these receptors with B cell-derived 1gG

(Anderson & Mosser, 2002; Clynes et al., 1999; Swisher et al., 2014). M2b polarized microglia
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share similar characteristics as M1 microglia in that both can be activated by TLR agonists and are
characterized by the expression of COX-2 and M1-associated cell surface proteins CD86 and
MHCII(Edwards et al., 2006; Mosser & Edwards, 2008). However, M2b microglia also have
different responses, such as the recruitment of regulatory T cells and the release of the anti-
inflammatory cytokine IL-10 (Edwards et al., 2006). IL-10, along with TGF-f and glucocorticoids,
triggers the activation of the immunosuppressive M2c phenotype (Chhor et al., 2013; Mecha et al.,
2015). M2c polarized microglia exhibit an ‘acquired deactivation’ state and play a prominent role
in matrix remodeling, tissue repair, and immunoregulation (Boche et al., 2013; Chhor et al., 2013).
IL-10-induced M2c polarization is mediated by interaction with the IL-10R1 and IL-10R2
receptors and subsequent activation of the JAK1/STAT3 pathway. This leads to the upregulation
of the cell surface marker CD163, and TGF-f and IL-10 cytokines, and inhibition of M1-associated
pro-inflammatory cytokines (Chhor et al., 2013; Franco & Fernandez-Suarez, 2015).

Microglia are capable of dynamically shifting polarization states between M1 and M2
phenotypes. Rather than employing two distinct activated states, the M1 and M2 represents a
continuous spectrum of various activation phenotypes, and the different phenotypic markers can
co-exist together, suggesting several intermediate phenotypes (Song & Suk, 2017). Advances in
genome-wide expression profiling studies have further elucidated the biological complexity of
microglial polarization response in which mixed phenotypes with simultaneous expression of M1
and M2 markers are evident, prominently in aging and pathological disease models (Chiu et al.,
2013; Grabert et al., 2016; Wes et al., 2016). For example, the presence of a mixed transitional
phenotype known as Mtran has been demonstrated in a traumatic brain injury (TBI) model in

which a significant proportion of TGF-B (M2 marker)-positive microglia also coexpressed the M1
10



marker CD16/32 (Kumar et al., 2016). An intermediate polarization state termed ‘M1 Y4’ has also
been reported in rd1 retinal degeneration mouse model (Zhou et al., 2017). Recently, an atypical
M2d phenotypic state has been described which is induced by transforming the M1 phenotype into
a pro-angiogenic/anti-inflammatory M2 activated phenotypic state, and this phenotypic switch is
mediated by coactivation with TLR ligands and the adenosine A2A receptor (A2AR)(Ferrante &
Leibovich, 2012; Ferrante et al., 2013). This polarization phenotype is explored primarily in tumor-
associated macrophages and its significance in microglia is unclear.

The highlighted studies demonstrated that the oversimplified M1/M2 paradigm, which was
largely understood through in vitro assays, does not accurately model the complexity of microglia
phenotypes in vivo, where the response of microglia is dictated by intricate interaction with the
brain microenvironment. However, the broad binary characterization of microglia phenotypes still
provides valuable insight into the pro-inflammatory and anti-inflammatory nature of microglia
with both beneficial and neurotoxic functions. The overall contribution of microglia in the normal
and diseased brain and the transition between different phenotypic states depend on the activating
mechanism, the duration of the signal, and the regulatory signaling molecules (L'Episcopo et al.,
2018; Zhang, 2019) . A select few modulatory factors are discussed in Section 7.

1.3. Microglia phenotypes in aging

In recent years, there has been increasing interest in identifying aging-associated changes in
microglial activation, function, and molecular signatures. There are limited aging studies in human
microglia, as there is shortage of postmortem human brain samples and lack of noninvasive
imaging and genetic manipulation tools to visualize and characterize live human microglia.

Additionally, aging research is expensive and time-consuming due to the long waiting period for
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the natural aging process to take place in preclinical models. Therefore, despite recent advances in
transcriptomics and live imaging methodologies (Eme-Scolan & Dando, 2020; Gerrits et al.,
2020), our current understanding of microglial responses in aging is largely derived from studies
using transgenic model organisms with accelerated ageing to mimic the natural process of aging.

Growing evidence suggests that during aging, microglia undergo a morphological transition
from a ramified state to a spheroid-activated phenotype with abnormal cytoplasmic structure and
fragmented processes associated with microglial dystrophy (Koellhoffer et al., 2017; Spittau,
2017; Streit et al., 2004). In vivo positron emission tomography (PET) imaging of human brains
using the PET ligand (R)-[11C]PK11195 showed a widespread distribution of activated microglia
in human cortical and subcortical regions during healthy aging (Schuitemaker et al., 2012). Aged
microglia also exhibit an inflammatory hypersensitive phenotype, often referred to as 'primed
microglia'(Holtman et al., 2015; Norden & Godbout, 2013). Primed microglia are overreactive to
inflammatory and neurotoxic insults, and produce large amounts of pro-inflammatory cytokines,
chemokines, and reactive species (Norden & Godbout, 2013) (Figure 1.2).

Some studies have also examined microglial polarization responses associated with age.
Recently, Wang et al. (2019) compared microglial M1/M2 markers in 2, 6, 18 and 28-month-old
rat brains, and observed an age-dependent increase in transcript and protein levels of M1 markers
(TNFa and IL-1B) and an opposite trend in M2 marker expression (Argl and IL-10)(Wang et al.,
2019). The observed increase in M1/M2 marker ratio also correlated with age-induced DA
neuronal loss. Relative loss of the M2 phenotype has also been reported in aging mice, as
demonstrated by suppressed anti-inflammatory 1L-4/1L-13 signaling (Lee et al., 2013). Increased

M1-microglia responses such as upregulation of TLRs, various activation markers (MHCII, CD68,
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and CD86), and microglia/macrophage-specific inflammatory receptors CD11b are also evident in
aged brains of rodents, canines, humans, and non-human primates (Frank et al., 2006; Godbout et
al., 2005; Hart et al., 2012; Letiembre et al., 2007; Norden & Godbout, 2013; Streit et al., 2004,
VanGuilder et al., 2011). These results suggest that aged microglia have a predominant M1
phenotype associated with neurotoxic responses.

Age-associated loss of endogenous microglia regulatory pathways has been implicated as a
mechanism for the presence of reactive microglia in the aged brain. For example, impaired TGFp-
signaling, a pathway that promotes microglia quiescence, has been reported in the aged brain and
is associated with a reduction in the protective function of microglia (Tichauer et al., 2014; Zoller
et al., 2018). Furthermore, downregulation of microglial receptors involved in microglia-neuron
interactions is prominent in the aged brain, such as the P2Y purinergic receptor 12 (P2Y12R),
which is a key regulator of microglial activation and phenotypic transformation (Lopes et al.,
2022). Similarly, age-related neurodegeneration leads to the loss of neuron-derived
immunomodulatory molecules, such as the CX3CL1 ligand, which keeps microglia in a quiescent
state (Bachstetter et al., 2011). These alterations in endogenous regulatory factors contribute to
chronic activation, microglial dystrophy, and neurodegeneration (Figure 1.2).

Transcriptome studies have allowed researchers to characterize global gene expression
changes associated with aging. A recent postmortem study by Soreq et al. (2017) analyzed the
transcriptome profiles of glial and neuronal cell types in different regions of the human brain in
480 subjects aged 16 to 106 years and observed an increase in microglia-specific genes in all
regions of the brain that strongly predict biological aging, such as upregulation of complement

molecules and inflammatory responses (Soreq et al., 2017). A separate study also identified
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signature genes involved in normal aging, such as high expression of genes encoding TNF family
ligands, vesicle release proteins, and the pro-inflammatory cytokine high mobility group box 1
(HMGB1)(Orre et al., 2014). HMGB1 mediates microglia priming in aged brain, and its inhibition
is known to desensitize aged microglia to an inflammatory insult .

A transcriptomic coexpression meta-analysis by Holtman et al. (2015) also examined changes
in microglia signatures in four mouse models of aging and NDs (Holtman et al., 2015). They
compared normal aged mice, Ercc1* accelerated aging mice with loss of DNA repair mechanism,
and transgenic models of Alzheimer’s disease (AD) and Amyotrophic Lateral Sclerosis (ALS).
Their study identified common microglial inflammatory gene networks shared across normal aging
and in pathological models that mediate age-associated microglial priming. Unlike LPS-induced
upregulated acute inflammatory gene networks, such as activation of NF«B signaling, primed
microglia of these aging models displayed upregulated expression of MHCII and other pro-
inflammatory genes encoding cell surface markers CD11c integrins and CXC-chemokine receptor
4 (CXCR4). Most of these signature primed microglia gene networks were involved in functions
related to lysosome, phagosome, oxidative phosphorylation, and antigen presentation, indicating
that aged microglia have impaired immune regulation and phagocytosis response.

In a healthy developing brain, one of the main housekeeping functions of microglia is the
pruning of synapses through a phagocytic clearance process. This is mediated primarily through a
mechanism involving the recognition of complement proteins on synapses via microglial
complement receptors (Stevens et al., 2007). However, it is known that complement-mediated
clearance mechanisms are normally lost in healthy adult microglia but later reemerge during the

aging process, leading to a dysfunctional microglial phenotype that can contribute to synaptic loss
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and neurodegeneration (Schartz & Tenner, 2020) (Figure 1.2). For example, C1lq and C3
complement proteins are evident in the aging brain and are deposited on synapses and can activate
C1gR and C3R phagocytic complement receptors expressed on microglia and subsequently trigger
clearance of healthy synapses (Reichwald et al., 2009; Rupprecht et al., 2021; Rutar et al., 2014;
Stephan et al., 2013). These findings implicate a detrimental role for complement-mediated
phagocytosis in aging that can contribute to neurodegeneration.

Age-associated functional change in the brain is also associated with dysregulation of calcium
signaling(Chandran et al., 2019; Olmedillas Del Moral et al., 2019), which can lead to a variety of
neuropathological conditions. Calcium homeostasis is impaired in the aged brain due to age-
dependent deregulation of important calcium channels and dysfunction in mitochondria and the
endoplasmic reticulum (ER)(Chandran et al., 2019). Microglia express various plasma membrane
ionotropic and metabotropic receptors that are coupled to changes in intracellular calcium levels
[Ca**]i, including two main classes of nucleotide receptors, purinergic P2X receptors and P2Y
receptors (Eyo et al., 2013; Koizumi et al., 2007). Changes in Ca?* response triggered either by
activation of these receptors or indirectly by other signaling pathways play an essential role in
regulating various executive functions of microglia such as phagocytosis and inflammatory
responses (Brawek & Garaschuk, 2013; Farber & Kettenmann, 2006). Visualization of live
microglial Ca?* dynamics is increasingly being used to study functional and morphological
changes in the intact brain (Brawek et al., 2017; Eichhoff et al., 2011; Olmedillas Del Moral et al.,
2019). Recently, Olmedillas del Moral et al. (2019) used high-resolution two-photon microscopy
and in vivo Ca?* imaging to compare changes in the functional properties of cortical microglia in

three different cohorts of mice: young (2-4 months old), middle-aged (9-11 months old), and old
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(18-21 months old)(Olmedillas Del Moral et al., 2019). Their study revealed two distinct
phenotypes of aging microglia. Middle-aged microglia exhibited a reactive ‘immune-alert’
phenotype, characterized by normal process motility and increased spontaneous [Ca?*]i signaling,
while microglia from older mice showed a reduced Ca?* response and disorganized motility,
resembling a dysfunctional/senescent phenotype. In addition to alterations in Ca?* responses in the
aging brain, Ca?* dysregulation is also prominent in response to injury, inflammation, and
neurodegenerative diseases (Brawek et al., 2014; Pozner et al., 2015). Overall, the evidence
reviewed here suggests that age-associated impairment of microglial responses throughout life
contributes to the development of neurodegenerative diseases (Figure 1.2).
1.4. Microglia in acute and chronic neurodegenerative diseases

The next sections will review the complex microglial phenotypes and functions in three
neurodegenerative diseases, hemorrhagic stroke, Alzheimer’s disease, and Parkinson’s disease,

focusing on the specific microglial response that is shaped by the underlying pathology.

1.4.1. Microglia in Hemorrhagic Stroke
Hemorrhagic stroke (HS) is primarily caused by a rupture of blood vessels that results in

bleeding within or surrounding the brain parenchyma (Lan et al., 2017; Montano et al., 2021).
There are two main subtypes of HS: intracerebral hemorrhage (ICH-within the brain) and
subarachnoid hemorrhage (SAH-surrounding the brain). HS is known for its high mortality and
morbidity, with more than 50,000 annual deaths reported in the US (Unnithan & Mehta, 2022). In
particular, ICH has the highest mortality rate: approximately 30-50% of patients die within the
first month, and most of the surviving patients experience long-term disability (Montano et al.,

2021; Unnithan & Mehta, 2022). The incidence of HS increases with age as the two main
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predisposing factors, chronic hypertension and amyloid angiopathy, are more prominent in the
elderly (Hemphill et al., 2001; Unnithan & Mehta, 2022).

Although HS is considered a cerebrovascular disease, it can cause acute tissue destruction,
hematoma formation, and elevation of intracranial pressure, which can lead to brain damage
(Aronowski & Zhao, 2011; Chen et al., 2014). Immediate neuronal death in the acute phase of
injury subsequently triggers secondary brain damage. Currently, there is no cure for hemorrhagic
stroke, and treatment options are limited primarily to supportive care (Hemphill et al., 2015;
Thabet et al., 2017). Therefore, there is an urgent need to characterize the molecular mechanism
of HS and identify therapeutic targets underlying early and delayed brain injury. In HS, one of the
key players in secondary neurodegeneration is chronic neuroinflammation, and therefore
promising immunotherapeutic approaches have been considered to mitigate inflammation-induced

neurodegeneration (Tschoe et al., 2020).

Microglia activation in HS
Microglia and infiltrating macrophages are one of the first immune respondents after ICH, and

thus play a fundamental role in disease progression (Taylor & Sansing, 2013). In the hemorrhagic
brain, numerous molecular mediators trigger microglial activation, including complement
components, coagulation factors, and blood-derived hematoma products (Babu et al., 2012; Zhou
et al., 2014). Microglia activation is a prominent feature of HS, and its activation response has
been studied in patients and experimental models. Studies in a collagenase-injection ICH model
demonstrated an increased in microglia/macrophage population in the acute stage of injury (days
1-3) and a gradual decline to baseline levels after 21 days (Wang et al., 2003; Wang & Tsirka,

2005). Activated microglia populations were observed as early as 1 hour after ICH and this
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activation response is prominent in the perihematomal region surrounding the injury site (Wang &
Dore, 2007). In an autologous blood injection model of ICH, microglia activation is evident
beginning at 4 h after insult and persisted up to 4 weeks, with a peak density observed 2-3 days
after injury (Xue & Del Bigio, 2000, 2003; Zhou et al., 2014). A contrasting finding using the
same ICH model showed a delayed peak in maximal activation which occurs in the subacute stage
of injury around days 7-10 (d7-10) (Gong et al., 2000). Although the use of specific microglial
markers and experimental models has led to discrepancies in observations, collective evidence
suggests an early microglial recruitment and activation response in HS that changes throughout

the course of the disease.

Microglia activation by components of hematoma
HS induces the lysis of red blood cells (RBCs) and the release of hemoglobin, accompanied

by the subsequent production of free heme (Babu et al., 2012; Zhou et al., 2014). In the brain,
elevated concentrations of hemoglobin, heme, and its oxidized form hemin trigger brain injury by
inducing microglial activation, neuroinflammation, oxidative stress, and edema formation
(Aronowski & Zhao, 2011; Babu et al., 2012; Righy et al., 2018; Robinson et al., 2009). Heme
metabolism in microglia plays a diverse role in HS. Phagocytic microglia can help sequester large
amounts of extracellular heme (Fang et al., 2014; Li et al., 2021; Yang et al., 2015), thereby
limiting its neurotoxic effect to other cell types. However, uptake of excess heme/hemin can cause
accumulation of toxic heme degradation products in microglia that can exacerbate HS injury (Babu
et al., 2012; Robinson et al., 2009). Hematoma components modulate microglia activity by
activating specific receptors and inflammatory pathways. In particular, heme-induced

inflammatory damage is believed to occur primarily through TLR4, and this receptor is
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upregulated in microglia in response to ICH and exogenous heme treatment (Lin etal., 2012; Teng
etal., 2009) (Linetal., 2012; Teng et al., 2009). Heme-induced TLR4 activation, in turn, activates
NF«B and promotes pro-inflammatory signaling via MyD88/TRIF pathway (Teng et al., 2009).
After brain hemorrhage, heme processing enzymes are upregulated in microglia, including
heme oxygenase-1 (HO-1), which is an inducible rate-limiting enzyme that converts heme/hemin
to carbon monoxide, biliverdin and ferrous iron (Matz et al., 1996; Wang & Dore, 2007). Since
HO-1 exerts its effect through these various metabolites, its exact role after ICH is not clear.
Carbon monoxide and biliverdin mainly mediate antioxidant and neuroprotective effects, while
ferrous iron is largely associated with tissue damage (Li et al., 2018). Like heme, iron can induce
microglia activation through the TLR4/Myd88/TRIF pathway (Lin et al., 2012). After ICH injury,
HO-1 is induced in both microglia and astrocytes, and its expression changes during disease
progression (Nakaso et al., 2000). Recent studies showed that HO-1exerts its neurotoxic effects in
the early stages of injury, at which time its expression is higher in microglia, while it primarily
mediates its neuroprotective functions during the recovery stage when it is predominantly
expressed in astrocytes (Chen-Roetling et al., 2015; Nakaso et al., 2000; Zhang et al., 2017). These
findings implicate microglial HO-1 as a neurotoxic mediator in the early phase of cerebral
hemorrhage. Upregulation of HO-1 in microglia can lead to iron overload and exacerbate
hemorrhagic brain injury by contributing to further activation of microglia, oxidative stress, brain
edema, and neuronal death (Li et al., 2018). In support of this, several studies have shown that
selective ablation of HO-1 or the use of iron chelating agents improves functional recovery after
ICH, and their protective effects are partly mediated in part by regulation of microglial activity

(Wang & Dore, 2007; Wu et al., 2011; Zhao et al., 2011). Overall, the evidence presented in this
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section suggests that hematoma-induced activation of microglia and subsequent induction of HO-
1 accelerate hemorrhagic brain injury by promoting neuroinflammation, oxidative stress, and iron
toxicity.

Microglia activation by thrombin

Microglia are also activated following ICH by the serine protease thrombin, which acts as a
blood coagulation factor. Thrombin, normally present in blood plasma, is introduced into the brain
immediately after brain hemorrhage or after BBB disruption (Babu et al., 2012). Thrombin
accumulation in the brain exacerbates edema formation, inflammation, and neurodegeneration,
partly due to its role in inducing microglial activation (Cheng et al., 2014; Kasuya et al., 1998; Li
et al., 2019). Several in vivo and in vitro reports have shown that thrombin-mediated microglia
activation results in upregulation of M1-associated inflammatory mediators such as iNOS, NO,
COX-2, MHCII and pro-inflammatory cytokines, including IL-1p, IL-6, and TNFa (Carreno-
Muller et al., 2003; Choi et al., 2003; Huang et al., 2008; Ryu et al., 2000; Suo et al., 2002).

The effect of thrombin on microglia activation and the pro-inflammatory response is primarily
attributed to downstream signaling mediated by PAR activation, which are G protein-coupled
receptors expressed in various cells, including microglia. In particular, thrombin activates
microglia by modulating several intracellular signaling mediators such as PKC (Ryu et al., 2000),
NF«B (Ryu et al., 2000), p38 and p44/42 (ERK1 / 2) (Suo et al., 2002; Choi et al., 2003; Ohnishi
etal., 2012), and JAK2-STAT3 (Choi et al., 2003; Huang et al., 2008; Ryu et al., 2000; Suo et al.,
2002). Prominently, MAPK signaling pathways have been suggested to be an important
mechanism underlying thrombin-induced microglial activation and ICH injury (Fujimoto et al.,

2007; Ohnishi et al., 2007).
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The member of the prototypical protease-activated receptor (PAR) family, PARL, is strongly
expressed on the surface of microglia/macrophages after CNS injury and is highly sensitive to
thrombin stimulation (Coughlin, 2000). PAR-1 activation contributes to ICH-induced brain injury
by enhancing neuroinflammation, brain edema, DNA damage, and neurotoxicity (Cheng et al.,
2014). PAR-1 activity also modulates microglia proliferation, activation, and polarization
responses (Carreno-Muller et al., 2003; Nakano et al., 2020; Suo et al., 2002; Wan et al., 2016). In
the experimental ICH model, PAR-1 is activated after ICH injury and its activation coincides with
the timing of microglia/macrophage activation and polarization, and its deficiency suppressed the
activation of M1 phenotype and production of pro-inflammatory cytokines (Wan et al., 2016).
These findings implicate PAR-1 as a central player in thrombin-induced microglial activation and
polarization in HS.

Thrombin can also modulate microglia activation independently of PAR-1. In cultured rodent
microglia cells, thrombin induces transient Ca?* release from intracellular stores and promotes the
production of NO and pro-inflammatory cytokines (Moller et al., 2000). This effect of thrombin
was shown to be mediated by its enzymatic activity rather than its effect on PAR activation. A
potential receptor-independent mechanism for thrombin-induced ICH injury is the cleavage of
complement proteins leading to complement activation, which plays an essential role in microglia
activation and neuroinflammation (Ducruet et al., 2009; Zhang et al., 2020). In support of this, the
complement proteins C3a and C5a have been linked to microglia activation after ICH (Lan et al.,
2017). Perihematomal microglia activation and subsequent ICH damage are significantly reduced
in complement C3-deficient mice (Yang et al., 2006). In the absence of complement C3,

complement activation can be triggered by complement C5a (Huber-Lang et al., 2006). The Cb5a
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receptor is upregulated in microglia after ICH, and its inhibition suppresses the expression of pro-
inflammatory M1 markers such as iNOS, TNFa, IL-1p, and IL-6 (Li et al., 2014). In general, these
studies highlight the diverse role of thrombin in modulating the response of microglia in HS.
Additional studies should characterize the PAR-1 dependent and independent mechanisms
underlying thrombin-induced microglial activation response, which will help to specifically

identify detrimental targets in HS.

M1 and M2 microglia in HS
Although microglia activation is triggered by thrombin and hematoma component, the nature

of the activation state changes throughout the course of the disease, and microglia assume distinct
phenotypic states. A few studies have explored the role of different microglia phenotypes in the
context of HS, and collective evidence suggests that M1-like microglia primarily mediate
neurotoxic effects by enhancing neuronal apoptosis, brain edema, and blood-brain barrier
permeability (Lan et al., 2017; V. & C., 2019). Receptors that trigger M1 polarization, such as
TLR4, have been shown to be upregulated in hemorrhagic patients and are associated with
neuroinflammation, oxidative stress, and poor functional outcomes (Lin et al., 2012; Ma et al.,
2015; Murakami et al., 2011; Rodriguez-Yanez et al., 2012; Sansing et al., 2011).

Very little is known about the function of the anti-inflammatory M2 microglia in HS. However,
findings from a few studies suggest that alternatively activated M2 microglia exhibit
neuroprotective functions. Specifically, various molecular mediators that trigger M2 polarization,
including TGF-B, peroxisome proliferator-activated receptor gamma (PPARy), and anti-
inflammatory cytokines (IL-4 and IL-10), have protective functions after ICH and SAH injury due

to their role in wound healing and resolution of inflammation (Chang et al., 2017; Taylor et al.,
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2017; Yang et al., 2016; Zhao et al., 2007). The M2 activation state is also associated with an
enhanced phagocytosis response due to higher expression levels of scavenger receptors, including
CD36, CD206, and the hemoglobin-scavenger CD163 (hemoglobin and CD206) (Chang et al.,
2017; Fang et al., 2014; Leclerc et al., 2018).Therefore, M2 microglia serve a protective function
in HS by phagocytosing hematoma products and removing cellular debris.

Overall, the presented findings suggest that immunotherapies that modulate the phenotypic
switch from neurotoxic (M1) to neuroprotective (M2) state are promising candidates for the
treatment of HS. Since the stage-specific transition of microglia phenotypes impacts the overall
function of microglia, a thorough characterization of time-dependent microglia activation response

is needed to identify an optimal therapeutic time window for targeting microglia.

Temporal microglia polarization in HS
Existing evidence suggests a predominant M1-like microglia response in the early phase of

hemorrhagic injury followed by a switch to the M2 phenotype in the subacute stage (Kanazawa et
al., 2017; Taylor & Sansing, 2013). This M1 to M2 trajectory is supported by microscopy-based
preclinical studies in ICH and SAH models (ICH and SAH models) (Lan et al., 2017; Li et al.,
2018; Linetal., 2017; Wan et al., 2016; Yang et al., 2016). In both autologous blood-injection and
collagenase-injection models of ICH, Ma1-specific phenotypic markers are upregulated
immediately after injury. A peak in M1 marker expression is evident within the first few hours of
injury and remained high after 72 hours, gradually returning to baseline on day 7. Specifically,
known pro-inflammatory cytokines such as IL-1f, IL-6, and TNFa are elevated in perihematomal
tissue as early as 6 h after ICH, and expression levels of these markers increase within the first 3

days (Lan etal., 2017). In addition to cytokines, transcript levels of prominent M1 surface markers,
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such as CD32, CD68, and CD86, are acutely upregulated and remained elevated after 3 days (Lin
et al., 2017). A notable increase in CD16/CD32-expressing microglia is also evident in the
perihematomal region within the first few days (Lan et al., 2017), and acutely upregulated pro-
inflammatory proteins such as CD16 and iNOS decline in expression a week after injury (Wan et
al., 2016). Data in SAH experimental models also demonstrated a similar trend of early-phase M1
polarization response post-injury (Li et al., 2018; V. & C., 2019). Overall, these results implicate
a detrimental role for M1 microglia in the early stage of hemorrhagic injury.

Unlike rapidly induced M1 markers, M2 phenotype markers gradually increase during HS
progression (Lan et al., 2017; Li et al., 2018; Lin et al., 2017; V. & C., 2019; Wan et al., 2016;
Yang et al., 2016). However, upregulation of M1 markers does not always precede M2 phenotypic
markers, as evidence has shown mixed expression of M1-like and M2-like phenotypic markers in
the acute stage of injury (days 1-3) (Li et al., 2018). Nonetheless, in both subtypes of HS, the peak
in the expression of M2 markers appears to be delayed compared to M1 markers (Lan et al., 2017,
Lanetal., 2017; V. & C., 2019) (Li et al., 2018; Wan et al., 2016;). For example, Lan et al. (2017)
demonstrated that, while there are microglia populations expressing both CD16/CD32 and YM-1
in the perihematomal region at days 1 and 3 post-ICH, the proportion of YM1*-M2-like microglia
was higher at 72 hours compared to CD16/CD32 positive cells (Lan et al., 2017). Studies in the
SAH model also showed that anti-inflammatory cytokines expressed by M2-like microglia cells,
such as IL-4 and IL-10, show a relatively gradual increase following the acute pro-inflammatory
response (Li et al., 2018).

Accurate characterization of the dynamic microglial activation and polarization response has

not been possible since interpretations in different studies are based on a few molecular markers.
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For example, Yang et al. (2016) showed steady expression of the M1 markers CD68 and IL-1f in
activated CD11b+ microglia/macrophage cells in different stages of the disease, ranging from 1 to
28 days after collagenase-induced ICH injury (Yang et al., 2016). This expression pattern is not
consistent with other studies and does not support the notion that microglial M1 response declines
over time. To comprehensively examine the temporal activation of microglial phenotypes, recent
studies have employed bioinformatics approaches that capture a wide variety of signature markers.
Taylor and colleagues (2017) incorporated flow cytometry and transcriptome analysis to
characterize the M1/M2 microglial response in the acute and resolution phase of injury in a blood-
injection ICH model (Taylor et al., 2017). Their findings showed that microglia in perihnematomal
tissue exhibit a transient pro-inflammatory phenotype in the acute phase (day 1) that was
suppressed on day 7, at which point the microglia transitioned to a type of alternative activation
state. Multiplexed ELISA analysis of perihematomal tissue samples also revealed a phenotypic
transition from M1 to M2 microglia within the first 2 weeks after ICH, further suggesting that the
balance of M1/M2 decreases throughout the course of disease. Interestingly, their findings
demonstrated that the phenotypic switch during the resolution phase of ICH does not reflect
changes in anti-inflammatory signature cytokines such as IL-4 and IL-13, and instead involved
upregulation of alternative activation phenotype genes associated with wound healing and brain
recovery functions, such as TGFp-1 signaling pathway (Taylor et al., 2017). These findings shed
light on the complex nature of microglial polarization response, such as the presence of a specific
subtype of M2 microglia.

The dynamic expression pattern of inflammatory cytokines and surface proteins varies in

different experimental models of ICH. For example, the switch from M1 to M2-like phenotype is
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reported to be delayed (day 7) in a blood-induced ICH model (Taylor et al., 2017), compared to
collagenase injection models (day 1-3) (Lan et al., 2017). This difference has been attributed to
the greater disruption of the BBB that occurs in collagenase-induced ICH injury, which enhances
the infiltration of peripheral immune cells (Manaenko et al., 2011). Therefore, the increased
infiltration of M2-like peripheral macrophages through the leaky BBB may explain the accelerated
accumulation of M2 phenotypes in the collagenase model of ICH.

Limited studies have analyzed polarization markers in clinical samples from HS patients.
Consistent with findings in experimental models, the expression level of TLR4, which is associated
with the M1-like pro-inflammatory response, is upregulated in the early phase of injury in
peripheral macrophages isolated from SAH patients, and the expression level declined in the
subacute phase, reaching normal levels on day 7 (Ma et al., 2015). On the contrary, the phenotypic
marker TGF-B1 is suppressed in the acute stages of injury in plasma samples obtained from ICH
patients, and a lower TGF-B1 level in the early phase of injury correlates with poor functional
recovery (Taylor et al., 2017). Thus, while there are mixed M1/M2 phenotypes after brain
hemorrhage, a balance of evidence suggests a neurotoxic role for M1 microglia in the early phase
of hemorrhagic injury and a protective role for M2 microglia in the late phase recovery process.
Given the limitations of existing animal models and experimental approaches, further clinical
investigations are needed to better characterize the dynamic response of microglia phenotypes in
HS.

1.4.2. Microglia in Alzheimer’s Disease

Alzheimer’s disease (AD) is the most prevalent age-related neurodegenerative disease

characterized by a progressive loss of neurons in the cerebral cortex, resulting in cognitive
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impairment, executive dysfunction, behavioral deficits, and dementia (Burns & lliffe, 2009).
Although age is the main risk factor, various mechanisms contribute to the onset and progression
of AD, making it one of the most complex NDs. AD has two major subtypes, which differ based
on genetic predisposition and age of onset (Dorszewska et al., 2016). Familial AD (fAD) is a less
common form of AD that commonly manifests its symptoms before the age of 65 years and has a
mendelian inheritance pattern with minimal influence from the environment. Sporadic AD (SAD)
is the most prevalent form of AD after the age of 65, and its etiology involves a combination of
genetic, environmental, and lifestyle factors that contribute to age-associated neuropathological
changes (Dorszewska et al., 2016). Neuropathological hallmarks of AD include loss of neurons
and synapses in the cortical and subcortical brain regions, accompanied by extracellular
accumulation of amyloid-p (AP) plaques and intraneuronal aggregation of hyperphosphorylated
tau protein (pTau) known as neurofibrillary tangles (NFTs) (Crews & Masliah, 2010).

AP is a 37-49 amino acid residue peptide that is produced through proteolytic processing of
amyloid-p precursor protein (APP) by sequential cleavage involving f-secretase and y-secretase
enzymes (Olsson et al., 2014; Wilguet & De Strooper, 2004). AB peptides are capable of self-
assembling and transforming to soluble oligomeric or insoluble heavy aggregate with varying
neurotoxic potential (Chen et al., 2017). Various genetic risk factors of AD are linked to AP
accumulation in the CNS, which is often associated with a defect in AP clearance mechanisms
(Bertram, 2009). Prominent examples include mutations in genes encoding APP or presenilin 1/2,
which are catalytic proteins involved in the breakdown of APP and the release of AP (Lanoiselee

etal., 2017). Furthermore, the presence of the apolipoprotein &4 allele (APOE4) is one of the main
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genetic risk factors for AD (Corder et al., 1993), and this protein plays a central role in the
regulation of lipid homeostasis and Af accumulation in the brain (Safieh et al., 2019).

AP accumulation in the brain has been proposed as a potential trigger for AD and has formed
the traditional ‘amyloid hypothesis,” which suggests that a defect in AB metabolism in the aged
brain leads to a linear sequence of events involving the accumulation of toxic Ap and the formation
of amyloid fibrils that subsequently develop into senile plaques and trigger tau pathology and
neurotoxicity (Makin, 2018). This hypothesis led to the development of several AB-modifying
therapeutic strategies that target the production or aggregation of Ap or promote its degradation.
In June 2021, the FDA approved aducanumab antibody, which degrades toxic Ap forms for the
treatment of AD (Dunn et al., 2021). However, its approval has been controversial, as clinical trials
showed little or no functional improvement in AD patients, and the use of aducanumab is now
only recommended for patients with mild cognitive impairment (MCI) or mild dementia due to
AD (Tampi et al., 2021). Therefore, despite decades of drug discovery efforts, there is currently
no effective treatment to cure AD, and several other clinically tested disease-modifying agents
have failed to mitigate its progressive symptoms. Therefore, there is a growing need to identify
preventive approaches that mitigate the onset of AD. This requires a better understanding of the

underlying mechanism of AD pathology.

Microglia activation in AD
Genome-wide association studies (GWAS) have implicated a significant role for microglia in

AD pathogenesis (Lambert et al., 2013). Variants of highly expressed microglial transcripts are
identified as risk factors for AD, and these AD-associated susceptibility genes strongly affect

microglial function. For example, one of the major risk factors associated with AD is mutations in
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TREMZ2, a prominent microglial receptor involved in modulating microglial activation and
phagocytosis response (Gratuze et al., 2018). Furthermore, several other risk factors for AD have
been identified, such as alterations in the microglial genes CD33, MS4A6, and ABCA7 (Lambert
et al., 2013), which mediate important functions of microglia, further suggesting an important role
for microglia in AD pathogenesis.

In vivo PET imaging studies have shown that microglia activation occurs early in the
pathogenesis of AD before the onset of AD and activated microglia at the prodromal / preclinical
stages exhibit a protective phenotype (Hamelin et al., 2016). In the early disease stage prior to
plaque formation, microglia engage in protective functions such as clearance of AP, suppression
of tau hyperphosphorylation, and release of neurotrophic factors that prevent symptoms of AD
(Condello et al., 2015; Feng et al., 2020; Gratuze et al., 2018; Merlo et al., 2018; Wang et al.,
2016). However, as disease progresses, microglial responses are altered and sustained microglia
activation contributing to neurodegeneration (Fan et al., 2017). This suggests a bimodal microglia
activation response throughout the progression of AD, where moderate activation leads to a
protective phenotype that is prominent in the preclinical stages, while excessive activation leads
to a neurotoxic phenotype that emerges in the clinical phase (Fan et al., 2017; Hamelin et al.,
2016). By the time symptoms manifest, protective microglia have already transitioned towards a
dysfunctional phenotype (Fan et al., 2017), signifying the narrow therapeutic window for
microglia-related immunotherapies. Microglia also assume a dysfunctional transition state as they
progress from having a protective role to a detrimental one (Hong et al., 2016). The transition to a
neurotoxic phenotype is often accompanied by upregulated expression of complement proteins in

the CSF and the deposition of complement proteins on synapses (Daborg et al., 2012) These factors
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are recognized by microglial phagocytic receptors and are targeted for degradation, which can lead
to early synaptic loss and cognitive impairment (Hong et al., 2016).

Clinical studies showed a positive link between microglia activation and AD pathology, which
is evident in younger but not older AD patients (Hoozemans et al., 2011). This has been attributed
to a decrease in the microglial activation response in older patients (>80 years), suggesting an age-
dependent impairment of the immune activation response in the AD trajectory. Microglia-
mediated therapeutic approaches are now focusing on targeting the initial biochemical event before
disease onset, such as treating patients with mild cognitive impairment who have not yet
manifested symptoms of dementia. Therefore, additional large-scale longitudinal research can help

identify an appropriate time window to target microglia.

Microglia response to amyloid-$
In the brain, the balance between A production and clearance controls amyloid burden, and

mechanisms that regulate Ap metabolism have been linked to the etiology of AD (Mawuenyega et
al., 2010). Microglia play a key role in AP metabolism and clearance, and the cholesterol
metabolism pathways involved in phagocytosis or enzymatic breakdown of AP are enriched in
microglia (Loving & Bruce, 2020). In fact, one of the well-known beneficial functions of microglia
in the context of AD is their ability to limit plaque formation by clearing pathological A (Condello
etal., 2015).

AP modulates various microglial responses, such as chemoattraction, activation, and
proliferation, and these cellular responses serve as a protective mechanism to facilitate the first-
line defense response and limit further AP deposition (Lee & Landreth, 2010). Ap

phagocytosis/endocytosis in microglia is mediated by the interaction of Ap with various microglial
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receptors, including TREM2, TLRs, CD36, class Al scavenger receptors (SR-A1) and receptor
for advanced glycation end products (RAGE) (Yu & Ye, 2015). The overall response of microglia
depends on the specific type of receptor activated and the structural form of AP (Lee & Landreth,
2010).

Various inflammatory pathways are triggered by AP and lead to the production of pro-
inflammatory cytokines and reactive oxygen and nitrogen species (ROS/RNS). AB-mediated
activation of the CD36/TLR4/TLR6 complex is largely involved in amplifying pro-inflammatory
microglial responses (Stewart et al., 2010), and activation of RAGE also mediates inflammatory
responses in microglia and promotes oxidative stress in neurons (Deane et al., 2012). AP also
activates the NLRP3 inflammasome, an intracellular tricomplex containing a sensor protein
(NLRP3), an adaptor protein (ASC) and an effector protein (caspase-1), which promotes the
production of IL-1p and induces neurotoxicity (Hanslik & Ulland, 2020). NLRP3 inflammasome
activation can alter the microglial phagocytosis response and promote AP deposition (Heneka et
al., 2013), and the release of ASC from activated microglia also facilitates plaque formation by
inducing the AP oligomerization and aggregation (Venegas et al., 2017). Transient receptor
potential melastatin 2 (TRPM2), a Ca?*-permeable non-selective cation channel, has recently been
implicated in AB-induced AD pathologies (Alawieyah Syed Mortadza et al., 2018; Ostapchenko
et al., 2015). In a transgenic AD model, loss of this channel restores AB-induced synaptic loss,
memory impairment, and microglial activation (Alawieyah Syed Mortadza et al., 2018).
Supporting in vitro studies also demonstrated that the TRPM2 channel mediates AB-induced
microglia activation and TNFa production. This receptor is upregulated by a high level of ROS,

and Ca?* influx through this channel was shown to mediate ROS-induced activation of NLRP3 in
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Ap-activated microglia (Aminzadeh et al., 2018). Overall, AP can activate various inflammatory
and neurotoxic pathways in microglia that can mediate AD pathology.

Microglial senescence upon aging can sensitize microglia to inflammatory signals and
exacerbates AB-pathology (Hu et al., 2021). While A can trigger chronic activation of microglia,
inflammation in the brain microenvironment can, in turn, weaken clearance mechanisms and
promote AP deposition, suggesting a positive feedback loop for AD pathology. For example, pro-
inflammatory cytokines produced by microglia such as TNFo and IFNy can diminish the ability
of microglia to degrade AB and suppress the expression of AB-degrading proteases, contributing
to plaque formation (Michelucci et al., 2009; Yamamoto et al., 2008). Pro-inflammatory cytokines
also upregulate microglial INOS in the AD brain, leading to toxic NO production (Goodwin et al.,
1995; Vodovotz et al., 1996). High concentrations of NO in the brain can alter mitochondrial
function, induce neurotoxicity, and trigger the nitration of AP particles, which promotes plaque
aggregation (Kummer et al., 2011). Furthermore, other microglial activation DAMPSs, such as
chromogranin A and myeloid-related protein 14 (MRP14), can trigger chronic neuroinflammation
in the AD brain and further compromise the microglial phagocytosis response, thus contributing
to plaque build-up (Kummer et al., 2012; Taupenot et al., 1996).

Evidence suggests that AP accumulation in the early phase of AD is, in part, caused by
impaired microglial clearance mechanisms. For example, a dysfunctional autophagic response is
evident in the AD brain and has been attributed to reduced expression of microglial beclin-1
(Pickford et al., 2008), a protein that plays an important role in Ap phagocytosis by promoting the
recycling of scavenger receptors such as CD36 and TREM2 (Lucin et al., 2013). AB deposition

and buildup of senile plaques increase with age and may be related to age-associated microglial
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senescence, which impairs the ability of microglia to detect phagocytic targets (Hu et al., 2021).
In support of this, various microglial AB-binding cognate receptors involved in the uptake of AP,
such as CD36, SR-A, and RAGE, are reduced in aged mice and AD brain (Hickman et al., 2008),
suggesting an impaired phagocytosis response with age. In addition, aging studies comparing
isolated microglia cultured for 2 or 16 days showed that older microglia have lower phagocytosis
and autophagic response after A treatment, accompanied by reduced expression of TREM2 and
increased expression of the senescence-associated B-galactosidase (SA-B-gal) (Caldeira et al.,
2017). Furthermore, a study using an ex vivo organotypic coculture model demonstrated that
young microglia could restore the amyloid plaque clearance capacity of aged microglia (Daria et
al., 2017). These findings indicate that dysfunctional microglial A clearance contributes to plaque
buildup upon aging, thus targeting age-associated microglial senescence has a therapeutic potential

to prevent the onset and progression of AD.

Microglia response to tau
Tau is a microtubule-associated protein that is abundantly expressed in neurons and is normally

involved in axonal microtube assembly and stabilization (Barbier et al., 2019). Post-translational
modifications play an important role in modulating tau functions; in particular,
hyperphosphorylation of tau impairs the interaction of tau with microtubules and induces abnormal
folding that promote aggregation and the formation of neurofibrillary tangles (NFTs) (Barbier et
al., 2019). Activated microglia are observed in close proximity to NFTs in AD patients (Sheffield
et al., 2000), and compelling experimental evidence demonstrated both a beneficial and

detrimental role of microglia in tau pathology. Microglia can engulf and degrade pathological tau
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particles, but they can also propagate the spread of tau pathology (Asai et al., 2015; Bolos et al.,
2016).

In experimental AD models, activated microglia populations are evident prior to tau deposition
(Hopp et al., 2018; Yoshiyama et al., 2007), thereby implicating the role of microglial
inflammation in exacerbating tau aggregation and spreading. In support of this, known
immunosuppressants that modulate microglia activity have been used to treat AD and have shown
attenuation of tau pathology (Garwood et al., 2010; Howard et al., 2020) Microglia can contribute
to the spread of tau pathology through various mechanisms. Studies have shown the presence of
hyperphosphorylated tau in aged dystrophic microglia (Bussian et al., 2018), suggesting that
impairment of clearance mechanisms upon aging can lead to intracellular accumulation of
pathological tau particles that promote microglia dystrophy. Impaired processing of pathological
tau in microglia can contribute to tau propagation by releasing tau-containing
exosomes/microvesicles (MV) (Asai et al., 2015). High concentrations of MVs containing
bioactive molecules are evident in the AD brain, and the release of bioactive mediators from these
MVs, including toxic tau seeds, is known to alter the brain microenvironment and promote
microgliosis and tau spreading (Ramirez et al., 2017; Ruan et al., 2021).

Studies have shown that NFT formation is accelerated by microglial inflammation (Asai et al.,
2015; Bhaskar et al., 2010). Microglial uptake of tau can also trigger activation of the NLRP3
inflammasome complex, which promotes tau seeding (Hanslik & Ulland, 2020). Activated
microglia can also modulate tau function through post-translational modifications. For example,
pro-inflammatory cytokines released by activated microglia, such as IL-1 and IL-6, induce tau

phosphorylation, thus promoting NFT formation (Wang et al., 2015). Microglia also promote tau
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ubiquitination, and ubiquitinated forms of tau are better incorporated into exosomes that can
facilitate extracellular release of tau seeds (Asai et al., 2015). Pro-inflammatory responses in
microglia can also disrupt regulatory CX3CR1-CX3CL1 signaling (Inoue et al., 2021), which can
further lead to sustained microglial activation and promote NFT formation (Pawelec et al., 2020).

Proteasomal and autophagic mechanisms are involved in tau degradation, and there is evidence
that these clearance mechanisms are impaired in AD (Tang et al., 2019). The receptors involved
in tau interaction are not well characterized. However, Bolos et al. (2017) demonstrated that the
microglial CX3CR1 receptor interacts with tau and promotes its phagocytosis and internalization,
and S396 tau mutant with impaired binding to CX3CR1 is associated with a defect in tau clearance
(Bolos et al., 2017). However, in the AD brain, tau competes with CX3CL1, and sustained
CX3CR1/Tau signaling can amplify pro-inflammatory and neurotoxic pro-inflammatory
responses (Chidambaram et al., 2020). The exact mechanism for the dual role of microglia is not
clear; however, microglia probably mediate different effects on tau pathology, depending on the
stage of the disease. Overall, microglia-induced tau pathology is facilitated by a combination of
factors involving a defect in tau clearance mechanisms and neuroinflammatory mechanisms that
promote tau aggregation and propagation. More studies are needed to characterize the role and

mechanism of the reciprocal microglia-tau interaction at different stages of AD progression.

Microglia morphologies and phenotypes in AD
Various immunohistology studies in transgenic AD models and human clinical samples

demonstrated the presence of various morphologically distinct populations of microglia in AD
brain, including traditional ramified resting microglia and amoeboid-shaped activated microglia

(Davies et al., 2017). Amoeboid-shaped microglia are predominantly localized in the hippocampus
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and cerebral cortex region where amyloid plaques and NFTs are commonly found, while ramified
microglia are dispersed away from these pathogenic regions (Davies et al., 2017; Franco-
Bocanegra et al., 2021; Plescher et al., 2018). A dystrophic/degenerating microglia phenotype,
exhibiting thin fragmented processes, is also reported in the hippocampus of human AD autopsy
brains (Bachstetter et al., 2015).

Some of the activated microglia population located near senile plaques assume an elongated
and polarized morphology, commonly referred to as bipolar/rod-shaped microglia, and these
microglia phenotypes are mostly aligned end-to-end in the CA1 and CA2/3 region of the
hippocampus (Bachstetter et al., 2015; Wierzba-Bobrowicz et al., 2002). Bipolar/rod-shaped
microglia are evident in the affected brain region in the early phase of AD, and as disease
progresses, amoeboid microglia predominate, while bipolar microglia appear in less affected brain
regions in the later stage of AD (Au & Ma, 2017; Bachstetter et al., 2017; Bachstetter et al., 2015).
Compared to amoeboid microglia, in vitro studies demonstrated that bipolar/rod-shaped microglia
highly express low levels of pro-inflammatory markers and can transform into an amoeboid
phenotype by LPS treatment (Suzumura et al., 1991; Tam & Ma, 2014). Transformation towards
an amoeboid phenotype enhanced the production of proteolytic extracellular matrix-degrading
molecules, suggesting a neurotoxic role of amoeboid microglia (Tam et al., 2016). Although these
observations implicated a potential neuroprotective effect of bipolar/rod-shaped microglia in AD
pathology, more studies are needed to understand the exact role and regulation of this microglia
phenotype.

A recent ultrastructural analysis using a high-resolution transmission electron microscopy

(TEM) revealed a unique phenotype of microglia known as ‘dark microglia’ (DM), which is named
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for its characteristic dark appearance under TEM (Bisht et al., 2016; Bisht et al., 2016). This
phenotype, which was nearly absent in normal adult brains, was abundant under conditions of
chronic stress, aging, and in a transgenic AD model. DM exhibited a distinct ultrastructural
morphology and showed signs of severe oxidative stress, such as condensed cytoplasm and
nucleoplasm, abnormal nuclear chromatin, dilated ER and Golgi body, and mitochondrial
alterations. Furthermore, this microglia phenotype is highly reactive and rich in endosomes,
implicating a strong phagocytic function. Unlike normal microglia with shorter and thicker
processes, DM have thin and highly branched ramifications that enable them to extensively circle
and engulf axon terminals, dendrites, and entire synapses (Bisht et al., 2016; Bisht et al., 2016).
DM strongly express the CD11b microglia receptor while encircling synaptic elements and
have high expression of TREM2 when associated with amyloid plaques; these receptors have
important synaptic pruning and phagocytosis functions, suggesting an important function of DM
in pathological remodeling of synapses (Bisht et al., 2016; Bisht et al., 2016). The significance of
DM is yet to be elucidated, but their distinct structural properties, specific occurrence in aging and
chronic stress environment, and their implicated role in pathological synapse remodeling suggest
an important function of DM in AD pathology. DM has recently been identified in humans and
other species (Elgayar et al., 2018; Uranova et al., 2018), suggesting that this microglia
morphology is highly conserved across species and may modulate disease progression. Overall,
the presence of various microglia morphologies demonstrates a complex role of microglia in AD

pathology.
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M1 and M2 microglia in AD
The dichotomous paradigm of M1 and M2 is less commonly applied in the context of AD,;

however, it is sometimes used as a general reference to describe either pro-inflammatory microglia
or a phagocytic phenotype, which is distinguished based on molecular markers and the overall
functional response. It is believed that M2 microglia are efficient phagocytes and mediate
protective functions, while M1-like pro-inflammatory microglia have a poor ability to clear A
and toxic tau, thus exacerbating AD pathology (Yao & Zu, 2020). Inhibition of pro-inflammatory
responses, such as the activation of the NLRP3 inflammasome, has a protective effect in reducing
amyloid burden and associated toxicity (Kuwar et al., 2021). Pro-inflammatory cytokines released
by M1 microglia, such as IFNy and TNFa, are implicated in AD pathology as they can inhibit the
uptake of AP or the degradation of internalized AP (Michelucci et al., 2009; Yamamoto et al.,
2008). In addition to their role in AP pathology, pro-inflammatory microglia can also mediate tau
neurotoxicity by triggering tau hyperphosphorylation (Bhaskar et al., 2010). In fact, the presence
of pro-inflammatory microglia has been reported in vivo in transgenic AD models before the
manifestation of tau neurotoxicity (Yoshiyama et al., 2007), suggesting a detrimental role of M1
microglia in tau pathology.

Studies have shown that microglia surrounding amyloid plaque exhibit an activation profile of
M2 microglia, and this microglia phenotype is largely associated with protective functions (Fan et
al., 2017; Hamelin et al., 2016; Jimenez et al., 2008). Both in vitro and in vivo findings
demonstrated that microglia polarization toward an M2 phenotype alleviates neuroinflammation,
M1-mediated neurotoxicity, and AD pathogenesis (Wang et al., 2021) M2 polarization reduces

microglial reactivity toward pathogenic forms of AB, which helps limit Ap-toxicity (Tang & Le,
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2016). Unlike the pro-inflammatory M1phenotype with impaired phagocytosis function, M2
microglia exhibited enhanced AP phagocytosis and clearance (Yao & Zu, 2020), which implies a
beneficial role of M2 phenotype in AD pathology. M2 microglial responses can be diverse,
depending on the specific M2 subtype. For example, the M2a phenotype, which is induced by IL-
4, has enhanced phagosome/lysosome function and increased scavenging capacity, which
facilitates AP degradation (Balce et al., 2011; Majumdar et al., 2007), while the M2c phenotype is
involved in tissue repair and wound healing functions (Yao & Zu, 2020). In general, chronic
induction of the M1-like pro-inflammatory phenotype or defect in M2-like phagocytic and wound-
healing microglia can exacerbate AD pathogenesis.

Studies exploring the role of cytokines in AD pathology have yielded conflicting findings.
Intracerebral administration of IL-4 and IL-13 has shown neuroprotective effects in limiting plaque
buildup and improving cognitive functions in APP transgenic mice (Kawahara et al., 2012).
However, in a different mouse model with preexisting amyloid plaques, adenovirus-based
overexpression of recombinant IL-4, while inducing M2 polarization, exacerbated amyloid
deposition after 6 weeks (Chakrabarty et al., 2012), suggesting that IL-4 impairs microglial
phagocytosis response. A paradoxical beneficial role of pro-inflammatory cytokines (IL-6, IFNy,
and TNFa) has also been reported, such as enhancing complement-mediated A} phagocytosis and
clearance (Chakrabarty et al., 2010; Chakrabarty et al., 2011; Chakrabarty et al., 2010). These
findings suggest diverse roles of cytokines and microglia phenotypes in AD pathology, which can
vary depending on the specific disease stage. For example, it is suggested that AP clearance in AD
may be primed by the M1 microglia response and maintained by M2 microglia (Tang & Le, 2016;

Wang et al., 2015). Although M1 microglia have a potential role in AP uptake, sustained M1
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polarization and chronic inflammation in the AD brain can overwhelm the functional response of

M2 microglia and lead to impaired A clearance and M1-neurotoxicity.

Timeline of Microglia Phenotypes in AD
Studies have explored age-associated changes of microglia phenotypes in the context of AD.

Jimenez et al. (2008) characterized the age-dependent change of microglia phenotypes in the
hippocampus of double PS1XAPP transgenic AD mice (Jimenez et al., 2008). They observed that
YM1-positive M2 microglia with low expression of pro-inflammatory markers predominated at 6
months, and later switched to M1-like microglia at 18 months. The M2-phenotype microglia in 6-
month-old mice were located exclusively located surrounding AP plaque and exhibited phagocytic
abilities, while the M1 activation response in the older age group was more widespread and
included plaque-free brain regions. This M2-to-M1 switch also coincided with significant
neurodegeneration and accumulation of AP oligomers, further suggesting the loss of microglial
phagocytosis response. This age-dependent impairment of AP clearance has also been
demonstrated in vitro in aging microglia (Caldeira et al., 2017). Overall, these findings imply that
microglia transition from a phagocytic and protective alternative activated phenotype, in the early
stage of AP pathology, to a pro-inflammatory and neurotoxic phenotype in advanced stages.
Longitudinal PET imaging studies in patients with MCI and AD have also revealed a similar
microglia activation profile in human subjects where a protective phenotype is believed to be
present in the early stage of AD, while a pro-inflammatory phenotype is prominent as the disease
progresses and AP clearance fails (Fan et al., 2017; Hamelin et al., 2016; Shen et al., 2018). M2-
like microglia peak in the MCI stage of disease while the M1 phenotype is more apparent in

symptomatic AD patients (Shen et al., 2018). The transition from M2-to-M1 phenotype is
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attributed to a change in the brain microenvironment. In the early presymptomatic phase of AD,
there is moderate activation of microglia and protective functions of microglia dominate, such as
clearance of Ap/tau. On the contrary, a sustained inflammatory environment during AD
progression can alter microglial housekeeping and sensing functions, as well as the host defense
mechanism, thereby promoting neuroinflammation and neurotoxicity (Hickman et al., 2018) For
example, there is evident dysregulation of endogenous microglia regulatory molecules such as loss
of CX3CR1 and TREM2 that can cause microgliosis and exacerbate AD pathology (Bhaskar et
al., 2010; Parhizkar et al., 2019) While these findings implicate a dynamic microglia activation
profile, the overall response of microglia in AD is more complicated than what is described by the
two distinct activation phenotypes.

Colton and colleagues (2006) described a complex pattern of microglial gene expression in
AD patients and two different transgenic mouse models: the APPsw model for amyloid deposition
and the Tg-SwDI model for cerebral amyloid angiopathy (Colton et al., 2006). They observed an
M2-like activation profile in both the experimental models and clinical samples, but the assessment
of different phenotypic markers showed a heterogeneous gene expression profile in the AD brain
representing a mixture of classical and alternative activated states. Various factors can contribute
to a complex microglia response in AD. For example, microglia can have a diverse response in
AD brain depending on the specific activation trigger, eg. AP vs tau. Amyloid plaques and NFTs
also have regional distributions that can lead to a heterogeneous activation response of microglia
in the diseased brain (Pereira et al., 2019). Furthermore, extracellularly deposited mediators such
as AP can activate the peripheral immune response and elicit infiltration of other immune cells

into the brain, which can modulate microglia phenotypes (Dionisio-Santos et al., 2019). While
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these findings highlight the complex activation response of microglia, a specific phenotype of
microglia may dominate at different stages of AD. Therefore, longitudinal studies characterizing
stage-specific responses of microglia in different brain regions can help identify an optimal

therapeutic time window to specifically target detrimental phenotypes of microglia.

Diversity of microglia in AD inferred from transcriptome studies: DAM and HAM
Transcriptome studies that examine microglial signatures in AD models have highlighted the

complex nature of the microglial response in AD pathology (Orre et al., 2014; Srinivasan et al.,
2016; Wang et al., 2015). Orre et al. (2014) reported transcriptome alterations observed in late-
stage (15-18 months) APP/PS1 transgenic mouse model and revealed that microglia in AD brain
exhibit lower expression of genes important for phagocytosis and endocytosis functions, while
showing upregulation of innate activation genes such as those involved in antigen processing and
presentation responses (Orre et al., 2014). Wang et al. (2015) identified similar remodeling of the
microglial transcriptome in 8.5-month-old plaque depositing AD model (5XFAD, harboring five
AD-linked mutations) that represented a late stage of AD progression (Wang et al., 2015). Using
coexpression network analysis, Holtman et al. (2015) compared the microglial transcriptome in
mouse models of aging, AD, and ALS and identified shared transcriptional profiles such as
dysregulation of genes involved in antigen presentation, AD signaling, and phagocytosis (Holtman
et al., 2015). However, they observed a highly heterogeneous microglia transcriptome profile,
which varied by age and brain region. Recently, Lopes et al. (2022) identified similar regional and
age-related differences in the microglia transcriptome of human AD brain tissue, including
alteration in a wide range of inflammatory responses such as the IFN, glucocorticoid, STAT3, and

IL-6 signaling pathways (Lopes et al., 2022).
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Transcriptome analyses have also revealed a novel disease-associated microglia (DAM)
phenotype found near AP plaques (Keren-Shaul et al., 2017; Krasemann et al., 2017). Krasemann
et al. (2017) identified a novel molecular signature associated with the induction of DAM
phenotype; the switch towards DAM was triggered by phagocytosis of apoptotic neurons and
depended on the activation of TREM2-APOE signaling and subsequent suppression of
homeostatic microglia signatures (Krasemann et al., 2017). In a plaque-deposited mouse 5XFAD
model, Keren-Shaul et al. (2017) also identified a subset of protective DAM population enriched
near senile plaques that exhibited a distinct molecular signature compared to microglia in the
normal brain (Keren-Shaul et al., 2017). In the same disease model, Grubman et al. (2021)
transcriptionally profiled amyloid plaque containing microglia (labeled with methoxy-XO4,
X04+) and plaque-free microglia (XO4-) during disease progression and showed that XO4+
microglia were functionally distinct, as defined by active fibrillar Ap phagocytosis (Grubman et
al., 2021). Their study also identified distinct processes such as accelerated aging and direct
response to plague phagocytosis that were associated with microglial changes in AD.

DAM activation occurs through two sequential steps: The first activation step is considered an
intermediate state and involvesTREM2-independent downregulation of homeostatic markers such
as P2RY12, while the second activation state is TREM2-dependent and is associated with
overexpression of genes involved in lipid metabolism and phagocytosis functions (Keren-Shaul et
al., 2017). DAM-like phenotype was also identified in AD patients and in other diseases such as
ALS (Deczkowska et al., 2018). So, DAMs may exist in various NDs that exhibit a characteristic
defect in clearance of pathogenic proteins, and this microglia phenotype may mitigate disease

progression through phagocytosis of misfolded and aggregated proteins.
43



Using single-cell RNA sequencing (scRNA-seq) technology, Mathys et al. (2019) profiled
~80,000 single-nucleus cortical transcriptome samples from 48 patients with varying degrees of
AD pathology and identified transcriptional profiles linked to AD pathogenesis, such as altered
expression of genes involved in inflammation and AP clearance pathways including APOE,
TREM2, MHCII, and Clgb (Mathys et al., 2019). Age-related dysfunction of the microglial
endolysosomal system has also been evident in human bulk RNA-seq samples from AD patients,
such as alteration of the GTPase-activating protein USP6NL and the phosphatidylinositol-binding
clathrin assembly protein (PICALM), which function to regulate Ap endocytosis and processing
(Lopes et al., 2022).

While the aforementioned transcriptome studies were performed in RNA samples isolated
from postmortem brain tissue, Olah et al. (2020) recently performed scRNA-seq experiments in
live microglia cells purified from human cerebral cortex and identified 9 diverse clusters of human
microglia subpopulations enriched for disease-related genes (Olah et al., 2020). A specific antigen-
presenting cluster was histologically verified and appeared to be prominently enriched for AD
genes whose expression was suppressed in AD patients. A significant portion of the genes
identified in the different clusters of human microglia appeared to overlap with signature genes
previously reported in murine DAM phenotypes (Keren-Shaul et al., 2017). A recent study by
Srinivasan et al. (2020) also characterized a human Alzheimer's microglia (HAM) profile from
frozen postmortem brain tissue using bulk RNA-seq and identified similar profiles between DAM
and HAM genes, particularly in AD risk factor genes involved in lipid transport and lysosome
biology such as APOE, CLU, PLCG2 (Srinivasan et al., 2020). However, a detailed comparison

of their data with a recently published human microglia sScRNA-seq and snRNA-seq datasets
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(Hasselmann et al., 2019; Masuda et al., 2019; Mathys et al., 2019), revealed a distinct profile of
HAM microglia. The DAM phenotype is evident in other NDs, such as multiple sclerosis, and is
mainly characterized in rodent AD models with implicated protective roles in AP pathology
(Keren-Shaul et al., 2017). However, HAM showed an enhanced human aging phenotype and a
unique transcriptome profile specific to human AD and exhibit defective activation and functional
responses (Hansen et al., 2018). Aside from species-specific intrinsic differences, the distinction
between DAM and HAM profile can be attributed to experimental factors; many transgenic AD
models harboring Ap-related mutations mimic A pathology, which is an early stage of AD before
the manifestation of neurodegenerative symptoms (Vitek et al., 2020). Therefore, microglia,
responses in rodent models may not represent features of clinical AD. While advanced genome-
wide analyses have revealed the complex and heterogeneous nature of microglia, additional
longitudinal transcriptome and functional studies in various age groups are necessary to better

understand the stage-specific response of microglia in human AD.

1.4.3. Microglia in Parkinson’s Disease

Parkinson’s Disease (PD) is the second most prevalent neurodegenerative disease and is
characterized by a progressive and selective loss of midbrain dopaminergic (DA) neurons in the
substantia nigra pars compacta (SNpc) and nerve terminals in the striatum (Poewe et al., 2017).
This leads to a gradual impairment of DA transmission in the motor regions of the striatum that
causes dysfunctional motor functions such as bradykinesia, tremor, and rigidity (Poewe et al.,
2017). Although PD is mainly considered a movement disorder, motor deficit usually occurs at an
advanced stage after approximately 50% of DA neurons are lost (Dijkstra et al., 2014), and patients

experience many nonmotor symptoms in the early phases, such as cognitive impairment,
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autonomic dysfunction, and psychiatric changes (Poewe et al., 2017). The main pathological
hallmark of PD is the formation of Lewy bodies (LBs), which are abnormal intracellular inclusions
containing aggregated proteins largely made up of a-synuclein (a-syn) (lacono et al., 2015).
Aging is the major risk factor for PD, but the exact mechanism for the onset of PD is unknown
and likely involves a combination of factors such as genetic and environmental predisposition
(Kouli et al., 2018). PD can either be familial (fPD), which is a less common form primary caused
by genetic factors, or sporadic (sPD) which has a multifactorial origin and is a more prevalent
form. More than 30 loci are identified as risk factors for PD, some of which are extensively studied,
such as mutations in genes encoding synuclein (SNCA), leucine-rich repeat kinase 2 (LRRK2),
parkin (PRKN), and Parkinson disease protein 7 (PARK7) (Maiti et al., 2017). In addition to
genetic susceptibility, sedentary lifestyle, poor diet, and exposure to environmental toxins (eg
herbicide/pesticides) also contribute to a lifetime risk of developing PD (Kouli et al., 2018).
Various pathogenetic mechanisms contribute to PD-mediated neurotoxicity, including
impairment in a-Syn proteostasis, mitochondrial dysfunction, oxidative stress, glutamate
excitotoxicity, and neuroinflammation (Kouli et al., 2018; Maiti et al., 2017). Developing effective
therapies for PD has been a challenge due to the complex etiology and mechanism of PD, and the
diverse neuropathological changes and symptoms among patients. Therapeutic options for PD are
mainly limited to symptomatic interventions focused on dopaminergic pharmacological targets,
such as the FDA-approved dopamine replacement agent levodopa (L-DOPA), a dopamine
precursor used to restore decreased dopamine levels in patients (Poewe et al., 2017). Although this
treatment option relieves motor symptoms, it does not target the underlying mechanism of

neurodegeneration and is not effective in slowing the progression of PD (Gandhi & Saadabadi,
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2022). A better understanding of the underlying mechanism of PD pathogenesis and the
identification of early biomarkers is crucial to develop preventative and neurorestorative therapies.

One of the most prevalent pathogenic players in PD is a-syn. This 140-amino acid protein is
highly expressed in the brain and its aggregated toxic form constitutes the core of LBs (lwai et al.,
1995; Zhang et al., 2019). Monomeric and aggregated forms of a-syn are commonly found in the
brain, CSF, and blood of PD patients (Borghi et al., 2000; EI-Agnaf et al., 2003). Aggregation of
a-syn in the brain is a characteristic feature of both sPD and fPD, and various pathogenic
mechanisms contribute to aggregation, including changes in the SNCA gene (point mutations,
duplications, and triplication) and various post-translational modifications of the protein (e.g.
phosphorylation, oxidation, nitration, ubiquitination) (Zhang et al., 2019). Therefore, preclinical
studies in PD commonly utilize rodent models with treatment or overexpression of human a-syn,
or transgenic models harboring a-syn mutations. a-Syn homeostasis in the CNS is regulated by the
proteasomal and autophagic degradation systems (Webb et al., 2003), and age-related progressive
decline in these a-syn clearance mechanisms contributes to a-syn accumulation in the aged brain
(Kiffin et al., 2007; Wong & Krainc, 2017). In addition to age-associated changes, various genetic
mutations linked with fPD, such as the G2019S mutation in LRRK2, are associated with decreased
a-syn homeostasis (O'Hara et al., 2020). Furthermore, alterations in the brain microenvironment,
including oxidative stress and inflammation, also play an important role in the pathogenic

mechanism of a-syn (He et al., 2020).
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Microglia activation in PD

Collective evidence from human postmortem analysis, in vivo PET imaging, and gene-wide
association studies (GWAS) has revealed genetic and neuropathological evidence for the
contribution of microglia in PD pathology (Subramaniam & Federoff, 2017). The nigrostriatal
system, in particular the SN region, has a high abundance of microglia, and neurons within this
region are very sensitive to inflammatory and oxidative damage (Kim et al., 2000). An early study
by McGeer et al. (1988) provided the first indication of microgliosis in the SN of postmortem PD
tissue (McGeer et al., 1988). Langston et al. (1999) further revealed the presence of chronic
microgliosis in the postmortem human brain exposed to MPTP (Langston et al., 1999), a
neurotoxin that triggers acute and irreversible human parkinsonism (Nonnekes et al., 2018).
Interestingly, activated microglia were present even up to 16 years after intoxication, suggesting a
sustained inflammatory response. Further, in vivo imaging employing inflammatory and microglia
activation markers revealed that activated microglia are present in early-stage PD, and sustained
activation and inflammatory response in the brain are positively correlated with disease
progression (Gerhard et al., 2006; Ouchi et al., 2009; Pradhan & Andreasson, 2013; Terada et al.,
2016). Activation of microglia was also observed in the midbrain region of patients with REM
sleep disorder, which is considered the prodromal phase of PD (Stokholm et al., 2017). Unlike the
region-specific activation response shown in the early stage, a more widespread microglial
activation response was evident in additional brain regions, including the hippocampus and cortex
of diagnosed PD patients (Doorn et al., 2014; Imamura et al., 2003). GWAS further showed that
key PD-susceptibility genes encode microglial proteins that play important roles in immune

regulation and microglial phagocytosis, such as LRRK2 (Ma et al., 2016)). Overall, these pieces
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of evidence suggest that microglia play an essential role in the pathogenesis of PD and that their

activation response is highly dynamic, exhibiting regional and stage-specific heterogeneity.

Microglia response to a-synuclein
A key neurotoxic mechanism of a-syn in PD is the activation of microglia to promote

neuroinflammation (Zhang et al., 2017). In the PD brain, activated microglia are commonly
associated with a-syn-containing LBs (Croisier et al., 2005), and a-syn released from degenerating
DA neurons is an endogenous DAMP that activates microglia (Zhang et al., 2017)). In vivo studies
in transgenic and neurotoxin-based PD model demonstrated that activated microglia and
inflammatory responses are evident and precede neurotoxicity (Chung et al., 2009; Marinova-
Mutafchieva et al., 2009). This suggests that neuronal death is not a necessary event for microglial
activation and that microglial inflammatory responses likely mediate a-Syn neurotoxicity.
Reciprocally, a key neurotoxic mechanism of activated microglia is their ability to facilitate o-
syn misfolding and propagation, which can subsequently cause microgliosis and exacerbate
disease progression (Gao et al., 2011). For example, a-syn can activate NADPH oxidase (Phox)
and trigger the release of ROS from microglia, creating an environment of oxidative stress (Zhang
etal., 2005). This response can further induce a-syn oxidation in neighboring neurons and promote
a-Syn aggregation, propagation, and disease progression (Shavali et al., 2006). In turn, modified
a-syn (eg. mutated, fibrillar, and oligomeric forms) has a stronger propensity to activate microglia
and lead to further microgliosis and neurodegeneration (Ferreira & Romero-Ramos, 2018).
Specifically, misfolded a-syn can trigger a reactive M1-like pro-inflammatory phenotype. For
example, a specific mutant form of a-syn (A53T), which is linked to fPD, induces a stronger

activation of the NF«kB/AP-1/Nrf2 pathway that leads to the production of pro-inflammatory
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cytokines and ROS, compared to wild-type o-syn (Hoenen et al., 2016). Furthermore,
oligomeric/fibrillar a-syn activates microglial NLRP3 inflammasome, which can lead to the
release of IL-1p and ASC in the extracellular space, promoting a pro-inflammatory response
(Trudler et al., 2021). In general, these findings suggest a positive feedback loop in which a-syn
disorder and microglial neuroinflammatory processes propagate one another and drive chronic
neurodegeneration.

Microglia activation in response to a-Syn also mediates protective effects; it triggers a defense
response that limits disease progression by modulating a-syn clearance and toxicity (Ferreira &
Romero-Ramos, 2018). Microglia are capable of internalizing and degrading a-syn, and studies
have shown that ingested a-syn is sequestered by the microglial autophagosome complex for
degradation (Choi et al., 2020). Microglia-mediated clearance of a-syn is regulated by LRRK2,
and a pathogenic variant of LRRK2, which is evident in patients with PD, affects the ability of
microglia to internalize and degrade a-syn thereby contributing to PD (Maet al., 2016). However,
the protective function of microglia in a-Syn clearance is weakened during aging and upon
sustained activation of microglia, and defect in microglial phagocytosis mechanisms can
contribute to a-Syn accumulation, microgliosis, and neurotoxic response (Kawabori et al., 2015;
Wong & Krainc, 2017). Bido et al. (2021) recently used a novel mouse model with selective
overexpression of a-syn in microglia and demonstrated that these mice, albeit lacking endogenous
aggregated a-syn, develop progressive DA neurodegeneration by phagocytic exhaustion and
oxidative stress (Bido et al., 2021), further supporting the notion that a-Syn responses in microglia
can drive neurotoxicity. The vicious cycle of phagocytic defect and oxidative/pro-inflammatory

toxicity in a-syn-accumulating microglia leads to progressive DA damage. However, microglial
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a-syn also plays an important for homeostatic lipid signaling (Ferreira & Romero-Ramos, 2018),
and its loss has been shown to impair phagocytosis and promote excess COX-2 activation in
response to inflammation (Austin et al., 2006). Therefore, microglial response to a-Syn is complex
and varies depending on the a-syn forms, and the solubility and aggregation properties of a-syn
change during disease progression, which affects the overall response of microglia (Melki, 2015).

Microglial uptake of a-syn and subsequent activation are mediated by mechanisms and
receptors similar to those involved in AB-signaling, prominently TLR2, TLR4, and the scavenger
receptor CD36 (Hickman et al., 2018). Activated microglia expressing TLR2 are present at the site
of neurodegeneration in patients with PD (Doorn et al., 2014), and a-syn interaction with this
receptor mediates pro-inflammatory and neurotoxic responses (Zhang et al., 2017). The expression
of TLR2 in SN is higher in PD patients, predominantly in the prodromal stage, suggesting a
detrimental role of this receptor in early disease processes (Doorn et al., 2014). The activation of
CD36 facilitates the uptake of a-syn and microglial activation, and by forming a complex with
TLRs, it induces the pro-inflammatory responses (Stewart et al., 2010; Zhang et al., 2017). CD36
and TLR2 are primarily involved in the uptake of oligomeric or fibrillar a-syn (Ferreira & Romero-
Ramos, 2018; Kim et al., 2021), and their harmful role in PD may be attributed to their sensitivity
to toxic forms of a-syn.

TLR4-mediated a-syn uptake in microglia is not limited to aggregated forms of a-syn, and
activation of this receptor has been linked to protective functions such as enhanced endocytosis
response and autophagosome function (Ferreira & Romero-Ramos, 2018). In vitro and in vivo
studies by Choi et al. (2020) demonstrated that a-syn interaction with TLR4 and the subsequent

activation of NFkB induces transcriptional upregulation of the autophagy receptor SQSTM1/p62,
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which is involved in autophagic clearance of a-syn inclusions (Choi et al., 2020). However, the
activation of TLR4/NF«kB pathway can also promote pro-inflammatory responses and ROS
release, which contributes to neurodegeneration. Given that TLRs have temporal and regional
activation in PD model (Watson et al., 2012), the precise role of TLR4 in PD pathology may
depend on the timing of activation and the severity of the disease.

In addition to direct interaction and activation of microglia receptors, a-Syn can also activate
microglia through other indirect mechanisms involving the release of microglial mediators. For
example, a-syn induces the release of MMPs that subsequently activate microglial PAR-1
receptors (Lee et al., 2010). Furthermore, while the microglial response to PD is extensively
studied in the context of a-syn toxicity, microglia can also be activated by other mediators to
promote pro-inflammatory responses. In fact, microgliosis occurs in various experimental PD
models that utilize neurotoxins such as MPTP, 6-OHDA, and the organic insecticide rotenone.
Some of the mediators that activate microglia in PD include dopamine-derived neuromelanin and
mitochondrial DAMPs such as mitochondrial DNA (mtDNA), cytochrome ¢, and ROS (Au & Ma,
2017; Dela Cruz & Kang, 2018). Overall, the progression of PD is exacerbated by a self-
propagating cycle of microglial activation and neurotoxicity, driven by a combination of factors
that include neuroinflammation, a-Syn aggregation, oxidative stress, and mitochondrial and

autophagy dysfunction.

Microglia phenotypes in PD
Collective evidence from postmortem human brain analysis and in vivo studies suggests that

the M1 phenotype of microglia is prominent in PD. Specifically, M1 microglia markers are

elevated in PD clinical samples and largely cluster near a-syn deposits in the SN of patients (Boka
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et al., 1994; Imamura et al., 2003). Furthermore, most of the activated microglia observed in
various experimental PD models, utilizing either a-syn, environmental toxins and inflammatory
agents, exhibit a characteristic M1-like activation response (Tang & Le, 2016). Some of the key
PD genetic variants identified in GWAS studies, such as LRRK2, parkin, and DJ-1, are also
involved an M1-like pro-inflammatory responses (Subramaniam & Federoff, 2017; Tang & Le,
2016). Studies have also demonstrated a positive correlation between pro-inflammatory microglial
responses and aging, as well as DA neuronal loss (L'Episcopo et al., 2018; L'Episcopo et al., 2011),
suggesting that therapeutic targeting of the M1 microglia phenotype can help protect vulnerable
midbrain DA neurons from inflammation-induced neurodegeneration. In support of this, strong
microglial COX-2 and iNOS reactivity is observed in PD patients (Hunot et al., 1996; Knott et al.,
2000), and COX-2 activity in neurotoxin PD model suppresses microglial activation and secondary
DA neurodegeneration (Vijitruth et al., 2006). Furthermore, studies in a transgenic PD model
demonstrated that microglial activation and the production of pro-inflammatory cytokines such as
TNFa, IFNy, and IL-1p precedes neurotoxicity (Chung et al., 2009; Marinova-Mutafchieva et al.,
2009), and inhibition of these cytokines suppresses microglia-mediated neurodegeneration
(Subramaniam & Federoff, 2017). Overall, these findings strongly suggest that M1 microglial
responses contribute to neurodegeneration in PD.

The role of M2 microglia in PD pathology is not well understood, and limited studies have
implicated the role of M2 microglia in a-Syn toxicity and PD. Glatiramer acetate (GA) is an FDA-
approved drug for multiple sclerosis and promotes anti-inflammatory M2 activation (English &
Aloi, 2015). In experimental PD model, GA treatment reversed MPTP-induced motor dysfunction

and restored striatal dopamine levels (Benner et al., 2004), implicating a potential neuroprotective
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role of M2 activation in PD pathology. In both LPS-inflammation and MPTP-model of PD, human
IL-10 infusion limited microglial activation and protected against DA neuronal loss in the SN
(Arimoto et al., 2007; Joniec-Maciejak et al., 2014). Although these results suggest a potential
anti-inflammatory and neuroprotective role for this cytokine, a detrimental effect of IL-10 has also
been reported. In a recent study, Cockey et al. (2021) used AAV to express recombinant IL-10 and
its immunosuppressive variant 187A (vIL-10) in a mouse model of synucleinopathy and showed
that sustained intraspinal expression of both IL-10 forms resulted in a shorter lifespan, associated
with increased microgliosis, neuronal autophagy dysfunction, accelerated a-syn pathology, and
enhanced apoptosis (Cockey et al., 2021). Various contradictory studies have also assessed IL-10
expression in human PD brains. A high circulating level of IL-10 is detected in patients with PD
patients and was shown to correlate with various nonmotor symptoms of PD, such as anxiety,
depression, and gastrointestinal dysfunction (Karpenko et al., 2018; Shu et al., 2018), suggesting
that this anti-inflammatory cytokine is involved in the pathogenic mechanism of PD. However,
there is no conclusive consensus on the correlation between IL-10 and PD, as other reports have
negative correlation between IL-10 and PD-related pain (Li et al., 2018).

The anti-inflammatory cytokine IL-4 is also implicated in PD pathology. In mixed neuron-glia
culture, inhibition of endogenous microglia-derived IL-4 enhanced MPTP-induced neurotoxicity,
and exogenous administration of IL-4 in the mouse MPTP model protects against neurotoxicity,
indicating a potential protective role of IL-4 in PD (Huhner et al., 2017). In addition to I1L-4 and
IL-10, the pleiotropic M2 cytokine TGF-f mediates neuroprotective functions in inflammation and
neurotoxin PD models; it limits M1 microglial activation and dopaminergic neurodegeneration

(Tesseur et al., 2017; Zhou et al., 2015). Specifically, microglia-derived TGF-B2 is beneficial in
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PD pathology; addition of exogenous TGF-B2 peptide in TGF-B-depleted microglial conditioned
media has been shown to counteract 6-OHDA-induced neurotoxicity of cerebellar granule neurons
(Polazzi et al., 2009). Despite its implicated neuroprotective effect, the concentration of TGF-f is
elevated in the CSF of PD patients (Vawter et al., 1996), and its role in PD is not clear. Overall,
the contradictory results of studies on the role of M2 cytokines highlight the complex function of
anti-inflammatory cytokines in PD pathology.

There is a lack of knowledge on the overall activation trajectory of the M1 and M2 phenotypes
during the progression of PD. A study utilizing human a-syn overexpression model demonstrated
a progressive increase in pro-inflammatory M1 markers after 2 and 4 weeks of a-syn induction,
while expression levels of M2 markers were not significantly altered (Theodore et al., 2008).
However, this study did not examine the activation profile in an advanced stage with apparent
neurodegeneration. Therefore, additional longitudinal studies are needed to understand the
dynamic M1/M2 activation profile in PD. Overall, microglial response in PD is heterogeneous and
cannot be simplified by the distinction of M1 or M2 markers. There are also morphologically
diverse microglia phenotypes in PD, including the bipolar/rod-shaped microglia that is also
prominent in AD. Bipolar/rod-shaped microglia are present in the SN of PD patients surrounding
degenerating DA neurons (McGeer et al., 1988), and in an experimental PD model, this phenotype
emerged in the early stage before transitioning to a neurotoxic amoeboid phenotype, suggesting a

potentially protective role for bipolar/rod-shaped microglia (Gao et al., 2002).

Microglia diversity in PD inferred from transcriptome studies
Recent advances in single-cell isolation techniques have enabled the transcriptional profiling

of microglia in the PD brain, which has revealed the complex response of microglia. Mastroeni
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and colleagues (2018) used single-cell laser microscopy technology in conjunction with RNA
sequencing to specifically assess microglia-specific transcriptome changes between normal elderly
control brains and in AD and PD-diseased brains in two pathologically affected brain regions: the
SN (a PD-susceptible region) and the hippocampus region (prominent in AD pathology)
(Mastroeni et al., 2018) Their findings identified regional and disease-specific heterogeneity in
microglial response. Interestingly, despite the prominent role of microglia in inflammatory
responses, inflammation-related transcripts did not appear to be the most significantly altered
changes in the diseased brain. Aldosterone synthesis, ROS pathways, and biological processes
related to behavior were enriched in PD samples, whereas neuronal repair and viral response
functions significant enriched in AD samples. Only 2% of differentially expressed transcripts,
mostly enriched in synaptic transmission functions, were shared between the vulnerable AD and
PD regions, implying a complex and disease-specific microglial response.

Uriarte Huarte et al. (2021) recently examined microglial heterogeneity in the PD-susceptible
SN region of non-diseased 6-month-old mice using a combination of in situ morphological analysis
and single-cell transcriptomics (Uriarte Huarte et al., 2021). In comparison to microglia in the
cortex and striatum, microglia in the midbrain region exhibited a distinct morphology with reduced
ramification and branching, indicative of an activated state. A subset of microglia in the midbrain
displayed a unique ‘immune-alerted’ transcriptional profile. The identified microglia cluster shares
~50% transcriptional similarity to reactive microglia under inflammatory conditions, including
enrichment in processes associated with antigen presentation, cytokine signaling, and
inflammatory responses, as well as inflammation-related biological pathways such as the TLR,

TNF, and NF«B pathways. In addition to immune-related profiles, this ‘immune-alerted’ microglia
56



population also exhibited altered expression of genes essential for autophagy and ROS-related
neurotoxicity. While this study did not examine microglia in a PD model, its findings highlighted
the region-specific complexity of microglia, which may aid in elucidating potential mechanisms
for the onset of PD.

More recently, Smajic et al. (2021) employed immunolabeling and single nuclei RNA-seq
approaches to characterize the cell-specific response of cells in the midbrain of postmortem human
PD tissue (Smajic et al., 2021). An increase in the number of microgliaand a morphological change
toward the amoeboid phenotype were evident in the SN of PD samples. Additionally, microglia in
the PD brain exhibited a pro-inflammatory phenotype characterized by upregulation of
Glycoprotein Nmb (GPNMB), Heat Shock Protein 90a. (HSP90AA1L) and IL-1B. Of the seven
identified microglia clusters, three major microglia subpopulations were highlighted, representing
various microglial activation responses. P2RY12"9" microglia cells were identified as resting
subpopulations, whereas two activation branches were evident: one comprising GPNMB"9" cells
and another subpopulation containing cells with upregulated expression of HSP90AAL or IL-1B
expression. Further characterization of the molecular phenotypes in PD revealed that the two
activated subpopulations are enriched in cytokine signaling and unfolded protein response (UPR)
pathways, and various PD risk factor genes linked with microglia activation profile are also present
in these clusters, such as LRRK2 (Smajic et al., 2021). Also evident in the disease trajectory was
the upregulation of genes encoding heat shock proteins, which facilitate neuroinflammatory
responses by acting as DAMPs. Despite the limited knowledge of microglia phenotypes in PD, the
highlighted transcriptome studies using scRNA-seq technology demonstrated that microglial

responses in PD are heterogeneous and cannot be represented by the traditional M1/M2 paradigm.
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Additional studies of human microglia with a large sample size are needed to better characterize

the temporal and regional responses of microglia at various stages of PD.

1.5. Modulators of Microglia Phenotypes in NDs
As previously described, microglia in aging and NDs are highly plastic and can adopt a variety

of activation phenotypes, which are often accompanied by an augmented inflammatory response
and impaired homeostatic functions. There is considerable interest in identifying therapeutic
targets that modulate microglia activity and promote protective anti-inflammatory/phagocytic
phenotype while suppressing pro-inflammatory and neurotoxic responses. This section will
summarize a few therapeutically relevant receptors, signaling molecules, and pathways that have
been implicated in modulating microglial phenotypes in a variety of pathological contexts. Apart
from the targets discussed here, additional microglia modulators have been reviewed elsewhere
(Lan et al., 2017; Song & Suk, 2017), including many surface receptors (CD200R, CD36,
prostaglandin E2 receptors) and key signaling molecules (PI3K/AKT, AMP-associated protein
kinases (AMPKS), glycogen synthase kinase-3 (GSK3p), Rho-associated protein kinase (ROCK),
and high-mobility group box-1 (HMGBL1)).
1.5.1. TLR signaling pathway

Toll-like receptors (TLRs) are transmembrane pattern recognition receptors expressed on a
wide variety of cells. TLRs are particularly abundant in microglia and their activity is dynamically
regulated by different signals, including secreted endogenous DAMPs or exogenous PAMPSs, such
as bacterial endotoxin LPS (El-Zayat et al., 2019; Fiebich et al., 2018). Signaling mediated by
these receptors, particularly TLR2 and TLR4, is one of the most extensively studied mechanism

for inducing classical microglia activation and neuroinflammation (V. & C., 2019). Both TLR2
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and TLR4 signal via receptor dimerization and subsequent recruitment of the adapter protein
Myd88 to activate the pro-inflammatory NFxB pathway; TLR4 can alternatively signal via a
Myd88-independent mechanism involving the TRIF adaptor (El-Zayat et al., 2019; Fiebich et al.,
2018).

Activation of the TLR/Myd88/NF«kB pathway results in the production of pro-inflammatory
cytokines, chemokines, and ROS/RNS species, thereby enhancing neuroinflammation and
neurotoxicity (V. & C., 2019). TLR4 activation also triggers other pro-inflammatory cascades such
as mitogen-associated protein kinases (MAPKS) pathways (Wang et al., 2008). TLR4 activation is
observed in many NDs, including AD, PD, and both hemorrhagic stroke subtypes (ICH and SAH),
and its upregulation is associated with a pro-inflammatory response and adverse outcomes
(Hickman et al., 2018; Lan et al., 2017; Lan et al., 2017; V. & C., 2019). High TLR4 expression
correlates with cerebral vasospasm, ischemia, and neuronal injury in patients with SAH (Maet al.,
2015), and its expression in ICH impairs hematoma clearance and aggravates neurological deficit
(Lan et al., 2017; Rodriguez-Yanez et al., 2012). TLRs serve as receptors for AB and a-syn in AD
and PD, respectively, and their activation can promote pro-inflammatory and neurotoxic responses
(Hickman et al., 2018).

Significant evidence in experimental disease models suggests that TLR4 or Myd88 deficiency
provides neuroprotective effects by promoting the switch of microglia from the M1 to M2
phenotype and limiting microgliosis (Liu etal., 2018; Yao et al., 2017). Similarly, NF«B activation
plays a role in a variety of NDs, and inhibition of this pathway limits pro-inflammatory responses
and promotes a protective M2 phenotype (Ganbold et al., 2020; Lan et al., 2017). Therefore,

therapeutic strategies that block the TLR4 pathway, such as astaxanthin and peroxiredoxin 2, have
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been explored in various experimental models. In an ICH model, TLR4 antagonism or genetic
deletion showed neuroprotection by limiting microglial activation in perinematomal tissue (Wang
etal., 2013; Yang et al., 2015). Similarly, inhibition of TLR4 induces M2 polarization and provides
neuroprotection in AD model (Cui et al., 2020).

Conflicting evidence suggests that TLR4 plays a protective role in various NDs models, due
to its role in enhancing microglial phagocytosis of pathogenic proteins (Zhou et al., 2020). TLR4-
mediated activation of microglia in the early stage of AD protects neurons by limiting AR
deposition (Song et al., 2011); however, sustained AB exposure and TLR4 activation during
disease progression alters microglial response by promoting a switch from the phagocytic
phenotype to a neurotoxic phenotype (Go et al., 2016; Zhou et al., 2020). In addition to TLR4,
TLR2 is also implicated in NDs, and activation of this receptor has been shown to induce
microglial response and exacerbate neuronal injury in models of cerebral stroke, AD, and PD
(Fiebich et al., 2018). However, its activation in a spinal injury model was shown to be protective
by promoting a switch of microglia phenotype from M1 to an alternative M1:M2 phenotype
(Stirling et al., 2014). Therefore, the precise role of TLRs in modulating microglial polarization or
injury outcome is unclear and varies according to the specific pathological condition, activating

signals, and the disease stage.

1.5.2. JAK/STAT pathway
Another critical pathway involved in pathogenic inflammatory responses is the Janus kinase

(JAK)-STAT signaling cascade. JAK-STAT signaling is important in modulating both innate and
adaptive immune responses, and abnormal activation of this pathway is observed in multiple NDs

(Jain et al., 2022). JAK/STAT signaling is activated upon binding of cytokines and interferons to
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their cognate receptors. Receptor-associated activation of JAKSs induces the phosphorylation and
subsequent nuclear translocation of STAT transcription factors, which promote the expression of
inflammatory genes (Jain et al., 2022). JAK/STAT signaling has been shown to modulate
microglia phenotypes in vitro and in vivo. STAT1 promotes M1 polarization in response to
hypoxic stimuli by upregulating CD86, COX-2, and iNOS (Butturini et al., 2019). In vivo,
inhibition of JAK/STAT reduces M1 polarization while increasing M2 polarization (Ding et al.,
2019; Meng et al., 2016; Qin et al., 2017). JAK/STAT signaling is also involved in the regulation
of microglial responses in pathological conditions. For example, SAH can trigger immediate
phosphorylation and nuclear translocation of STAT3 and JAK/STATS3 inhibitors such as
erythropoietin and AG490 limit M1 pro-inflammatory responses and improve brain injury (An et
al., 2018; Wei et al., 2017). Similarly, inhibiting the JAK/STAT pathway in PD prevented
neuroinflammation and neurotoxicity by limiting a-syn-induced microglial pro-inflammatory
mediators (Qin et al., 2016). These findings suggest that inhibiting microglial JAK/STAT signaling

may have therapeutic potential for NDs.

1.5.3. CX3CR1-CX3CL1 signaling
The CX3C chemokine receptor 1 (CX3CR1) and the fractalkine ligand (CX3CL1) form

another important signaling axis that regulates microglial activation and function. CX3CR1 is
expressed primarily by microglia and interacts with its neuron-secreted CX3CL1 ligand to mediate
reciprocal microglia-neuron crosstalk, which serves as an important immune checkpoint (Pawelec
etal., 2020). For example, the interaction of CX3CR1 and CX3CL1 suppresses microglial M1 pro-
inflammatory responses such as the expression of IL-1p, IL-6, TNFa, and iNOS (Cardona et al.,

2006; Mizuno et al., 2003; Zujovic et al., 2001), and downregulation of either CX3CR1 or
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CX3CL1 is associated with enhanced microglial activation and neuroinflammation (Rogers et al.,
2011). CX3CR1-CX3CL1 signaling has been shown to be neuroprotective in a variety of
neurodegenerative models (Pawelec et al., 2020). For example, dysregulated CX3CR1-CX3CL1
signaling enhances microglial activation and promotes DA neuronal degeneration in PD (Cardona
et al., 2006; Castro-Sanchez et al., 2018; Morganti et al., 2012). In both neurotoxic and a.-syn PD
models, overexpression of CX3CR1 or exogeneous CX3CL1 administration protected against
microglia-mediated neurotoxicity (Nash et al., 2015; Pabon et al., 2011). A recent study showed
that CX3CR1 knockout young microglia exhibit a premature aging transcriptome, accompanied
by an age-associated alteration in microglial morphology and upregulation of inflammatory of
inflammatory pathways (Gyoneva et al., 2019). These findings implicate a protective role of
CX3CR1-CX3CL1 in suppressing neurotoxic microglial activation during aging. Interestingly,
CX3CRL1 has been associated with both neurotoxic and neuroprotective functions in AD model,
and its diverse role in the AD has been attributed in part to competitive interaction of CX3CR1
with its endogenous ligand CX3CL1 or its pathological ligand tau, which can differentially affect
microglial phagocytosis or activation response (Bolos et al., 2017; Pawelec et al., 2020). Overall,
the CX3CR1-CXCL1 signaling modulates microglial inflammatory responses, and therapeutic
modulation of these molecules should take into account the specific pathological insult and the

disease stage.

1.5.4. Triggering receptors expressed on myeloid cells 2 (TREM2)
Triggering receptors expressed on myeloid cells 2 (TREM2) is a cell surface receptor that is

expressed in myeloid cells and participates in various innate immune responses (Gratuze et al.,

2018). In the CNS, TREM2 and its adaptor protein DNAX-activation protein 12 (DAP12) are
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enriched in microglia, and activation of this complex regulates pro-inflammatory and phagocytosis
responses (Gratuze et al., 2018; Zhong et al., 2017) TREM2 also mediates various protective
functions, including sensing, housekeeping, and host defense responses (Hickman et al., 2018).
TREMZ2 recognizes damage-associated lipid substrates such as phosphatidylserine expressed on
the surface of apoptotic neurons, and it also binds ligands such as apoprotein E (apoE) and Ap,
subsequently eliciting chemotactic and phagocytic responses that ultimately mediates the
clearance of apoptotic neurons and pathogenic proteins (Gratuze et al., 2018; Yeh et al., 2016;
Zhao et al., 2018).

TREM2 was recently identified as an important receptor that regulates the microglial
phenotypic switch from the inflammatory M1 microglia to the immunosuppressive M2 phenotype
(Zhang et al., 2018). TREM2 knockdown in BV2 cells upregulates M1 microglial inflammatory
responses and inhibits M2 polarization, while overexpression reverses this phenotype. In the
absence of TREMZ2, the M2 polarizing cytokines, IL-4 and IL-13, cannot induce the expression of
the M2 marker, indicating that TREMZ2 is required for adequate M2 polarization (Zhang et al.,
2018). The expression of TREMZ2 is also downregulated by pro-inflammatory signals (Liu et al.,
2020), which can further promote chronic neuroinflammation.

TREMZ2 also modulates microglial function in disease states, and several studies demonstrated
that TREM2 deficiency impairs the clearance of apoptotic neurons and pathological substrates,
thus attenuating disease progression (Gratuze et al., 2018; Kawabori et al., 2015; Zhao et al., 2018).
TREMZ2 inhibition promotes pro-inflammatory microglial response and neurological deficit in a
HS model (Hu et al., 2021). Microglial TREMZ2 is also strongly implicated in AD pathology, and

loss of its expression alters microglial phagocytosis responses, which contribute to the formation
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of dispersed AP plaques associated with enhanced neurotic damage (Wang et al., 2016). However,
contradictory findings indicate that TREM2 may also play a detrimental role in AD pathology,
suggesting that TREM2 functions differently depending on the stage of disease progression. For
example, Sheng et al. (2019) demonstrated a dual role of TREMZ2 in different stages of APP/PS1
mice (Sheng et al., 2019). The phagocytic function of microglial TREMZ2 in the early-middle
pathological stage (2-6 months old mice) exacerbated AD pathology by inducing synaptic loss,
while its expression in advanced stages (6-10 months) prevented amyloidosis by limiting amyloid
deposition. Therefore, the multifaceted function of TREM2 and its contradictory role in disease

models warrant additional longitudinal research to determine its therapeutic potential.

1.5.5. P2Y receptors
Purinergic P2Y receptors are G-protein-coupled receptors that are activated by endogenous

DAMPs such as nucleotides and play an essential role in modulating microglial response to stress
and injury (Lovaszi et al., 2021). Recent research in animal models and human tissues has
implicated the P2Y6 receptor (P2Y6R) and the P2Y 12 receptor (P2Y12R) in the pathogenesis of
multiple NDs. P2YG6R is essential for microglial phagocytosis of neurons and is primarily activated
by UDP released by stressed/injured neurons (Koizumi et al., 2007) . P2Y6R also facilitates
microglial clearance of amyloid plaques and improves cognitive defects in AD (Anwar et al.,
2020). Additionally, P2Y6R-mediated phagocytosis mediates the removal of neuronal debris in a
cerebral stroke model (Wen et al., 2020). Although these findings demonstrate the protective role
of P2Y6R, microglial phagocytosis response induced by this receptor has been shown to
exacerbate AD pathology by promoting microglial phagocytosis of stressed but viable neurons,

which are capable of releasing UDP (Puigdellivol et al., 2021). In mixed neuron/glia culture, the
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use of P2Y6R antagonist MRS2578 delayed neuronal loss induced by AP, and this effect was
mediated by inhibiting microglial phagocytosis response. Similarly, mice lacking P2Y6R were
protected from neuronal loss and cognitive deficit caused by aging and Ap/tau pathology (Anwar
& Rivest, 2020; Puigdellivol et al., 2021). P2Y6R is also implicated in PD pathology and has been
considered a potential PD biomarker due to its high expression in patients (Yang et al., 2017). The
role of P2Y6R in PD is unclear but has been implicated in enhancing neuroinflammatory responses
(Yang et al., 2017). These studies highlighted the multifaceted role of UDP/P2Y6R signaling in
mediating microglia-induced neurodegeneration.

The P2Y 12 receptor is expressed exclusively in microglia in the CNS and is primarily activated
by ADP, which is derived from the breakdown of ATP released from neurons and glia cells
(Lovaszi et al., 2021). P2Y12R regulates microglial activation and migration and is strongly
involved in the early-stage response of microglia in NDs (Haynes et al., 2006; Keren-Shaul et al.,
2017; Maeda et al., 2021; Zrzavy et al., 2017). Recent scCRNA-seq studies in various ND models
identified P2Y12R-expressing microglia as a resting microglia subpopulation with crucial
housekeeping and defense functions (Keren-Shaul et al., 2017). Downregulation of P2Y12R was
shown to be one of the key alterations in signature transcripts as microglia transition from a
homeostatic state to a neurotoxic phenotype (Keren-Shaul et al., 2017; Zrzavy et al., 2017).
Diminished expression of P2Y12R has been evident in models of AD and other tauopathies, and
P2Y12R-deficient microglia are closely found in brain regions with dense tau aggregates and
significant neurodegeneration (Maeda et al., 2021). The expression level of P2Y12 also declines
with age, which may contribute to age-associated changes in the microglial activation response

(Lopes et al., 2022). Overall, these findings suggest that rescuing the loss of P2Y12R during aging
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may have a potential therapeutic effect for NDs. However, additional research is necessary to
investigate the mechanism and functions of P2Y6R and P2Y12R in different pathological

conditions and disease stages.

1.5.6. Peroxisome proliferator-activated receptor y (PPARY)
The peroxisome proliferator-activated receptor y (PPARY), a highly expressed nuclear receptor

in microglia, is a ligand-activated transcription factor that plays an important role in immune
responses (Tyagi et al., 2011). Preclinical evidence suggests that PPARy activation exerts
neuroprotective effects in response to harmful stimuli and induces a phenotypic switch from M1
to M2 microglia (Mandrekar-Colucci et al., 2012; Pan et al., 2015; Wen et al., 2018; Zhao et al.,
2017). Given the anti-inflammatory and neuroprotective roles of PPARy, the FDA-approved
antidiabetic drugs rosiglitazone and pioglitazone, which function as agonists for PPARy, have been
considered for the treatment of NDs (Saunders et al., 2021). Experimental studies in stroke models
demonstrated that agonist-induced PPARy activation promotes the expression of M2 markers
(CD206, YM-1, IL-10, and TGF-B) while inhibiting classic M1 markers (iNOS, CD16, CD32,
CD86, MMP-9) (Pan et al., 2015; Wen et al., 2018; Zhao et al., 2017).

PPARYy also plays a protective role in AD and PD. In a PD model, administration of PPARy
agonists reduced MPTP-induced pro-inflammatory cytokine production and prevents DA neuronal
loss in the SN (Carta et al., 2011; Pisanu et al., 2014). Similarly, PPARy agonists promote a
phenotypic switch from the the M1 to M2 phenotype in AD mice and enhance microglial amyloid
clearance by upregulating microglial scavenger receptors such as CD36 (Mandrekar-Colucci et al.,
2012; Subramaniam & Federoff, 2017; Yamanaka et al., 2012). PPARy agonist improves the

uptake of misfolded protein deposits in AD mice, thereby suppressing AP levels and rescuing
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cognitive function (Yamanaka et al., 2012). In a preclinical ICH model, PPARY agonist improved
hematoma clearance, neuronal injury, and functional recovery (Wang et al., 2018), and in vitro,
PPARy activation induces upregulation of CD36 and facilitates microglial phagocytosis of red
blood cells (Zhao et al., 2009). Due to the beneficial role of PPARy in modulating microglial
function, several clinical trials have been initiated to evaluate the therapeutic potential of

pioglitazone in NDs.

1.6. Challenges in Microglia Research
1.6.1. Specific microglia markers

Neuroscience research on microglia commonly employs a variety of techniques, including
immunohistochemistry, microglia depletion method, in vivo imaging, and cre-lox systems (Miron
& Priller, 2020). These technologies rely on markers to detect and/or target microglia, such as
CX3CR1, CSF1R, Cd11b, and Ibal. However, commonly used microglia markers, particularly
those that identify an activated state, do not differentiate resident microglia from infiltrating
monocytes that enter the brain under pathological conditions characterized by a compromised
blood-brain barrier (Amici et al., 2017). This lack of specificity is a significant impediment to
microglia research, as most studies are limited to examining a mixed microglia/macrophage
population. Flow cytometry enables a more selective separation of microglia cells that exhibit
CD11b expression and low-to-intermediate levels of CD45 (CD11b*, CD45low-to-intermediate) from g
macrophage population with high expression of CD45 (CD11b*, CD45"9") (Martin et al., 2017).
However, this approach has been ineffective in pathological models, as microglial CD45
expression is upregulated in response to inflammation (Honarpisheh et al., 2020). Recently, unique

microglial markers such as P2Y12R and Tmem119 have been identified (Bennett et al., 2016;
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Butovsky et al., 2014). However, the utility of these putative markers in disease models has not
been thoroughly investigated, and there are reports of decreased expression of these receptors
under pathological conditions (van Wageningen et al., 2019), which may present a hurdle to

targeting microglia in disease models.

1.6.2. Sex-specific heterogeneity of microglia
Another major hurdle in microglia research is the sex-associated differences in microglial

responses. Microglia from male and female brains exhibit different characteristics, including
differences in cell morphology, density, transcriptional profile, and cellular functions (Yanguas-
Casas, 2020). Male microglia are characterized by a larger soma size, a higher migration capacity,
increased pro-inflammatory gene expressions, and shorter lifespan, while female microglia have
enhanced phagocytic capacity accompanied by increased expression of scavenger receptors, and
have higher expression of protective genes involved in immune regulation and cellular repair.
Given the central role of microglial phagocytosis and inflammation in NDs, gender-specific
differences in microglial response should be carefully examined to elucidate disease mechanisms
that contribute to sex bias in susceptibility to aging and NDs (Refer to Yanguas-Casas, 2020 for a

detailed review (Yanguas-Casas, 2020)).

1.6.3. Limitation and heterogeneity of human microglia

Another complication in aging studies arises from species-specific heterogeneity of microglia.
Despite the significant utility of animal models, there are inherent differences between human and
rodent microglia, most notably in the aged brain, that can influence how microglia respond in NDs.
Recently, a major distinction between human and mouse microglia was reported, demonstrating

that human microglia have a unique transcriptional signature, including exclusive expression of

68



cell cycle and proliferation genes, as well as signature genes involved in the complement system
and neurodegeneration (Geirsdottir et al., 2019). Human microglia exhibited age-dependent
upregulation of genes associated with immune functions and pro-inflammatory responses,
suggesting a "preactivated" state. In the presence of a disease-specific environment, already primed
human microglia can foster a sustained inflammatory response. Furthermore, human microglia
have been shown to exhibit greater transcriptome heterogeneity than microglia from animal
models (Geirsdottir et al., 2019).

Since microglial activation and function are influenced by the natural aging process, commonly
used preclinical models, such as transgenic animals that harbor risk factor alleles or genetic
mutations, may not accurately mimic the response of microglia to human NDs. These factors, in
addition to age-associated interspecies microglial differences, strongly support the need for human
microglia research, which unfortunately has its own limitations. Obtaining primary human
microglia for in vitro research is highly invasive, and the 'preactivated' nature of human microglia
and its dynamic plasticity may preclude their use in vitro cultures, as changes in the
microenvironment can significantly alter microglial transcriptome signatures and function
(Gosselin et al., 2017).

Given these limitations, recent tools for large-scale studies of human microglia have been
explored (Figure 1.4). Single-cell sequencing has become a powerful method to effectively
capture the cellular heterogeneity of the brain and has helped characterize heterogeneous microglia
subpopulations in the human brain using limited starting material. Additionally, the generation of
microglia-like cells from human-induced pluripotent stem cells (hiPSCs) enables researchers to

conduct mechanistic studies that require a large supply of human cells (Abud et al., 2017). hiPSC-
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derived microglia also have the advantage in that they can be derived from neurodegenerative
patients or genetically modified to mimic specific pathological conditions, allowing researchers to
study the heterogeneous microglial responses in the context of human disease.

Incorporation of iPSC-derived microglia into a 3D cerebral organoid model also provides a
great opportunity to study the complex interaction of microglia with neurons and other glial cells
(Ormel et al., 2018). One major technical challenge in using organoid models is the fact that cell
culture conditions may not permit simultaneous growth of different cell types, making it difficult
to maintain the physiological ratio and distribution of cells in the brain. Recently, a cell-based
microfluidics system was engineered, such as Brain-on-a-Chip technology, allowing researchers
to incorporate organoid models in a continuous flow of microscopic fluid (Bang et al., 2019). This
approach can help mimic the complex structural and functional properties of brain tissue by
integrating components of the extracellular matrix. In addition, pathological stimuli, such as
amyloid-p or a-synuclein, can be added to the microfluidic system to emulate disease-specific
brain microenvironments. Finally, humanized microglia models have been developed by
xenotransplanting human iPSC-derived microglia into immunodeficient mice expressing human
microglia growth factors such as human CSF1 to maintain survival (Hasselmann et al., 2019;
Mancuso et al., 2019; Svoboda et al., 2019). Interestingly, compared to microglia derived from
human iPSC, the transcriptional profile of microglia from a humanized model more closely
resembled human microglia (Mancuso et al., 2019; Svoboda et al., 2019). Overall, the use of
multiomics technologies and innovative experimental models, such as organoid cultures and
humanized chimeric mice, can provide powerful systems for studying the complex response of

human microglia during aging and in NDs (Figure 1.4).
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1.7. Conclusion & Outlook
This paper reviewed existing knowledge on the diverse functions and phenotypes of microglia

in health, aging, and neurodegenerative diseases (NDs), highlighting the crucial role of microglia
in the onset and progression of hemorrhagic stroke (HS), Alzheimer’s disease (AD), and
Parkinson’s disease (PD). HS is an acute vascular disorder that causes neurodegeneration, while
AD and PD are progressive chronic NDs with complex etiologies. PD selectively affects midbrain
dopaminergic motor neurons in the substantia nigra and is commonly associated with motor
deficit, while AD has a more widespread effect on hippocampal and cortical neurons and primarily
affects cognitive functions. These three neurodegenerative conditions share pathogenic
mechanisms associated with age, such as inflammation and oxidative stress, in which activated
microglia play an important role.

Microglia can be activated by blood-derived components such as heme/thrombin in the case
of HS, by misfolded a-synuclein aggregates in PD, and by extracellular amyloid-f and/or
intraneuronal phosphorylated tau in AD. Microglial phagocytosis and activation in response to
these mediators are facilitated through the activation of shared receptors, such as TLRs and
scavenger receptors, which can lead to activation of various inflammatory pathways, including the
NF«B, JAK-STAT, and NLRP3 inflammasome (Figure 1.3). Microglia-mediated uptake of heme,
a-syn, and AP/tau can also have protective effects by removing these pathogenic mediators from
the extracellular space. However, as disease progresses, a chronic inflammatory and oxidative
environment can promote sustained microglial activation that can cause neuroinflammation,
oxidative stress, iron overload, and neurotoxicity. Microglia can also be activated by secondary

mediators such as nucleotides, complement proteins, cytokines, and matrix metalloproteinases.
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The general response of microglia has traditionally been simplified into two phenotypic states:
an M1 pro-inflammatory phenotype associated with neurotoxicity, and an M2 anti-inflammatory
and/or phagocytic phenotype involved in the clearance of hematoma/misfolded proteins, the
resolution of inflammation, and tissue recovery. However, microglial response in NDs is highly
dynamic and have diverse activation profiles. As disease progresses, the balance between
protective and neurotoxic responses changes, and a dominant microglia phenotype can exist at a
specific disease stage. Thus, targeting microglial M1/M2 balance and promoting a phenotypic
switch from a pro-inflammatory phenotype to a protective phenotype have great therapeutic
potential, and this can be achieved using immunomodulators that activate TREM2, PPARYy, and
CX3CR1-CX3CL1 signaling, or by inhibiting TLR/NF«B and JAK/STAT pathways (Figure 1.3).

Microglial response is complex and is shaped by the underlying pathology, which depends on
the nature of the disease, as well as the severity, and clinical stage. For instance, in HS, rapid
hematoma formation induces acute M1 polarization, and the M1/M2 balance declines with time,
with the M2 phenotype serving a protective role in the recovery phase. This polarization trajectory
appears to be reversed in AD, with a protective M2 phenotype predominating in the early stages
of AD and a pro-inflammatory phenotype emerging as the disease progresses and AP clearance
fails. Therefore, therapeutic interventions should consider the stage-specific microglial response.
In HS, inhibiting the M1 microglia response at the acute stage and promoting an early transition
towards the protective M2 phenotype may be beneficial, while in AD, immunomodulators that
stabilize the protective microglia phenotype in the early/presymptomatic phase, prior to their

transition to a neurotoxic phenotype, may be beneficial.
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Since age is a shared risk factor for all three diseases, it may be beneficial to define and target
preventive mechanisms that predispose people to NDs, such as age-dependent microglial
alterations (Figure 1.2). Microglial priming and/or dysfunction are triggered by aging and are
characterized by increased M1/M2 balance, impaired calcium homeostasis, and loss of sensing
and phagocytosis responses. Defect in microglial phagocytosis limits the clearance of cellular
debris, misfolded proteins (AD and PD), and hematoma elements (HS), which can trigger the onset
and progression of NDs. Therefore, immunomodulators capable of restoring age-related loss of
immunoregulatory proteins, such as TGF-B and CX3CL1, or those that block upregulated pro-
inflammatory receptors, such as TLR4 and MHCII, have potential preventative roles. Furthermore,
complement-mediated clearance mechanisms that are reactivated in the aged brain could be
targeted to prevent age-related synaptic loss. Therefore, rescuing age-dependent microglia
alterations may be beneficial to prevent the onset of NDs.

In conclusion, a detailed and longitudinal characterization of microglial phenotypes during
aging, and in presymptomatic and symptomatic individuals, is necessary to identify an optimal
disease-specific therapeutic window. Tremendous developments such as single-cell
transcriptomics, innovative in vivo imaging technologies, humanized microglia models, and 3D
organoid and Brain-on-a-Chip models are advancing mechanistic and translational microglia
research, which will help elucidate the dynamic activation and functional changes of microglia in

NDs.
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Figure 1.1. Microglial activation phenotypes and functions. Microglia can be polarized from a resting state (MO microglia) to
two main activation phenotypes, classically activated M1 microglia and alternatively activated M2 microglia, which are induced
by interaction of inflammatory molecules with their respective cognate receptors. These microglia phenotypes exhibit a variety of
phenotypic markers that are expressed intracellularly or on the cell surface, as well as molecules that are secreted from the cell,
such as chemokines, cytokines, and other effector molecules. The M2 phenotype is further subdivided into three subtypes: M2a
(alternatively activated state), M2b (type Il activation phenotype), and M2c (acquired deactivation state). The M2b subtype shares
similar features as M1 microglia and is induced by inflammatory molecules. The phenotypes of M1 and M2 microglia perform
distinct functions that can be neurotoxic or neuroprotective, respectively. Figure created using BioRender.com.
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Figure 1.2. Age-dependent microglial changes implicated in neurodegenerative diseases. During aging, microglia exhibit
alterations in their morphology, phenotypes, inflammatory response, and overall functional response. Healthy adult microglia with
normal branched processes can effectively survey the brain microenvironment, and upon encountering infections, injury, and
inflammatory agents, they change morphology and execute effector functions by becoming transiently activated. In comparison,
old microglia have a dystrophic morphology associated with cellular senescence and exhibit a primed phenotype in which they are
hypersensitive to environmental changes and produce large amounts of M1-like pro-inflammatory and neurotoxic mediators which
contribute to chronic neuroinflammation. Age-associated loss of endogenous microglial regulatory pathways, such as CX3CR1-
CX3CL1 signaling and TGF- signaling, impairs microglial ability to regulate inflammatory responses. Aging is also associated
with a decline in calcium response, motility, and phagocytosis functions, all of which impair microglial clearance of injured cells,
tissue debris, and pathogenic proteins. However, complement-mediated phagocytosis mechanisms are upregulated in aged
microglia and contribute to the loss of healthy neurons. These age-related microglial dysfunctions, in combination with either a
chronic stress environment, brain trauma, or genetic predisposing factors, can contribute to the progressive onset of
neurodegenerative diseases. AD: Alzheimer’s disease; PD: Parkinson’s disease; HS: Hemorrhagic stroke. Figure created using
BioRender.com.
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Figure 1.3. Microglial functions and diverse activation responses in neurodegenerative diseases. A) Summary of the major
activation mediators and receptors involved in microglial responses to Alzheimer’s disease (AD), Parkinson’s disease (PD), and
hemorrhagic stroke (HS). Microglia can be activated directly by disease-specific triggers such as amyloid-B (AB) in AD, a-
synuclein (a-syn) in PD, or hematoma products such as heme/hemoglobin and thrombin in HS. Various shared microglial receptors
interact with these pathogenic molecules, and their overall response depends on the nature of the disease, the stage of the disease,
and the specific molecular trigger. Microglial response is also modulated by other mediators such as cytokines present in the
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cerebrospinal fluid, damage-associated molecules (DAMPs), such as ADP, released from injured neurons, and neuron-derived
endogenous signals such as CX3CL1. In general, microglial response can be pro-inflammatory/neurotoxic (+) or anti-
inflammatory/neuroprotective (-). Activation of PAR-1, RAGE, CD36, and TLR receptors generally promotes pro-inflammatory
responses by activating a range of pro-inflammatory pathways, such as JAK/STAT, MAPK, or NFkB, as well as the NLRP3
inflammasome. These diverse pro-inflammatory pathways can also interact synergistically, promoting chronic neuroinflammation.
On the contrary, activation of P2YR12 and CX3CR1 negatively regulates microglial activation and pro-inflammatory responses
and generally mediates protective functions. Similarly, activation of TREM2 and other scavenger receptors induces microglial
phagocytosis of Ap and other pathogenic proteins, aiding in their clearance. These two generally distinct microglial responses also
antagonize one another; degradation of abnormal proteins and pathogenic mediators helps limit chronic neuroinflammation, while
pro-inflammatory responses can compromise the microglial phagocytosis response. B) Summary of the role of microglia
phenotypes in neurodegenerative disease progression. In HS, microglia can be activated by thrombin or heme or indirectly by
DAMPs from injured neurons, and a sustained microglial pro-inflammatory response contributes to secondary neurodegeneration
in areas outside the initial injury zone. Pro-inflammatory microglial responses in PD and AD trigger post-translational
modifications (PTMs) and the misfolding and aggregation of a-syn and A, that can contribute to the formation of amyloid plaques
and Lewy bodies, thereby contributing to disease progression. Pro-inflammatory microglia also induce tau phosphorylation and
subsequent aggregation, which promotes neurofibrillary tangle formation (NFT) and overall disease progression. Furthermore, pro-
inflammatory microglia exhibit a dysregulated phagocytosis response, limiting the clearance of hematoma products and misfolded
proteins that contribute to disease progression. On the contrary, anti-inflammatory/phagocytic microglia phenotypes mediate
protective roles and limit disease progression by promoting tissue recovery. Figure created using BioRender.com.
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Figure 1.4. Innovative tools to study human microglia in neurodegenerative diseases. A) Single-cell sequencing can be
performed by isolating single cells from live or postmortem brains. This tool assists in characterizing the gene expression profiles
of various cell types, which helps to understand the heterogeneous phenotypes of microglia in human diseases. B) The generation
of microglia-like cells from human-induced pluripotent stem cells (hiPSCs) has advanced mechanistic studies. iPSC can be derived
from patients with neurodegenerative diseases or can be genetically modified to study human microglia responses in a specific
disease environment. iPSC-derived microglia can also be co-cultured in two/three-dimensional systems or incorporated into brain
organoids to study complex interactions of microglia with neurons and other cells. Brain-on-a-Chip technology employs a
continuous flow of microscopic fluid in organoid systems, which enables the addition of extracellular matrix components to mimic
the complex properties of the brain or incorporates pathogenic stimuli to emulate disease-specific brain microenvironment.
Humanized microglia models, created through xenotransplantation of human iPSC-derived microglia models, help to study human
microglia in intact models, and this technology is beneficial for translational research, such as therapeutic drug testing. Figure
created using BioRender.com.
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CHAPTER 2

RGS10 INTRODUCTION AND LITERATURE REVIEW

2.1. G protein signaling
2.1.1. G protein coupled receptors

G protein coupled receptors (GPCRS) constitute the largest and most diverse family of
transmembrane receptors in eukaryotes (Hauser et al., 2017). GPCRs are involved in various
physiological and pathological functions and dysregulated activity of these receptors are
implicated in various neurodegenerative disorders (Azam et al., 2020). GPCRs are targets for 34%
of all approved drugs from the Food and Drug Administration (FDA), making them the most
frequently targeted receptors (Azam et al., 2020; Hauser et al., 2017).

GPCRs consist of seven transmembrane-spanning domains, and they bind to and propagate
extracellular signals into cells by coupling with heterotrimeric G proteins (Wootten et al., 2018).
GPCRs can mediate both sensory and nonsensory functions. Approximately 90% of the 370
nonsensory GPCRs are expressed in the central nervous system (CNS) and play an essential role
in the regulation of the immune response, pain, cognition, mood, and synaptic transmission (Huang
et al., 2017). GPCRs are widely expressed in microglia and modulate microglial activation
response. Microglial GPCRs can transmit signals from chemokines, pathogenic peptides,

hormones, and damage-associated molecular patterns (DAMPs) (Haque et al., 2018).
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2.1.2. G proteins

G proteins are intracellular molecular switches that initiate various signaling pathways.
There are two main classes of G proteins: small monomeric G proteins and heterotrimeric G
proteins. The heterotrimeric G proteins consist of three subunits: o,  and y subunits (Wootten et
al., 2018). Ga binds to two guanine nucleotides (GDP and GTP) and dynamically transitions
between inactive and active conformations. In resting state, Ga. is bound to GDP and interacts with
Gpy dimers. Agonist-mediated activation of GPCR induces a conformational change that allows
GPCR to interact with Go subunit and function as a guanine nucleotide exchange factor (GEF),
facilitating the exchange of GDP for GTP and the subsequent dissociation of the heterotrimeric
complex (Syrovatkina et al., 2016; Wootten et al., 2018). The GTP-bound active Go and the Gy
dimmer interact with and regulate intracellular effectors, thereby initiating downstream G protein
signaling cascades. Based on function and sequence, Ga subunits are categorized into four main
families; Gas (s: stimulatory) activates adenylyl cyclase, Gai (i: inhibitory) inhibits adenylyl
cyclase, Gag/11 activates phospholipase CB (PLCp), and the Gal2/13 family regulates small
monomeric GTPase. The  and y subunits form stable dimer and interacts with G proteins, as well
as ion channels and downstream targets, and coordinate multiple GPCR functions (Syrovatkina et
al., 2016; Wootten et al., 2018).
2.1.3. Gas, Gai, Gaq signaling

Due to the expression of diverse GPCRs and Ga subunits and specific coupling of GPCR-
Gao, distinct intracellular signaling events can be activate that help regulate a broad range of cellular
processes. The Gas family of proteins activates adenylyl cyclase (AC) and leads to cyclic

adenosine monophosphate (cCAMP) production (Wettschureck & Offermanns, 2005). This
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response is inhibited by Gai/o family which functions to inactivate AC. AC catalyzes the synthesis
of cCAMP from ATP and triggers activation of CAMP-sensitive target effectors, including protein
kinase A (PKA) and exchange proteins activated by cAMP (EPAC) (Rhee & Bae, 1997). PKA
activation subsequently leads to phosphorylation of downstream effectors and activates several
signaling responses (Sassone-Corsi, 2012). Therefore, these signaling events are amplified by Gas
and inhibited by Gai.

Gaq activates the membrane enzyme phospholipase C B (PLCB) which catalyzes the
hydrolysis of plasma membrane (PM)-localized phospholipid, phosphatidylinositol 4,5-
bisphosphate (PIP2) (Harden et al., 2011). Subsequently, this triggers the production of two
important secondary messengers: diacyl glycerol (DAG) and inositol triphosphate (IP3). DAGs
remain attached to the plasma membrane while soluble IP3 diffuses into the cytosol and activates
the IP3 receptor (IP3R), a specific calcium channel in the endoplasmic reticulum, which allows
calcium release from the ER to the cytosol (Harden et al., 2011). Membrane-bound DAG, in
cooperation with cytoplasmic calcium, activates protein kinase C (PKC) and downstream PKC
signaling (Harden et al., 2011; Huang, 1989). Therefore Gg-mediated signaling pathway plays an
important role in regulating a wide range of calcium signaling events and calcium-sensitive cellular
responses.

2.2. Regulator of G protein signaling

The signal and duration of G protein signaling pathways are regulated by various
mechanisms. Ga subunits of proteins have intrinsic GTPase activity, which catalyzes the
hydrolysis of GTP to GDP (Sprang, 2016). However, the intrinsic GTPase activity of Ga is slow

and, for most Go proteins, this process is accelerated by GTPase activating protein (GAPS)
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(Sprang, 2016). Early genetic studies in yeast and nematodes has led to the discovery of a specific
class of GAPs known as Regulator of G protein signaling (RGS), which has been shown to improve
the rate of Ga-catalyzed GTP hydrolysis by > 1000-fold in vitro (Dohlman, 2009; Mukhopadhyay
& Ross, 1999).

The RGS domain (~120 aa), found in over 20 proteins, consists of nine a helices and
canonically functions to allosterically bind to activated Ga in the transition state and stabilizes the
transition intermediate of the GTP binding pocket (Soundararajan et al., 2008; Tesmer et al., 1997).
This enhances the intrinsic GTPase activity of Go subunit leading to the hydrolysis of GTP to GDP
and the reassembly of the heterotrimeric complex, thereby terminating downstream G protein
signaling (Figure 2.1).

Ever since their discovery in the mid-1990s (Dohlman, 2009), much has been learned about
the basis for Ga class specificity exhibited by members of the RGS family and their important role
in regulating cellular signaling processes. To date, 39 human RGS-like proteins have been
identified, containing at least one region of homology to the canonical RGS domain, and have been
broadly classified into eight subfamilies based on structural and functional similarities (Almutairi
et al., 2020). Among them, four subfamilies represent canonical RGS proteins: RZ, R4, R7, and
R12. The RGS domain mainly mediates GAP activity for the Gai/o and Gaq families and thus
functions to regulate various Gi- and Gg-signaling pathways (Masuho et al., 2020).

Although the RGS domain is highly conserved, minor structural differences between the
different RGS proteins determine Ga selectivity. The transition state for RGS-Ga interaction is
mimicked in vitro using GDP+AIF4 that has allowed researchers to characterize the structural

determinant for RGS-Ga interaction (Tesmer et al., 1997). The selectivity of the RGS domain for
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a specific Ga class is dictated by the a5-6 loop of RGS which is a crucial Ga interacting surface
on the RGS domain (Natochin & Artemyev, 1998). This region interacts mainly with the switch I,
I1 and Il interface on Go subunit. Minor structural differences on the crucial Go interacting surface
of RGS or the switch I/l of Go determine which RGS protein acts as a GAP for a specific subclass
or member of Ga (Natochin & Artemyev, 1998; Tesmer et al., 1997). For example, Gas is not a
substrate for any known RGS protein due to a steric hindrance caused by a single residue difference
between members of the Gas and Gai/Gaq class. A small conserved serine residue in switch 11 of
Gai and Gog members is replaced by a larger aspartate residue in Gas that impairs the interaction
of Gas with the RGS domain (Natochin & Artemyev, 1998).
The R4 subfamily RGS proteins are GAPs for both Gai and Gagq, except for RGS2, which is
selective for Gaq (Nance et al., 2013). Members of the R12 family have a selective preference for
Gai and primarily regulate Gi-signaling pathways, although weak Gaq GAP activity has been
detected in vitro (Masuho et al., 2020; Taylor et al., 2016). Therefore, the expression of different
types of RGS proteins and distinct selectivity towards a Ga class allow cells to modulate various
signaling pathways and cellular processes.
2.2.1. Non-RGS domain of RGS proteins

In addition to structural requirements for RGS-Ga selectivity, the GAP functions of RGS
proteins are influenced by other factors including tissue expression, subcellular localization, and
protein-protein interactions with other effectors. For example, RGS proteins can mediate both G
protein-dependent and G protein-independent functions through non-canonical mechanisms.
However, most of these influencing factors have been reported to be determined by regions outside

the conserved RGS domain.
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The RZ (RGS17, -19, -20) and the R4 family (RGS1, -2, -3, -4, -5, -8, -13, -16, -18, -21)
mainly contain the conserved RGS domain and a small N-terminal region involved in membrane
targeting and receptor-selectivity, with the exception of RGS3, which also contains a multiprotein
interaction PDZ domain (Almutairi et al., 2020; Hollinger & Hepler, 2002). Members of the R7
subfamily (RGS6, -7, -9 and 11) contain Gy-like domain upstream of the RGS domain that
mediates interaction with GB5 that indirectly regulates the GAP activity (Siderovski & Willard,
2005). They also contain a DEP domain that mediates interactions with some GPCRs, as well as
the R7H domain postulated to play a role in membrane targeting (Hollinger & Hepler, 2002).

The R12 subfamily (RGS10, RGS12 and RGS14), although grouped based on high
homology in the RGS domain, have distinct structural elements. While RGS10 is small and
contains only the functional RGS domain, RGS12 &14 share two additional scaffolding domains:
the Ras-binding domains (RBDs) binds to Ras and inhibit downstream Ras-signaling (Shu et al.,
2010), while the C-terminal GoLoco motif functions as GDP-disassociation inhibitors for Gai
(Kimple et al., 2001). In addition to shared scaffolding domains, RGS12 also contains a
phosphotyrosine-binding (PTB) domain and a PDZ domain and is the longest member of the RGS
family. The PTB and PDZ domains mediate diverse interactions with GPCRs and other proteins
(Xie & Palmer, 2007). These additional protein domains enable some RGS proteins to serve as
scaffolding proteins and bring signaling components together to activate downstream pathways.
2.2.2. Non-canonical interactions and mechanisms of RGS proteins

In addition to regulating G protein signaling pathways, RGS proteins can modulate
intracellular signaling responses downstream of different receptors and mediate noncanonical

functions. For example, RGS3 regulates transforming growth factor 3 (TGFp) signaling, activated
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through the transmembrane serine-threonine kinase receptor. RGS3 binds to Smad2/3/4
transcription factors through a region outside its conserved RGS domain and inhibits TGFp
signaling by preventing Smad heterodimerization and gene transcription (Yau et al., 2008). RGS2
also uses a GAP-independent mechanism to regulate de novo protein synthesis by interacting with
the eukaryotic initiation factors elF2B, which is a heterotrimeric GTPases that controls mRNA
translation (Nguyen et al., 2009). RGS2 uses its N-terminus region to interact with elF2B which
inhibits the GEF activity of elF2B. This novel function of RGS2 has recently been shown to play
a key role in stress response signaling by reducing global protein synthesis (Wang & Chidiac,
2019). RGS2 also uses its RGS domain to interact with the leucine-rich-repeat-kinase 2 (LRRK2),
which is a multifunctional protein comprising of GTPase, kinase, and a scaffolding domain
(Dusonchet et al., 2014). Aberrant activity of LRRK?2 is a strong risk factor for Parkinson’s disease
(PD), and RGS?2 interaction with LRRK2 inhibits both the GTPase and kinase activity of LRRK2,
thus reducing LRRK2-induced neurotoxicity (Dusonchet et al., 2014).

RGS proteins can also use different mechanisms to interact with the same protein and
regulate diverse functions. Prominent examples are RGS13 and RGS16 which interact with the
regulatory subunit of PI3K (p85) (Bansal et al., 2008; Liang et al., 2009). RGS13 and RGS16 are
members of the small R4 family that only have RGS functional domain but they regulate p85
through different mechanisms; while RGS13 interacts with p85 via its N-terminus region and
regulates allergic responses in mast cells (Bansal et al., 2008), RGS16 interacts with p85 through
its RGS domain and inhibits the downstream PI3K/Akt pathway, thereby regulating cancer

proliferation (Liang et al., 2009).
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An increasing number of studies reveal that, instead of localizing near the cell surface, RGS
proteins can shuttle across different subcellular compartments, such as the nucleus, where G
proteins and their effectors are not believed to exist (Branch & Hepler, 2017; Chatterjee & Fisher,
2000). These diverse localization patterns are suggestive of non-canonical roles of RGS proteins.
Most of the previously reported GAP-independent functions of RGS proteins mediated by
noncanonical interactions which occurs through regions outside the conserved RGS domain.

The dynamic localization and interaction of RGS proteins can also be modulated by
intracellular signals. For example, CAMP or Ca?*-signaling induces nuclear accumulation of
RGS13, where it forms a location-specific interaction with phosphorylated CREB and disrupts the
binding of CREB to DNA and the CREB binding protein (CBP)/300 (Xie et al., 2008). RGS13
does not utilize its GAP activity to inhibit CREB-mediated transcription. However, this interaction
occurs upstream of the RGS domain, in the diverged N-terminus region. In addition to the nucleus,
RGS proteins can also be targeted to a specific subcellular location where they mediate diverse G
protein-independent functions via non-canonical interaction partners. For example, microtubule-
localized RGS14 interacts with tubulin and promotes tubulin polymerization (Martin-McCaffrey
et al., 2005), and similarly RGS2 interacts with Nek7 in the mitotic spindle and mediates
noncanonical function in promoting mitotic spindle organization (de Souza et al., 2015).

G proteins play an important role in activating G protein-gated ion channels via direct
interactions with ion channels or through indirect mechanisms (Breitwieser, 1991). Similarly, the
GAP function of RGS enables RGS proteins to modulate intracellular calcium signals (Wang et
al., 2004). For example, RGS proteins that have Gaqg selectivity alter calcium signaling by

regulating the GPCR/PLC/IP3 pathway (Kimple et al., 2011; Wang et al., 2004). The RGS domain
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of some small RGS proteins, including RGS10, has been shown to form a direct interaction with
calcium-sensitive proteins such as calmodulin in a calcium-dependent manner, and competitive
and dynamic interaction between calmodulin and PIP3 induces Ca?* oscillation (Yang & Li, 2007).
These findings suggest that RGS proteins can use various mechanisms to regulate intracellular
calcium response. Interestingly, GAP-independent mechanisms have also been attributed to RGS-
dependent regulation of calcium responses. The N-terminus region of the small RGS2 protein has
been shown to directly associate with and inhibit the calcium channel TRPV6, thus altering the
gating properties of this ion channel in a G protein-independent mechanism (Schoeber etal., 2006).
In general, these findings suggest that RGS proteins can control calcium signaling through both
GAP-dependent and independent mechanisms.

In conclusion, while RGS proteins play an essential role as GTPase-activating proteins
through their conserved RGS domain, their dynamic subcellular localization and and context-
dependent interactions with noncanonical proteins provide an additional layer of regulation of
cellular signaling. Given the high homology among various RGS proteins, characterizing non-
canonical interactions and functions of RGS is advantageous to identify specific regulatory
mechanisms of RGS that do not interfere with the physiologically relevant GAP function or affect
the activity of other RGS proteins.

2.3. Regulator of G protein signaling 10

RGS10 is the smallest RGS protein (~20kDa), which makes it a unique member of the R12
subfamily. Although classified into the R12 family based on the homology of RGS domain,
RGS10 resembles the R4 family members in that it only contains the conserved RGS domain

(Hollinger & Hepler, 2002). Other than its conserved 120 aa core RGS domain, RGS10 only
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contains small N-terminus and C-terminus extensions that harbor regulatory modification residues
(Almutairi et al., 2020). RGS10 is conserved between different species, and the Rgs10 gene is
located on the human chromosome 10g26.11 and the mouse chromosome 7 F3. According to the
latest NCBI annotation, there are two isoforms of the human and mouse RGS10 protein, a 181aa
long variant (RGS10-1) and a 167aa short variant (RGS10-2). The two isoforms differ only in the
first few residues at the N-terminus region and have identical RGS domain. These isoforms are
produced by alternative splicing of the first exon of the Rgs10 gene (Sierra et al., 2002).
Interestingly, RGS10-2 has been shown to have impaired GAP function (Ajit & Young, 2005),
implying that the N-terminus region has a functional role for effective GAP activity of RGS10. In
humans, a third isoform containing a 173a.a has been reported that is translated from an upstream
alternative start site (Almutairi et al., 2020). These isoforms have tissue-specific expression, and a
dominant isoform exists in most tissues. RGS10-1 is thought to be the most dominant isoform in
immune cells.
2.3.1. Canonical GAP function of RGS10

RGS10 has GAP selectivity for Gi family Ga subunits, including Gai, Goo, and Gaz
(Masuho et al., 2020). Through its canonical GAP function, RGS10 regulate the activity of various
Gai-coupled GPCRs. The determinants of RGS10 selectivity have previously been characterized
through structural studies of unbound and Ga-bound RGS10 (Soundararajan et al., 2008; Taylor
etal., 2016). Unlike the R4 subfamily members that bind to both Gai and Gaq, RGS10 has specific
preference for Gai that is dictated by minor structural differences. For example, the a6 helix region
is different between RGS10 and other R4 subfamilies that determines its Gai/Gaq selectivity. Due

to a disordered and a smaller a6 helical region in RGS10, the a7 helix of RGS10 starts earlier than
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other R4 families. Therefore, a conserved Glu-Lys dyad that is present in R4 family RGS domain
is absent in RGS10. Instead, this region of RGS10 has a Lys-Tyr dyad, and the presence of a
charged lysine at position 1 and a bulkier tyrosine side chain position 2 creates a steric clash with
Ga interacting surface of Gag, making RGS10 an ineffective GAP for Gaq (Soundararajan et al.,
2008; Taylor et al., 2016; Tesmer et al., 1997).

Due to its selective preference for Gai, the GAP activity of RGS10 primarily regulates the
activity of Gai-coupled GPCRs. By inhibiting Gai activity, RGS10 functions to enhance adenylyl
cyclase activity and the subsequent production of cAMP, which activates downstream PKA
signaling. In CHOK(1 cells stably overexpressing human serotonin 5-HT1A (Gi-coupled GPCR),
overexpression of RGS10 attenuates Gai-mediated inhibition of AC (Ghavami et al., 2004).
Similarly, RGS10 expression in HEK293 cells was shown to attenuate p-opioid receptor (u-OR)-
mediated inhibition of AC activity (Xie & Palmer, 2007). Furthermore, RGS10 regulates M2
muscarinic receptor-mediated activation of GIRK channels, which are activated by Gy subunits
released from G proteins of the Gai family (Burgon et al., 2001). Most chemokine receptors utilize
pertussis toxin (PTX)-sensitive Gai for signaling; therefore, RGS10 GAP functions can regulate
chemokine signaling pathways. Stimulation of T cells with the chemokine CXCL12 was shown to
induce a rapid association of RGS10 with Gai (Thelen & Stein, 2008), and RGS10 attenuates both
CXCL12 and CCL21-induced signaling that is necessary for T cell adhesion. This effect of RGS10
was abrogated with PTX, suggesting that RGS10 is an important regulator of Gi-dependent

function (Garcia-Bernal et al., 2011).
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2.3.2. Subcellular localization and post-translational regulation of RGS10

Unlike other small RGS proteins, RGS10 lacks the amphipathic helix and cysteine string
found in the N-terminus region of the R4 family that target some RGS proteins to the plasma
membrane (PM) (Almutairi et al., 2020). However, it harbors a conserved cysteine 66 (Cys66)
residue within the RGS domain, that is thought to be a site for palmitoylation and targets RGS
proteins to the PM, as evident in in vitro palmitoylation assay and in Sf9 insect cells (Tu et al.,
1999). Palmitoylation of Cys66 increases the steady-state GAP activity of RGS10 BY >20 fold in
receptor-G protein reconstituted proteoliposomes (Tu et al., 1999).

In addition to regulation of GAP activity through membrane-targeting mechanism, the
GAP activity of RGS10 can be influenced by other mechanisms that affect the subcellular
translocation of RGS10. Strong evidence suggests that RGS10 is localized in both the nucleus and
the cytoplasm and that its subcellular expression is dynamically regulated (Burgon et al., 2001;
Lee etal., 2008). However, an early study by Chatterjee et al. (2000) demonstrated that ectopically
expressed RGS2 and RGS10 predominantly localize in the nucleus in COS-7 cells, while other
small RGS proteins such as RGS4 and RGS16, are nucleocytoplasmic shuttling proteins
(Chatterjee & Fisher, 2000). Furthermore, this localization pattern of RGS10 was shown to be
similar in H4 human neuroglioma cells that endogenously express RGS10 (Chatterjee & Fisher,
2000). In this study, they also characterized the molecular determinant for RGS localization and
identified nuclear localization signal (NLS) within the conserved RGS domain, and a nuclear
export signal (NES) that exists in some RGS proteins in the variable N-terminus region. However,

other studies that characterized RGS10 expression in human HEK293 cells and in microglia
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demonstrate that RGS10 can be localized in both the cytosol and the nucleus (Burgon et al., 2001;
Lee et al., 2008).

The C-terminus region of RGS10 contains a proline-glutamate-serine-threonine (PEST)
sequence, which is believed to serve as a proteolytic signal for proteasome degradation
(Rechsteiner & Rogers, 1996). RGS10 also contains a conserved lysine residue (Lys148), which
is thought to be a putative ubiquitination site. A recent quantitative proteomics study identified
RGS10 as a substrate for the E3 ubiquitin ligase TRIM32, and endogenous binding between
RGS10 and TRIM32 was validated in Hela cells and embryonic brains (Zhu et al., 2020). TRIM2
enhanced RGS10 ubiquitination and subsequent proteasomal degradation in lateral/medial
ganglionic eminence (L/MGE) progenitors. Accumulation of RGS10 in TREM2 knockout mice or
in the presence of MG-132 proteasome inhibitor suppressed downstream mTOR signaling, which
resulted in impaired L/MGE proliferation, GABAergic interneuron generation, autism-like
behaviors (Zhu et al., 2020). This is the first evidence implicating post-translational mechanism in
the regulation of RGS10 stability. Therefore, the expression and function of RGS10 can be
dynamically regulated by various post-translational modifications.

2.4. RGS10 in neuroinflammation

Neurodegenerative diseases (NDs), which affect around 30 million people worldwide, are
prevalent in elderly people and cause progressive neurodegeneration and neuronal dysfunction
(detailed in Chapter 1). Extensive research is ongoing to understand the underlying mechanism of
neurodegeneration. Several pieces of evidence suggest that chronic activation of microglia are
involved in the onset and progression of several NDs. Activated microglia release soluble factors

that are neuroprotective or neurotoxic depending on their activation state. Pro-inflammatory
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microglia release various neurotoxic mediators, including pro-inflammatory cytokines,
prostaglandins, and reactive oxygen species that induce neurotoxicity. Injured neurons in turn
release danger signals known as damage-associated molecular pattern molecules (DAMPSs), which
directly activate microglia. The importance of this bidirectional crosstalk between microglia and
neurons is gaining attention in neurodegenerative diseases. Growing evidence suggests that M1
microglia are a chronic source of several neurotoxic factors, including reactive oxygen species
(ROS), complement elements, and pro-inflammatory cytokines. In contrast, M2 microglia release
anti-inflammatory and neuroprotective factors. Therefore, current therapeutic strategies focus on
identifying mechanisms to regulate the activity of M1 microglia and enhance M2 phenotypic state
and limiting the neurotoxic interplay between microglia and neurons (detailed in Chapter 1).
2.4.1. RGS10 regulates microglial activation and protects against inflammation induced
neurotoxicity.

RGS10 is abundantly expressed in the brain, prominently in microglia (Butovsky et al.,
2014). Previous studies have identified RGS10 as an important regulator of microglial activation.
Loss of RGS10 expression in microglia is associated with dysregulation of inflammatory milieu
in the brain and a risk for age-related neurodegeneration (Kannarkat et al., 2015; Lee et al., 2012,
Lee et al., 2011; Lee et al.,, 2008). A significant understanding of RGS10 function in CNS
pathology came from previous studies by Lee et al. that identified neuroprotective effects of
microglial RGS10 in the lipopolysaccharide (LPS) inflammation model of Parkinson’s disease
(PD) (Lee et al., 2012; Lee et al., 2008). The bacterial endotoxin LPS is a pathologically relevant
stimulus that activates microglial Toll-like receptor 4 (TLR4) (Goulopoulou et al., 2016).

Microglial TLR4 is also activated by various pathological triggers, and enhanced upregulation and
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activation of TLR4 is implicated in diverse neurodegenerative diseases (detailed in Chapter 1).
Therefore, LPS-mediated activation of TLR4 is commonly used to mimic neuroinflammatory
processes associated with neurodegeneration, and mediators that regulate LPS/TLR4 signaling,
such as RGS10, are potential therapeutic targets.

Key findings from Lee et al. demonstrates that compared to wild-type (WT) mice, RGS10-
deficient (RGS107") mice exhibit significant loss of dopaminergic neurons in the substantia nigra
pars compacta (SNpc) in response to a chronic low-dose injection of LPS compared to wild-type
mice (Lee et al., 2008). Additional key findings from their study indicate that RGS10”- mice also
exhibit increased microglia burden and activation, and primary microglia isolated from these mice
have dysregulated inflammatory signals such as enhanced production of pro-inflammatory
cytokines, including tumor-necrosis factor o (TNFa) and pro-inflammatory interleukins (IL-1,
IL-6, IL-12) (Lee et al., 2013; Lee et al., 2008). In a follow-up target-effector experiment, Lee et
al. further characterized the mechanism for neurodegeneration. They exposed differentiated
MN9D dopaminergic neurons to conditioned media collected from wild type (WT) and RGS107
primary microglia and observed that LPS-activated conditioned media from RGS107 are
significantly more toxic compared to activated WT microglia. This result demonstrates that
RGS10’s ability to downregulate microglial inflammatory response is neuroprotective for
dopaminergic neurons.

In addition to LPS inflammation model, the neuroprotective effect of RGS10 is also evident
in the 6-OHDA neurotoxin model of Parkinson’s disease (Lee et al., 2011). Adenovirus-mediated
expression of RGS10 into the SNpc of rats attenuated microgliosis and protected against 6-OHDA-

induced degeneration of dopaminergic neurons. The anti-inflammatory effect of RGS10 is also
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observed and consistently modeled in immortalized BV2 microglia cell lines (Almutairi et al.,
2021; Alginyah et al., 2018; Wendimu et al., 2021). Collectively, these results demonstrate that
RGS10 plays a neuroprotective role by suppressing pro-inflammatory and neurotoxic mediators
released from microglia.
Mechanistically, Lee et al. demonstrated that loss of RGS10 in microglia enhances NF«B signaling
(Lee et al., 2011), a pro-inflammatory pathway activated downstream of TLR4 activation, and is
also implicated in the pathophysiology of various neurodegenerative diseases (see Chapter 1).
However, the anti-inflammatory mechanism of RGS10 in the regulation of NFxB is not yet
defined. It was also shown that RGS10 is evenly localizes throughout both the cytoplasm and
nuclear compartments in resting microglia; but LPS-mediated-activation induces increased nuclear
translocation (Lee et al., 2008). The dynamic localization pattern of RGS10 in response to
microglia activation is unexpected, since the canonical GAP function of RGS proteins occurs in
the cytoplasm near the plasma surface surface. Therefore, this finding suggests a potential
noncanonical mechanism of RGS10 in activated microglia.

Previous evidence showed that specific and inducible phosphorylation of RGS10 on serine
168 by the cAMP-dependent kinase (PKA) induces RGS10 localization from the cytoplasm to the
nucleus, thus impairing its canonical activity near the PM which is necessary to regulate G protein-
dependent activation of GIRK (Burgon et al., 2001). Interestingly this phosphorylation residue is
located downstream of the RGS domain, which is thought to harbor the NLS (Chatterjee & Fisher,
2000). Thus, the molecular determinant dictating PKA-mediated RGS10 nuclear translocation is
not known. Overall, while these findings implicate a protective role of RGS10 in TLR4/NFxB

regulation, its anti-inflammatory mechanism has not been defined.
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2.4.2. RGS10 exerts neuroprotective effects by regulating Tumor necrosis factor a,

Tumor necrosis factor a (TNFa) is one of the critical pro-inflammatory and neurotoxic
cytokines synthesized by activated microglia (Raffaele et al., 2020). TNFa is a potent activator of
inflammatory responses and can induce activation of additional resting microglia cells and other
glial cells in the adjacent brain region by binding to and activating TNFR1 (p55) and TNFR2
(P75), further amplifying neuroinflammatory responses (Raffaele et al., 2020). Furthermore,
dopaminergic neurons in the SNpc have high expression of TNF receptor 1, which is a canonical
death receptor that elicits a pro-apoptotic response and sensitizes cells to TNF-mediated
neurotoxicity (Probert, 2015). Etanercept is an FDA-approved biologic TNF inhibitor that acts as
a soluble TNF receptor and binds TNF, thereby preventing TNF interaction with its natural
receptors (Gencoglan et al., 2009). Etanercept exhibits neuroprotective effects in various
neurodegenerative diseases. Given the pro-inflammatory and neurotoxic role of TNFa,
endogenous mechanisms that regulate TNFa synthesis in microglia are important therapeutic
targets. RGS10 strongly suppresses the release of TNFa from microglia (Lee et al., 2012; Lee et
al., 2011; Lee et al., 2008). Furthermore, the neurotoxic effect of microglial RGS10 was shown to
be blocked by the addition of etanercept, suggesting that RGS10 limits microglial-derived TNF
secretion (Lee et al., 2008).

In addition to microglia, RGS10 is also expressed in dopaminergic neurons, albeit to a
lesser extent (Lee & Tansey, 2015). Interestingly, neuronal RGS10 is also shown to be protective,
as stable overexpression of RGS10 in differentiated MN9D dopaminergic cells attenuated TNF-
induced cytotoxicity. The protective effect of RGS10 was shown to be mediated by inhibition

apoptotic effectors such as PARP-1 and caspase 3, and enhanced activation of PKA/CREB pro-
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survival pathway (Lee et al., 2012). This neuroprotective effect of RGS10 required PKA-mediated
phosphorylation of RGS10 at Ser168. These results suggest that RGS10 expressed in microglia
and neurons exerts a synergistic role in limiting microglia-derived TNF secretion and subsequent
TNF-mediated cytotoxicity. It is not known whether RGS10 also regulates apoptotic and survival
pathways in microglia. Therefore, RGS10 may have diverse neuroprotective mechanisms in
different cell types.
2.4.3. RGS10 suppresses the induction of cyclooxygenase-2 in microglia

Cyclooxygenase isoforms (COX-1 and COX-2) are direct targets for many nonsteroidal
anti-inflammatory drugs, and their regulation is crucial for therapeutic management of
inflammation. COX catalyzes the initial rate-limiting step in prostaglandin (PG) biosynthesis,
which is the conversion of arachidonic acid to an intermediate PGH2 (Ricciotti & FitzGerald,
2011). PGH2 is further metabolized by downstream enzymes, producing various PGs. COX-2,
predominantly present in neurons, is induced in immune cells such as microglia and is strongly
involved in neuroinflammation and neurodegeneration (Ricciotti & FitzGerald, 2011; Vijitruth et
al., 2006). COX-2 has emerged as the primary isoform responsible for the production of prostanoid
in acute and chronic neurodegenerative diseases. In a PD model, it has been shown that PGE2
produced by the enzymatic action of COX-2 activates prostaglandin E2 receptor 2 (EP2) in
microglia in an autocrine manner, thereby resulting in sustained microglial activation during
chronic stress that contributes to neurotoxicity (Vijitruth et al., 2006). PGE2 also interacts with EP
receptors on neurons, resulting in enhanced neurodegeneration (Kang et al., 2017). COX-2 also
plays a detrimental role by oxidizing a variety of targets that contributes to oxidative stress

(Madrigal et al., 2003). Various neuroinflammatory processes are involved in the induction of
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COX-2; therefore, mechanisms that regulate COX-2 induction and the subsequent production of
PGE2 have emerged as an important therapeutic target for neurological diseases, including PD and
stroke (Kang et al., 2017; Vijitruth et al., 2006) .

To further expand the neuroprotective roles of RGS10, our group recently explored the role
of RGS10 in the regulation of COX-2. In addition to its role in the regulation of pro-inflammatory
cytokines, our recent findings showed that both sSiRNA-mediated loss of RGS10 and CRISPR/Cas9
mediated deletion of RGS10 significantly amplified LPS-induced COX-2 production and the
subsequent PGE2 production (Alginyah et al., 2018). Therefore, the ability of RGS10 to
downregulate COX-2/PGE2, along with its previously implicated anti-inflammatory and
neuroprotective roles, further position RGS10 as an important therapeutic target.

2.4.4. RGS10 exerts protective roles in various inflammatory and pathological models.

RGS10 exerts protective roles in multiple models, and loss of its expression is implicated
in the pathophysiology of various diseases including Parkinson’s disease (PD) (Lee et al., 2011),
influenza (Almutairi et al., 2021), osteoporosis (Yang & Li, 2007), vascular injury (Hensch et al.,
2016; Miao et al., 2016), rheumatoid arthritis (Ren et al., 2021), and periodontitis (Chan et al.,
2022). Essential to the pathophysiology of neurodegenerative disease is the contribution of the
vasculature and circulating immune cells that infiltrate the CNS following blood-brain barrier
(BBB) dysfunction and induce systemic inflammation (Lopes Pinheiro et al., 2016).

Considering the detrimental effects of systemic inflammation in neurodegenerative
diseases, it is apparent that the role of RGS10 in peripheral immune cells may also be implicated
in neuroinflammatory processes. For example, RGS10 is expressed in peripheral macrophages,

where it has been shown to play an important role in suppressing TLR4-induced M1-like pro-
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inflammatory response while enhancing M2-like anti-inflammatory response (Lee et al., 2013).
Peripheral macrophages have essential role in communication between the brain and systemic
inflammation (Yang et al., 2020). The loss of RGS10 has recently been shown to exacerbate
periodontitis and rheumatoid arthritis by promoting NFKB signaling pathways and contributing to
increased inflammatory factors (Chan et al., 2022). Furthermore, recent evidence implicates a
protective role of RGS10 in influenza-induced inflammatory lung injury (Almutairi et al., 2020).
Platelet aggregation and persistent activation are strongly linked to the pathogenesis of cerebral
stroke (Fateh-Moghadam et al., 2007); RGS10 is expressed in platelets and suppresses activation
and thrombogenesis, thereby playing a protective role during vascular injury (Hensch et al., 2016).
These stated protective functions of RGS10 in different cell types suggest that RGS10
dysregulation has a substantial effect in the pathophysiology of CNS and peripheral inflammation.
Therefore, investigating tissue-specific or shared molecular mechanisms involved in RGS10
function is advantageous for identifying specific therapeutic targets that mitigate RGS10 loss
induced abnormalities.
2.4.5. RGS10 expression is suppressed during inflammation and in pathological models
Growing evidence suggests that age-associated changes in microglia activation, such as
hypersensitive response and production of pro-inflammatory and neurotoxic mediators, contribute
to progressive neurodegeneration (Chapter 1). Age-associated loss of microglial RGS10 has been
reported and implicated as a potential risk factor for neurodegenerative maculopathy (Jakobsdottir
et al., 2005; Kannarkat et al., 2015). Furthermore, polymorphism in the RGS10 gene has been

associated with human schizophrenia (Hishimoto et al., 2004).
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Despite its protective functions in the CNS, microglial RGS10 is silenced by chronic
treatment of LPS and TNFa, stimuli used as potent activators of immune cells (Almutairi et al.,
2021; Lee et al., 2008). RGS10 suppression is also reported in an in vivo model of inflammatory
neuropathic pain (Alginyah et al., 2017), further indicating that RGS10 levels are regulated by
inflammation. In addition to the CNS, suppression of RGS10 is evident in other pathologies,
including cancer chemoresistance (Hooks & Murph, 2015) and human heart failure (Miao et al.,
2016).

The expression of RGS10 in various cellular models is believed to be regulated at the
transcriptional level through epigenetic mechanisms. DNA methylation by DNA
methyltransferases (DNMTSs) and histone-deacetylation by histone acetyltransferases (HATS) have
been implicated as mechanisms for RGS10 suppression, and the specific epigenetic mechanism is
shown to vary based on cell types and the triggering stimuli (Almutairi et al., 2021; Alginyah et
al., 2017; Hooks & Murph, 2015; Tuggle et al., 2014). In microglia, RGS10 is transcriptionally
suppressed in response to chronic stimulation of LPS and TNFa, and LPS-induced suppression is
mediated by histone deacetylation rather than DNA methylation and involves HDAC1 recruitment
to the promoter region of RGS10 and subsequent hypermethylation of H3 histones (Almutairi et
al., 2021; Alginyah et al., 2017). The HDAC inhibitor Tichostatin A (TSA) rescues LPS-mediated
suppression of RGS10 transcript. Interestingly, RGS10 transcript is elevated in response to
spingosphine-1 (SP-1) treatment, which is an endogenous microglial signaling mediator that
inhibits HDAC activity (Alginyah et al., 2017). Consistent with this finding, Almutairi et al. (2021)
recently showed that pharmacological inhibition of HDACs (1-3) and PI3K/NF«xB/TNFa signaling

cascade rescues LPS-induced suppression of RGS10 in various macrophages and microglia cell
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models (Almutairi et al., 2021). Taken together, these findings suggest that RGS10 expression is
suppressed during inflammatory stress, and mechanisms that stabilize RGS10 expression during
inflammation may have a therapeutic effect. Given that epigenetic alterations such as HDAC
dysregulations have broad targets, it may be beneficial to stabilize RGS10 or modulate specific
RGS10-regulated pathways. Therefore, understanding the anti-inflammatory and neuroprotective
mechanisms of RGS10 can facilitate the development of therapeutic strategies to compensate for
the functional loss of RGS10 during inflammation.
2.4.6. RGS10 regulates inflammatory response via an unknown non-canonical mechanism
As described in previous sections, RGS10 is a canonical GTPase-activating protein (GAP)
for Gai/o family of G proteins. Through its GAP function, RGS10 can moderately regulate
downstream Gi signaling pathways. Although RGS10 is selective for Gai, week interactions with
Gagq have previously been reported in other models (Masuho et al., 2020; Soundararajan et al.,
2008). In our previous study, we confirmed that RGS10 acts as a canonic GAP protein and
selectively associates with activated Gai but not Gaq. Furthermore, RGS10 can modestly regulate
a canonical Gi-coupled signaling event in microglia; loss of RGS10 in BV2 microglia enhances
CXCL12-mediated activation of ERK Map kinase (Alginyah et al., 2018). However, most of the
previously characterized role of RGS10 in microglia is in the regulation of pro-inflammatory
cytokines in response to LPS/TLR4 activation. Conversely, the toll-like receptor 4 (TLR4)
pathway is not initiated by GPCR and thus is not a canonical GAP target. Therefore, the molecular
mechanism by which a small GAP protein regulates inflammatory responses downstream of a non-

GPCR receptor is not known.
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RGS10 may regulate TLR4 signaling indirectly through a G protein-dependent
mechanism, and TLR4 activation may also influence RGS10 GAP activity. Therefore, we
examined whether LPS regulates RGS10-Gai interaction or facilitates RGS10-Gagq interaction
(Figure A.1A) (Alginyah et al., 2018). Our results showed that RGS10-Gai interaction occurs in
LPS-activated microglia, with no interaction observed between RGS10 and Goagq. Since LPS
enhances the interaction of RGS10 with Gai, we determined if Gi-signaling is involved in RGS10-
mediated regulation of TLR4 signaling. Although RGS10 associated with Gai in response to LPS
activation, we found that inhibition of Gai using pertussis toxin (PTX) has no effect on RGS10-
mediated regulation of LPS-induced COX-2, implying a potential G protein-independent
mechanism (Figure A.1B) (Alginyah et al., 2018).

To directly assess the GAP-independent effect of RGS10 on LPS-induced inflammatory
responses, we transiently expressed wild-type (WT) and GAP-deficient RGS10 (E52K) mutant.
Since BV2 cells have high endogenous RGS10 expression, we tested this effect in HEK293-hTL4
cells, which express TLR4 and its co-receptors but have low endogenous RGS10 (Alginyah et al.,
2018). The findings confirmed that LPS-induced expression of TNFa is equally suppressed by WT
and E52K mutant RGS10, confirming that RGS10 suppresses TLR4-mediated expression of pro-
inflammatory genes independently of its known Gi-dependent mechanism. Although the
overexpression study suggested a potential G protein-independent role for RGS10, it had several
limitations: 1) it was conducted in the HEK293 cell line, which does not fully mimic microglial
immune response such as the induction of COX-2; 2) it utilized a transient expression system; and

3) it overexpressed a less dominant variant of human RGS10 (hRGS10-2). As a result, these
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findings should be replicated in a microglia model, to further validate the Gai-independent
mechanism of RGS10 in microglia.

The finding so far suggests that RGS10 regulates TLR-4 mediated pro-inflammatory
signals in a G protein-independent mechanism. Although this result is surprising considering the
small size of RGS10 and the presence of only the conserved GAP domain, other small RGS
proteins have been shown to perform various noncanonical functions in different cellular models
(discussed above). Although most of these effects are mediated by non-canonical protein
interactions in regions outside the GAP domain, there is some evidence that suggest that the RGS
domain can also mediate noncanonical functions. A prominent example is the small RGS2 protein,
which utilizes its RGS domain to interact with LRRK2, a multifunctional protein consisting of a
GTPase, a kinase, and a scaffolding domain (Dusonchet et al., 2014). LRRK2 dysregulation is a
major risk factor for PD, and RGS2 interaction with LRRK2 suppresses both the GTPase and
kinase activity of LRRK2, thus reducing LRRK2-induced neurotoxicity (Dusonchet et al., 2014).
While RGS proteins do not regulate Gs-coupled GPCR, it has been shown that RGS10 suppresses
forskolin-stimulated CAMP production (Ghavami et al., 2004). Since this response is response is
initiated downstream of Gs-mediated activation of AC, the mechanism by which RGS10 regulates
this pathway is not known. RGS2 has also been shown to modulate the same signaling response in
another model, but its effect has been shown to be mediated by direct binding to AC. Its inhibitory
effect on AC only required three residues in the N-terminus region (Salim et al., 2003). Therefore,
RGS10 may also utilize its RGS domain or its short N- and C-terminus extensions to mediate

GAP-independent functions downstream of either TLR4 or GPCR activation.
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2.5. Conclusion, Hypothesis and Specific Aims

RGS10 has been identified as a potential anti-inflammatory and neuroprotective
therapeutic target (Lee & Tansey, 2015); it regulates microglial proliferation and activation in
response to TLR4-activation; it suppresses the production of microglial proinflammatory factors;
and it protects neurons from inflammation-associated neurotoxicity (Figure 2.2). Additionally, in
response to TLR4 activation, RGS10 enhances M2 anti-inflammatory activation state and
suppresses M1 pro-inflammatory responses in peripheral macrophages (Lee et al., 2013).
However, RGS10 regulates inflammatory gene expression mediated by TLR4, through an
unknown mechanism that is distinct from its canonical G protein regulatory role (Alginyah et al.,
2018).

Although RGS10 has anti-inflammatory and neuroprotective roles, its expression in
microglia is downregulated during aging and inflammation (Alginyah et al., 2017; Kannarkat et
al., 2015) (Almutairi et al., 2021; Alginyah et al., 2017) (Lee et al., 2008). Therefore, while RGS10
is a potential therapeutic target for neurodegenerative diseases, the lack of information on its
molecular mechanism hinders drug discovery efforts to rescue its functional loss during
neuroinflammation. Therefore, it is important to characterize the molecular mechanism by which
a small GAP regulates G protein-independent inflammatory responses, which is the focus of this
study.

The discovery of a G protein-independent effect of RGS10 in microglia, combined with
previously implicated non-canonical roles for other small RGS proteins, led to the hypothesis that
novel binding partners link RGS10 to the TLR4-inflammatory signaling pathway, thereby

mediating the non-canonical anti-inflammatory effects of RGS10. In this study, we will test this
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hypothesis by unbiased proteomics analysis to first identify non-canonical protein-protein
interaction partners in BV2 microglia, and then examine whether novel interaction partners
mediate the anti-inflammatory effects of RGS10 downstream of both TLR4 and non-TLR4 pro-
inflammatory pathways (Figure 2.3: Aim 1). Furthermore, given that protective functions of
RGS10 are implicated in various immune and non-immune cells, we further hypothesize that
RGS10 can affect various cellular responses in resting and activated microglia. Therefore, we will
conduct unbiased transcriptomics to investigate the global effect of RGS10 in regulating gene
expression in resting and LPS activated microglia (Figure 2.3: Aim 2). Specifically, we will first
generate stable BVV2 microglia cell lines overexpressing wild-type human RGS10-1 and a GAP-
dead E52K variant in CRISPR/Cas9 RGS10 knockout background and then validate if mutant
RGS10 regulates TLR-4 induced expression of pro-inflammatory genes without interacting with
Gai. We will then perform RNA sequencing to identify global transcriptome alterations in RGS10
knockout and RGS10 overexpression BV2 cell lines in resting and activated microglia, and

determine biological processes and pathways regulated by RGS10.
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Gi signaling

Figure 2.1: Heterotrimeric G protein activation and GTPase-activating protein. Heterotrimeric G proteins are
activated in response to ligand binding to G protein-coupled receptors (GPCRs). In resting state, G proteins exist as a
heterotrimer where Ga subunit binds to GDP. Upon ligand binding to GPCR, there is an exchange of GDP with GTP
which activates Ga subunit and promotes the dissociation of the complex. Activated GTP-bound Ga subunit and Gy
dimer act on various effectors and initiate downstream G protein signaling. Ga subunit has a slow intrinsic GTPase
activity, which is significantly accelerated by Regulator of G protein Signaling (RGS) proteins, which are GTPase-
activating proteins (GAP). The GAP activity of the RGS domain promotes GTP hydrolysis and reassembly of the
heterotrimeric complex, thereby regulating downstream G protein signaling. RGS proteins have selective preference
for a specific Ga class. This schematic figure shows the GAP activity of RGS10, which selectively associates with
Gai subfamily and terminates downstream Gi-signaling pathways. Through its GAP activity, RGS10 suppresses Gi-
coupled GPCR signaling, which is an inhibitory pathway that suppresses Adenylyl cyclase and limits cAMP
production.
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Figure 2.2. Protective roles of RGS10 in neuroinflammation. In the central nervous system, various signals activate
microglia, such as pathogens, inflammatory stimuli, and brain injury. Activated microglia release pro-inflammatory
and neurotoxic mediators that can lead to neuronal death. Dying neurons in turn release damage signals, such as
nucleotides, that can interact with and activate microglia. This two-way cycle results in neuroinflammation and
neurotoxicity. Microglial RGS10 is a potential anti-inflammatory therapeutic target; it regulates microglia activation,
suppresses the release of pro-inflammatory and neurotoxic mediators, and its expression in both microglia and neurons
exerts neuroprotective roles in limiting inflammation-associated neurodegeneration.
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Figure 2.3. Hypothesis and study objectives. RGS10 regulates pro-inflammatory gene expression downstream of
TLR4 activation through an unknown mechanism, independent of its canonical GAP function. Other RGS proteins
have non-canonical roles, most of which are mediated through non-canonical interactions. Therefore, we hypothesize
that novel binding partners link RGS10 to the TLR4 inflammatory signaling pathway, which may mediate the anti-
inflammatory effects of RGS10. We also hypothesize that RGS10 regulates various processes in both resting and
activated microglia, which may be mediated through its GAP function or through other mechanisms. To test these
hypotheses, we will use unbiased proteomics to identify non-canonical RGS10 interaction partners (Aim 1) and
determine if the interacting partners affect the anti-inflammatory effects of RGS10 in suppressing COX-2 and other
pro-inflammatory genes. In Aim 2, we will conduct an unbiased transcriptomic analysis to investigate the global role
of RGS10 in regulating both basal and LPS/TLR4-stimulated gene expression in microglia.
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CHAPTER 3

RGS10 PHYSICALLY AND FUNCTIONALLY INTERACTS WITH STIM2 AND
REQUIRES STORE-OPERATED CALCIUM ENTRY TO REGULATE PRO-

INFLAMMATORY GENE EXPRESSION IN MICROGLIA?

2Wendimu, M. Y., Alginyah, M., Vella, S., Dean, P., Almutairi, F., Davila-Rivera, R.,
Rayatpisheh, S., Wohlschlegel, J., Moreno, S., & Hooks, S. B. (2021). Cellular Signalling, 83,

109974. https://doi.org/10.1016/j.cellsig.2021.109974

Reprinted here with permission of publisher.
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ABSTRACT

Chronic activation of microglia is a driving factor in the progression of neuroinflammatory
diseases, and mechanisms that regulate microglial inflammatory signaling are potential targets for
novel therapeutics. Regulator of G protein Signaling 10 (RGS10) is the most abundant RGS protein
in microglia, where it suppresses inflammatory gene expression and reduces microglia-mediated
neurotoxicity. In particular, microglial RGS10 downregulates the expression of pro-inflammatory
mediators including cyclooxygenase 2 (COX-2) following stimulation with lipopolysaccharide
(LPS). However, the mechanism by which RGS10 affects inflammatory signaling is unknown and
is independent of its canonical G protein targeted mechanism. Here, we sought to identify non-
canonical RGS10 interacting partners that mediate its anti-inflammatory mechanism. Through
RGS10 co-immunoprecipitation coupled with mass spectrometry, we identified STIM2, an
endoplasmic reticulum (ER) localized calcium sensor and a component of the store-operated
calcium entry (SOCE) machinery, as a novel RGS10 interacting protein in microglia. Direct
immunoprecipitation experiments confirmed RGS10-STIMZ2 interaction in multiple microglia and
macrophage cell lines, as well as in primary cells, with no interaction observed with the homologue
STIM1. We further determined that STIMZ2, Orai channels, and the Ca?*"-dependent phosphatase
calcineurin are essential for LPS-induced COX-2 production in microglia, and this pathway is
required for the inhibitory effect of RGS10 on COX-2. Additionally, our data demonstrated that
RGS10 suppresses SOCE triggered by ER calcium depletion and that ER calcium depletion, which
induces SOCE, amplifies proinflammatory genes. In addition to COX-2, we also show that RGS10
suppresses the expression of proinflammatory cytokines in microglia in response to thrombin and

LPS stimulation, and all of these effects require SOCE. Collectively, the physical and functional
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links between RGS10 and STIM2 suggest a complex regulatory network connecting RGS10,
SOCE, and pro-inflammatory gene expression in microglia, with broad implications in the

pathogenesis and treatment of chronic neuroinflammation.
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3.1. Introduction

Chronic inflammation is an underlying mechanism for the initiation and progression of
multiple diseases (Furman et al., 2019). Chronic activation of microglia cells is a driving factor of
neuroinflammation and a hallmark of several neurodegenerative diseases including Parkinson’s
disease, Alzheimer’s disease, and Multiple Sclerosis. Aberrant activation of microglia leads to
amplified production of proinflammatory cytokines, prostaglandins, and other neurotoxic
molecules, ultimately contributing to neuroinflammation and neurotoxicity (Hickman et al., 2018;
Lull & Block, 2010). Therefore, targeting novel molecular mechanisms for the regulation of
microglial inflammatory signaling is a promising therapeutic strategy for neurodegenerative
diseases.

Regulator of G protein Signaling 10 (RGS10) is the most abundant RGS protein in
microglia, where it exerts anti-inflammatory and neuroprotective effects (Alginyah et al., 2018;
Lee et al., 2012; Lee et al., 2011; Lee et al., 2008). A series of studies by Lee et al. demonstrated
that RGS10 knockout mice display significantly more activated microglia and higher levels of
inflammatory cytokines. Further, loss of RGS10 exacerbates inflammation-induced toxicity of
dopaminergic neurons, suggesting a neuroprotective role of RGS10 (Lee et al., 2012; Lee et al.,
2011; Lee et al., 2008). This anti-inflammatory role of RGS10 is also observed and consistently
modeled in BV2 microglia, a suitable cellular model for neuroinflammation studies (Henn et al.,
2009). We and others have shown that loss of RGS10 in BV2 microglia cells enhances the
expression of various pro-inflammatory cytokines in response to toll-like receptor 4 (TLR4)
activation (Alginyah et al., 2018; Alginyah et al., 2017; Lee et al., 2011; Lee et al., 2008). In

particular, RGS10 downregulates Lipopolysaccharide (LPS)-stimulated expression of multiple
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pro-inflammatory genes, including a profound negative regulation of the inflammatory kingpin
cyclooxygenase-2 (COX-2) and its primary metabolic product Prostaglandin E2 (PGE2) (Alginyah
etal., 2018).

RGS proteins canonically act as GTPase accelerating proteins (GAPSs) for heterotrimeric
G proteins and inhibit signaling initiated by G protein-coupled receptors; this GAP function is
mediated through interaction with activated G protein subunit (Popov et al., 1997; Watson et al.,
1996). However, the mechanism by which RGS10 affects LPS-induced pro-inflammatory gene
expression is independent of its canonical G protein targeted mechanism and does not require G
protein interaction (Alginyah et al., 2018). This suggests that novel RGS10 interacting partners
may account for its effect on regulating LPS/TLR4 proinflammatory signaling. The goal of this
study was to identify and validate non-canonical microglial RGS10 interacting partners that may
mediate the anti-inflammatory functions of RGS10. Here, we describe a novel interaction between
RGS10 and stromal interaction molecule 2 (STIMZ2) and establish STIM2 as an important regulator
of LPS-induced inflammatory gene expression in microglia. STIM2 is an endoplasmic reticulum
(ER) calcium sensor which detects ER calcium depletion and triggers store-operated calcium entry
(SOCE) via activation of plasma membrane Orai channels (Berna-Erro et al., 2017; Hoth &
Niemeyer, 2013; Ong et al., 2015). This study characterizes the physical and functional interaction
of RGS10 and STIM2 and defines the role of the SOCE pathway on RGS10’s anti-inflammatory

function.
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3.2. Materials and Methods
Cells and Reagents

The murine BV2 microglial cell line was a generous gift from G. Hasko at the University
of Medicine and Dentistry of New Jersey (Newark, NJ), and was generated by Blasi et al. . RAW
264.7 macrophage cell line was purchased from ATCC (T1B-71). The N9 microglia cell line was
a generous gift from N. Filipov at the University of Georgia (Crittenden & Filipov, 2008).
CRISPR/Cas9 control and CRISPR/Cas9 RGS10 knockout BV2 cell lines were established by our
group, as previously described (Alginyah et al., 2018). Wild type and RGS10 knockout breeder
mice were gifted to us by J.K Lee at the University of Georgia, and have previously been used for
neuroinflammation research (Lee et al., 2012; Lee et al., 2011; Lee et al., 2008). The compounds
used in this study are Lipopolysaccharide (Sigma-Aldrich: L2880), Thrombin (Sigma-Aldrich:
T4648), Cyclosporin A (FagronLab: 803651), YM-58483 (Tocris Bioscience: 3939), and
Thapsigargin (Abcam: ab120286).
Cell Culture

BV2, N9, and RAW264.7 cell lines and isolated mouse peritoneal macrophages were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (37 °C, 5% CO2) supplemented
with 10% low-endotoxin fetal bovine serum (FBS) (Thermo Fischer Scientific: 10082147), and
1% penicillin/streptomycin (P/S). Mixed glia and isolated microglia cultures were maintained
similarly but using DMEM/Hams F-12 50/50 mix medium (Corning: 10-090-CV).
Primary Cell Isolation

Primary microglia were isolated from mixed cortical cultures using a modified protocol

adapted from previous studies (Lian et al., 2016; Yao et al., 2010). Briefly, 1-3 days old wild type
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and RGS10 knockout postnatal mouse pups were anesthetized using isoflurane, and whole brains
were collected. After removing the cerebellum and meninges, tissues from the two hemispheres
were cut into small pieces and digested with 0.25% trypsin for 20 min at 37°C. Digested tissue
was further mechanically dissociated by trituration and filtered through a 40 um filter. Single-cell
suspensions were plated onto a poly-D-lysine (PDL)-coated T75 tissue culture flasks (2-3
brains/flask) and maintained in FBS-containing DMEM/F12 medium. The growth medium was
changed on days 3 and 7, and an additional medium was added to the mixed glia culture on day
10 followed by microglia isolation on day 15. Microglia were isolated by shaking the confluent
mixed glial culture at 130 RPM (37°C) for 3-4h, and non-adherent microglia cells were centrifuged
for 5 min at 400g (4°C) and resuspended with growth media. Cells were plated in PDL-coated 12-
well plates (0.25x10° cells/well) and cultured for additional 2 days prior to experimental
treatments.

Mouse peritoneal macrophages were elicited by intraperitoneal injection of 3%
thioglycolate broth from adult mice (Millipore Sigma: 70157). Macrophages were harvested 4
days post-injection via peritoneal lavage with cold PBS, as previously detailed (Zhang et al., 2017).
Harvested cells were cultured for 24h in a 10cm dish with DMEM, supplemented with 10% FBS
and 1% P/S. After 24h, cells washed with PBS and continued to grow for an additional 24h prior
to immunoprecipitation experiments.

Immunoprecipitation

Immunoprecipitation (IP) experiments for mass spectrometry (MS) analysis were

performed using BV2 microglia cells plated in six 15 cm dishes and grown to ~85% confluency.

Cells were washed twice with PBS and harvested with 1ImL of modified lysis buffer (50 mM Tris
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HCI, 150 mM NaCl, 6mM MgClz, 1% Nonidet P-40, 0.5% sodium deoxycholate), containing
protease/phosphatase inhibitor cocktail (Cell Signaling Technology). Cell lysates were incubated
on ice for 30 min, and insoluble cellular debris was removed by centrifugation at 27,216 g for 10
min at 4°C. Cleared lysates were incubated overnight at 4°C with 2 pg/mL agarose-conjugated
goat polyclonal RGS10 antibody (Santa Cruz Biotechnology: sc-6206AC) or agarose-conjugated
goat 1gG antibody (Santa Cruz Biotechnology: sc-2346). Samples were centrifuged at 410 g for 5
min, and pellets were washed 3 times with wash buffer (50mM Tris HCI, 150 mM NaCl, 6 mM
MgCl2). Immunoprecipitating proteins were eluted from agarose-conjugated beads by incubation
with 100 pL elution buffer (0.15 M glycine, pH 2.6) for 10 min at room temperature with gentle
shaking. Eluted samples were centrifuged again to remove beads (410g, 5 min, 4°C), and the
supernatant was neutralized with an equal volume of 1M Tris HCI, pH 8, and subsequently
subjected to overnight acetone precipitation (4x volume) at -20° C. Samples were centrifuged twice
(16,000 g, 10 min, 4°C) with an acetone wash in between centrifugation. The final pellet was air-
dried for 30 min prior to LC/MS-MS analysis.

Follow up Co-IP validations were performed in cells grown in a 10cm dish. Cells were
harvested as indicated above, but lysates were split in half and immunoprecipitated with either 2
ug/mL of goat RGS10 antibody (Santa Cruz Biotechnology: sc-6206) or normal goat 1gG (R&D
Systems: AB-109-C). Subsequently, lysates were incubated with 20 uL of a 50% slurry of Protein
G-conjugated sepharose (GE Healthcare: 17-0618-01) for 2 h at 4°C, and centrifuged at 410 g for
5 minutes. The beads were washed twice with PBS and resuspended with 50 pl of 2X SDS-PAGE
sample buffer for western blot analysis. Co-IP experiments in N9 cells, RAW264.7 cells, and

primary peritoneal macrophages were conducted following the same protocol. Calcium-containing
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co-IP experiments were conducted similarly, but cleared lysates were incubated with either CaCl:
(ImM) or EGTA (0.5 mM) for 1 h at 4°C prior to immunoprecipitation.
Mass Spectrometry

Acetone precipitated immunoprecipitates were resuspended in digestion buffer (100 mM
Tris pH 8.5, 8M urea) and then reduced, alkylated, and digested by the sequential addition of lys-
c and trypsin proteases as previously described (Wohlschlegel, 2009). Digested samples were then
fractioned online by C18 reversed-phase chromatography and then analyzed by tandem mass
spectrometry using a Thermofisher Fusion Lumos Mass Spectrometer as described (Stehling et al.,
2012). MS/MS data were analyzed using MSGF+ for peptide identification, Percolator for decoy
database-based statistical filtering, Fido for protein interference, and SAINT algorithm for the
identification of proteins enriched in RGS10 IPs relative to control Ips (Choi et al., 2012;
Granholm et al., 2014; Serang & Noble, 2012).
Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from cells with TRIzol reagent (Invitrogen). cDNA was
synthesized using the High-Capacity Reverse Transcriptase cDNA kit (Applied Biosystems).
Real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems). The
housekeeping B-actin gene was used for data normalization and relative mRNA abundance was
calculated using the 2724€T method. Mouse primers sequences used for RT-PCR are listed as
follows:  RGS10, 5’-CCCGGAGAATCTTCTGGAAGACC-3°  (forward) and 5’-
CTGCTTCCTGTCCTCCGTTTTC-3" (reverse); TNFa, 5’-CCTGTAGCCCACGTCGTAG-3’
(forward) and GGGAGTAGACAAGGTACAACCC (reverse); COX-2, 5’-

TGCAAGATCCACAGCCTACC-3* (forward) and 5’-GCTCAGTTGAACGCCTTTTG-3'
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(reverse); IL-6, 5’-CTGCAAGAGACTTCCATCCAG—3 (forward) and 5’-
AGTGGTATAGACAGGTCTGTTGG-3’ (reverse); B-actin, 5-
GGCTGTATTCCCCTCCATCG-3" (forward) and 5’-CCAGTTGGTAACAATGCCATGT-3’
(reverse). Primers for RGS10 and TNFa were purchased from Integrated DNA Technology, and
COX-2 and B-actin primers were obtained from Sigma-Aldrich.
Western Blot Analysis

Cell lysates were subject to SDS-PAGE followed by transfer to nitrocellulose membranes
using standard protocols, as previously detailed (Alginyah et al., 2017). Membranes were blocked
with 5% milk and incubated overnight with the following primary antibodies: goat anti-RGS10
(Santa Cruz Biotechnology: sc-6206), mouse anti-COX-2 (Santa Cruz Biotechnology: sc-166475),
mouse anti-Syntaxin 5 (Santa Cruz Biotechnology: sc-365124), mouse anti-GAPDH (Thermo
Fisher Scientific: am4300), mouse anti-Calmodulin (MilliporeSigma: 05-173), rabbit anti-GNAI3
(Proteintech: 11641-1-AP), rabbit anti-STIM1 (Proteintech: 11565-1-AP), rabbit anti-STIM2
(Proteintech: 21192-1-AP), and rabbit anti-PDE4A (Proteintech: 16226-1-AP). Primary
antibodies, except for GAPDH (1:6000), were used at 1:500-1:1000 dilutions. Membranes were
subsequently incubated for 1h with the following secondary antibodies (1:5000): donkey anti-goat
IgG-HRP (Santa Cruz Biotechnology: sc-2020), goat anti-rabbit IgG-HRP (MilliporeSigma: 12-
348), and goat anti-mouse IgG HRP (Bethyl Laboratories: A90-116P). Immunoreactivity of HRP
was detected using Supersignal West Pico Chemiluminescent Substrate (Pierce). Western Blot
images were quantified using FluorChem HD2 software (Proteinsimple), and quantified data were

normalized to the endogenous control GAPDH.
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Small Interfering RNA Transfection

Mouse STIM2 small interfering RNA (siRNA) (sc-76592) and control siRNA (sc-37007)
were purchased from Santa Cruz Biotechnology. Transfection was performed using
Lipofectamine-LTX with PLUS reagent (Thermo Fisher Scientific: 15338100) according to the
manufacturer’s protocol, with a final siRNA concentration of 60 nM in an antibiotic-free culture
media. Cells were harvested 48 h after transfection. STIM2 protein western blotting was used to
assess knockdown efficiency, and STIM1 protein level was measured to assess target specificity.
Calcium Imaging

CRISPR-control BV2 and CRISPR-RGS10 knockout cells were plated on 35mm MatTek
glass-bottom dishes. Prior to loading, cells were washed twice with Ringer Solution (155 mM
NaCl, 3 mM KCI, 1.8 mM CaClz, 1 mM MgClz2, 3 mM NaH2PO4, 10 mM Hepes, pH 7.3, and
glucose 10 mM). Cells were loaded with 5uM Cal-520, AM (Abcam: ab171868) in Ringer buffer
in the presence of 1mM Probenecid (Sigma Aldrich: P8761) in the dark at 37°C for 20 mins. Cells
were washed twice and the media was replaced with Ringer Buffer supplemented with 100 uM
EGTA to chelate contaminating calcium. Fluorescent imaging was performed at 37°C using an
Olympus 1X-71 inverted fluorescence microscope with a Photometrics CoolSnapHQ charge-
coupled device (CCD) camera driven by DeltaVision software (Applied Precision). Images were
collected every 3 s for a total of 15 min, and traces were transformed in videos using SoftWorx
suite 2.0 software (Applied Precision). Images were processed using the F1JI ImageJ software suite
(Schindelin et al., 2012), and the fluorescence signal at each time point was normalized to the

baseline fluorescence of each cell.
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Statistical Analysis

All quantified data were analyzed using GraphPad Prism Software and assessed for
normality using D'Agostino & Pearson omnibus normality test. Statistical differences between
groups were determined using student’s t-test or one-way ANOVA followed by Tukey post hoc
analysis. Data are presented as mean + SEM pooled from a minimum of three independent
experiments. The p-value cutoff ranges are indicated by *p < 0.05, **p<0.01, and ***p<0.001.
3.3. Results
3.3.1. RGS10 interaction partners in microglia

We previously demonstrated that RGS10 regulates inflammatory gene expression in
microglia through a G protein-independent mechanism (Alginyah et al., 2018). To identify RGS10
interacting proteins that may mediate this activity, wildtype BV-2 cell total cell lysates were
immunoprecipitated with either control IgG or RGS10 antibody, and retained proteins were eluted
and analyzed. Robust and selective RGS10 pulldown was observed, with no detectable RGS10
immunoreactivity remaining in the supernatant following immunoprecipitation (IP), and no
detectable RGS10 precipitating with control 1gG. RGS10 immunoreactivity was fully recovered
in a single round of elution (Figure S3.1A). The elution fractions were subjected to protease
digestion and reversed-phase separation coupled to tandem mass spectrometry. As expected, we
identified strong RGS10 enrichment along with the classic RGS interacting proteins guanine
nucleotide-binding protein subunits Gai2 and Gai3. In addition to the canonical G protein partners,
we identified 23 proteins that were specifically enriched in RGS10 co-IP compared to control IgG
pulldown with a SAINT score of 0.8 or higher (Table S3.1). Consistent with previous reports of

RGS10 distribution throughout the cytoplasm and nucleus (Chatterjee & Fisher, 2000), more than
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half of the interacting proteins are localized in these two compartments (Figure S3.1B). To
validate the data obtained from LC-MS/MS analysis, we conducted direct co-IP experiments
probing for select individual proteins, including Gai3, STIM2, Syntaxin 5, and PDE4A (Figure
S3.1C). These results indicate that endogenous RGS10 physically interacts—directly or
indirectly—with multiple non-classic binding partners in BV2 microglia, suggesting potentially
diverse, non-canonical roles for RGS10.
3.3.2. RGS10-STIM2 interaction

Of the potential novel RGS10-interacting proteins, STIM2 was of particular interest
because of its prominent role in Ca?* signaling in immune cells and its implicated role in regulating
inflammatory responses in microglia and macrophages. In particular, STIM2 in macrophages
facilitate LPS-induced production of multiple pro-inflammatory genes in macrophages, including
TNFa, IL-6, and IL-1B (Sogkas et al., 2015), and these cytokines are also known to be regulated
by RGS10 in microglia (Alginyah et al., 2018; Alginyah et al., 2017; Lee et al., 2011). To
characterize RGS10 interaction with STIM2, we first assessed the specificity of the co-
immunoprecipitation experiment. We performed RGS10 immunoprecipitation (IP) in RGS10-null
BV2 microglia in which RGS10 expression has been disrupted using CRISPR (RGS107) and in
control CRISPR BV2 cells (control) which express a normal level of endogenous RGS10 using
both RGS10 and control 1gG antibodies. We observed no STIM2 or RGS10 immunopreactivity
precipitating with RGS10 antibody in knockout lysates, or with control IgG in control lysates,
thereby ruling out non-specific immunoprecipitation (Figure 3.1A). We also observed RGS10-

STIM2 co-immunoprecipitation (co-1P) in N9 microglia and RAW264.7 macrophage cell lines,
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and in primary mouse peritoneal macrophages (Figure 3.1B). Collectively, these data suggest that
endogenous RGS10 specifically interacts with STIM2 in vitro and in primary immune cells.
STIM2 shares approximately 50% identity with its homolog STIM1 (Williams et al., 2001),
which is also expressed in microglia and is implicated in the regulation of inflammatory signaling
(Kraftetal., 2015; Michaelis et al., 2015), suggesting a possible interaction of RGS10 with STIM1.
However, STIM1 was not identified as an interacting protein in our proteomics results or direct
RGS10 co-IP (Table S3.1 & Figure 3.1C), indicating that RGS10 selectively associates with
STIM2. In addition to binding calcium ions directly, STIM2 also binds the calcium-binding
regulatory protein calmodulin (CaM) , and a Ca?*-dependent interaction between RGS10 and CaM
has been reported in other cellular models . Therefore, we predicted that CaM may serve as a
bridge between RGS10 and STIM2 to facilitate Ca?*-dependent interaction in microglia. To
examine this, we tested whether CaM co-precipitates with RGS10 in BV2 cells and if Ca?*-CaM
regulates the RGS10-STIM interaction. We did not observe a difference in the extent of RGS10-
STIMZ2 interaction in co-IP assays performed in the presence of excess calcium or the calcium
chelator EGTA, while STIM1 did not co-IP with RGS10 under the conditions tested (Figure
3.1D). We also did not detect an interaction between RGS10 and CaM under these conditions,
regardless of calcium level. These results suggest that RGS10 interaction with STIM2 does not
require calcium or calmodulin. Immunoprecipitations for proteomics analysis and experiments
shown in Figures 1A-D were performed on total cell lysates containing sodium deoxycholate
(SDC), while previous studies that detected RGS10-CaM interaction were performed in the
absence of this detergent (Yang & Li, 2007). We confirmed Ca?*-dependent RGS10 interaction

with CaM in BV2 cell lysates prepared with lower stringency co-IP buffer lacking SDC (Figure
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3.1E). Our results collectively suggest a robust, calcium-insensitive interaction between RGS10
and STIM2, and a detergent-sensitive, Ca?*-dependent interaction between RGS10 and CaM.

Given that RGS10 suppresses inflammatory signaling triggered by TLR4 activation, we
next determined whether RGS10-STIM2 interaction in microglia is regulated by LPS. We
compared RGS10-STIM2 co-IP in resting BV2 cells or cells activated by LPS for 3 hours, a time
point that corresponds to the initiation of LPS stimulated expression of proinflammatory mediators
(Kang et al., 2006; Rex et al., 2016). We did not observe a difference in RGS10-STIM2 interaction
in co-IP experiments, suggesting that the interaction of RGS10 and STIM2 is not impacted by LPS
stimulation at this time point (Figure 3.1F), although it remains possible that LPS triggers a
transient change in this interaction.
3.3.3. Role of STIM2 and Orai-Calcineurin pathway in COX-2 regulation

Previous studies have implicated a role of STIM2 in regulating inflammatory signaling
(Sogkas et al., 2015; Yoshikawa et al., 2019). In particular, Sogkas et al. (2015) showed that
STIM2 knockout mice are resistant to LPS-induced inflammation in vivo and that primary
macrophages isolated from STIM2 knockout mice display impaired TLR-4 induced expression of
pro-inflammatory genes. STIM2 facilitates migration and phagocytosis of microglia in response
to extracellular nucleotide (Michaelis et al., 2015), but its role in regulating microglial
inflammatory responses has not been explored. Here, we examined the effect of STIM2 on the
inflammatory signaling events that are modulated by RGS10, in particular the regulation of COX-
2 by TLR4 activation. COX-2 expression is highly inducible in response to inflammatory stimuli
including the bacterial epitope LPS (Font-Nieves et al., 2012; Ikeda-Matsuo et al., 2015). We show

that transient transfection of STIM2 siRNA in BV2 cells resulted in greater than 75% reduction of
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STIM2 protein levels and inhibited LPS-induced COX-2 protein by approximately 50%, indicating
that STIM2 is required for maximal LPS stimulated COX-2 expression (Figure 3.2A-C). STIM2
SiRNA did not affect the expression of the STIM homologue STIM1, ruling out a an off-target
effect (Figure S3.2). LPS treatment suppressed RGS10 expression as we and others have
previously reported (Alginyah et al., 2017; Alginyah et al. 2018), but it caused a marked increase
in STIM2 protein level (Figure 3.2A&B). These results suggest that STIM2 facilitates LPS-
stimulated COX-2 expression.

The established role of STIM proteins is to serve as a sensor for endoplasmic reticulum
(ER) Ca?* store depletion and to couple this depletion to extracellular Ca?* entry through activation
of plasma membrane Orai channels, a mechanism known as store-operated calcium entry (SOCE)
(Nelson et al., 2018; Soboloff et al., 2012). Orai channels are strongly coupled to the activation of
the Ca?*-dependent phosphatase calcineurin and downstream targets which regulate calcium-
dependent inflammatory gene expression (Hogan et al., 2010; Hogan et al., 2015; Kar et al., 2013,
Park et al., 2020). To define the role of the Orai-calcineurin function in regulating LPS response,
we examined LPS-induced COX-2 gene expression following pharmacologic inhibition of either
Orai using YM58483 (YM), or calcineurin using cyclosporin A (CsA). Inhibition of either Orai
channels or calcineurin significantly blocked LPS-induced COX-2 production in BV2 microglia
(Figure 3.2D), suggesting that the SOCE pathway is essential for COX-2 production in response
to TLR4 activation. To validate whether this pathway mediates a similar function in other cell
lines, we examined the effect of YM and CsA on LPS-induced COX-2 expression in N9 cells, an
alternative immortalized cell line (Figure 3.2E). We observed a similar effect in N9 cells in which

YM and CsA significantly reduced COX-2 expression. In addition to BVV2 and N9 cells, we also
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confirmed our result in primary microglia in which Orai inhibition blocked LPS-induced COX-2
transcript levels (Figure 3.2F). Altogether, our data suggest that components of the SOCE
pathway, including STIM2, Orai, and calcineurin, are essential for LPS-induced COX-2
production.
Impact of STIM2 and Orai-Calcineurin signaling axis on RGS10 sensitive COX-2
expression.

The observed effect of STIM2 expression and Orai/calcineurin activity on LPS-stimulated
COX-2 expression contrasts our previous observation that loss of RGS10 expression upregulates
LPS-induced COX-2 (Alginyah et al., 2018). This opposing effects of STIM2 and RGS10 on LPS
signaling, along with the observed biochemical interaction, suggested a potential functional link
between RGS10 and STIM2. To determine the role of STIM2 in RGS10-sensitive COX-2
expression, we performed STIM2 knockdown in Control and RGS107-BV2 cells. STIM1, STIM2,
and Orai protein levels were unchanged in RGS107 cells (data not shown). As expected, LPS-
induced COX-2 expression was enhanced in RGS107 cells compared to control cells as expected,
but this upregulation was significantly inhibited by STIM2 knockdown (Figure 3.3A-C). In cells
with STIM2 knockdown, loss of RGS10 did not significantly enhance LPS-stimulated COX-2
expression. Similarly, the observed upregulation of COX-2 mRNA and protein in RGS10
knockout cells was inhibited in the presence of either the Orai inhibitor YM (Figure 3.3D&E) or
the calcineurin inhibitor CsA (Figure 3.3F&G). Collectively, our data demonstrate that the
STIM2-Orai-calcineurin pathway is required for RGS10-mediated regulation of LPS-induced

COX-2 production.
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3.3.4. Effect of calcium store depletion on LPS stimulated COX-2 expression.

Since the SOCE pathway is activated following ER Ca?* store depletion (Nelson et al.,
2018; Soboloff et al., 2012), we examined whether ER calcium depletion itself affects LPS-
induced COX-2 production. We pretreated BV-2 cells with the SERCA-Ca?*-ATPase inhibitor
Thapsigargin (TG) to trigger ER calcium depletion prior to LPS stimulation and examined its
effect on transcript and protein levels of COX-2 and RGS10. A short-term (20 min) pretreatment
with TG before LPS (PreTG) enhanced LPS-mediated induction of COX-2 transcript and protein
levels more than fivefold over the effect seen with LPS alone (Figure 3.4A & B). TG pre-treatment
also enhanced LPS-induced downregulation of RGS10 protein level (Figure 3.4A), suggesting
that ER calcium depletion amplifies positive regulation of COX-2 and negative regulation of
RGS10 expression in response to LPS. To delineate whether the TG-induced transient calcium
elevation or the secondary SOCE response is responsible for enhancing LPS-stimulated COX-2
expression, we co-treated cells with LPS and either the Orai inhibitor (YM) or the calcineurin
inhibitor (CsA), following TG pretreatment. Both YM and CsA significantly suppressed TG-
mediated upregulation of LPS-induced COX-2 expression (Figure 3.4C), indicating that the effect
of thapsigargin on COX-2 expression is dependent on the SOCE pathway. Altogether, these results
suggest that the STIM2-Orai-calcineurin mediated SOCE pathway, which is triggered by ER
depletion, amplifies LPS-stimulated COX-2 expression.
3.3.5. SOCE effect in RGS10-regulated pro-inflammatory genes

Although we focused on COX-2 as a known target of RGS10 regulation, both RGS10 and
STIM2 also regulate other pro-inflammatory cytokines in response to LPS (Alginyah et al., 2018;

Alginyah et al., 2017; Lee et al., 2011; Sogkas et al., 2015). To examine the dual effect of RGS10
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and SOCE on additional genes, we analyzed the effect of Orai inhibitor on tumor-necrosis factor-
alpha (TNFa), interleukin-6 (IL-6), and inducible nitric oxide synthase (iNOS) expression in BV2
cells after treatment with different LPS doses (1 ng/mL and 10 ng/mL). Similar to the effect for
COX-2 (Figure S3.3A), loss of RGS10 enhanced LPS-induced TNFa and IL-6 transcripts at both
LPS doses tested, and this upregulation was blunted by Orai inhibition (Figure 3.5A & B). Similar
regulation of iINOS expression was observed, but only at the lower LPS dose (Figure S3.3B). To
further validate the role of SOCE on RGS10 function, we performed similar experiments in
primary microglia isolated from wild type and RGS10 knockout mice. As expected, RGS10
transcript was depleted in RGS10 knockout primary microglia compared to wild type cells, and
LPS suppressed RGS10 transcript in cells expressing RGS10 (Figure 3.5C). Consistent with our
BV2 data, we observed that primary microglia lacking RGS10 had greater LPS-stimulated COX-
2 and IL-6 expression, and this effect was fully inhibited in the presence of Orai inhibitor (Figure
3.5D & E). Orai inhibition also significantly inhibited TNFa expression in RGS10 knockout
primary microglia, although the upregulation of TNFa in RGS10 knockout primary microglia
compared to wildtype cells was not significant (Figure 3.5F). Altogether, these data suggest that
RGS10 regulates LPS-stimulated pro-inflammatory gene expression in microglia through a
mechanism that requires SOCE.
3.3.6. RGS10 and SOCE role in thrombin signaling

LPS is a commonly used stimulus to model neuroinflammation associated with
neurodegeneration (Batista et al., 2019; Lively et al., 2018), but multiple other mediators are
implicated in mediating inflammation in the context of CNS injury. To explore responses

associated with CNS injury, we examined the role of RGS10 and SOCE in pro-inflammatory
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responses of microglia to thrombin, a physiologically relevant endogenous stimulus (Krenzlin et
al., 2016). We observed significant upregulation of COX-2, TNFa, and IL-6 transcript expression
in RGS10 knockout BV2 cells compared to control cells in response to thrombin treatment (Figure
3.6A-C). Similar to the effect observed for LPS, the Orai-inhibitor restored RGS10 loss-mediated
upregulation of COX-2 and IL-6 expression (Figure 3.6A & B). Orai inhibition also significantly
suppressed thrombin-induced TNFa expression in RGS10 knockout cells, yet it did not fully
restore TNFa upregulation (Figure 3.6C). We also observed a similar trend for iNOS transcript,
yet the effect of both RGS10 and Orai was not statistically significant (data not shown). Overall,
our results suggest that RGS10 regulates thrombin-stimulated pro-inflammatory gene expression
in BV2 microglia through a mechanism involving SOCE.

3.3.7. RGS10 effect on store-operated calcium entry (SOCE)

Given the opposing involvement of the STIM2/SOCE pathway in mediating RGS10-
sensitive pro-inflammatory gene expression, we hypothesized that RGS10 may also regulate store-
operated calcium entry. To evaluate the role of RGS10 in SOCE, we conducted live cell calcium
imaging of control and RGS107 BV2 cells loaded with the fluorescent Ca?* indicator Cal-520-
AM. A transient rise in cytoplasmic calcium was triggered upon ER calcium depletion using
thapsigargin (TG) in the absence of extracellular calcium. Following a return to baseline
cytoplasmic calcium levels, extracellular Ca?* was added to allow store-operated calcium entry
(SOCE) (Figure 3.7A and B). Compared to control BV2 cells, RGS10” cells displayed a reduced
initial TG-induced calcium transient, while the SOCE peak was significantly enhanced (Figure
3.7B and C). This resulted in a SOCE:TG peak height ratio of 1.1 for control cells and 2.0 for

RGS107 cells. This suggests a closer coupling of ER calcium depletion and extracellular calcium
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entry in the absence of RGS10 compared to control cells, and the ability of endogenous RGS10 to
blunt extracellular calcium entry in response to ER calcium depletion.
3.4. Discussion

Chronic activation of microglia is a driving factor in the progression of neuroinflammatory
diseases (Hickman et al., 2018), and mechanisms that regulate microglial inflammatory signaling
are potential targets for novel therapeutics (Fatoba et al., 2020; Subramaniam & Federoff, 2017).
The small Regulator of G-protein Signaling 10 protein (RGS10) impacts the pathophysiology of
diverse diseases (Almutairi et al., 2020), as demonstrated in various animal and cellular disease
models (Ali et al., 2013; Alginyah et al., 2018; Hooks et al., 2010; Hooks & Murph, 2015; Lee et
al., 2011; Lee et al., 2016; Miao et al., 2016; Yang & Li, 2007). Among these broad effects, the
role of RGS10 in microglia stands out as the most pronounced and most clearly tied to pathology.
Specifically, microglial RGS10 suppresses the expression of multiple pro-inflammatory genes,
including a particularly profound negative regulation of COX-2 and other pro-inflammatory
cytokines downstream of LPS/TLR4 activation (Alginyah et al., 2018; Lee et al., 2008; Lee et al.,
2011). While RGS10 holds great promise as an anti-inflammatory drug target, its mechanism of
action is mediated through an unknown G protein-independent mechanism (Alginyah et al., 2018).

In this study, we identified a non-canonical interaction of microglial RGS10 with STIM2,
an ER-resident calcium sensor and component of the store-operated calcium entry (SOCE)
machinery (Berna-Erro et al., 2017; Hoth & Niemeyer, 2013; Ong et al., 2015). Our collective
findings revealed a bi-directional and opposing regulation of LPS-stimulated inflammatory gene
expression by RGS10 and STIM2. The regulation of inflammatory gene expression is mediated by

multiple pathways and components. Recently, a direct link between LPS signaling and store-
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operated calcium entry has been explored in microglia. Mizuma and colleagues (2019)
demonstrated that LPS induces SOCE in BV2 cells, and inhibition of SOCE suppresses
downstream inflammatory responses including the activation of NFkB and NFAT, suggesting the
importance of microglial SOCE to LPS signaling (Mizuma et al., 2019). Our data extend this
finding to implicate STIM2, Orali, and calcineurin in facilitating LPS-stimulated response and in
mediating RGS10-sensitive pro-inflammatory gene expression. In particular, we demonstrated the
requirement of the STIM2-Orai-Calcineurin signaling axis for RGS10-mediated regulation of
COX-2 expression in response to LPS. We also determined that the upstream trigger of SOCE, the
depletion of store calcium, amplifies the pro-inflammatory effect of LPS. Additionally, our results
revealed a new role of RGS10 in the regulation of SOCE triggered by store depletion. Collectively,
our data demonstrate a complex signaling network linking LPS, RGS10, and SOCE which suggests
that the ability of RGS10 to form a complex with and/or modulate the activity of the store calcium
machinery may account for its G protein-independent anti-inflammatory effects (Figure 3.8).
Similar to RGS10-mediated modulation of COX-2, RGS10 also regulated LPS-induced
expression of IL-6, TNFa, and to a lesser extent iNOS, in a mechanism that requires SOCE.
Multiple receptor stimuli can trigger both calcium depletion from the ER and inflammatory gene
expression (Newton et al., 2012). Therefore, the ability of RGS10 to regulate SOCE may impact
pro-inflammatory responses downstream of different stimuli besides the TLR4 agonist LPS, in
particular regulation of pathways that converge with SOCE. Previous reports showed that the
endogenous agonist thrombin elicits cytoplasmic Ca?* release from the ER and triggers SOCE in
endothelial cells (Spinelli et al., 2016; Stolwijk et al., 2016; Sundivakkam et al., 2013). Thrombin

is a pro-inflammatory agonist that has been shown to activate microglia via G protein-coupled
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proteinase-activated receptors (PARs) (Hanisch et al., 2004). We demonstrated that loss of RGS10
in BV2 microglia enhanced thrombin-mediated expression of pro-inflammatory genes including
COX-2, TNFa, and IL-6, indicating that RGS10’s anti-inflammatory effect is not limited to the
regulation of TLR4 response. Inhibition of SOCE also blunted the upregulation of thrombin-
stimulated expression of these pro-inflammatory genes in response to RGS10 loss. Therefore, the
ability of RGS10 to regulate both thrombin and LPS pro-inflammatory responses through a
common downstream mechanism involving SOCE suggests a broad anti-inflammatory role for
RGS10. NFAT is a likely candidate for mediating the effect of RGS10 downstream of Orai-
calcineurin activation, and multiple NFAT family members; in particular NFATc1 and NFATc2,
have been reported to have prominent expression in microglia (Nagamoto-Combs et al., 2010).
Ongoing studies will characterize the effect of RGS10 on NFAT expression, actvation, and
translocation in response to multiplestimuli. We have previously demonstrated that RGS10 does
not regulate acute activation of NFkB, MAPK and AKT pathways following LPS stimulation
(Alginyah et al., 2018).

STIM1 and STIM2 are localized throughout the ER under basal conditions with high ER
calcium, but upon ER calcium depletion, the STIM proteins undergo conformational
rearrangement and form homo- and/or hetero-dimers that translocate to ER-PM junctions, where
they can bind and activate Orai channels, triggering SOCE (Palty et al., 2017; Stathopulos et al.,
2009). Despite the close homology between STIM1 and STIM2, our results indicate that RGS10
specifically interacts with STIM2 and not STIM1, and the interaction with STIM2 does not depend
on calcium. These results are consistent with a basal interaction of RGS10 and STIM2 that does

not include STIM1-STIM2 heterodimers. It is possible that RGS10 interaction with STIM2 may
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inhibit formation of STIM1/2 heterodimers, which would allow RGS10 to indirectly impact
STIM1 function without physically interact with STIM1. While this study uncovered a functional
link between RGS10 and STIMZ2, it did not delineate the specific role of this biochemical
interaction. It is plausible that the anti-inflammatory function of RGS10 and its ability to alter
SOCE may be mediated by its interaction with STIM2, which may alter the functional response of
STIM2 including conformational activation, dimerization, and/or STIM/Orai coupling (Palty et
al., 2017; Stathopulos et al., 2009). Ongoing biochemical and signaling studies are examining the
role and biochemical requirements of the RGS10-STIM2 interaction. For example, it is important
to determine if STIM2 directly binds RGS10 or if their interaction reflects mutual enrichment in a
multi-protein complex regulated by other factors such as subcellular localization, G protein
activation, or additional binding partners. Given the lack of defined functional domains in RGS10
other than the highly conserved RGS domain, which is shared among all members of the RGS
protein family (Hollinger & Hepler, 2002), further biochemical studies should determine if the
RGS10-STIMZ interaction is mediated by the RGS domain and whether STIM2 also associates
with this domain in other RGS proteins.

Calcium Release-Activated Calcium (CRAC) proteins including Orai channels represent
the primary route for store-operated calcium entry (SOCE). Despite limited knowledge of the role
of microglial SOCE, STIM2 and the components of CRAC channels have been implicated in
several acute and chronic neuropathological conditions including PD, AD, ischemic stroke, and
traumatic brain injury (TBI) (Secondo et al., 2008). Therefore, RGS10’s ability to suppress SOCE
and its broad anti-inflammatory response in microglia has implications for many

neurodegenerative diseases with underlying chronic neuroinflammation. RGS10 is also expressed
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in multiple other cells and modulates immune signaling and other functions in macrophages (Lee
et al., 2013), osteoclasts (Yang et al., 2013), T-lymphocytes (Garcia-Bernal et al., 2011),
cardiomyocytes (Miao et al., 2016), neurons (Lee et al., 2012), and cancer cells (Ali et al., 2013;
Hooks et al., 2015). Although many functions of RGS10 have been identified in these systems, the
exact molecular mechanisms governing these functions are not understood. Therefore, the
involvement of STIM2 and SOCE in RGS10’s anti-inflammatory molecular mechanism has
implications beyond neuroinflammation, to include diverse pathologies in which RGS10 function
is implicated, such as multiple sclerosis (Lee et al., 2016), cancer chemoresistance (Ali etal., 2013;
Hooks et al., 2015), cardiac hypertrophy (Miao et al., 2016), and bone disorders (Yang et al., 2007,

Yang et al., 2013).
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Table 3.1. Proteins enriched by RGS10 immunoprecipitation in BV2 microglia

Normalized NSAF score
Mean (SEM) SAINT

Protein Name Uniprot ID RGS10 IeG score
Regulator of G protein Signaling 10 Q9CQE5 100.02 (0.02)  0.00 (0.00) 1.00
Guanine nucleotide-binding protein (Gi) subunit alpha-2 P08752 36.12 (9.06)  1.48 (1.48) 1.00
Methylosome protein 50 Q99109 18.56 (1.04)  3.09 (0.29) 0.96
Multifunctional protein ADE2 QSDCLS  18.26 (0.15) 149 (1.00) 1.00
Alanine aminotransferase 1 Q8QZR5 16.09 (3.74) 0.00 (0.00) 0.88
Guanine nucleotide-binding protein (Gi) subunit alpha-3 Q9DC51 12.63 (0.64)  0.59 (0.59) 097
Stromal interaction molecule 2 (STIM2) P83093 10.17 (0.91) 049 (0.49) 0.95
NADH dehydrogenase 1 alpha subcomplex subunit 10 Q99LC3 9.64 (0.44)  0.00 (0.00) 1.00
Tyrosine-protein phosphatase non-receptor type 2 Q06180 6.98 (1.82)  0.00 (0.00) 1.00
E3 ubiquitin-protein ligase RNF146 QICZW6 6.08 (0.48)  0.00 (0.00) 1.00
Malectin Q6ZQI3 5.89 (1.28) 0.00 (0.00) 0.96
STIP1 homology and U box-containing protein 1 QIWUDI 5.58 (0.43)  0.00 (0.00) 1.00
DDB1- and CUL4-associated factor 7 P61963 523 (0.65) 031 (0.31) 099
Anion exchange protein 2 P13808 5.06 (0.73) 0.08 (0.08) 1.00
Nitric oxide-associated protein 1 QSJIGY 4.99 (0.48)  0.00 (0.00) 0.88
Syntaxin-5 Q8KI1E0 4.85 (0.81) 0.00 (0.00) 1.00
cAMP-specific 3',5'-cyclic phosphodiesterase 4A 089034 4.57 (0.07) 0.18 (0.18) 1.00
Methylosome subunit pICln Q61189 453 (2.64) 0.00 (0.00) 0.88
Sec1 family domain-containing protein 1 QB8BRF7 442 (2.58) 0.00 (0.00) 087
rRNA methyltransferase 1, mitochondrial Q99125 4.01 (1.58)  0.00 (0.00) 0.99
Golgi membrane protein 1 QOIXA2 375 (0.90) 0.0 (0.00) 0.86
Dual specificity tyrosine-phosphorylation-regulated kinase 1A Q61214 2.69 (0.05)  0.00 (0.00) 1.00
G patch domain-containing protein 2 Q7TQC7 2.13 (0.41)  0.00 (0.00) 0.98
Malonyl-CoA decarboxylase, mitochondrial Q99139 2.06 (0.21)  0.00 (0.00) 0.97
Choromodomain-helicase-DNA-binding protein 1-like Q9CXF7 2.05(1.18)  0.00 (0.00) 1.00
Arf-GAP with coiled-coil, ANK repeat and PH domain- Q8K2H4 1.97 (0.15)  0.00 (0.00) 0.87

containing protein 1

Proteins enriched in RGS10 immunoprecipitated samples compared to control IgG samples were determined from LC-MS/MS
analysis and filtered using a probability-based SAINT score. Biological replicates from two independent co-immunoprecipitation
experiments were used for peptide identification and data analysis, and hits with a SAINT score above 0.8 are listed ranked by
normalized spectral abundance factor (NSAF) in RGS10 co-IP samples, represented as a percentage of RGS10 NSAF score (100%).
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Figure 3.1. Specificity and regulation of RGS10-STIM2 interaction. A) Control (Con.) and RGS10 knockout (R107-) BV2 total
cell lysate (TCL) immunoprecipitated (IP) with RGS10 (R10) and control (IgG) antibodies followed by immunoblotting (I1B) for
RGS10 and STIM2. B) RGS10 IP in N9 microglia (left panel), RAW264.7 macrophages (middle panel), and primary peritoneal
macrophages (right panel), followed by IB for RGS10 and STIM2. C) RGS10 IP in wild type BV2 cells followed by IB for RGS10,
STIM2, and STIM1. D. RGS10 and control IP from BV2 cells incubated for 1 hour with lysis buffer alone (\Veh) or in the presence
of either CaClz (ImM) or EGTA (0.5mM), followed by IB for RGS10, STIM1, STIM2, and CaM. E) RGS10 IP conducted as in
(D) but in the absence of sodium deoxycholate. F) RGS10 IP from BV2 cells treated with vehicle or LPS (10 ng/mL) for 3 h,
followed by IB for RGS10 and STIM2. All figures are representative of three independent experiments.
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Figure 3.2. STIM2 and the Orai-calcineurin signaling axis is required for LPS-stimulated COX-2 expression. A-C) BV2
cells were transfected with control siRNA (Con) or STIM2-targeted siRNA (Stim2). 24 hours after transfection, cells were treated
with either serum-free media (Veh) or LPS (10 ng/mL) for additional 24 hours. A) Immunoblot (IB) of BV2 cells probed for COX-
2, STIM2, RGS10, and GAPDH. B) Densitometry analysis of Stim2 data in (A) normalized to GAPDH. C) Normalized
densitometry analysis of COX-2 data in (A). D) BV2 cells were pre-treated with Veh, or media containing either the Orai inhibitor
YM58483 (YM) (10 uM) or the calcineurin inhibitor cyclosporin (CsA) (100 ng/mL) for 1 hour prior to a 24-hour incubation with
Veh or LPS (10 ng/mL). COX-2 and GAPDH protein level was analyzed by IB (top panel), and quantified figures are shown
(bottom panel). E) IB data of N9 cells treated as in (D), but with a modified LPS dose (100 ng/mL). F) Primary microglia isolated
from postnatal mouse pups were pretreated with a Veh or YM (10 uM) for 1 hour, followed by treatment with VVeh or LPS (10
ng/mL) for 24 h. Relative COX-2 mRNA expression analyzed by quantitative real-time PCR (qRT-PCR) normalized to an
endogenous control B-actin (224%). gqRT-PCR and western blot data were normalized to the lowest values, and representative data
are presented as mean = SEM pooled from three independent experiments. *p < 0.05, **p<0.01, and ***p<0.001, determined by
one-way ANOVA followed by Tukey post hoc test.
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Figure 3.3. The STIM2-Orai-Calcineurin signaling axis mediates RGS10 sensitive COX-2 expression. A-C) CRISPR-control
(+/+) and RGS10 knockout (-/-) BV2 cells were transfected with control SiRNA (Con) or STIM2-targeted siRNA (Stim2). 24 hours
after transfection, cells were treated with either serum-free media (\VVeh) or LPS (10 ng/mL) for additional 24 hours. A) Immunoblot
(1B) of BV2 cells probed for COX-2, STIM2, RGS10, and GAPDH. B) Densitometry analysis of Stim2 data in (A) normalized to
GAPDH. C) Normalized densitometry analysis of COX-2 data in (A). D-E) Control and RGS10 knockout BV2 cells (RGS107)
were treated with Veh or media containing 10 uM YM58483 (YM) for 1 hour prior to a 24-hour incubation with Veh or LPS (10
ng/mL). Relative COX-2 mRNA expression was analyzed by gRT-PCR (D). IB of COX-2, RGS10, and GAPDH (left panel) and
representative densitometry of COX-2 band intensity normalized to GAPDH (right panel) (E). F-G) Control and RGS107- cells
treated with either Veh, 100ng/mL cyclosporine (CsA) and/or LPS (10 ng/mL) for 24 hours. Relative COX-2 mRNA expression
was analyzed by qRT-PCR (F). Representative IB images of COX-2, RGS10, and GAPDH (left panel) and densitometry of COX-
2 band normalized to GAPDH (right panel) (G). gqRT-PCR data are normalized to endogenous control B-actin (2-44¢Y). Fold
difference of qRT-PCR and WB densitometry data were calculated after normalizing to a VVeh treatment, and data represent mean
+ SEM pooled from three independent experiments. *p < 0.05, **p<0.01, and ***p<0.001, determined by one-way ANOVA
followed by Tukey post hoc test.
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Figure 3.4. Depletion of calcium from intracellular stores amplifies LPS effects on COX-2 and RGS10 expression. A-B)
Wildtype BV2 cells were pretreated with vehicle or 1uM thapsigargin (TG) for 20 minutes. TG-containing media was removed
and replaced by fresh media containing either vehicle or LPS (10 ng/mL) for 24 hours. A). Representative IB images of COX-2,
RGS10, and GAPDH (left panel), and densitometry quantification (bar graphs). B) Relative COX-2 mRNA expression was
analyzed by gqRT-PCR. C) Representative IB images of COX-2 and GAPDH (left panel), and densitometry quantification (bar
graph) of BV2 cells pretreated with TG as in (A-B) followed by LPS, alone or LPS in combination with either Orai inhibitor (YM)
and calcineurin inhibitor (CsA). gRT-PCR data are normalized to endogenous control -actin (2-AACt). Fold difference of qRT-
PCR and WB densitometry data were calculated after normalizing to vehicle conditions, and data represent mean + SEM pooled
from three independent experiments. *p < 0.05, **p<0.01, and ***p<0.001, determined by one-way ANOVA followed by Tukey
post hoc test.
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Figure 3.5. RGS10 requires SOCE to regulate LPS-induced pro-inflammatory genes in BV2 and primary microglia. A&B)
CRISPR-control (Control) and RGS10 knockout (RGS10-/-) BV2 cells were pretreated for 1 hour with serum-free medium (Veh)
or the Orai inhibitor YM58483 (YM) (10 uM) prior to 24-hour incubation with Veh, LPS (1 ng/mL) or LPS (10 ng/mL). Relative
expression of IL-6 transcript (A) and TNFa transcript (B) are analyzed by quantitative real-time PCR (qRT-PCR). C-F) Primary
microglia from wild type (WT) and RGS10 knockout (RGS10-/-) mice were treated as in (A&B), and relative expression of RGS10
transcript (C), COX-2 transcript (D), IL-6 transcript (E), and TNFa transcript (F) are analyzed by qRT-PCR. Data are normalized
to endogenous control B-actin (2-22%t) and fold differences are calculated after normalizing to vehicle treatment groups. Data
represent mean + SEM pooled from 7-8 experiments for BV2 cells (A-B) and three experiments for primary microglia (C-F). *p <
0.05, **p<0.01, and ***p<0.001, determined by one-way ANOVA followed by Tukey post hoc test.
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Figure 3.6. Loss of RGS10 upregulates thrombin-stimulated pro-inflammatory genes in BV2 microglia in SOCE-dependent
mechanism. CRISPR-control (Control) and RGS10 knockout (RGS10-/-) BV2 cells were treated with Fatty acid-free BSA (Veh)
or Thrombin (10 U/mL) for 4 hours with or without a 1-hour pretreatment with Orai inhibitor YM58483 (YM) (10 uM). Relative
expression of COX-2 transcript (A), IL-6 transcript (B), and TNFa. transcript (C) are analyzed by gRT-PCR. Data are normalized
to endogenous control B-actin (2-44¢%) and fold difference is calculated after normalizing to the vehicle treatment group of control
cells. Represented data are mean + SEM pooled from 4-5 independent experiments. *p < 0.05, **p<0.01, and ***p<0.001,
determined by ANOVA followed by Tukey post hoc test.
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Figure 3.7. Loss of RGS10 enhances store-operated calcium entry (SOCE) triggered by ER depletion. BV2 cells were loaded
with 5 pM CAL520-AM for 20 min at 37°C and incubated in calcium-free buffer containing EGTA. Live cell imaging was initiated
at time=0, and TG (1 uM) and Ca?* (1.8 mM) were added at 60 sec and 300 sec, respectively. Images were captured every 3 sec.
A) Representative fluorescence images of control BV2 cells at indicated time points. B) Quantified tracings of average fluorescence
intensity in CRISPR-control BV2 cells (black) and RGS10 knockout BV2 cells (blue). Error bars indicate standard deviation from
at least ten cells in a single experiment. Asterisks (*) indicate approximate time points corresponding to images shown in (A). C)
Average peak height of the TG-induced Ca?* transient calcium signal and SOCE signal observed after 1.8 mM Ca?* addition, from
three independent experiments, with 10-15 cells quantified from each cell line in each experiment. *p < 0.05, **p<0.01, and
*#%p<0.001, determined by unpaired student’s t-test.
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Figure 3.8. Model and Summary: RGS10 regulates pro-inflammatory gene expression through functional interaction with
the SOCE machinery. LPS facilitates extracellular calcium entry through plasma membrane Orai channels, a mechanism known
as store-operated calcium entry (SOCE) (1). SOCE is activated through an upstream mechanism involving calcium depletion from
intracellular stores. Upon ER depletion (2), calcium dissociates from the ER membrane resident calcium sensor STIM2, triggering
STIM2 translocation to ER-PM junctions where it forms a complex with STIM1 and Orai subunits to form an active calcium
channel (3). SOCE through Orai is tightly coupled to activation of the phosphatase calcineurin (4), which triggers activation of
downstream substrates and promotes the expression of pro-inflammatory genes (5). Our data demonstrate that LPS requires an
intact SOCE pathway including STIM2, Orai, and calcineurin to trigger pro-inflammatory gene expression through undefined,
indirect mechanisms. We previously showed that RGS10 (R10) suppresses LPS-induced pro-inflammatory gene expression in a
G-protein independent mechanism. Here, we show that RGS10 selectively interacts with STIM2, and RGS10-mediated regulation
of LPS response requires activation of the STIM2-Orai-Calcineurin pathway (6). Depletion of intracellular calcium (2) activates
SOCE and enhances LPS response (7), and RGS10 suppresses SOCE triggered by store depletion (8). In addition to G protein-
independent regulation of LPS response, RGS10 also mediates signaling in microglia through its canonical interaction with Gai
subunits (9). The interplay of RGS10 co-regulation of these two critical pathways and the specific role of RGS10-STIM2
biochemical interaction is unknown. It is plausible that RGS10 regulates SOCE and downstream pro-inflammatory response by
interacting with and/or modulating STIIM2 function such as STIM2 activation, PM translocation, and interaction with STIM1/Orai
channel (3). Similar to the regulation of TLR4 response, RGS10 also suppresses thrombin-stimulated pro-inflammatory genes
through a mechanism requiring Orai activity, suggesting that RGS10 has the potential to regulate a broad range of inflammatory
responses that depend on SOCE. The effects of pharmacological agents Thapsigargin (TG), YM58483 (YM), and cyclosporine A
(CsA) are shown.
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Figure S3.1. RGS10 immunoprecipitation and identification of interacting proteins. A) BV2 total cell lysates (TCL) were
immunoprecipitated using RGS10 antibody-conjugated beads or control 1gG-conjugated beads, and the resulting supernatant
fractions, elution fractions, and final bead pellets were analyzed for RGS10 immunoreactivity by immunoblotting (I1B). B) Proteins
significantly enriched by RGS10 IP were categorized according to their subcellular localization (left panel) and main
molecular/biological function (right panel). See Table S1 for further details. C) RGS10 interaction with multiple putative interacting
partners were confirmed using direct co-immunoprecipitation from BV2 cell lysates with RGS10 (R10) or control 1gG (IgG)
antibody followed by immunoblotting (IB) for Gai3, STIM2, syntaxin5, and PDE4A.
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Figure S3.2. STIM2 knockdown does not affect STIM1 expression. CRISPR-control (+/+) and RGS10 knockout (-/-) BV2 cells
were transfected with control siRNA (Con) or STIM2-targeted siRNA (Stim2). 24 hours after transfection, cells were treated with
either serum-free media (Veh) or LPS (10ng/mL) for additional 24 hours. Representative immunoblot (IB) images of STIM1,
STIM2, and GAPDH (left panel), densitometry analysis of Stim1 data normalized to GAPDH (middle panel), and normalized
COX-2 data (right panel). Fold differences of densitometry data were calculated after normalizing to a Veh treatment, and data
represents mean = SEM pooled from three independent experiments. *p < 0.05, **p<0.01, and ***p<0.001, determined by one-
way ANOVA followed by Tukey post hoc test.
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Figure S3.3. RGS10 requires SOCE to regulate LPS-induced COX-2 and iNOS expression in BV2 microglia. CRISPR-
control (Control) and RGS10 knockout (RGS10-/-) BV2 cells were pretreated for 1 hour with serum-free medium (Veh) or the Orai
inhibitor YM58483 (YM) (10 uM) prior to 24-hour incubation with Veh, LPS (1 ng/mL) or LPS (10 ng/mL). Relative expression
of COX-2 transcript (A) and iNOS transcript (B) are analyzed by quantitative real-time PCR (QRT-PCR). Data are normalized to
endogenous control B-actin (2-24<") and fold differences are calculated after normalizing to vehicle treatment groups. Data represent
mean + SEM pooled from at least three experiments. *p < 0.05, **p<0.01, and ***p<0.001, determined by one-way ANOVA
followed by Tukey post hoc test.
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CHAPTER 4

TRANSCRIPTOMIC ANALYSIS OF GENE EXPRESSION BY CRISPR/CAS9-MEDIATED

DELETION OF RGS10 IN MICROGLIA

4.1. Introduction

RGS10 is a small member of the RGS protein family, containing only the conserved RGS
domain that canonically functions as a GTPase-activating protein (GAP) for Gai (Hunt et al.,
1996). RGS10 exerts protective roles in multiple models, and loss of its expression is implicated
in the pathophysiology of various diseases including Parkinson’s disease (PD) (Lee et al., 2011),
influenza (Almutairi et al., 2021), osteoporosis (Yang & Li, 2007), vascular injury (Hensch et al.,
2016; Miao et al., 2016), rheumatoid arthritis (Ren et al., 2021), and periodontitis (Chan et al.,
2022). Furthermore, polymorphisms in the RGS10 gene have been associated with human
neurological diseases, including schizophrenia (Hishimoto et al., 2004) and age-related
neurodegenerative maculopathy (Kannarkat et al., 2015).

Several studies have demonstrated protective functions of RGS10 in central and peripheral
immune cells. In particular, RGS10 is abundantly expressed in microglia and mediates anti-
inflammatory and neuroprotective functions, as demonstrated in an inflammation model of PD
(Lee et al., 2008; Lee et al., 2011). Compared to wild-type mice, RGS10-null mice exhibit chronic
microgliosis and enhanced dopaminergic (DA) neuronal death induced by chronic low-dose
exposure to lipopolysaccharide (LPS) compared to wild-type mice (Lee et al., 2008). Additionally,

primary cell studies indicated that microglial RGS10 protects vulnerable DA neurons from
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inflammation-induced neurotoxicity by limiting the release of pro-inflammatory and neurotoxic
cytokines from activated microglia (Lee et al., 2008; Lee et al., 2011).

Apart from its role in the central nervous system, RGS10 is also enriched in various
peripheral immune cells, including macrophages, platelets, dendritic cells, lymphocytes, and
osteoclasts, where it generally mediates protective functions (Almutairi et al., 2020). While RGS10
exerts anti-inflammatory and neuroprotective properties, its expression is downregulated in
response to inflammatory stimuli such as LPS and Tumor necrosis factor a (TNFa) (Alginyah et
al., 2017; Lee et al., 2008). Furthermore, age-related loss of RGS10 expression in microglia has
been linked to macular degeneration (Kannarkat et al., 2015).

Although the function of RGS10 has been investigated in various cell types and disease
models, there is limited knowledge regarding its molecular mechanism. We recently demonstrated
that, despite only containing the conserved RGS domain that mediates the canonical interaction
with G proteins, RGS10 interacts with multiple non-canonical protein partners (Wendimu et al.,
2021), implying that RGS10 may have diverse roles in microglia. Furthermore, we have shown
that RGS10 regulates LPS-induced expression of pro-inflammatory genes in BV2 microglia
(Wendimu et al., 2021), and transient overexpression of wild-type and a GAP-dead mutant human
RGS10-2 (short variant) in TLR4-expressing HEK293 cells suppresses LPS-induced expression
of TNFa (Alginyah et al., 2018). Although the overexpression study revealed a potential G protein-
independent role for RGS10, it had a few limitations: 1) it was performed in the HEK293 cell line,
which is not an immune cell model; 2) it utilized a transient expression system; and 3) we

overexpressed a less dominant variant of human RGS10 (hRGS10-2).
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To expand our previous observation in microglia, we generated stable RGS10 knockout
and overexpression BV2 microglia models and confirmed the G protein-independent effects of
RGS10 in the regulation of LPS-induced expression of cyclooxygenase-2 (COX-2) and
interleukin-6 (IL-6). Using RNA-sequencing (RNA-seq), we further investigated transcriptomic
alterations induced by CRISPR/Cas9-mediated deletion of RGS10 in resting and LPS-activated
BV2 cells to comprehensively examine the role of RGS10 in global gene regulation and identify
relevant molecular mechanisms. The identification of altered biological processes and pathways
in this study may help to elucidate the functional implications of RGS10 loss during inflammation
and in the context of age-related pathologies.

4.2. Method
Cell lines and reagents

Murine BV2 microglia cells, originally generated by Blasi et al. (Blasi et al., 1990), were
gifted to our laboratory by G. Hasko at the University of Medicine and Dentistry of New Jersey
(Newark, NJ). This cell line was used to generate CRISPR/Cas9 control and RGS10 knockout
BV2 cells, and human RGS10 (hRGS10) overexpression BV2 cells, as described below. J.K Lee
at the University of Georgia provided us with wild-type and RGS10 knockout breeder mice, which
were used for primary microglia isolation, as previously described (Wendimu et al., 2021).
Lipopolysaccharide (Sigma-Aldrich: L2880) was used for cell treatment.

Generation of CRISPR/Cas9 RGS10 knockout BV2 cells

Three mouse RGS10 sgRNA CRISPR/Cas9 All-in-One lentivector and scrambled control

vector (K010) were purchased (Abm inc. #K4107305). Our detailed protocol for lentivirus

packaging, expression, and cell selection is previously outlined (Alginyah et al., 2018). Briefly,
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recombinant lentiviral particles were produced in 293T cells by packaging sgRNA CRISPR/Cas9
vectors with a third-generation lentivirus packaging mix. Two days after transfection, viral media
was harvested, and viral particles were isolated by ultracentrifugation. BV2 cells were transfected
with different volumes of viral and successful transfectants were selected for stable expression
using puromycin (6 ug/mL). Puromycin-resistant cells were expanded and clonal populations were
further isolated using a single cell sorter flow cytometer. Changes in RGS10 gene expression in
the clonal and heterogeneous population were validated by western blotting and quantitative real-
time PCR (RT-PCR). Cells transfected with target 2 sgRNA exhibited high survival in selection
medium, and this cell population was used for experiments. The sequences for the gRNA are
shown below.
sg Rgs10 target 1: 43 CGCAACCGCTTACCAGACGG (targeting end of exon 1)
sg Rgs10 Target 2: 49 TGTTTTGCAGATATCCATGA (targeting beginning of exon 2)
sg Rgs10 Target 3: 308 CTTCACAAGTCAACGTGGAG (targeting exon 4)
Generation of wild-type and mutant RGS10 overexpressing BV2 cells

The coding DNA sequence of wild-type and E52K mutant human RGS10-1 (hRGS10-1)
(long variant: 181 aa) were synthesized and subcloned into Addgene’s pLV-EFla-Blast
mammalian expression vector (Addgene: #85133) using custom service from Genescript.
Lentivirus packaging and expression was performed same as before (Alginyah et al., 2018), but
using a second-generation lentivirus packaging mix. The isolated viral media was further
concentrated using a speedy lentivirus purification kit following the manufacturer’s protocol (Abm
inc. #LV999). The produced lentivirus containing wild-type and mutant RGS10 and a control

background vector was transduced into the CRISPR/Cas9 RGS10 knockout BV2 cells and control
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CRISPR/Cas9 cells, and the original puromycin resistant cells were subsequently selected using
blasticidin (20 ug/mL). Successful transformants were expanded and the expression level of
endogenous RGS10 and overexpressed hRGS10-1 was confirmed by western blotting and RT-
PCR.
Co-immunoprecipitation and Western blotting

The co-immunoprecipitation (co-1P) experiment in control, RGS10 knockout, and RGS10
overexpression BV2 cell lysates was performed by isolating cell lysates and following our
previously described co-IP and western blot protocol (Alginyah et al., 2018; Wendimu et al.,
2021). Before immunoprecipitation, the lysates were incubated for 30 minutes in a shaking
incubator at 4 °C in the presence of GDP (10 uM) alone or with GDP + AICI3 (100 uM) + NaF
(10 mM) to activate G proteins. After G protein activation, cell lysates were immunoprecipitated
overnight using rabbit antibodies for Gai3 (2 ug/mL) and normal 1gG (2 ug). Gai3 IP and RGS10
co-precipitation with Gai3 was confirmed by western blot using anti-Gai3 (Proteintech: #21192-
1-AP) and goat anti-RGS10 (Santa Cruz Biotechnology: #sc-6206) primary antibodies, and
donkey anti-goat IlgG HRP (Santa Cruz Biotechnology: #sc-2020) and goat anti-rabbit 1gG-HRP
(MilliporeSigma: #12-348) secondary antibodies.
RNA extraction and library construction

For RNA sequencing experiments, four biological replicates of cells were harvested after
a 24h treatment with LPS (10 ng/mL) or an equivalent volume of serum-free medium. Total RNA
was isolated from four different passages of each generated cell line using TRIzol reagent
according to a standard protocol (Invitrogen). Total RNA extracted with A260/280 and A260/230

ratio of ~ 2.0 and an RNA integrity number of > 9.5 were used for mRNA purification and library
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construction, determined by the Nanodrop™ 8000 Spectrophotometer and the Agilent 2100
Bioanalyzer. Quality control, library construction, and reverse-stranded paired-end 50 (P50)
sequencing were performed by the Georgia Genomics and Bioinformatics Core (GGBC) at the
University of Georgia. The Kapa mRNA stranded protocol was used for library preparation and
the run was sequenced on NextSeq 2000 with a P3 100 cycle kit following a standard Illumina
protocol. Approximately 30 million reads were sequenced for each sample.
Quality control and pre-processing of sequencing data

FASTQ files containing raw sequenced reads were obtained from GGBC. A graphical
workflow of our data analysis method and programs is shown (Figure 4.1), and detailed data
analysis codes can be provided upon request. Sequence quality control, preprocessing, and read
counting were all performed using software packages in the Saplo2 interface of the Georgia
Advanced Computing Resource Center (GACRC). Briefly, raw FASTQC files were subjected to
quality control using the FASTQC v0.11.9 module (Andrew, 2010). All reads had a Phred score >
30, and adapter and overrepresented sequences were trimmed using Trimmomatic v0.39 (Bolger
et al., 2014). Total ribosomal RNA contamination was checked by mapping reads to rRNA fasta
files using BWA v0.7 (Li & Durbin, 2009), and total rRNA content was confirmed to be < 1.5%.
The cleaned sequence reads were mapped to the mouse reference genome (GENCODE GRCm39
release M27 primary assembly sequence) and using the equivalent annotation file. Genome
indexing and read mapping was performed using the splice-aware alignment program STAR
v2.7.3a (Dobin et al., 2013). Quality control of the mapped BAM files was carried out using
Qualimap v2.2.1 (Garcia-Alcalde et al., 2012), which showed high total mapped and uniquely

mapped sequences, > 80 and 90%, respectively (Figure S4.1A). Most of the mapped reads fell
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under the exonic region, and more than 95% of the spliced alignments occurred at known junctions
(Figure S4.1B & C). Furthermore, the overall mapping rate and the downstream data analysis
results were confirmed using an alternative alignment program HISAT2 v2.2.1 (Kim et al., 2019).
The mapped data were visualized using Integrative Genomics Viewer v2.8.2 (IGV) (Robinson et
al., 2011). For gene expression counts, the BAM alignment files were used as input for three
different gene counting programs: STAR —quantMode Genecounts, featureCounts v2.0.1 (Liao et
al., 2014), and HTSeg-count v0.91 (Anders et al., 2015). These different tools provided similar
gene count data (Figure S4.1D), and the HTSeq-count data was used to perform downstream data
analysis.
Explorative data analysis and differential gene expression analysis

The summarized expression data table generated from the HTSeqg-count program
(described above) and the associated metadata, which includes information on sample description
and replicates, were used as input to perform explorative data analysis (EDA) and differential gene
expression analysis (DGE) using Bioconductor packages in R and the integrated differential
expression and pathway analysis (iDEP.93) web application (Ge et al., 2018). Briefly, genes with
low expression count were removed and only those that expressed at least 1 count per million
(CPM) in at least 4 samples were used for downstream analysis. The filtered read data were further
normalized using the DESeq2 median ratios method, which estimates the size factor to account for
library size differences between samples. The data used for EDA are transformed using a
regularized log to minimize background noise from low-expression genes (Figure S4.2A & B),
and pair-wise correlations of transformed data between replicates and sample group were validated

using linear regression analysis (Figure S4.2C). Principal component analysis, hierarchical
151



clustering, and k-means clustering were performed to observe the overall patterns of gene
expression among replicates and sample groups. Pairwise DGE analysis was performed using
DESeqg2 (Love et al., 2014), with a factorial design model that considers the effect of genotype,
treatment, as well as batch-to-batch variability (Model: expression ~ Genotype + Treatment +
Batch + Genotype:Treatment). DGE was alternatively assessed using EdgeR (Robinson et al.,
2010). Vehicle-treated samples were used as a reference for treatment comparison, and CRISPR-
control BV2 samples with normal expression of RGS10 are used as a reference to compare
genotypes. Gene expression differences with log2 fold change > 1 and FDR adjusted p-value (g-
value) < 0.05 were considered significantly upregulated, and genes with log2 fold change <-1 and
g-value < 0.05 were considered significantly downregulated. Differentially expressed gene sets
(DEGS) identified from pairwise genotype comparisons were further compared in the basal and
LPS-activated samples to determine DEGs differentially regulated in specific treatment groups,
with the help of Venny 2.1 (Oliveros, 2010).
Gene ontology and pathway enrichment analysis

Overrepresented gene ontology and pathways are analyzed using the various functional
annotation databases within IDEP.93, including the GO Biological Processes, KEGG, and
transcription factor (TF) target genes. DEGs are compared with background gene sets to determine
enrichment using the hypergeometric test with g-value <0.05. Unbiased gene lists from different
comparisons were further analyzed for gene set enrichment analysis and visualized using Enrichr
(Chen et al., 2013). Specifically, biological processes, pathway analysis and transcriptional
regulatory network analysis were performed using updated gene set libraries from well-known

databases, including GO Biological Processes 2021 (Gene ontology consortium)), Molecular
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Signature Database (MSigDB) hallmark gene sets 2020 (Liberzon et al., 2015), WikiPathway 2021
Human (Martens et al., 2021), and TRRUST Transcription Factors 2019 (Han et al., 2018).
Enriched terms are presented either as a table format containing the top enriched terms along with
the respective p-value and g-value and a list of differentially expressed genes that overlap with
known gene set belonging to the specific terms. The enrichment results are alternatively presented
as a bar graph to visually represent each significant term. Longer and lighter colored bars indicate
higher significance.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was isolated from clonal and heterogeneous populations of CRISPR/Cas9
control and RGS10 knockout BV2 cells. RNA was extracted using TRIZol reagent as described
above, and cDNA synthesis was performed using the High-Capacity Reverse Transcriptase cDNA
kit (Applied Biosystems). A select few genes from the RNA-seq data were validated by gRT-PCR.
Gene-specific forward and reverse primer sequences were designed using the NCBI primer design
tool (Table 4.1). Custom primers were purchased from Sigma-Aldrich. gRT-PCR was performed
using SYBR Green PCR Master Mix (Applied Biosystems) in both the original samples used for
sequencing and freshly harvested cells from heterogeneous CRISPR-modified cells and
homogeneous clonal populations. Gene expression was calculated as a fold change relative to
vehicle-treated cells from CRISPR-control cells using the 2724¢t method after normalizing to -
actin housekeeping gene. For the qualitative PCR experiment, gel electrophoresis was performed
using amplified PCR products on a 3% agarose gel. Statistical analysis of the gRT-PCR data was

performed using ANOVA followed by Tukey post hoc analysis. Data are presented as mean +
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SEM pooled from independent experiments. The p-value cutoff ranges are *p < 0.05, **p < 0.01,
and ***p < 0.001.
4.3. Results
4.3.1. Exogeneous overexpression of wild-type and GAP-dead mutant RGS10 suppresses
LPS-induced upregulation of COX-2 and IL-6 in BV2 microglia

We have previously shown that transient overexpression of human RGS10-2 (hRGS10-2)
(short-variant) in HEK293T cells suppresses LPS-induced TNFa expression (Alginyah et al.,
2018). While the overexpression study uncovered a potential G protein-independent role of
RGS10, it was carried out in non-immune cells. To validate findings in a suitable cell model, we
developed stable BV2 microglia cell lines that overexpress wild-type hRGS10-1 long variant (KO-
WT) and the GAP-dead variant E52K (KO-EK) in RGS10 null background cells (KO), which were
previously generated using the CRISPR/Cas9 gene editing tool (Alginyah et al., 2018). As a
control, we expressed a background vector in both CRISPR/Cas9 control cells (Con-Con) and
RGS10 KO cells (KO-Con) (Figure 4.2A). The expression levels of endogenous RGS10 in Con-
Con cells and overexpressed RGS10 in KO-WT and KO-EK cells were confirmed (Figure 4.2B
& D). Although WT and EK RGS10 showed strong expression in KO cells, the relative expression
between endogenous and overexpressed RGS10 forms was not directly comparable due to species-
specific differences in antibody specificity. The biochemical difference between the overexpressed
RGS10 variants was examined using co-IP by comparing the interaction with Gai (Figure 4.2C).
Upon activation of G proteins, the transient interaction of RGS proteins with Ga is known to be
stabilized, which can be mimicked in vitro using GDP with aluminum fluoride (AMF) (Berman et

al., 1996; Tesmer et al., 1997). Specific interactions of Ga.i3 with endogenous RGS10 in Con-Con
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cells, as well as the reexpressed WT RGS10 in KO-WT cells, were detected in the presence of
AMF, with no interaction observed in either KO-EK cells or in inactivated conditions containing
GDP without AMF (Figure 4.2C). We confirmed that upregulation of COX-2 and IL-6 expression
in activated KO-Con cells could be suppressed by reexpressing either WT or EK RGS10, although
this effect was not fully restored to control levels (Figure 4.2D-F). These results further validate
the G protein-independent effect of RGS10 in the regulation of LPS-induced inflammatory genes
in microglia.
4.3.2. Explorative data analysis and clustering of samples

To determine changes in global gene expression regulated by RGS10, we performed RNA-
sequencing (RNA-seq) analysis in control and KO cells, and in KO cells reexpressing WT and EK
RGS10. A crucial first step in RNA-seq analysis is exploratory data analysis to examine the overall
similarity between replicates and sample groups (Love et al., 2015). Visualization of sample-to-
sample distance correlation using principal component analysis (PCA) revealed separation of
samples into four major clusters, showing variation in overall gene expression patterns between
treatment groups and between genotypes (Figure 4.3A). Principal component 1 (PC1) separated
the samples by treatment, which explains ~65 of the overall variation, while PC2 separated the
groups by genotype, accounting for ~21% of the overall variation. To our surprise, both the WT
and EK hRGS10-1 overexpression samples did not exhibit overall variability compared to the KO
samples (Figure S4.3A). Hierarchical clustering of the top 1000 most variable genes also showed
a clear separation of the control and KO samples, with no obvious variation between the KO and
overexpression samples (Figure S4.3B & C). These results suggest that the global gene expression

changes induced by CRISPR/Cas9-mediated loss of endogenous RGS10 could not be rescued by
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reexpression of hRGS10-1, thus prompting us to remove the overexpression samples from our
downstream analysis.

Using the unsupervised k-means clustering method, we examined the gene expression
patterns of the remaining four groups of samples, Con-Con and KO-Con cells treated with vehicle
or LPS, in which the top 1000 most variable genes were divided into four cluster groups with
distinct expression patterns (Figure 4.3B). For each cluster, we further carried out enrichment
analysis to gain insight into the different types of genes and pathways regulated by RGS10 or by
LPS treatment. The genes in cluster A were upregulated in the KO samples and this up-regulation
pattern was more prominent in LPS-activated cells. The genes within this cluster were implicated
in biological responses to external stimuli, cytokine production, and defense response to virus and
bacterium. The biological processes upregulated in the KO samples were also enriched in cluster
B, which contains genes strongly induced by LPS. Cluster C consisted of genes strongly
downregulated by LPS and were related to biological processes important for housekeeping
functions, such as migration, differentiation, and development. The last cluster included genes
downregulated by RGS10 in both resting and activated cells, and these genes were enriched in
biological processes related to synapse pruning, nucleosome assembly, and cell organization and
differentiation.

To get insight into the transcriptional regulatory mechanism for the identified gene clusters,
we further performed a transcription factor (TF)-target enrichment analysis (Table 4.2). Cluster A
genes, which are upregulated in KO samples in both basal and activated cells, mostly consisted of
target genes for various members of the interferon regulatory factor family (IRF1,2,7, and 9) and

STAT1, and these transcription factors are important for innate immune response functions. The
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gene sets upregulated by LPS were mostly inflammatory genes and thus were targets for various
inflammatory transcription factors including different NF-xB subunits (NFkB1 (p50), NF«xB2
(p52), Rela (P65), and Rel (c-Rel)) (Table 4.2). Since the clustering algorithm assigns an
individual gene to a single cluster, genes known to be regulated by RGS10 such as Tnf, 116, and
Ptgs2 were assigned to the LPS-responsive cluster (B) due to their strong induction by LPS. In
general, our cluster analysis suggests that RGS10 regulates innate immune responses in basal and
LPS activated microglia, most of which were IRF-target genes.
4.3.3. Differential expression of genes in CRISPR/Cas9 RGS10 knockout cells (Figure 4)
Next, we performed differential gene expression (DGE) analysis in both basal and LPS-
activated cells and identified a list of genes differentially regulated in resting or LPS-activated KO
samples compared to control samples (Figures 4.4A & B), as well as genes differentially regulated
by LPS in control cells (Figure 4.4C). We filtered the list of differentially expressed genes (DEGS)
and only considered genes with LogFC of |1| and pAdj < 0.05, as significant. The number of DEGs
and the overall DGE pattern are displayed using volcano plots (Figure 4.4A-C). Our RNA-seq
analysis revealed DEGs in both basal and LPS-activated samples: 540 genes for vehicle and 759
genes for LPS groups were differentially regulated in KO samples. Among them, 237 and 348
genes were downregulated, while 303 and 411 genes were upregulated, in vehicle and activated
samples, respectively (Figures 4.4A & B). LPS induced downregulation of 367 genes and
upregulation of 762 genes in Con cells (Figure 4.4C). From the list of genes regulated by RGS10,
we further subcategorized genes whose expression was differentially regulated depending on the
treatment group. Of the total number of DEGs upregulated in the KO samples, ~38% were

common in both the vehicle and LPS treatment group, while ~41% were exclusively upregulated
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in response to LPS (Figure 4.4D), and similar results were observed for downregulated gene sets
(Figure 4.4E). A complete list of all DEGs and their respective LogFC and pAdj values are
presented in the Appendix section (Tables A.2 & A.3).

4.3.4. Differential gene ontology and pathway enrichment analysis in CRISPR/Cas9 RGS10
knockout cells

To assign biological relevance, the list of DEGs in KO samples was further analyzed for
gene set enrichment analysis (GSEA) of gene ontology biological process (GOBP) and pathways.
The enriched terms are arranged in a tree format into different groups based on gene overlap
(Figures 4.5 & 4.6). GSEA showed regulation of various biological processes; most of the
upregulated GOBP terms in both vehicle and LPS-activated samples were involved in functions
related to immune response to stress, defense response to virus, and various external and biotic
stimuli (Figures 4.5A & B). These biological processes showed a stronger enrichment in LPS-
activated samples indicated by lower p-values. Furthermore, the downregulated biological
processes were largely involved in actin filament organization and cell migration (Figures 4.5A
& B). The GOBP findings for the DEGs were consistent with those identified by the k-means
clustering algorithm (Figure 4.3B).

We then analyzed the DEGs for enrichment of KEGG and TF-target pathways. In vehicle
treated samples, only the upregulated gene sets showed significant enrichment and were largely
involved in viral pathways and innate immune responses (Figure 4.6A), and these DEGs showed
strong enrichment for being targets of IRF7 and IRF9 (Figure 4.6B). In LPS activated KO samples,
a greater number of enriched pathways were identified, with a stronger upregulation of virus

infection pathways and inflammatory signaling pathways such as the TNFa and NOD-like
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receptor pathway while the downregulated genes showed slight enrichment in metabolic pathways
(Figure 4.6C). As expected, DEGs in LPS-activated KO samples were enriched in IRF target
genes and other inflammatory transcription factors, including NFkB1, STAT1, MAPK10 (Figure
4.6D). We further analyzed the DEGs using the widely used and comprehensive molecular
signature database (MSigDB) hallmark gene set collection, which has summarized gene set
pathways with less redundancy. In both basal and activated cells, the most enriched pathways in
KO DEGs were interferon gamma and interferon alpha response, TNFa signaling via NF-«B,
inflammatory response, and IL-2/STATS5 signaling (Figures 4.7A & B). These pathways showed
stronger enrichment in LPS-activated cells. The summarized MSigDB further identified apoptosis,
p53 pathway, and hypoxia pathways as being significantly enriched in the LPS-treated groups
(Figure 4.7B). In general, our GO and pathway enrichment analyses suggest that RGS10 regulates
various innate immune responses and inflammatory response pathways, and this response is more
prominent in activated microglia.
4.3.5. Enriched pathways in CRISPR/Cas9 RGS10 knockout cells in response to LPS

To exclusively examine the differential expression of genes in the RGS10 knockout sample
in response to LPS, we performed pathway analysis in gene sets that were only upregulated in
LPS-treated KO samples using additional pathway data sets. The 214 DEGs exclusively
upregulated in activated samples (depicted in Figure 4.4D), showed enrichment in previously
identified pathways, as well as other disease-specific responses such as spinal cord injury and lung
fibrosis pathways, and responses to cellular stress such as the unfolded protein response (UPR)
pathway, according to the WikiPathway 2021 database (Table 4.3). Target genes for ATF4, a

transcription factor linked to the unfolded protein response pathway (Fusakio et al., 2016), were
159



also identified as significantly enriched. Furthermore, pathway analysis using the Jensen
compartment database (Binder et al., 2014), identified enrichment in various inflammatory
complexes, as well as the CHOP-ATF3 complex, the Irel complex, and the BAX complex, which
are involved in unfolded protein responses and apoptosis. A complete list of these pathways ranked
by their adjusted p-value and the respective DEGs belonging to each pathway is presented in Table
4.3. These results suggest a potential novel role for RGS10 in the regulation of ER stress and
unfolded proteins response pathways in activated microglia.
4.3.6. Differential regulation of LPS signaling in CRISPR/Cas9 RGS10 knockout cells

The previously characterized function RGS10 in microglia and macrophages was mainly
attributed to the regulation of TLR4 signaling by examining pro-inflammatory gene expression in
response to LPS (Alginyah etal., 2018; Lee etal., 2008; Lee et al., 2011; Lee et al., 2013; Wendimu
et al., 2021). Therefore, we specifically examined the effect of RGS10 on TLR4-signaling by
identifying DEGs in LPS-activated control cells and comparing these gene sets with those
regulated by RGS10. Of the 762 total upregulated DEGs induced by LPS treatment (depicted in
Figure 4.4C), 140 genes (12.6%) were also differentially upregulated in RGS10 KO cells (Figure
4.8A). As expected, these hared genes were largely enriched in biological processes related to
cytokine signaling and defense response to virus (Figure 4.8B & Table 4.4). Analysis of the
MSigDB hallmark gene set also showed upregulated pathways such as interferon gamma and alpha
signaling pathways, TNFa signaling via NF-«xB, inflammatory responses, and apoptosis pathways
(Table 4.4). TF-target analysis using TRRUST database further showed enrichment of target genes
for various inflammatory transcription factor factors, including Rela, NFxB1, CEBPB, Jun,

IKBKB, IRF1, and STAT1. The enriched pathways and the DEGs belonging to each enriched term
160



are presented in Table 4.4. Overall, these results suggest that RGS10 negatively regulates LPS-
induced upregulation of inflammatory and viral response processes.

We also compared LPS-downregulated DEGs with those downregulated in RGS10 KO
samples and identified 37 shared genes (4.8% of the total LPS-downregulated DEGSs) (data not
shown). These genes were enriched in biological processes related to cell junction disassembly,
synapse pruning, classical complement activation, humoral immune response, microglia cell
activation, and fiber organization (Table 4.5) and enrichment of these pathways was largely driven
by a small set of genes such as complement genes (C1lga, C1gb, C1qc, and Cfh), and Apoe. These
data suggested a potential novel role for RGS10 in enhancing complement elements, which
mediate humoral immune response and phagocytosis response in microglia.

4.3.7. Validation of expression levels of candidate genes by RT-PCR

To experimentally verify the RNA-seq data, we selected a list of 7 upregulated and 6
downregulated genes in KO samples, which have variable gene expression patterns based on LPS
treatment. Some of these genes were selected for being the most differentially regulated based on
Log2FC or adjusted p-value (adjP) value ranking (Apoe, Tmem132a, Slc2a5, Slc47al, Ppic,
Nsmaf, Unc5b). Other genes were selected for their involvement in the novel RGS10-regulated
pathways identified using our enrichment analysis, such as those involved in UPR and ER stress
responses, apoptosis, and complement signaling (Ppplrl5a, Ddit3, Sqstml, Unc5b, Clgb). The
RT-PCR validation experiment was performed in RNA samples collected for RNA-seq, as well as
in freshly treated control and CRISPR/Cas9 RGS10 knockout cells that did not have a background
blasticidin vector (which were used in our RNA-seq experiments to control for the RGS10

overexpression samples). Furthermore, these data were confirmed in clonal CRISPR/Cas9 RGS10
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knockout cells. The expression patterns of the selected upregulated and downregulated genes in
the RT-PCR data (Figure 4.9: bottom), showed strong correlation with the normalized expression
counts from the RNA-seq analysis (Figure 4.9: top). However, validation of the RNA-seq data for
a few genes (Apoe, C1gb, Marco, Ppic, Ppplrl5a, Tmem132a) in primary microglia did not show
RGS10-mediated regulation (data not shown).
4.3.8. Unexpected expression of Rgs10 transcript in CRISPR/Cas9 RGS10 knockout BV2
cells

Although Rgs10 was one of the downregulated DEGs in our RNA-seq data, it was not
among the top downregulated genes in the KO samples based on both LogFC and adjP ranking
(Table A.2). Additionally, our initial exploratory data analysis did not reveal global differences in
the gene expression pattern between the RGS10 KO and overexpression samples, implying a
potential problem in our RGS10 KO BV2 cells. A close look at the mapped sequenced reads
between the control and RGS10 KO samples revealed the expressed reads mapped to Rgs10 gene
in both the control and KO samples, although the KO samples lack reads falling on exon 2 (Figure
4.10A). We also performed an exon-level counting analysis and confirmed that only exon 2 lacks
expressed reads, while the other exons have partial expressions (Figure 4.10B). This data was
validated using two different read mapping methods (STAR and HISAT?2) and three gene counting
programs (HTSeqg2-count, STAR gene count, and featureCounts), which identified similar
numbers of gene counts, confirming that our unexpected result was not caused by problems in the
data analysis.

The initial characterization of CRISPR/Cas9 RGS10 knockout cells was performed by RT-

PCR using primer sets that amplify exon 2-3 region, as well as by using two different antibodies
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to detect RGS10 protein (RGS10 c-20 antibody from Santa Cruz & RGS10 antibody created in
collaboration with the Bioexpression and Fermentation Facility at UGA). To further verify the
identified Rgs10 transcripts in KO cells, we designed different primer sets that amplify regions
downstream of exon 2 (Figure 4.10C). Relative comparison of RGS10 expression across the
different exons showed findings similar to the RNA-seq data, suggesting that all exons with the
exception of exon 2 have partial expression of the RGS10 transcript compared to control cells that
express Rgs10 in all exons (Figure 4.10D).
4.3.9. Comparison of Rgs10 expression in CRISPR/Cas9-modified BV2 cells and primary
microglia

The CRISPR/Cas9 gene editing technology generally introduces frameshift insertion and
deletions (indels), which leads to premature termination codon, thereby eliciting nonsense-
mediated decay (Asmamaw & Zawdie, 2021; Popp & Maquat, 2016). However, recent studies
revealed unexpected outcomes of CRISPR/Cas9 in inducing large genomic deletions, exon
skipping, and alternatively splicing (Mou et al., 2017; Sharpe & Cooper, 2017; Tuladhar et al.,
2019). Compared to control cells, a close visualization of the exon-exon junctions in our RGS10
knockout cells revealed junctional reads bypassing the sgRNA-targeted exon 2 region (Figure
4.11A). Although our RT-PCR analysis in downstream exons showed Rgs10 in KO samples, it
does not show if there is a continuous Rgs10 transcript bypassing exon 2. Therefore, we designed
a forward primer annealing to exon 1 region and a reverse primer annealing to exon 4 region to
check if exon 2 is skipped (Figure 4.11B). We amplified cDNA from the heterogeneous control
and KO cell population (KO-Het), as well as two clonal populations of KO cells (KO-Clone 1 and

KO-Clone 2). We also included wild-type and RGS10 knockout primary cells (RGS107) as
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positive and negative control, respectively. While both the wild-type primary cells and the
CRISPR/Cas9 control cells showed the expected amplicon size of ~381bp, all the different
populations of the CRISPR/Cas9 KO cells showed a single lower size band, matching the expected
amplicon size without the exon 2, in contrast to the RGS10 knockout primary cells which did not
have an amplified product (Figure 4.11C). These results suggest that CRISPR/Cas9-mediated
targeting of Rgs10 induced exon 2 skipping and produced a shorter Rgs10 transcript.
4.4. Discussion

In this study, we performed a global transcriptome analysis to identify RGS10-mediated
regulation of gene expression in BV2 microglia. Our main findings are: (1) CRISPR/Cas9-
mediated deletion of RGS10 in BV2 microglia induced global gene alterations that resulted in
significant upregulation of genes involved in various stress responses and innate immune and
inflammatory responses, including upregulation of viral defense pathways, type | and Il IFN
response pathway, and TNFa signaling through NF-xB; (2) These responses are more
differentially upregulated in cells activated by LPS, in addition to exclusive enrichment of
unfolded protein response and apoptosis pathways in activated microglia; (3) A large subset of the
upregulated genes in RGS10 knockout cells are targets of interferon regulatory factors (IRFs) and
the NF-xB family of transcription factors; 4) The global gene expression changes induced by loss
of endogenous RGS10 could not be rescued by overexpressing a dominant isoform of human
RGS10; and 5) CRISPR/Cas9-mediated editing of RGS10 induced exon 2 skipping and resulted
in residual expression of truncated Rgs10 transcripts. While the RNA-seq data and enrichment
analysis are generally consistent with previously implicated roles of RGS10 in the regulation of

immune and inflammatory responses, we propose that these findings be cross-validated by
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performing RNA-seq experiments in primary microglia in order to delineate the specific effect of
loss of RGS10 on global gene expressions.

CRISPR/Cas9 genome editing has emerged as a powerful tool for studying gene functions
and employs an RNA-guided Cas9 endonuclease to induce double-strand break (DSB) at
complementary DNA targets (Asmamaw & Zawdie, 2021). DSB induced by Cas9 is subsequently
repaired by non-homologous end joining (NHEJ), which is an error-prone repair mechanism that
introduces insertions or deletions (indels), resulting in frameshift mutations that inactivate the
target gene (Popp & Maquat, 2016). A considerable problem with CRISPR technology is the
possibility of off-target editing in genomic positions that similarly but imperfectly match the
SgRNA sequence (Popp & Maquat, 2016; Shao et al., 2016). The sgRNA used in this study is
validated to be specific for Rgs10 and contains a minimum of 3 mismatches with other genomic
regions (https://rth.dk/). The RNA-seq expression count for potentially identified off-target sites
did not differ between the control and RGS10 knockout samples (data not shown), suggesting that
the CRISPR/Cas9 tool specifically targeted Rgs10.

Although gene inactivation is the most common consequence of CRISPR technology,
recent evidence has provided important insight into the potential unintended consequences of
CRISPR at the post-transcriptional level (Mou et al., 2017; Sharpe & Cooper, 2017; Tuladhar et
al., 2019). Specifically, there have been reports of alternative splicing and large or small genomic
deletions that remove the target exon without generating frameshift mutations (Mou et al., 2017;
Tuladhar et al., 2019). PCR assays typically used to genotype CRISPR clones commonly detect
short-range amplification, which can miss large genomic deletions (Mou et al., 2017). In our study,

the original RT-PCR primers used to detect Rgs10 contain a forward priming site in the target exon
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2 region and therefore failed to detect Rgs10 transcripts in the knockout samples. However, both
our RNA-seq results and RT-PCR validation experiments using various primer sets detected a
substantial level of Rgs10 cDNA in all exons except exon 2, which is the region targeted by the
SgRNA.

Although large genomic deletions commonly disrupt gene function, aberrant placement
and splicing of exons can induce exon skipping, resulting in neomorphic alleles (Mou et al., 2017).
A closer visualization of our RNA-seq data showed that the KO samples have exons 1-3 junctional
reads, in contrast to the control cells, which expressed junctional reads that span all exons,
implying that exon 2 is skipped in the KO samples. Furthermore, experimental validation using
exon 1-4 spanning primers revealed an exon 2 skipped band in the RGS10 KO samples, in contrast
to RGS10 knockout primary cells that showed no amplification, and the CRISPR control and wild-
type primary cells that have amplicon size matching the intact Rgs10 cDNA. These results suggest
that our presumed CRISPR/Cas9 RGS10 knockout cells express a truncated form of Rgs10
transcript lacking exon 2.

Although we have not sequenced the exon 1-4 amplified products from the KO samples, it
is possible that it may contain a start codon with an open reading frame that translates into a
truncated RGS10 protein lacking the epitope detected by the RGS10 antibody. In fact, a recent
CRISPR/Cas9 study targeting Kras demonstrated a similar pattern of exon skipping with an
internal translation initiating site located downstream of the target exon, producing a truncated
Kras protein (Mou et al., 2017). Therefore, future sequencing analysis should characterize the
CRISPR/Cas9 RGS10 knockout cells to identify potential in-frame mutations or premature

termination codon with protein-coding potential. This may result in the production of truncated
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RGS10 with a partial functional protein or aberrant gain of function. For example, exon skipping
induced by CRISPR-mediated targeting of Cttnbl has resulted in a production of a stabilized and
constitutively active nuclear p-catenin (Mou et al., 2017; Tuladhar et al., 2019), indicating that
exon skipping can produce functional or dysfunctional proteins with distinct phenotypes compared
to wild-type protein.

The longest and most dominant Rgs10 transcript encodes a protein containing 181 amino
acids, of which 40 aa are encoded by exon 2 that contains a portion of the RGS domain, as well as
several post-translationally modified residues, including three serine phosphorylation sites
(Almutairi et al., 2020). Apart from the classic Gai-RGS10 interaction, which is mediated by the
RGS domain, our recent co-IP study identified many other RGS10 interaction partners in BV2
microglia (Wendimu et al., 2021). The specific region of RGS10 that interacts with these proteins
has not yet been characterized. However, it is possible that exon 2 of Rgs10, which encodes
roughly a quarter of the protein, is crucial for mediating the biochemical interactions and various
functions of RGS10. In addition, since large deletions of gene regions have a significant effect on
the overall structure, regulation, and function of proteins, a truncated form of RGS10 may have a
substantial consequence. Furthermore, since the RGS10 c¢-20 antibody, which recognizes the last
20 amino acids of RGS10, did not detect RGS10 protein in the KO cells, the genomic edition may
have resulted in aberrant form of RGS10 protein. Therefore, the transcriptome alterations
identified in our study could be the result of a loss of wild-type RGS10 or an aberrant effect
generated by gain of function. This may explain why cells with exogenous expression of hRGS10-
1 on KO background did not exhibit a significantly different transcriptome profile compared to the

RGS10 KO cells.
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It is also possible that the absence of transcriptional changes in KO and overexpression
samples is due to the species-specific functional difference in RGS10 or overexpression of a
single variant of RGS10, which may not substantially compensate for endogenous loss of
RGS10. Although the long variant of RGS10 (RGS10-1) is highly conserved between mouse and
human, the latest annotation of the ensemble genome released in December 2021 identified three
protein-coding hRGS10 transcripts (encoding 181a.a, 167a.a, and 173a.a proteins)
(https://useast.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000148908;r=10:119499
817-119542719), while the mouse annotation shows the presence of three protein-coding
variants (181 a.a, 93 a.a and 85 a.a)
(https://useast.ensembl.org/Mus_musculus/Gene/Summary?db=core;g=ENSMUSG00000030844
r=7:127975345-128020482). All three mouse RGS10 variants contain the translated exon 2
region that is targeted by the sgRNA. Therefore, expression of a single hRGS10 variant may not
be sufficient to restore functional alterations caused by the loss of endogenous mouse RGS10.

We recently showed that RGS10 deletion enhances expression of LPS-induced COX-2 and
IL-6 transcripts in both CRISPR-modified BV2 cells and primary microglia (Wendimu et al.,
2021). However, in this study, hRGS10-1 reexpression did not fully rescue COX-2 and IL-6
upregulation caused by loss of RGS10 (Figure 4.2), implying that the expression of a human
variant of RGS10 or a single isoform may not have a significant phenotype. The stringent
parameters used in our RNA-seq data analysis to filter out false positive DEGs may exclude genes
that are modestly regulated by hRGS10 overexpression. While previously known RGS10-
regulated inflammatory genes exhibited decreased expression counts (RNA-seq analysis) in the

overexpression samples compared to RGS10 knockout samples (data not shown), they were not
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considered statistically significant for differential gene expression analysis. Taken together, these
results suggest that the lack of variation in our gene expression pattern between CRISPR/Cas9
RGS10 knockout cells and overexpression cells could be explained by a partial restoration of
RGS10 function because of the expression of a single hRGS10 variant, or due to the inability of
exogenously expressed RGS10 to rescue a potential gain-of-function phenotype induced by exon
2 skipping.

Although our study uncovers a potential caveat of using CRISPR/Cas9-modified RGS10
knockout cells, a considerable number of genes identified in our differential gene expression
analysis have previously been shown to be regulated by RGS10, including Ptgs2, Tnf, 116, Cxcl10,
and others (Almutairi et al., 2021; Alginyah et al., 2018; Chan et al., 2022; Lee et al., 2008;
Wendimu et al., 2021). Substantial evidence from previous studies indicates that RGS10 regulates
cytokine and chemokine signaling in immune cells (Almutairi et al., 2021; Lee et al., 2008; Garcia-
Bernal et al., 2011). This finding is consistent with our gene set enrichment analysis (GSEA),
which identified cytokine production and immune-related cell responses as one of the most
enriched biological processes in LPS-activated RGS10 knockout BV2 cells. Lee et al. (2011)
previously demonstrated that RGS10 inhibits NF-xB activation in both LPS and TNFa-stimulated
microglia (Lee etal., 2011). Our GSEA analysis using the molecular signature hallmark database
(MSigDB) also identified TNFa signaling via NF-xB as one of the most enriched biological
pathways in our RGS10 knockout samples, and this enrichment was more prominent in LPS-
activated cells. Using a luciferase-based NF-«B reporter, it was demonstrated that RGS10
knockout primary microglia have enhanced NF-kB-dependent transcriptional activity and elevated

levels of p50 and p65 compared to wild-type microglia (Lee et al., 2011). RGS10-loss mediated
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enhanced activation of p65 has also been recently reported in other immune cells (Almutairi et al.,
2021; Ren et al., 2022). A large subset of DEGs identified in the LPS-activated RGS10 KO cells
were shown to be target genes for various inflammatory transcription factors, including NF-xB
subunits, such as p50 (NFkB1) and p65 (RelA). Furthermore, the NF-kB complex was found to be
the most enriched subcellular compartment. In addition, consistent with previous findings (Lee et
al., 2008), RGS10 regulated the expression of cytokines in both basal and activated microglia.

Defense response to virus and viral-related pathways, such as those involved in influenza,
were also among the most enriched biological processes and pathways identified in both basal and
LPS-treated RGS10 knockout cells. Specifically, we have identified a significant enrichment of
genes involved in type 1 and type Il interferon signaling, which are crucial pathways that mediate
immune response to virus infection. Furthermore, GSEA using the Wikipathway database
identified lung fibrosis as a highly enriched pathway in activated RGS10 knockout cells, implying
a role for RGS10 in viral infection and lung injury model. These results are in line with a recent
study by Almutairi et al. (2021) that implicated RGS10 in viral response functions, demonstrating
that loss of RGS10 enhances immune and inflammatory responses and exacerbates lung damage
in severe influenza-infected lungs (Almutairi et al., 2021). Therefore, despite the unexpected result
of CRIPSR/Cas9 Rgs10 editing, our RNA-seq data is generally consistent with previously reported
functions of RGS10.

In conclusion, the DEGs that did not change in primary microglia were selected for
validation as they were the most regulated according to statistical parameters (fold change or p-
value) (Apoe, Ppic, and Tmem13a) or were DEGs identified from specific novel pathways where

RGS10 function has not previously been implicated (Unfolded protein response pathway
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(Ppplrl5a) and Synapse pruning and complement signaling (C1qb) (data not shown). Therefore,
it is important to define which DEGs and enriched biological processes/pathways identified in this
study are caused by the loss of wild-type RGS10 and which are the result of a potential gain of
function or off-target effects of RGS10 editing by CRISPR/Cas9. Therefore, RNA-seq study in
primary microglia should be conducted to better characterize RGS10-mediated transcriptional
alterations in microglia, which can also be used to compare the overall difference of primary and
CRISPR/Cas9 modified microglia cells. Despite its off-target exon skipping effect, recent reports
suggest that CRISPR/Cas9-mediated exon skipping could be used therapeutically to inactivate a
specific region of genes (Smith et al., 2018). Therefore, if a subsequent characterization and
sequencing of CRISPR/Cas9 RGS10 knockout cells identifies a truncated protein-coding
transcript, these cells may be exploited for structure-function studies to infer region-specific
function of RGS10. More importantly, our findings, together with recent studies implicating
unexpected consequences of CRISPR (Mou et al., 2017; Sharpe & Cooper, 2017; Tuladhar et al.,
2019), highlight the need to improve quality control procedures for selecting correct CRISPR/Cas9
mutant alleles. For example, studies should use multiple sgRNAs targeting different exons, and an
efficient clone screening method should be adapted that not only examines genomic DNA and
wild-type protein levels but also employs RT-PCR screens incorporating multiple upstream and

downstream primers to detect potentially modified transcripts.
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Figure 4.2. Exogeneous overexpression of wild-type and GAP-dead mutant RGS10 suppresses LPS-induced upregulation
of COX-2 and IL-6 in BV2 microglia. A) Schematic summary of four generated stable BV2 cell lines, in which puromycin-
resistant CRISPR/Cas9 RGS10 knockout BV2 cells (KO) are modified by re-expressing either a blasticidin-resistant wild-type
human RGS10-1 (KO-WT) or a GAP-dead E52K variant (KO-EK). A background control vector was also transfected in
CRISPR/Cas9 control BV2 cells (Con-Con) and KO BV2 cells (KO-Con). B) Western blot analysis of endogenous and re-expressed
RGS10 and a housekeeping protein GAPDH. C) A representative immunoblot of Gai3 and RGS10 in cell lysates
immunoprecipitated with Gai3 antibody in basal condition (GDP only) and after G protein activation (GDP with AlF4 (AMF)). D)
gRT-PCR analysis showing mRNA expression of endogenous mouse RGS10 (left) and re-expressed human RGS10-1 (right)
normalized relative to Con-Con and KO-Con cells, respectively. E-F) gRT-PCR analysis showing mRNA expression of COX-2
(E) and IL-6 (F) in cells treated with vehicle (Veh) or LPS (10 ng/mL) for 24 hours. (B and C) Images are representative of two
independent experiments. (D-F) Data are analyzed from 8 independent experiments, with technical duplicates, and statistical
differences are analyzed by ANOVA and Tukey's’s post hoc test. Data are presented as mean £ SEM., *** P < (.001. ns., not
significant.
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Figure 4.3: Explorative data analysis of CRISPR/Cas9 control and RGS10 knockout BV2 cells. A) A two-dimension principal
component analysis plot of the top 200 most variable genes in CRISPR/Cas9 control (Con) and RGS10 knockout (KO) cells treated
with either vehicle or LPS (10 ng/mL) for 24h PC1 and PC2 separated the sample groups into clusters based on treatment type and
genotype, respectively. B) Heatmap showing k-means clustering of the top 1000 most variable genes in Con and KO cells. K-
means clustering is performed on mean center-normalized read counts, and rows represent individual genes, and columns represent
samples. The colors on the heatmap represent a scaled expression level, with green indicating lowest expression and red indicating
highest expression. Selected clusters are analyzed for gene ontology biological process enrichment, and the most enriched
categories are presented after removing redundant processes.
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Figure 4.4. Differential gene expression analysis in CRISPR/Cas9 control and RGS10 knockout BV2 cells. Control BV2 cells
(Con) and RGS10 knockout cells (KO) were treated with vehicle or LPS (10 ng/mL) (L) for 24h. A-C) Volcano plots of
differentially expressed genes (DEGs) from different pairwise comparisons. A volcano plot is depicted to compare DEGs in KO
cells in vehicle-treated groups (A) and LPS-treated groups (B), as well as in control cells treated with LPS (C). Signficant DEGs
with LogFC > |1 |and FDR < 0.05 were selected, from n=4 samples. Red dots represent upregulated genes, and blue plots represent
downregulated genes, and the number of DEGs is presented in the top left of the volcano plots. D&E) Venn diagram comparing
DEGs in KO cells in vehicle-treated cells (purple) and LPS-treated cells (yellow). Comparisons for upregulated and downregulated
DEGs are shown in D & E, respectively.
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P-values, indicating larger number of DEGs.
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Figure 4.6. Overrepresented KEGG pathways and target gene-transcription factor regulatory networks in CRISPR/Cas9
RGS10 knockout BV2 cells. Significant differentially expressed genes (DEGs) with LogFC > |1 [and FDR < 0.05 were selected,
from n=4 samples. DEGs are analyzed for enrichment of KEGG terms in vehicle-treated cells (A) and LPS-treated cells (B).
Enriched gene-transcription factor (TF) regulatory networks (TF.Target.RegNetwork) for vehicle (C) and LPS-treated cells (D).
Hierarchical clustering tree depicts the correlation among significant enriched pathways. For vehicle treated cells only upregulated
pathways are enriched and are shown in blue. For LPS-treated cells, upregulated pathways are shown in red and downregulated
pathways are shown in green.
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Figure 4.7: Overrepresented molecular signature hallmark pathways in CRISPR/Cas9 RGS10 knockout BV2 cells.
Differentially expressed genes (DEGs) were analyzed for enrichment of molecular signature hallmark pathways using the MSigDB
Hallmark gene sets 2020 database. Significant DEGs with LogFC > |1 Jand FDR < 0.05 were selected, from n=4 samples.
Overrepresented pathways are ranked by enrichment score, depicting significance (-log10 (p-value)). The top 10 overrepresented
hallmark pathways in basal (A) and in LPS-activated RGS10 knockout cells are shown on a bar plot, ranked by significance. Blue
bars show significantly enriched terms.
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Figure 4.8. Differential regulation of LPS signaling in CRISPR/Cas9 RGS10 knockout cells. Control BV2 cells (Con) and
RGS10 knockout cells (KO) were treated with vehicle (Veh) or LPS (10 ng/mL) for 24h. A) A volcano plot is depicted to compare
the number of upregulated DEGs in KO cells (either in vehicle or LPS treated samples) that are also shared with LPS treatment in
Con cells. Significant DEGs with LogFC > |1 Jand FDR < 0.05 were selected, from n=4 samples. B) Overrepresented biological
processes upregulated by LPS and by CRISPR/Cas9-mediated deletion of RGS10. The 140 shared upregulated DEGs were
examined for enrichment of GO biological processes to identify biological processes upregulated by LPS and by RGS10 deletion.
The top 10 overrepresented biological terms are shown on a bar plot, ranked by significance (-log10 (p-value)).
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Figure 4.9. Validation of RNA-seq data for differentially expressed genes by RT-PCR. Comparison of normalized expression
counts of RNA-seq data (top) and relative fold change of mMRNA expression for gqRT-PCR analysis (down) for a select few
differentially expressed genes (DEGs) identified from RNA-seq analysis. Validation of upregulated DEGs (A) and downregulated
DEGs (B) in RGS10 knockout (KO) cells relative to CRISPR/Cas9 control (Con) cells. Cells are treated with either vehicle (V) or
LPS (10 ng/mL) for 24h. RT-PCR validation experiment is performed in freshly treated clonal and heterogeneous cell populations.
Data for both RNA-seq expression counts and RT-PCR analysis is analyzed from four independent replicates and presented as
mean + SEM.
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Figure 4.10. Unexpected expression of Rgs10 transcript in CRISPR/Cas9 RGS10 knockout BV2 cells. A) Snapshot taken
from integrative genome viewer to visualize sequenced reads mapped to the mouse Rgs10 genomic coordinate. Comparison of
mapped reads from CRISPR/Cas9 control (Con) (top: blue color) and RGS10 knockout (KO) (bottom: red color) samples shows
Rgs10 transcript expression in all exons except exon 2. B) Average raw exon-level expression counts comparing Rgs10 transcript
expression for each exons. C) Snapshot taken from SnapGene showing the complete coding DNA sequence (CDS) for RGS10 and
color-coded exon regions. Three forward/reverse primer sets were designed to amplify different exon regions. The sgRNA target
region is located in the intron-exon2 boundary, depicted in the bottom. D) qRT-PCR analysis using different primer sets validates
the quantified expression data and shows Rgs10 transcript is absent in exon 2 but expressed in other exon regions, suggesting that
CRISPR/Cas induced skipping of exon 2. RT-PCR validation experiment is performed in freshly treated clonal and heterogeneous
cell populations. Data for both RNA-seq expression counts and RT-PCR analysis is analyzed from four independent replicates and
presented as mean + SEM.
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Figure 4.11. Rgs10 transcript expression in CRISPR/Cas9-modified BV2 cells and primary microglia. A) Snapshot taken
from integrative genome viewer to visualize junctional reads between exons 1-3 in CRISPR/Cas9 control (Con) (top: blue color)
and RGS10 knockout (KO) (bottom: red color) samples. Visualized junctions show skipping of exon 2 in KO samples. B) Snapshot
taken from SnapGene showing the complete coding DNA sequence (CDS) for Rgs10 and color-coded exon regions. A primer set
is designed to validate exon 2 skipping in KO samples. A forward primer is designed on upstream exon (exon 1) and reverse primer
is designed on downstream exon (exon 4) to amplify exon 1-4 region. The gRNA target region is located in the intron-exon2
boundary, depicted in the bottom. C) Amplified cDNA sequence comparison of wild type primary microglia, RGS10 knockout
primary cells (RGS107), heterogeneous Con CRISPR/Cas9 cells, heterogeneous population of CRISPR/Cas9 RGS10 KO cells
(KO-Het), and two clonal populations of KO cells (KO-Clonel and KO-Clone 2). Amplified transcripts are validated by RT-PCR
and gel electrophoresis. Expected amplicon size for wild type, RGS10 knockout, and exon 2 skipped samples are shown in the
bottom. The RT-PCR data validates the expression count and junctional analysis and shows that CRISPR/Cas9 induced exon 2
skipping and expression of short Rgs10 transcript.
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Table 4.1. RT-PCR primer sequences used for RNA-seq validation

Gene name Forward Sequence (5°2>3’)  Reverse Sequence (5’ 2 3%)
Jactin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Apoe CAGATCAGCTCGAGTGGCAA TCCATCAGTGCCGTCAGTTC
Clgb ACCAGGATTCCATACACAGGAAG AAGCAGCAGTAACAGGTGTGT
Ddit3 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT
Marco TGTCGCATGCTCGGTTACTC CTCTGTGCCCCGACAATTCA
Map?2 TCTAAAGAACATCCGTCACAGG  GGTGAGCATTGTCAAGTGAGC
Nsmaf ATGCCTGAGCCAAGATTCAT GGTGCGATCCTAACGAGGTA
Ppic ACACCAACGGATCCCAGTTC GGAATGTACCACAGTCATCCCA
Ppplri5a CCTCTAAAAGCTCGGAAGGTACA TCGATCTCGTGCAAACTGCT
Slc2a5 TTCCTACTCCTCGTCGGCTT GGTCCTAAGGCGTGTCCTATG
Slc47al TGCGGTTATCAATGTCACAGG CTACGTGCTTTAAGTTCTGGCT
Tmem132a TCGACACAACTTCACTGCGA GCCCTTGAAGCGGTCTAACT
Tnfa CCTGTAGCCCACGTCGTAG GGGAGTAGACAAGGTACAACCC
116 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
Ptgs2 TGCAAGATCCACAGCCTACC GCTCAGTTGAACGCCTTTTG
Rgs10 (exon2/3) CCCGGAGAATCTTCTGGAAGACC CTGCTTCCTGTCCTCCGTTTTC
Rgs10 (exon3)  TGTTTTGGCTAGCGTGTGAA CTGCTTCCTGTCCTCCGTTTTC
Rgs10 (exon4/5) GATTCTGGAAGAGCCACACCC CTCTTCCTCAGTTCGCTTGGG
Rgs10 (exonl/4) TGAGCCGACTGAGCAGGAAG CTCTTCCTCAGTTCGCTTGGG
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Table 4.2. Transcription factor target gene enrichment analysis of K-means clusters.

Cluster adj.Pval nGenes Pathways Genes
(target genes)

6.81E-14 20 Irf7 [Dhx58, Cmpk2, Rsad?, Ifihl, Ifi44, Gbp3, Oasl2, Usp18, Trim30a, Oas3, Rtp4, Parpl4, H2-Q4
Tapl, Ddx60, Xafl, Oasl1, Ifit2, Bst2, Irgm1]

1.88E-07 11 Irf9 [Rsad2, Fos, Irf7, Oasl2, Uspl8, Oas3, Rtp4, Parpl4, H2-Q4, Oasl1, Irgm1]

8.55E-06 21 Irfl [1112b, Renl, Rgs7bp, Irf7, P2rx3, F3, Gbp3, Uspl8, Oas3, Rtp4, Parpl4, H2-Q4, Tapl,

A Duspl0, Oasl1, Agrn, Bst2, Irgm1, Tmem140, Osm, Cdkn2b]

4.23E-05 29 Statl [Fosb, Bik, Cmpk2, Rsad2, Fos, Myc, Adamts1, Duspl, Irf7, Atf3, Ifihl, Ifi44, Gbp3, Oasl2,
Uspl8, Trim30a, Oas3, Rtp4, Parpl4, H2-Q4, H1f2, Tapl, Rras, Oasll, Dmgdh, Magil, Ifit2,
Irgm1, Osm]

5.69E-03 16 Irf2 [Rend, Evl, Irf7, P2rx3, F3, Usp18, Oas3, Rtp4, H2-Q4, Tapl, Duspl0, Oasl1, Agrn, Bst2, Osm,
Cdkn2b]

2.73E-13 25 Nfkbl [CclI3, Mmp9, Csf2, Ccl4, Nos2, Nfkbia, Tnf, Fas, 116, Trafl, ll1rn, 111b, ll1a, Zbpl, Ptgs2,
Cxcl10, Ccl5, Nfkbiz, Acta2, Cd14, Socs3, Cxcl2, Bcl2alb, Bel2ald, Bel2ala]

4.96E-13 30 Rela [Dnmt3l, Ccl3, ler3, Mmp9, Ccl4, Socs2, Nos2, Nfkbia, Pim1, Tnf, Fas, 116, Trafl, 111b, ll1a,
Zbpl, Tnfrsflb, Ccll7, Ptgs2, Cxcl10, Ccl5, Nfkbiz, Ccl2, Csf3, Cd14, Socs3, Cxcl2, Bel2alb,
Bcl2ald, Bcl2ala]

2.24E-07 10 Rgs14 [Ccl9, C3, Ccrl, Cxcl3, Cxcl10, Ccl5, Fprl, C5arl, Gprl8, Cxcl2]

6.71E-07 10 Nfkb2 [Nos2, Nfkbia, Tnf, Cd5, Trafl, ll1b, Zbpl, Ptgs2, Nfkbiz, Bcl3]

7.43E-07 20 Rel [Dnmt3l, Cntnapl, Nos2, Nfkbia, Tiam2, Pim1, Tnf, Ehd1, 116, Il1a, Tnfrsflb, Cxcl3, Ccll7,
Prr5l, Nfkbiz, Ccl2, Shno2, Csf3, Stx1, Bcl3]

4.86E-06 5 Mapk11 [Nos2, Tnf, 116, 111b, ll1a]

1.26E-05 4 Myd88 [Tnf, 116, I111b, Cxcl2]

Transcription factor target gene enrichment analysis was performed for clusters A and B, visualized in Figure 4.3B. Cluster A represents target genes upregulated in CRISPR/Cas9
RGS10 knockout samples compared to control cells, and cluster B represents target genes upregulated by LPS based on unsupervised K-means clustering of the top 1000 most
variable genes (described in Figure 4.3B legend). Enrichment analysis was performed using transcription factor (TF) target gene set database and ranked based on adjusted p-value.
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Table 4.3. Overrepresented pathways exclusively upregulated in activated CRISPR/Cas9 RGS10 knockout BV2 cells.

Table of top 10 significant p-values and g-values for WikiPathway 2021 Human

term p-value g-value overlap_genes
Spinal Cord Injury WP2431 0.000004 0.000364  [Nr4al, Cxcl10, 116, Btg2, Myc, Ptgs2, Tnf, Cxcl2, Rhob]
Lung fibrosis WP3624 0.000004 0.000364  [Csf3, Ednl, 116, Plau, 1112b, Tnf, Cxcl2]
Unfolded protein response WP4925 0.000004 0.000364  [Ppplrl5a, Hspa5, Ddit3, Txnip, Bbc3]
Cytokines and Inflammatory Response WP530 0.000006 0.000405  [Csf3, lI6, 1112b, Tnf, Cxcl2]
Photodynamic therapy-induced unfolded protein response WP3613 0.000007 0.000405  [Ppplri5a, Hspa5, Ddit3, Atf3, Bbc3]
COVID-19 adverse outcome pathway WP4891 0.000014 0.000621  [Cxcl10, Csf3, 116, Tnf]

SARS-CoV-2 innate immunity evasion and cell-specific immune 0.00006  0.002352  [Cxcl10, 116, Statl, Mx1, Tnf, Cxcl2]
response WP5039

Acute viral myocarditis WP4298 0.000263  0.00898 [Edn1, 116, Statl, 1112b, Ccr5, Tnf]
Photodynamic therapy-induced NF-kB survival signaling WP3617  0.000446 0.013518  [II6, Ptgs2, Tnf, Cxcl2]
Type Il interferon signaling (IFNG) WP619 0.000553 0.015102  [Cxcl10, Statl, Tapl, Isg15]
Table of top 10 significant p-values and g-values for TRRUST Transcription Factors 2019
term p-value g-value overlap_genes
NFKB1 human 1.75E-08 0.000004  [Ednl, Btg2, Cd83, Tap2, Tapl, Ptgs2, Tnf, Cxcl2, Cxcl10,
116, Adora2a, Plau, Myc, 1112b, Ccr5, Sgstm1, Atf3]
RELA human 9.86E-08 0.000012  [Ednl, Btg2, Cd83, Statl, Tap2, Tapl, Ptgs2, Tnf, Cxcl2,
Cxcl10, 116, Adora2a, Plau, Myc, 1112b, Ccr5]
IRF1 mouse 1.67E-07 0.000014  [Cxcl10, Tap2, I112b, Tapl, 1127, Tnf]
ATF4 human 1.40E-06 0.000086  [lI6, Hspa5, Plau, Ddit3, Ptgs2, Atf3]
CEBPB human 2.70E-06  0.000132  [lI6, Prss50, Gdf15, Ddit3, Prdm1, Ptgs2, Tnf]
JUN human 3.40E-06 0.000139 [ll6, Ednl, Plau, Myc, Ddit3, 1112b, Ptgs2, Tnf, Atf3, Rhab]
CEBPB mouse 4.27E-06 0.00015 [Btg2, Csf3, 116, Myc, Ptgs2, Atf3]
IKBKB mouse 5.07E-06 0.000155  [Cxcl10, Ptgs2, Cxcl2, Tnf]
NFKB1 mouse 7.54E-06  0.000205  [Cxcl10, Egr2, Ednl, II6, Adora2a, Statl, Myc, I112b, Ptgs2,
Tnf, Cxcl2]

185



JUN mouse 8.76E-06  0.000215  [lI6, Plau, 1112b, 1127, Prdm1, Eno2, Ptgs2, Tnf, Cxcl2]

Table of top 10 significant p-values and g-values for Jensen COMPARTMENTS

term p-value g-value overlap_genes

NF-kappaB complex 2.81E-07 0.000221  [Cx3crl, Csf3, Cd83, Prdm1, Ptgs2, Tnf, Cxcl2, Plau, Myc,
Cecr5, Ednl, Jund, Tnfrsf12a, Hspab, Statl, Mx1, Osm, 1sg15,
Isg20, Cxcl10, Nr4al, 116, Ddit3, Lta, Fosb, Sgstm1, Atf3]

Interferon regulatory factor 7 complex 7.81E-07 0.000307  [lsg20, Cxcl10, 116, Statl, Oas3, Mx1, Ifid4, 1sg15, Tnf]

CHOP-ATF3 complex 1.51E-06 0.000396  [Nrdal, Hspa5, Gdfl15, Ddit3, Atf3]

interleukin-23 complex 5.38E-06 0.000975  [Cx3crl, Csf3, Cd83, Statl, Mx1, 1127, 1sg15, Prdm1, Ptgs2,
Tnf, Cxcl2, Cxcl10, 116, Myc, Lta, 1112b, Ccr5]

Interferon regulatory factor complex 6.19E-06 0.000975  [Isg20, Cxcl10, 116, Duspl0, Statl, Oas3, Mx1, Ifi44, 1127,
Isg15, Prdml, Tnf]

interleukin-12 complex 1.97E-05 0.002274  [Csf3, Cd83, Statl, Avil, Mx1, 1127, I1sg15, Ptgs2, Tnf, Cxcl2,
Cxcl10, 116, Rgs1, Myc, Lta, 1112b, Ccr5]

Irel complex 2.29E-05 0.002274  [Ppplrlsa, 116, Hspa5, Rgsl, Ddit3, Prdm1, Tnf, Sqstm1,
Atf3, Bbc3]

Interferon regulatory factor 3 complex 2.34E-05 0.002274  [Isg20, Cxcl10, 116, Dusp10, Statl, Mx1, Isg15, 1127, Tnf]

interleukin-6 receptor complex 2.60E-05 0.002274  [ll6, Statl, Osm, 1112b, 1127, Tnf ]

BAX complex 3.14E-05 0.002472  [Ppplrl5a, Prnp, Ednl, Btg2, Cdkn2b, Csf3, Hspa5, Statl,

Gdf15, Ptgs2, Tnf, Bbc3, Nrdal, 116, Myc, Ddit3, Txnip,
Sgstm1, Atf3, Prkgl]

Upregulated differentially expressed genes (DEGs) in RGS10 knockout (KO) cells were compared to CRISPR/Cas9 control cells in vehicle treated and LPS (10 ug/mL) treated
samples. DEGs exclusively upregulated in KO cells in response to LPS treatment were analyzed for pathway enrichment using three different pathway databases: WikiPathway 2021
Human database (top), TRRUST transcription factor database (middle), and Jensen compartments (bottom). Different enriched terms are presented along with the respective p-value
and g-value and a list of DEGs that overlap with known gene set belonging to the specific terms.
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Table 4.4. Overrepresented pathways upregulated by LPS and by CRISPR/Cas9-mediated deletion of RGS10.

Upregulated enriched terms
Table of top significant p-values and g-values for GO Biological Process 2021

term p-value g-value overlap_genes

cytokine-mediated signaling pathway (GO:0019221) 1.77E-13 2.09E-10 [Ifitm3, Csf3, Ptgs2, Tnf, Cxcl2, l118rap, Myc, 1112h, Ccr5, Rsad2,
Mx2, Tnfrsf9, Osm, Isg15, Trafl, F3, Isg20, Cxcl10, 116, Oas2,
Oas3, Irf7, Lta, Rhou, Xafi, 117r]

defense response to virus (GO:0051607) 1.60E-10  9.46E-08  [Ifitm3, Isg20, Rtp4, Cxcl10, 116, Rsad2, Ddx58, Oas2, Oas3, Mx2,
Irf7, Isg15]

type | interferon signaling pathway (GO:0060337) 7.14E-10  2.11E-07  [Ifitm3, Isg20, Rsad2, Oas2, Oas3, Mx2, Irf7, Isg15, Xafl]

defense response to symbiont (GO:0140546) 1.15E-09  2.71E-07  [lfitm3, I1sg20, Rtp4, 116, Rsad2, Ddx58, Oas2, Oas3, Mx2, Irf7,
Isg15]

negative regulation of viral genome replication 9.53E-08  1.88E-05 [Ifitm3, Isg20, Rsad2, Oas2, Oas3, Isg15, Tnf]

(G0O:0045071)

positive regulation of interferon-beta production 1.73E-07  2.93E-05 [Ddx58, Oas2, Oas3, Dhx58, Irf7, Isg15]

(G0:0032728)

cellular response to cytokine stimulus (GO:0071345) 2.78E-07  4.11E-05 [Csf3, Ghp7, Osm, Ptgs2, Tnf, Ptpnl4, Cxcl2, F3, Cxcl10, I,
Myc, 1112b, Rhou, Ccr5, Gbp3, Gsdme]

Table of top significant p-values and g-values for MSigDB Hallmark 2020
term p-value g-value overlap_genes

Interferon Gamma Response 2.83E-20  1.05E-18 [Ifitm3, Rtp4, Rsad2, Ddx58, Mx2, Ifi44, 1sg15, Ddx60, Ptgs2,
Usp18, Isg20, Cxcl10, 116, Bankl, Oas2, Oas3, Dhx58, Irf7,
Cmpk2, Cd69, Xafl, Gpri8]

TNF-alpha Signaling via NF-kB 3.38E-15  6.26E-14  [Ednl, Ddx58, Tnfrsf9, Trafl, Ptgs2, Tnf, Cxcl2, F3, Fosl1,
Cxcl10, 116, Myc, Maff, 1112b, Cd69, II17r, Sgk1, Phldal]

Interferon Alpha Response 1.55E-13  1.91E-12 [Ifitm3, Rtp4, Rsad2, Ifi44, Isg15, Ddx60, Usp18, Isg20, Cxcl10,
Sell, Dhx58, Irf7, Cmpk2]

Inflammatory Response 7.88E-13  7.29E-12  [Rtp4, Csf3, Ednl, Tnfrsf9, Osm, F3, Cxcl10, 116, 1118rap, Sell,
Myc, Irf7, Lta, 1112b, Cd69, 117r]

IL-2/STATS Signaling 1.42E-06  1.05E-05 [Ifitm3, Cxcl10, Sell, Glipr2, Myc, Tnfrsf9, Maff, Traf1, Phldal,

Igfar]
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Apoptosis 1.80E-05 1.11E-04  [Ifitm3, 1sg20, 116, Bik, Ddit3, Cd69, Tnf, Igf2r]

Allograft Rejection 2.87E-03  1.52E-02 [ll6, Il18rap, Irf7, 1112b, Ccr5, Tnf]
KRAS Signaling Up 1.34E-02  5.51E-02 [Cxcl10, Tnnt2, Trafl, lI7r, Ptgs2]
Hypoxia 1.34E-02  5.51E-02 [1sg20, 116, Ddit3, Maff, F3]
DNA Repair 2.13E-02  7.81E-02 [Ak1, Cmpk2, Ccno, Gsdme]
Table of top significant p-values and g-values for TRRUST Transcription Factors 2019
term p-value g-value overlap_genes
RELA 3.71E-10 3.91E-08 [Edn1, Tnfrsf9, Trafl, Ptgs2, Tnf, Cxcl2, F3, Cxcl10, 116,
Adora2a, Myc, Irf7, 1112b, Madcam1, Cd69, Ccr5]
NFKB1 4.09E-10  3.91E-08 [Edn1, Tnfrsf9, Trafl, Ptgs2, Tnf, Cxcl2, F3, Cxcl10, 116,
Adora2a, Myc, Irf7, 1112b, Madcam1, Cd69, Ccr5]
CEBPB 2.01E-07 1.28E-05 [116, Prss50, Gdf15, Ddit3, Hp, Ptgs2, Tnf]
JUN 1.06E-06  4.16E-05 [Fosld, Edn1, 116, Myc, Ddit3, 1112b, Ptgs2, Tnf, F3]
IKBKB 1.09E-06  4.16E-05  [Cxcl10, Ptgs2, Cxcl2, Tnf]
IRF1 2.60E-05 6.55E-04 [Cxcl10, Sell, 1112, Tnf]
STAT1 2.74E-05 6.55E-04 [Cxcl10, Edn1, 116, Irf7, Ptgs2, Xafl]
EGR1 3.57E-05 7.59E-04 [116, Gdf15, Ptgs2, Tnf, F3, Bcarl]
APC 7.05E-05 1.35E-03  [Myc, Ptgs2, Sgk1]

Upregulated differentially expressed genes (DEGs) in RGS10 knockout cells were compared with those upregulated by LPS treated in CRISPR/Cas9 control cells. 140 shared
upregulated DEGs were examined for pathway enrichment using three databases: GO Biological Process 2021 (top), MSigDB Hallmark 2020 (middle) and TRRUST Transcription
Factor 2019 (bottom). Different enriched terms are presented along with the respective p-value and g-value and a list of DEGs that overlap with known gene set belonging to the
specific terms.

188



Table 4.5. Overrepresented GO Biological Processes downregulated by LPS and by CRISPR/Cas9-mediated deletion of RGS10.

Downregulated enriched terms
Table of top significant p-values and g-values for GO Biological Process 2021

term p-value  g-value overlap_genes
cell junction disassembly (GO:0150146) 1.16E-07 0.000057 [Clgb, Clga, Clqc]
synapse pruning (GO:0098883) 4.86E-07 0.00008 [Clgb, Clga, Clqc]
complement activation, classical pathway (GO:0006958) 4.86E-07 0.00008 [Clgb, Clga, Clqc]
humoral immune response mediated by circulating immunoglobulin (GO:0002455)  9.52E-07 0.000117 [Clgb, Clga, Clqc]
regulation of complement activation (GO:0030449) 2.15E-06 0.000207 [Clgb, Clga, Cfh, Clqc]
regulation of immune effector process (GO:0002697) 2.72E-06 0.000207 [Clgb, Clga, Cfh, Clqc]
regulation of humoral immune response (GO:0002920) 2.93E-06 0.000207 [Clgb, Clga, Cfh, Clqc]
microglial cell activation (GO:0001774) 7.52E-04 0.045034 [Clqa, Aifl]
regulation of supramolecular fiber organization (G0O:1902903) 8.22E-04 0.045034 [Map2, Apoe]

Downregulated differentially expressed genes (DEGSs) in RGS10 knockout cells were compared with those downregulated by LPS treated in CRISPR/Cas9 control cells. 37 shared
downregulated DEGs were examined for GO biological process enrichment using the GO Biological Process 2021 database. Different enriched terms are presented along with the
respective p-value and g-value and a list of DEGs that overlap with known gene set belonging to the specific terms.
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Figure S4.1. Quality control of RNA-seq read mapping and gene counting. A) Mapping of clean transcript sequences using
STAR following initial sequence quality control, and subsequent trimming and rRNA filtering. Quality of mapping is assessed
using STAR mapping score. Reads have percentage of mapping, uniquely mapped reads were ~80 % and total mapped reads
showed ~90% mapping. B-C) Representative mapping quality analysis showing high percentage of reads mapped to exons and
known exon-intron junctions. D) Read count comparison of assigned features performed using three different gene counting
programs, showing identical number of assigned features.
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distribution showing difference in library size across samples. B) Box plot showing similar distribution of read counts after
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cells treated with vehicle (C), correlation between vehicle and LPS (10ng/ml) treated samples (D), correlation between vehicle
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Figure S4.3. Explorative data analysis of CRISPR-Cas9 RGS10 knockout and RGS10 overexpressing BV2 cells. A) Principal
component analysis plot of the top 200 most variable genes. PC1 separates clusters based on treatment, while PC2 separates clusters
based on genotype. B-C) Heatmap showing hierarchical clustering of the top 1000 most variable genes. Rows represent individual
genes and columns represent samples arranged into clusters according to structural hierarchy. Heatmap for all sample groups show
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knockout cells show two main clusters separated based on treatment group, and a subset of clusters separated based on genotype
(C). Upregulation and downregulation of genes are represented in red and green, respectively.
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CHAPTER 5

DISCUSSION, CONCLUSION, AND FUTURE DIRECTION

Chronic neuroinflammation is an underlying mechanism for the initiation and progression
of multiple neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and
stroke (Hickman et al., 2018). One of the key drivers of inflammatory process in the central
nervous system (CNS) is the chronic activation of microglia cells. Activated microglia are a source
of several neurotoxic factors, including prostaglandins, pro-inflammatory cytokines, and reactive
oxygen species (Hickman et al., 2018; Lull & Block, 2010).

G protein signaling pathways play an important role in inflammatory process in various
immune cells. This study focused on the regulator of G protein signaling 10 (RGS10), which is the
smallest member of the RGS protein family. RGS10 primarily contains the conserved RGS
domain, which functions as a GTPase-activating protein (GAP) for Ga subunit of G proteins (Hunt
et al., 1996). Through this canonical role, RGS10 inactivates Gai family of G proteins and
regulates downstream Gi signaling initiated by activation of G protein-coupled receptors (GPCR)
(Ghavami et al., 2004; Thelen & Stein, 2008; Xie et al., 2007). RGS10 is abundantly expressed in
microglia and mediates important anti-inflammatory and neuroprotective functions (Lee &
Tansey, 2015). Most of the previously characterized role of RGS10 in microglia is in the regulation
of pro-inflammatory cytokines in response to lipopolysaccharide (LPS) (Lee et al., 2013; Lee et
al., 2008), which is a bacterial endotoxin that is commonly used to model inflammation associated

with neurodegeneration (Goulopoulou et al., 2016). However, LPS activates microglia through the
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toll-like receptor 4 (TLR4) pathway, which is not a GPCR-initiated signaling event that is
canonically targeted by GAPs. Therefore, the molecular mechanism by which RGS10 regulates
inflammatory response downstream of a non-GPCR receptor is not known.

While microglial RGS10 exerts anti-inflammatory and neuroprotective functions, its
expression is downregulated during inflammation and aging (Almutairi et al., 2021; Alginyah et
al., 2017; Kannarkat et al., 2015; Lee et al., 2008). Hence, while the protective functions of RGS10
position it as an anti-inflammatory target for neurodegenerative diseases, the lack of information
on its molecular mechanism limits its therapeutic potential. In this study, we used a combination
of proteomics, transcriptomics, and signaling approaches to determine the anti-inflammatory
molecular mechanism of RGS10 and to further identify novel neuroprotective functions of RGS10
in microglia. A better understanding of the anti-inflammatory molecular mechanism of RGS10 is
beneficial for identifying alternative therapeutic targets that can be used to compensate for its
functional loss during neuroinflammation.

In our recently published work, we determined that RGS10 negatively regulates the
expression of the inflammatory enzyme cyclooxygenase 2 (COX-2) and its downstream neurotoxic
product prostaglandin E2 (PGE2) in LPS-activated BV2 microglia (Alginyah et al., 2018).
Although we detected the canonical RGS10-Gai3 interaction in response to LPS/TLR4 activation
(Figure A.1), our result showed that the ability of RGS10 to downregulate COX-2 expression is
not dependent on its canonical mechanism, as inhibition of Gai using pertussis toxin does not
affect LPS-induced COX-2 production in RGS10 knockdown BV?2 cells (Figure A.2) (Alginyah

et al., 2018). These results implied a G protein-independent mechanism of RGS10 in microglia.
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Some RGS proteins are known to have noncanonical functions; however, many of the previously
characterized G protein-independent functions of RGS proteins are mediated through
noncanonical protein-protein interactions, most of which occur through defined or undefined
motifs outside the conserved RGS domain (Hollinger & Hepler, 2002; Kimple et al., 2001; Shu et
al., 2010). Although RGS10 is small and merely contains the conserved GAP domain, we
hypothesized that novel binding partners may provide a plausible link between RGS10 and the
TLR4 signaling pathway, which may help identify the G protein-independent anti-inflammatory
mechanism of RGS10. This hypothesis was tested in Chapter 3 using a combination of proteomics
and mechanistic experiments.

We first investigated non-canonical interactions of RGS10 in BV2 microglia using co-
immunoprecipitation (co-IP) and mass spectrometry. Our result identified 23 non-canonical
binding partners of RGS10 in BV2 microglia, in addition to the expected canonical Gaoi
interactions (Gai3 and Goai3). These novel interaction partners have diverse subcellular
localization and molecular functions, implying potentially diverse noncanonical roles for RGS10
(refer to Table A.1 for details on the RGS10 interacting partners). Among the list of interacting
partners, we identified the stromal interaction molecule 2 (STIM2) as one of the most abundant
RGS10 interacting protein, and most closely linked to inflammatory signaling pathways in immune
cells (Chang, 2006; Michaelis et al., 2015; Sogkas et al., 2015). By direct co-IP, we validated that
the RGS10-STIM2 interaction is not only present in BV2 microglia, but also occurs in an
alternative microglia cell line, in peripheral macrophages and in primary cells. These findings

suggest that endogenous RGS10 interacts with STIM2 in microglia and peripheral immune cells.
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STIM2 is an endoplasmic reticulum (ER)-localized calcium (Ca?*) sensor that detects changes in
store calcium levels (Berna-Erro et al., 2017; Hoth & Niemeyer, 2013). There are two known
homologues of STIM proteins; both function as ER Ca?* sensors and are involved in positive
regulation of inflammatory signaling pathways (Kar & Parekh, 2013). Despite its homology and
similar molecular functions, our proteomic and follow-up validation experiments did not identify
interaction of RGS10 with STIM1. STIM2 monitors ER Ca?* and couples receptor-mediated store
depletion to extracellular Ca?* entry through plasma membrane Ca?*-release-activated calcium
(CRAC) channels, a mechanism known as store-operated calcium entry (SOCE) (Berna-Erro et
al., 2017; Nelson et al., 2018; Ong et al., 2015). A prominent response after SOCE is the
Ca®*/calmodulin-dependent activation of the phosphatase calcineurin (Hogan & Rao, 2015; Kar &
Parekh, 2013), which is a molecular target of various immunosuppressive drugs (Crabtree, 2001).
Previous evidence implicates pro-inflammatory and neurotoxic functions of STIM2; loss of
STIM2 provides protection in preclinical models of traumatic brain injury and multiple sclerosis
(Secondo et al., 2018). STIM2 has also been implicated in LPS/TLR4 signaling; STIM2 null mice
were shown to be resistant to LPS-induced inflammation, and macrophages isolated from these
mice have reduced production of TNFa, IL-6, and IL-1p (Michaelis et al., 2015). However, it is
unknown whether STIM2 plays a role in microglial anti-inflammatory response.

Since the SOCE pathway promotes pro-inflammatory responses that are differentially
regulated by RGS10, we hypothesized that there is a functional link between RGS10 and the
STIM2/SOCE pathway. We tested this hypothesis by inhibiting STIM2, SOCE, or calcineurin and
examining the effect on LPS-induced COX-2 production. We confirmed that siRNA-mediated

suppression of STIM2, or pharmacological inhibition of SOCE and calcineurin in BV2 microglia,
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significantly downregulates LPS-stimulated COX-2 expression, and these findings were validated
in an alternative microglia cell line. We further confirmed findings in primary microglia by
examining COX-2 transcript suppression in response to cotreatment of LPS with the SOCE
inhibitor. These results showed the first evidence of the role of STIM2/SOCE/calcineurin in the
regulation of COX-2 in microglia. To determine whether the STIM2/SOCE/calcineurin pathway
also mediates the anti-inflammatory effects of RGS10, we performed similar experiments in
control and RGS10 knockout BV2 cells where endogenous RGS10 is deleted using CRISPR/Cas?.
When STIM2 expression or SOCE/calcineurin function is inhibited, RGS10 was unable to regulate
LPS-induced COX-2 production. In addition to COX-2, we further confirmed that inhibition of
SOCE reduces the expression of TNFa and IL-6, which were validated in both BV2 and primary
microglia. These results suggested that the anti-inflammatory mechanism of RGS10 downstream
of TLR4 activation requires the STIM2/SOCE/calcineurin pathway.

If the function of RGS10 is dependent on SITM2, we expected that the anti-inflammatory
effect of RGS10 would not be limited to TLR4 signaling and RGS10 may mediate pro-
inflammatory responses downstream of other receptors that trigger store Ca2 * release. Indeed, our
study is the first to identify an anti-inflammatory effect of RGS10 in the regulation of thrombin
signaling, which is a physiologically relevant endogenous stimulus that activates protease-
activated receptor 1 (PAR-1) (Suo et al., 2002), which is a multifunctional GPCR. Furthermore,
we confirmed that SOCE is required for RGS10-mediated regulation of pro-inflammatory genes
stimulated by thrombin. Collectively, our findings reveal that RGS10 negatively regulates LPS-
and thrombin-mediated pro-inflammatory responses through a common downstream mechanism

that involves SOCE, thereby implicating a broad anti-inflammatory effect of RGS10 in microglia.
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Given that RGS10 and STIM2/SOCE have an antagonistic effect on pro-inflammatory responses,
we hypothesized that RGS10 functions to regulate SOCE in microglia. This hypothesis was tested
by monitoring live Ca?* dynamics in control and RGS10 knockout BV2 cells loaded with a
cytoplasmic Ca?* indicator. We specifically monitored extracellular Ca?* entry after store calcium
depletion using a sarco/ER Ca?*-ATPase (SERCA) channel inhibitor. Our findings indicate that
loss of RGS10 enhances SOCE in response to ER depletion, implicating a novel role of RGS10 in
SOCE regulation. Our findings from Chapter 3 collectively indicate that the anti-inflammatory
function of RGS10 requires a functional interaction with store calcium machinery and activation
of the SOCE pathway.

We have previously shown that the RGS10 E66K GAP-dead mutant (EK), although
incapable of interacting with Gai proteins, can suppress LPS-induced expression of TNFa in
TLR4-overexpressing HEK293 cells (HEK-Blue hTLR4), similar to wild-type RGS10 (WT),
supporting the G protein-independent role of RGS10 (Alginyah et al., 2018). However, this study
was performed in HEK-Blue hTLR4 cells due to the low expression of endogenous RGS10, and
this cell line does not fully mimic inflammatory responses that occur in microglia, such as COX-
2 induction. In Chapter 4, we extended the previous findings and generated human RGS10-1
overexpression BV2 cell lines in RGS10 knockout BV2 cells to investigate the effect of WT and
EK RGS10 on the regulation of TLR4 signaling in microglia. Although endogenous mouse RGS10
was substituted with a human RGS10-1 isoform, we confirmed that both the endogenous RGS10
(in CRISPR-Cas9 control cells) and the reexpressed WT human RGS10 in the knockout
background (KO-WT), could interact with activated Gai. This result is expected since the RGS-

Gai interaction surface is conserved between species (Sierra et al., 2002). We also validated that
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the reexpressed EK variant cannot interact with Gai3. Our signaling results showed that deletion
of RGS10 causes upregulation of LPS-induced COX-2 and IL-6 expression, while reexpression of
both WT and EK RGS10 similarly suppressed these effects. These results further confirmed that
the ability of RGS10 to regulate TLR4 signaling is not mediated by a canonical mechanism that
requires interaction with Gai.

So far, our study focused on the role of RGS10 in the regulation of COX-2, TNFa and IL-
6. However, RGS10 may also regulate expression of other genes downstream of TLR4 activation
and is also involved in various functions in other cellular and disease models (Almutairi et al.,
2020; Lee & Tansey, 2015). The fact that RGS10 interacts with multiple binding partners suggests
a potential diverse role for RGS10 in both resting and activated conditions. Therefore, in Chapter
4, we also performed a transcriptome analysis to investigate the global effect of RGS10-mediated
gene regulation in microglia, which is the first unbiased large-scale study to examine the function
of RGS10. Using RNA-sequencing (RNA-seq), we determined transcriptome alterations induced
by CRISPR-Cas9-mediated deletion of RGS10 in resting and LPS-activated microglia.

Our RNA-seq analysis identified 576 differentially expressed genes (DEGS) in resting RGS10
knockout BV2cells, and a greater number of DEGs in cells activated with LPS. A large portion of
DEGs identified in RGS10 knockout cells were also shared under both resting and activated
conditions, and functional enrichment analysis revealed significant upregulation of biological
processes involved in viral defense, cytokine production, and immune/inflammatory processes.
Pathway analysis further confirmed enrichment of viral defense pathways, type I and Il interferon
response pathways, and TNFa signaling via NFxB, which were all upregulated in RGS10 knockout

cells. While these effects were observed in both resting and activated samples, there was a more
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robust enrichment of inflammatory and stress response pathways in cells activated by LPS. We
specifically found an enrichment of the unfolded protein response pathway and apoptosis pathways
in DEGs exclusively upregulated by RGS10 in LPS-activated microglia. Additional analysis of
transcription factor-gene regulatory network pathways identified that a large subset of the
upregulated DEGs in RGS10 knockout cells were targets of several members of the interferon
regulatory factors (IRFs) and the NFxB family of transcription factors. A select few of the
differentially regulated genes were validated using gRT-PCR in control and RGS10 knockout BV2
cells, which showed a strong correlation with the RNA-seq data. Overall, our RNA-seq data and
functional enrichment analysis demonstrate that RGS10 has broad effects in regulating innate
immune and inflammatory response pathways in both resting and activated cells.

5.1. Limitations and future direction
5.1.1. Unexpected consequence of CRISPR-Cas9 RGS10 knockout

One of the main surprising findings in Chapter 4 is that CRISPR/Cas9-mediated editing of
RGS10 induced skipping of the exon targeted by the sgRNA (exon 2). This resulted in the
expression of a truncated form of Rgs10 transcript, as determined by exon-level count analysis,
visualization of junctional reads, and experimental validation using primers for upstream and
downstream exons. This result suggested that our presumed CRISPR/Cas9 RGS10 knockout cells
express a short form of Rgs10 transcript that lacks exon 2. Although we have not detected RGS10
protein expression using two different antibodies (commercial goat c-20 antibody and antibody
generated in collaboration with the UGA bioexpression and fermentation core), it is possible that
the short RGS10 transcript may contain a start codon with an open reading frame that translates

into a truncated RGS10 protein, which lacks the epitope detected by the RGS10 antibodies. Recent
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studies have revealed a similar unintended effect of CRISPR-Cas9 where sgRNA-targeted exons
are skipped, leading to the production of truncated forms of protein with a distinct gain-of-function
phenotype (Mou et al., 2017; Sharpe & Cooper, 2017; Tuladhar et al., 2019). Therefore, future
sequencing analysis should characterize the CRISPR/Cas9 RGS10 knockout cells to identify
potential in-frame mutations or premature termination codon, with protein-coding potential. This
may lead to the production of a truncated form of RGS10 that may have a partial functional protein
or aberrant gain of function, as previously reported (Mou et al., 2017; Tuladhar et al., 2019). Our
findings, combined with the recent reports showing an unintended effect of CRISPR/Cas9,
highlight the need to improve quality control to screen mutant clones and validating data using
different approaches, including transient gene silencing, shRNA-based stable knockdown
methods, as well as in primary cells isolated from transgenic models.

Given the identified unexpected consequence of CRISPR/Cas9, it is important to define
which DEGs and enriched biological processes/pathways identified in this study are caused by the
loss of wild-type RGS10, and which are the results of a potential gain of function or off-target
effects of exon skipping induced by CRISPR/Cas9. Therefore, this RNA-seq study is currently
being repeated in wild-type and RGS10 knockout primary cells to better characterize RGS10-
mediated transcriptional alterations in microglia.

5.1.2. RNA-seq validation

One of the most notable observations from our RNA-seq study is the fact that a large
portion of the upregulated DEGs in both resting and activated RGS10 knockout cells are enriched
in interferon response pathways and are involved in biological processes related to defense

response to virus, such as the influenza pathway. Furthermore, the SARS-COV2 innate immune
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invasion pathway and lung fibrosis pathway were shown to be enriched in RGS10 knockout cells.
These results support a recent study that implicated RGS10 in viral response functions. Almutairi
et al. (2021) demonstrated that loss of RGS10 enhances immune and inflammatory responses and
exacerbates lung damage in influenza-infected lungs (Almutairi et al., 2021). Pro-inflammatory
cytokines (such as TNFa, IL-6 and IL-1PB) and interferons are known for their potent antiviral
effects (Costela-Ruiz et al., 2020). Microglia secrete pro-inflammatory cytokines and interferons
as an antiviral defense mechanism to protect the brain; however, chronic viral infection and
associated pro-inflammatory responses are associated with accelerated brain aging and long-term
neurodegeneration (Filgueira et al., 2021). Therefore, the anti-inflammatory function of RGS10
may be linked to its role in viral defense response. Given these findings, our currently ongoing
RNA-seq study in primary microglia extends our results in Chapter 4 and incorporates interferon-
gamma (IFNy) and IFNy+LPS as additional treatment groups. IFNy is a type II interferon that
triggers an adaptive and antiviral immune response (Lee & Ashkar, 2018). We included LPS+IFNy
treatment group, as previous studies have shown that it is a suitable model for neuroinflammation,
since it can mimic a microglial activation state induced by the co-presence of damage-associated
molecular patterns (DAMPs) acting on TLRs, together with the IFNy secreted by CNS cells
(Gresa-Arribas et al., 2012). A recent transcriptome study has further confirmed that the two
stimuli generate distinct gene expression patterns and can help induce different inflammation
profiles in primary microglia (Pulido-Salgado et al., 2018). Therefore, our ongoing RNA-seq study
in primary microglia (incorporating control, LPS, IFNy and LPS+IFNy treatment groups) can help
identify the different roles and mechanisms of RGS10 in resting microglia and in response to LPS

and IFNy signaling.
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One of the most interesting findings from our RNA-seq data was the enrichment of the
unfolded protein response (UPR) pathway, which was specifically upregulated in LPS-activated
RGS10 knockout cells. The UPR pathway is activated in response to pathological insults that
induce misfolded protein buildup, ER stress, and dysregulation (Garcia-Gonzalez et al., 2018).
UPR isinitially triggered as a protective mechanism to restore cell homeostasis by blocking protein
translation to limit misfolding of proteins. When this fails, UPR triggers the pro-apoptotic pathway
by upregulating and activating transcription factor effectors, including ATF4/CHOP, and IRE1
(Van Vliet et al., 2018) A subset of DEGs upregulated in LPS-activated RGS10 knockout cells
was shown to be targets for activated transcription factor (ATF4), which is involved in biological
responses related to ER stress (Van Vliet et al., 2018). The ATF/CHOP complex and the IRE1
complex were also among the most enriched compartments in LPS-activated RGS10 knockout
cells. Chronic ER stress and UPR activation promotes neuroinflammation and are implicated in
the pathogenesis of various neurodegenerative diseases (Hiramatsu et al., 2015). Activation of the
UPR pathway has been shown to be triggered by loss of ER calcium (Preissler et al., 2020), which
induces extracellular calcium entry (Preissler et al., 2020). Since our data shows that loss of RGS10
upregulates SOCE in response to ER depletion, the upregulated UPR pathway identified in the
RNA-seq data may be related to its role in regulating SOCE. However, the potential involvement
of RGS10 in UPR pathway should be determined in a future RNA-seq study in primary microglia,
since one of the UPR marker and ATF4-target gene (Ppplrl5a), identified as DEG in LPS-
activated CRISPR/Cas9 KO cells, did not show a difference in primary microglia. Therefore, our
ongoing RNA-seq studies in primary microglia can help validate if the UPR pathway is linked to

the RGS10-STIM2/SOCE pathway.
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5.1.3. Functional interaction of RGS10 and STIM2

Given the collective findings of Chapter 3 & 4, future studies should fill the gap in
knowledge and address some limitations. The main findings of Chapter 3 are validated in primary
microglia, such as the RGS10-STIM2 interaction and the requirement of SOCE for the anti-
inflammatory function of RGS10. However, due to the limited supply of primary microglia, gene
silencing experiments that evaluated the functional interaction of RGS10 and STIM2 were not
validated in primary microglia. To address this limitation and further examine the functional
response of RGS10 and STIM2 in an intact system, we recently generated four different transgenic
mice with single and double knockout of RGS10 and STIM2. Global STIM2 knockout mice have
developmental defects and are known to have a reduced survival rate (4-6 weeks) (Oh-Hora et al.,
2008); therefore, we generated a conditional STIM2 fl/fl mouse line with CSF1R-driven Cre
expression to induce targeted knockout of STIM2 in the monocyte / macrophage / microglia
population. We generated four experimental transgenic lines: 1) RGS10+/+ and STIM2+/+
(RGS10wt/wt, Stim2 fl/fl, Csflr, cre-), 2) RGS10-/- and STIM2+/+ (RGS10-/-, Stim2 fl/fl, Csflr,
cre-), 3) RGS10+/+ and STIM2-/- (RGS10wt/wt, Stim2 fl/fl, Csflr, cre+) and 4) RGS10-/- and
STIM2-/- (RGS10-/-, Stim2 fl/fl, Csflr, cre+) (Figure A.2A). In a preliminary study, we isolated
primary cells from synchronized litters and validated our finding from Chapter 3 by examining
LPS-induced expression of COX-2. Consistent with our previous result in the CRISPR-Cas9
control and RGS10 knockout BV2 model, in which STIM2 expression was manipulated by sSiRNA,
Cre-mediated knockdown of STIM2 blocked upregulated expression of COX-2, caused by RGS10
knockout (Figure A.2B-D). These results further confirmed that STIM2 is essential for RGS10-

mediated regulation of pro-inflammatory genes in response to LPS. Our preliminary analysis of
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STIM2 expression demonstrated a partial loss of STIM2, which may be attributed to incomplete
Cre induction or microglial contamination. Therefore, ongoing studies are examining the
expression of STIM2 in different cell types and optimizing experimental conditions to obtain pure
microglia.

Future studies using these single and double knockout transgenic models will help examine
the functional interaction of RGS10 and STIM2 in primary microglia and in vivo, in a relevant
model of neuroinflammation. For example, important biological processes and pathways identified
from RNA-seq data in primary microglia can be validated in cells isolated from these four
transgenic groups to determine if STIM2 is involved in other functions and pathways regulated by
RGS10. Furthermore, our findings showed that RGS10 regulates SOCE in response to ER
depletion, and that the STIM2/SOCE pathway is important for the anti-inflammatory function of
RGS10. However, it is not clear if these two responses are linked, and if the functional interaction
of RGS10 and STIM2 is important for RGS10-mediated regulation of SOCE. This question can
be examined in primary microglia isolated from generated transgenic lines by comparing SOCE
in single and double RGS10/STIM2 knockout microglia.

5.1.4. Downstream transcription factors

Although we have shown that the anti-inflammatory effect of RGS10 requires the
STIM2/SOCE/calcineurin pathway, we do not yet know what transcription factor is essential for
RGS10-sensitive gene regulation. The direct transcription target of calcineurin is the nuclear factor
of activated T cells (NFAT), which upon dephosphorylation by calcineurin, translocates to the
nucleus and activates inflammatory genes (Park et al., 2020). NFAT function is extensively studied

in lymphocytes and other immune cells, and at least four Ca?*/calcineurin- activated NFAT
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isoforms have been previously been identified (Vaeth & Feske, 2018). We previously examined
the effect of a pan-NFAT inhibitor (VIVIT peptide) to determine if NFAT is involved in the anti-
inflammatory mechanism of RGS10; however, we only detected NFAT-sensitive inhibition of
RGS10 function at a toxic dose (data not shown). Since we were unable to determine the cell
permeability of this peptide, future studies should examine whether RGS10 alters nuclear
translocation and activation of NFAT isoforms.

Recent evidence in lymphocytes demonstrated that the STIM/SOCE-mediated calcium
mechanism plays an essential role in activating NFxB (Berry et al., 2018). Although NF«B is not
a direct substrate target for calcineurin, calcineurin inhibitors have previously been shown to have
a strong effect in inhibiting NFkB activity through unknown mechanism (Vafadari et al., 2013).
Previously, it has been shown that RGS10 inhibits NFkB activation in both LPS and TNFa
stimulated microglia (Lee et al., 2011). RGS10-mediated inhibition of NFxB has also been
implicated in other immune cells (Almutairi et al., 2021; Ren et al., 2021). In our study, we found
that TNFa signaling via NFkB is one of the most enriched pathways in RGS10 knockout cells, and
this enrichment was more prominent in activated microglia. Furthermore, many DEGs upregulated
in RGS10 knockout cells, particularly in response to LPS, were NFkB-regulated target genes. This
implies that the downstream mechanism for the anti-inflammatory effects of RGS10 may involve
inhibition of the NFkB transcriptional activity. Therefore, our RNA-seq data showing a strong
enrichment of NFkB pathway in RGS10 knockout cells, combined with the previously implicated
role of RGS10 in NF«kB signaling, indicate that the ability of RGS10 to regulate NF«kB-targeted
genes may be mediated by its functional interaction with components of the store-operated calcium

machinery. NFkB and NFAT have been shown to have biochemical interaction, and the full
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transcriptional activation of NFAT requires intact NFkB signaling and p65 transcriptional activity
(Liu etal., 2012). A recent study in microglia also showed that LPS induces SOCE and activation
of both NFAT and NF«xB (Mizuma et al., 2019). Therefore, our RNA-seq data and the previously
reported role of RGS10 suggest NFxB as a plausible candidate that links RGS10 and the SOCE
pathway, to inflammatory gene expression. However, future studies should examine whether the
STIM2/SOCE/calcineurin-sensitive effect of RGS10 is mediated by NFAT and NF«B.

5.1.5. RGS10 role in SOCE

In Chapter 3, the standard experimental approach we used to study the function of RGS10
in SOCE is by blocking SERCA Ca?* ATPase using to trigger strong ER depletion. However, this
approach has limitations, as it does not mimic physiological receptor-mediated release of ER Ca?*
which occurs through activation of the inositol 1,4,5-trisphosphate receptor (IP3R) (Harden et al.,
2011). Furthermore, our co-1P data showed that RGS10 interacts specifically with STIM2 and not
STIM1, and its interaction with STIM2 occurs in both basal and activated conditions and is not
affected by calcium, indicating a constitutive interaction of RGS10 with STIM2. Compared to
STIM1, STIM2 has a lower affinity for Ca?*, making it more sensitive to small fluctuation of store
calcium (Shalygin et al., 2015; Soboloff et al., 2012). Therefore, the effect of RGS10 on SOCE
should be examined using agonists to activate upstream receptors or using lower doses of the
SERCA inhibitor.

It is also important to determine whether RGS10 affects SOCE triggered by TLR4
activation, as a recent study demonstrated that LPS can induce SOCE in microglia (Mizumaetal.,
2019). However, studying the effect of RGS10 on SOCE using different agonists and a range of

doses may not be feasible in primary microglia due to low yield. Furthermore, the low-throughput
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live imaging analysis we performed in this study uses a fluorescent Ca?*-sensitive dye, which did
not allow us to conduct a longer time course experiment. To address this limitation, we recently
generated a lentivirus containing a genetically encoded Ca?* indicator (GECI), which is
advantageous due to its less invasive nature and lower photobleaching property, which is
advantageous for long-term calcium imaging studies (Zhong & Schleifenbaum, 2019). We have
generated stable control and RGS10 knockout BV2 cells encoding GECI and confirmed our
previous finding, which showed that loss of RGS10 enhances SOCE (Figure A.3). Given the
limitation of using the CRISPR/Cas9 RGS10 knockout cells, stable RGS10 knockdown BV2 cells
have been generated using two different shRNAs. The GECI lentivirus can be incorporated into
these cells for future high-throughput studies.

5.1.6. RGS10-STIMZ2 interaction

Although this study identified a biochemical interaction between RGS10 and STIMZ, it is
not clear whether the anti-inflammatory effect of RGS10 and its functional link to STIM2 is
mediated by the physical interaction. Future experiments should address this gap in knowledge by
characterizing in detail the nature of RGS10-STIM2 interaction. It is not clear whether RGS10
directly binds to STIM2 or if it exists in a multiprotein complex that requires linker proteins. Future
studies can test this hypothesis by native gel electrophoresis.

Although RGS10 interacts with both Gai and STIM2, our preliminary study in WT and EK
mutant RGS10 overexpression BV2 cells showed that mutant RGS10 can interact with STIM2 to
the same extent as WT RGS10 (data not shown). This implies that the biochemical interaction of
RGS10 and STIM2 and the functional link is likely mediated via GAP-independent mechanism.

Additionally, while our current findings showed that TLR4 activation does not affect the
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interaction of RGS10 with STIM2, this experiment was carried out at a single time point.
Therefore, future time-course experiments should characterize transient/dynamic interactions
between RGS10-STIM2 and RGS10-Gai and the possible functional consequence. Furthermore,
structure-function studies with truncated forms of RGS10 and SITM2 should be performed to
identify protein domains/regions essential for biochemical and functional interaction.

5.1.7. Regulation of RGS10 expression

Chronic inflammatory stimuli, such as LPS and TNFa, have previously been shown to
downregulate the expression of RGS10 in microglia (Almutairi et al., 2021; Alginyah et al., 2017;
Lee et al., 2008). One of the interesting findings of our study is that short-term depletion of ER
calcium, induced by a 20-minute treatment with SERCA inhibitor, significantly amplified LPS-
induced suppression of RGS10, which was also correlated with significant COX-2 induction. This
effect was dependent on LPS, as ER depletion did not affect RGS10 expression in cells that were
not stimulated with LPS. These results imply that functional loss of RGS10 in response to ER
stress may sensitize cells to inflammatory stimuli, leading to upregulated pro-inflammatory
responses.

Previous studies have shown that RGS10 is transcriptionally regulated through epigenetic
mechanisms (Almutairi et al., 2021; Alginyah et al., 2017; Hooks & Murph, 2015). However, in
this study, store depletion-induced suppression of RGS10 in LPS activated cells was not observed
at the transcript level (data not shown), implying a potential post-translational regulatory
mechanism. However, this needs to be investigated through time course experiments, since both
the protein-level and transcript-level regulation is examined 24 h after LPS treatment. Therefore,

transcriptional suppression may have occurred at earlier time points, and RGS10 transcript may

209



have recovered at the time point examined for this study. This hypothesis can be tested using time-
course experiments, as well as by inhibiting histone deacetylase (HDAC), which has previously
been shown to rescue LPS-induced suppression of the Rgs10 transcript in microglia (Alginyah et
al., 2017). Alternatively, the post-translational RGS10 regulation mechanism can be investigated
by inhibiting the ubiquitin-proteasome complex. Zhu et al. (2020) recently identified interactions
between RGS10 and the E3 ubiquitin tripartite motif protein 32 (TRIM32) (Zhu et al., 2020).
RGS10 protein was shown to be ubiquitinated and subsequently degraded by TRIM32 in
lateral/medial ganglionic eminence (L/MGE) progenitor cells which was also validated in Hela
cells and in embryonic brain. Therefore, future studies should examine if TRIM32 is involved in
regulating RGS10 stability in response to ER-stress and inflammation.

5.1.8. Non-canonical RGS10 interactions

In addition to STIM2, our result identified 22 other non-canonical RG10 interacting partners
in microglia that have diverse molecular functions (Table A.1). Future studies should determine
whether RGS10 affects the function of these proteins, and if these proteins regulate the expression
or function of RGS10. Since suppression of RGS10 has detrimental effects in various cellular and
disease models, it is important to identify potential mechanisms that stabilize RGS10 protein and
rescue its functional loss during inflammation and aging. In our proteomic findings, we identified
two RGS10-interacting E3 ligase proteins: STIP1 homology and U box-containing protein 1
(STUBL1) and E3 ubiquitin-protein ligase RNF146. RGS10 contains a few post-translational
modification sites, including a conserved lysine residue (Lys148) that is a putative ubiquitination
site. Since our study identified suppression of RGS10 protein induced by ER stress-related priming

of LPS, it is important to determine if either TRIM32 or the identified RGS10-interacting E3
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ubiquitin ligase mediate degradation of RGS10. RGS10 is also regulated by phosphorylation;
therefore, the identified RGS10-interacting protein kinases and phosphatases may play an essential
role in modulating the subcellular localization and function of RGS10.

Furthermore, since RGS10 contains only the conserved RGS domain, it is important to
determine if other RGS proteins also interact with these binding partners, or if the interactions are
specific to RGS10, which may implicate additional noncanonical GAP-independent functions of
RGS10.

5.2. Conclusion and Implications

Neurodegenerative diseases commonly affect people in their mid to late years, and the
prevalence is expected to increase as the general population ages. Despite significant progress in
basic and clinical research, there are currently no effective treatments for neurodegenerative
diseases, and there is an urgent need to identify and target the underlying molecular mechanisms
that contribute to the onset and development of neurodegenerative diseases. Growing evidence
showed that age-associated changes in microglia activation, such as hypersensitive response and
production of pro-inflammatory and neurotoxic mediators, contribute to progressive
neurodegeneration. Therefore, mechanisms that regulate chronic microglia activation and inhibit
neurotoxic microglia-neuron crosstalk are potential therapeutic targets for neurodegenerative
diseases.

RGS10 exerts anti-inflammatory and neuroprotective functions in microglia, but its expression
is dynamically suppressed in response to chronic stress, inflammation, and aging. Current drug
screening efforts are focusing on stabilizing RGS10 to rescue its functional loss during

inflammation. However, strategies that alter RGS10 expression should take into account the
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various functions of RGS10 in homeostatic and inflammatory conditions. Therefore,
understanding the molecular mechanism of RGS10 allows for alternative modulation of specific
pathways involved in important functions of RGS10.

In this study, we show that RGS10 negatively regulates pro-inflammatory gene expression in
microglia through a noncanonical mechanism, independent of its GAP function. Our findings
demonstrate that RGS10 biochemically and functionally interacts with STIM2, which is a
component of the store-operated calcium entry (SOCE) machinery. We also determined that
STIM2 and the SOCE pathway are essential for promoting pro-inflammatory gene expression in
microglia and that the anti-inflammatory effects of RGS10 require functional interaction with the
SOCE machinery.

The SOCE pathway promotes chronic inflammation and is involved in the pathogenesis of
various neurodegenerative diseases. Therefore, the ability of RGS10 to interact with STIM2 and
regulate SOCE exposes a novel mechanism for RGS10 and provides an additional therapeutic
target that can be modulated to compensate for the functional loss of RGS10 during inflammation.
Given that RGS10 is small and lacks a functional domain outside the conserved RGS domain, the
identified anti-inflammatory mechanism and diverse non-canonical interacting partners also have
other implications. It challenges the notion that the RGS domain exclusively mediates G protein-
dependent function, and it opens avenues for exploring the functions of RGS10 and other small
RGS proteins. Furthermore, the anti-inflammatory mechanism of RGS10 has implication beyond
neuroinflammation, including diverse pathologies in which RGS10 functions are implicated, such

as Rheumatoid arthritis, multiple sclerosis, vascular injury, viral infection, and bone disorders.
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Figure A.1. Endogenous RGS10 specifically associates with the active form of Gaiin LPS activated microglia but its ability
to downregulate COX-2 does not require Gai signaling. A) BV-microglia cells were treated with vehicle (Veh) or 10 ng/ml LPS
for 3 hours and cleared lysates were immunoprecipitated (IP) using Gai3, Gag, or control 1gG antibodies. Western blot  (I1B) was
conducted to probe for RGS10, Gai3, or Gag. B) BV-2 microglia cells were transfected with control or RGS10 siRNA. Twenty-
four hours after transfection, cells were treated with vehicle (Veh) or LPS for an additional 24 h with or without PTX (100 ng/ml).
PTX was added 4 hours prior to LPS and was included throughout the 24 h LPS treatment. Western blotting was performed using
specific antibodies against COX-2, RGS10, and the loading control GAPDH. Band intensity was analyzed from three independent
experiments and the difference between groups was analyzed by ANOVA, followed by Tukey’s test. Data are presented as mean
+ S.E.M., where *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure adapted from:
Alginyah, M., Almutairi, F., Wendimu, M. Y., & Hooks, S. B. (2018). RGS10 regulates the expression of

cyclooxygenase-2 and tumor necrosis factor Alpha through a G protein—independent mechanism. Molecular
Pharmacology, 94 (4), 1103-1113. https://doi.org/10.1124/mol.118.111674
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Figure A.2. Generation of RGS10 and STIM2 double knockout transgenic mice. A) Schematic figure depicting parental and
experimental transgenic line. STIM2 fl/fl mouse line with CSF1R-driven Cre expression was generated to induce conditional
STIM2 knockout in microglia/monocyte population. Experimental lines were generated through genetic crosses from four parental
lines*: wild-type (WT), RGS10 knockout (RGS107-), STIM2 fl/fl, and CSF1R Cre/wt). The four main experimental lines used for
study are: 1) RGS10** and STIM2*/* (Stim2 /fl| Csfir, °), 2) RGS107 and STIM2** (Stim2 WMl Csf1r, ), 3) RGS10** and
STIM27- (Stim2 ™l Csfir, ce+) and 4) RGS10” and STIM2"- (Stim2 ¥ Csfir ¢e*) B-D). Primary microglia were isolated from
synchronized litters from the four transgenic groups and treated with LPS (10 ug/mL) for 24 hours. Quantitative RT-PCR was
performed to analyze COX-2 mRNA (B), RGS10 mRNA (C) and STIM2 mRNA (D), normalized to endogenous control $-actin
(244¢r), Fold difference was determined by normalizing to vehicle control transgenic group (RGS10**, Stim2 fI/fl, Csf1rce). Data
represent mean + SEM pooled from two independent experiments. **p<0.01, determined by one-way ANOVA followed by Tukey
post hoc test.

* Wild-type and RGS10 knockout parental lines were obtained from JK. Lee laboratory at the University of Georgia, and
STIM2fl/fl and CSF1R Cre/wt mice were purchased from Jackson Laboratory.
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Figure A.3. RGS10 suppresses SOCE in stable GECIl-expressing BV2 cells. CRISPR/Cas9 control and RGS10 knockout cells
were stably transduced with lentivirus encoding GCaMP7f -mScarlet a genetically encoded calcium sensor which also contains a
co-cistronic mScarlet red fluorescent protein used for flow sorting. A) Screenshot of plasmid map for JgCamp7f (visualized using
SnapGene) and the crystal structure of GCamP in Ca2+ unbound (top) and Ca2+ bound state (bottom).* GCaMP consists of three
key domains, a central GFP domain is located in between a cytoplasmic M13 domain and a calmodulin (CaM) domain. The GFP
domain is circularly permuted so that it only fluoresces upon conformational change induced in the presence of cytoplasmic
calcium. B) Fluorescent tracing from live calcium imaging of CRISPR control-GECI (Con) and RGS10 knockout-GECI (KO) BV2
cells. Live cell imaging is initiated at time=0, and 1uM thapsigargin (TG) and 1.8mM Ca2+ were added at 120 sec and 300 sec,
respectively. Images were captured every 2.5 sec and average fluorescent intensity was quantified from 30-40 cells. C-D) Average
peak height (C) and area under the curve (D) comparison of the store-operated calcium entry peak observed after Ca2+ addition,
from two independent experiments. **p<0.01, and ****p<0.001, determined by unpaired student’s t-test.

*Crystal structure for GCaMP is adapted from:
Akerboom, J., Rivera, J. D., Guilbe, M. M., Malavé, E. C., Hernandez, H. H., Tian, L., Hires, S., Marvin, J. S., Looger, L. L., &

Schreiter, E. R. (2009). Crystal structures of the GCaMP calcium sensor reveal the mechanism of fluorescence signal change and
aid rational design. Journal of Biological Chemistry, 284 (10), 6455-6464. https://doi.org/10.1074/jbc.m807657200
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Table A.1. Subcellular localization and molecular function of RGS10 interacting partners.

Cellular .
Compartments ' |\/|.O|ECl:I|aI’ Function/
Protein Names Biological Processes
Methylosome activity;
Methylosome protein 50 nuclear receptor coactivator
Alanine aminotransferase 1 Cellular metabolism
Protein ubiquitination ;
E3 ubiquitin-protein ligase RNF146 proteasomal degradation
protein ubiquitination ;
C STIP1 homology and U box-containing protein 1 proteasomal degradation
ytoplasm — ——
Substrate recognition for protein ligase;
DDB1- and CUL4-associated factor 7 scaffold for kinases
Chaperon for spliceosome assembly;
Methylosome subunit pICin methylosome activity
Sec1 family domain-containing protein 1 Membrane fusion; intracellular trafficking
Serine/threonine-protein kinase RIO1 Protein phosphorylation; rRNA processing
Malonyl-CoA decarboxylase, mitochondrial Cellular metabolism
Tyrosine-protein phosphatase non-receptor type 2 (isoform 2) Protein dephosphorylation
cAMP-specific 3',5'-cyclic phosphodiesterase 4A (perinuclear) cAMP regulation/degradation
Dual specificity tyrosine-phosphorylation-regulated kinase 1A Protein phosphorylation
G patch domain-containing protein 2 Nucleic acid binding
Nucleus Choromodomain-helicase-DNA-binding protein 1-like Chromatin remodeling and DNA repair

Methylosome protein 50
Methylosome subunit pICIn
E3 ubiquitin-protein ligase RNF146
DDBL1- and CUL4-associated factor 7
STIP1 homology and U box-containing protein

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit
10, mitochondrial
Mitochondria Nitric oxide-associated protein 1
rRNA methyltransferase 1, mitochondrial
Malonyl-CoA decarboxylase, mitochondrial (long isoform)

Mitochondrial electron transport
Mitochondrial protein translation;
cellular respiration
Ribosomal RNA binding and methylation

Stromal interaction molecule 2
. Malectin
Endoplasmic Syntaxin-5

Reticulum Tyrosine-protein phosphatase non-receptor type 2 (isoform 1)

Secl family domain-containing protein

Regulation of store-operated calcium entry
Carbohydrate metabolism
Intracellular trafficking; vesicle transport

Syntaxin-5
cAMP-specific 3',5'-cyclic phosphodiesterase 4A
Secl family domain-containing protein 1

Golgi membrane protein 1
Arf-GAP with coiled-coil, ANK repeat and PH domain-containing

Golgi Apparatus

Endosome protein 1 Intracellular trafficking
F-BAR and double SH3 domains protein 2 Intracellular trafficking
Peroxisome Malonyl-CoA decarboxylase, mitochondrial (short isoform) Peroxisomal fatty acid metabolism
Plasma
Membrane Anion exchange protein 2 lon transport; pH regulation
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Table A.2: Differentially regulated genes in resting CRISPR/Cas9 RGS10 knockout BV2 cells compared to CRISPR/Cas9

control cells.
Upregulated Downregulated
Ensembl ID Symbol log2  Adj.Pval Ensembl 1D Symbol log2  Adj.Pval
FC FC
ENSMUSG00000010122  Slc47al 4.26 1.06E-130 | ENSMUSG00000002985  Apoe -2.93 3.82E-168
ENSMUSG00000028245  Nsmaf 2.44 1.99E-71 ENSMUSG00000028976  Slc2a5 -11.58 2.60E-74
ENSMUSG00000039221  Rpl22I1 2.39 4.12E-52 ENSMUSG00000071547  Nt5dc2 -1.63 7.48E-59
ENSMUSG00000021719  Rgs7bp 321 9.76E-50 ENSMUSG00000031709  Thcld9 -2.40 2.23E-56
ENSMUSG00000006373  Pgrmcl 2.07 6.07E-46 ENSMUSG00000028937  Acot7 -1.37 1.30E-50
ENSMUSG00000044864  Ankrd50 4.61 1.16E-44 ENSMUSG00000009614  Sardh -3.56 7.52E-50
ENSMUSG00000020099  Unc5b 2.57 3.73E-39 ENSMUSG00000028766  Alpl -1.25 9.95E-39
ENSMUSG00000054387 Mdm4 1.08 1.04E-37 ENSMUSG00000060206  Zfp462 -3.29 3.99E-36
ENSMUSG00000031382  Asbll 3.63 2.04E-35 ENSMUSG00000040950  Mgl2 -2.95 5.27E-34
ENSMUSG00000025558  Dock9 4.54 2.76E-30 ENSMUSG00000032554  Trf -1.80 8.62E-34
ENSMUSG00000039200  Atf7ip2 390  5.16E-29 | ENSMUSG00000009376 Met -362  5.88E-33
ENSMUSG00000026594  Ralgps2 1.52 1.79E-28 ENSMUSG00000014361  Mertk -3.21 1.45E-31
ENSMUSG00000026380  Tfcp2l1 291 2.71E-25 | ENSMUSG00000024736 Tmem132a -5.98  2.59E-30
ENSMUSG00000085456  Gm15398 3.64 1.44E-24 ENSMUSG00000040659  Efhd2 -1.03 4.99E-28
ENSMUSG00000030108  Slc6al3 1.83  9.34E-24 | ENSMUSG00000051457  Spn -245  1.33E-27
ENSMUSG00000029769  Ccdc136 3.21 1.48E-23 ENSMUSG00000036905 Clgb -3.12 4.09E-27
ENSMUSG00000052727  Maplb 1.84  5.46E-22 | ENSMUSG00000022240  Ctnnd2 -1.84  7.06E-27
ENSMUSG00000059900  Tmem40 1.09 4.12E-21 ENSMUSG00000028111  Ctsk -2.34 5.44E-26
ENSMUSG00000031647  Mfap3l 2.67 7.72E-21 | ENSMUSG00000018459  Slc13a3 -2.04  5.97E-25
ENSMUSG00000035578  Iqcg 2.09 1.43E-19 ENSMUSG00000021676  Iqgap2 -1.53 2.45E-24
ENSMUSG00000079017  Ifi2712a 216  6.20E-18 | ENSMUSG00000039716 Dock3 -158  2.72E-24
ENSMUSG00000011263  Exoc3I2 1.70 6.49E-17 ENSMUSG00000031934  Panxl -1.56 3.75E-24
ENSMUSG00000026675  Hsd17b7 1.31 6.49E-17 | ENSMUSG00000038244  Mical2 -1.84  1.37E-23
ENSMUSG00000055782  Abcd?2 1.70 1.41E-15 ENSMUSG00000045322  TIr9 -1.15 8.53E-23
ENSMUSG00000034295  Fhod3 3.24 2.55E-15 ENSMUSG00000015846  Rxra -1.34 1.05E-22
ENSMUSG00000000244  Tspan32 1.33 2.63E-15 ENSMUSG00000032359  Ctsh -1.91 1.85E-22
ENSMUSG00000072572  Slc39a2 1.73 3.50E-15 ENSMUSG00000085241  Snhg3 -1.22 7.26E-21
ENSMUSG00000030515  Tarsl2 5.75 7.26E-14 ENSMUSG00000004633  Chn2 -1.60 1.08E-20
ENSMUSG00000024912  Fosll 2.56 2.38E-13 ENSMUSG00000040627  Aicda -2.83 1.89E-17
ENSMUSG00000043207  Zmpste24 1.17 3.09E-13 ENSMUSG00000028744  Pqlc2 -1.22 2.67E-17
ENSMUSG00000036528  Ppfibp2 4.28 4.24E-13 ENSMUSG00000026932  Nacc2 -1.59 2.75E-17
ENSMUSG00000058317  Ube2e2 1.38 5.98E-13 ENSMUSG00000048376  F2r -2.42 4.13E-17
ENSMUSG00000021136  Smocl 3.95 6.94E-13 ENSMUSG00000040860 Crocc -1.20 6.96E-17
ENSMUSG00000006221  Hspb7 1.04 8.48E-13 ENSMUSG00000078517  Emcl -1.07 1.05E-16
ENSMUSG00000029359  Tesc 2.22 2.57E-12 ENSMUSG00000037605  Adgrl3 -9.22 3.49E-16
ENSMUSG00000022026 ~ Olfm4 1.96  2.60E-12 | ENSMUSG00000043154 Ppp2r3a -157  1.66E-15
ENSMUSG00000023800  Tiam2 1.37 5.16E-12 | ENSMUSG00000028917  Plekhm2 -1.04  4.18E-15
ENSMUSG00000024538  Ppic 7.75  5.85E-12 | ENSMUSG00000018983  E2f2 -1.32  5.00E-15
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ENSMUSG00000026815
ENSMUSG00000026817
ENSMUSG00000035451
ENSMUSG00000053835
ENSMUSG00000102918
ENSMUSG00000001494
ENSMUSG00000117465
ENSMUSG00000033214
ENSMUSG00000022514
ENSMUSG00000031410
ENSMUSG00000005973
ENSMUSG00000090698
ENSMUSG00000069171
ENSMUSG00000028194
ENSMUSG00000055069
ENSMUSG00000046152
ENSMUSG00000097177
ENSMUSG00000028133
ENSMUSG00000057337
ENSMUSG00000028470
ENSMUSG00000047867
ENSMUSG00000032690
ENSMUSG00000024395
ENSMUSG00000095253
ENSMUSG00000046598
ENSMUSG00000041827
ENSMUSG00000026285
ENSMUSG00000028480
ENSMUSG00000097848
ENSMUSG00000011832
ENSMUSG00000029112
ENSMUSG00000063450
ENSMUSG00000019970
ENSMUSG00000054423
ENSMUSG00000095180
ENSMUSG00000033355
ENSMUSG00000020598
ENSMUSG00000041075
ENSMUSG00000079554
ENSMUSG00000030107
ENSMUSG00000078606
ENSMUSG00000040296
ENSMUSG00000022018

Gfilb
Akl
Foxal
H2-T24
Pcdhgc3
Sost

Slitrk5
I11rap
Nxf7
Renl
Apoldl
Nr2fl
Ddahl
Rab39
Fut10
9330159M07Rik
Rwdd3
Chst3
Hint2
Gimap6
Oas2
Lims2
Zfp799
Bdhl
Oasll
Pdcd1
Glipr2
Gm807
Evibl
Nkx1-1
Syne2
Sgkl
Cadps
Rhox5
Rtp4
Nrcam
Fzd7
Aox2
Uspl8
Gm4070
Ddx58
Rgcc

2.65
3.03
1.66
2.03
7.74
2.45
1.10
2.44
7.43
2.75
1.58
241
114
7.44
541
1.48
4.84
1.41
1.13
4.34
1.85
1.40
2.66
1.02
3.17
1.10
2.24
1.48
2.18
6.75
5.07
3.46
1.64
1.49
2.79
1.92
1.22
112
3.06
1.50
1.60
1.62
1.38

1.24E-11
1.31E-11
1.94E-11
2.59E-11
2.65E-11
2.98E-11
7.90E-11
8.44E-11
2.24E-10
3.92E-10
4.65E-10
4.97E-10
5.59E-10
5.80E-10
6.46E-10
9.30E-10
1.44E-09
1.62E-09
1.62E-09
2.21E-09
2.23E-09
5.39E-09
5.91E-09
6.10E-09
6.24E-09
6.93E-09
9.25E-09
1.13E-08
1.40E-08
1.42E-08
1.42E-08
1.55E-08
1.63E-08
1.76E-08
1.87E-08
1.94E-08
1.99E-08
1.99E-08
2.21E-08
2.85E-08
3.03E-08
3.18E-08
5.81E-08

ENSMUSG00000041161
ENSMUSG00000103174
ENSMUSG00000027002
ENSMUSG00000028948
ENSMUSG00000015222
ENSMUSG00000005225
ENSMUSG00000036896
ENSMUSG00000019055
ENSMUSG00000028669
ENSMUSG00000028737
ENSMUSG00000025277
ENSMUSG00000024897
ENSMUSG00000020865
ENSMUSG00000000247
ENSMUSG00000069792
ENSMUSG00000020331
ENSMUSG00000029596
ENSMUSG00000031925
ENSMUSG00000048332
ENSMUSG00000005043
ENSMUSG00000032265
ENSMUSG00000021892
ENSMUSG00000021838
ENSMUSG00000030844
ENSMUSG00000077394
ENSMUSG00000017697
ENSMUSG00000018927
ENSMUSG00000078490
ENSMUSG00000028743
ENSMUSG00000026712
ENSMUSG00000031391
ENSMUSG00000030600
ENSMUSG00000024397
ENSMUSG00000034570
ENSMUSG00000027864
ENSMUSG00000028327
ENSMUSG00000041361
ENSMUSG00000087381
ENSMUSG00000059401
ENSMUSG00000002489
ENSMUSG00000021913
ENSMUSG00000040570
ENSMUSG00000103183

Otud3
Gm37168
Nckapl
Nol9
Map2
Plekha8
Clqc
Plodl
Pithd1
Aldh4al
Abhd6
Apbal
Abcc3
Lhx2
Wfdcl7
Hcn2
Sdsl
Mamil2
Lhfp
Sgsh
Fam46a
Sh3bp5
Samd4
Rgs10
Gm24339
Ada
Ccl6
Cfap74
Akr7ab
Mrcl
Llcam
Lrfnl
Aifl
Inpp5j
Ptgfrn
Stra6l
Myzap
Gm16008
Mamld1
Tiaml
Ogdhl
Rundc3b
Gm37090

-1.05
-1.65
-1.20
-1.00
-3.27
-1.06
-3.10
-1.11
-1.12
-1.57
-1.04
-1.69
-1.60
-1.37
-2.08
-1.54
-2.76
-1.45
-2.47
-1.14
-1.24
-1.10
-1.07
-1.16
-1.40
-1.42
-1.36
-6.93
-1.09
-2.11
-1.51
-1.28
-1.69
-1.72
-3.59
-1.08
-3.71
-3.86
-1.78
-2.57
-2.62
-1.31
-3.49

5.30E-15
6.21E-15
5.02E-14
1.86E-13
2.09E-13
2.37E-13
2.64E-13
1.19E-12
1.33E-12
1.83E-12
6.31E-12
3.71E-11
5.93E-11
8.51E-11
2.13E-10
2.13E-10
2.24E-10
7.07E-10
8.42E-10
8.46E-10
1.19E-09
1.21E-09
3.42E-09
5.05E-09
5.44E-09
6.36E-09
6.36E-09
7.20E-09
1.13E-08
1.15E-08
1.42E-08
1.72E-08
1.74E-08
3.35E-08
3.37E-08
1.32E-07
1.75E-07
1.98E-07
3.64E-07
4.35E-07
5.14E-07
7.90E-07
1.06E-06
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ENSMUSG00000074794
ENSMUSG00000036853
ENSMUSG00000044231
ENSMUSG00000040086
ENSMUSG00000027082
ENSMUSG00000091698
ENSMUSG00000060568
ENSMUSG00000040557
ENSMUSG00000054342
ENSMUSG00000033594
ENSMUSG00000000266
ENSMUSG00000004347
ENSMUSG00000030921
ENSMUSG00000115801
ENSMUSG00000099375
ENSMUSG00000026883
ENSMUSG00000020396
ENSMUSG00000042102
ENSMUSG00000096210
ENSMUSG00000035105
ENSMUSG00000073902
ENSMUSG00000079243
ENSMUSG00000063354
ENSMUSG00000026068
ENSMUSG00000041592
ENSMUSG00000054404
ENSMUSG00000100157
ENSMUSG00000000489
ENSMUSG00000021589
ENSMUSG00000001761
ENSMUSG00000040483
ENSMUSG00000040488
ENSMUSG00000051124
ENSMUSG00000063286
ENSMUSG00000079794
ENSMUSG00000025498
ENSMUSG00000029603
ENSMUSG00000038602
ENSMUSG00000023915
ENSMUSG00000036764
ENSMUSG00000054263
ENSMUSG00000057596
ENSMUSG00000044086

Arrdc3
Mcoln3
Nhlrcl
Tnni3k
Tfpi
Gm6526
Fam78b
Mettl27
Kcnn4
Spata2l
Mid2
Pdelc
Trim30a
AC160336.1
Gm28187
Dab2ip
Nefh
Dmgdh
H1f0
EgIn3
Gm1966
Xirpl
Slc39a4
1118rap
Sdk2
SIfn5
2310034005Rik
Pdgfb
Rhobth3
Smo
Xafl
Ltbp4
Gimap9
Gm8995
AC125149.2
Irf7
Dtx1
Slc35f1
Tnfrsf21
Dnajc12
Lifr
Trim30d
Lmod3

1.06
1.98
1.14
1.69
3.11
211
1.33
1.90
153
4.34
2.88
3.27
141
1.62
4.07
1.27
4.02
5.44
1.06
2.50
2.58
2.12
1.33
1.15
2.39
2.59
5.90
1.10
1.37
3.80
1.44
2.20
2.95
1.00
1.89
1.42
2.26
2.16
5.61
1.17
2.08
2.07
154

7.64E-08
9.26E-08
1.17E-07
1.20E-07
1.21E-07
1.32E-07
1.37E-07
1.88E-07
1.89E-07
2.35E-07
2.46E-07
2.74E-07
2.77E-07
3.23E-07
3.27E-07
3.60E-07
4.27E-07
4.47E-07
5.51E-07
6.53E-07
9.06E-07
9.69E-07
9.83E-07
9.84E-07
1.02E-06
1.12E-06
1.15E-06
1.85E-06
2.25E-06
2.86E-06
3.43E-06
3.47E-06
3.56E-06
3.84E-06
4.36E-06
4.36E-06
4.46E-06
4.58E-06
4.68E-06
5.31E-06
7.15E-06
8.11E-06
8.42E-06

ENSMUSG00000026556
ENSMUSG00000040522
ENSMUSG00000028751
ENSMUSG00000108060
ENSMUSG00000111390
ENSMUSG00000022235
ENSMUSG00000066000
ENSMUSG00000028599
ENSMUSG00000041351
ENSMUSG00000036995
ENSMUSG00000010051
ENSMUSG00000050493
ENSMUSG00000024743
ENSMUSG00000024247
ENSMUSG00000039759
ENSMUSG00000012123
ENSMUSG00000006205
ENSMUSG00000005045
ENSMUSG00000019779
ENSMUSG00000027322
ENSMUSG00000078864
ENSMUSG00000031860
ENSMUSG00000027939
ENSMUSG00000039908
ENSMUSG00000039043
ENSMUSG00000022817
ENSMUSG00000033209
ENSMUSG00000025357
ENSMUSG00000024424
ENSMUSG00000029553
ENSMUSG00000103622
ENSMUSG00000045777
ENSMUSG00000032482
ENSMUSG00000036887
ENSMUSG00000097654
ENSMUSG00000029718
ENSMUSG00000117079
ENSMUSG00000020388
ENSMUSG00000023868
ENSMUSG00000024737
ENSMUSG00000050957
ENSMUSG00000027329
ENSMUSG00000048924

Vangl2
TIr8
Pla2g2e

49215291 05Rik

Gm48796
Cmbl
Zfp979
Tnfrsflb
Raplgap
Asap3
Hyall
Fam167b
Syt7
Pkdcc
Thap3
Crybg2
Htral
Chd5

Frk
Siglecl
Gm14322
Pbx4
Nup210I
Slc26a1l
Arpin
Itgh5
Ttc28
Dgka
Ttc39¢
Tfec
Gm38391
Ifitm10
Cspg5
Clga
Gm26714

Pcolce

Pdlim4
Pdel0a
Slc15a3
Insl6
Spefl
Ccdcl125

-1.21
-2.44
-1.31
-3.89
-2.63
-1.53
-5.62
-1.14
-1.39
-1.70
-1.72
-1.30
-1.04
-1.09
-1.05
-5.40
-1.64
-1.18
-1.36
-1.01
-3.00
-1.12
-1.41
-1.09
-1.28
-1.08
-1.32
-1.86
-5.15
-1.15
-1.04
-2.57
-1.66
-2.78
-1.42
-1.65
-2.72
-1.60
-4.96
-1.10
-1.05
-1.03
-1.53

1.29E-06
1.65E-06
2.74E-06
3.31E-06
3.47E-06
4.45E-06
4.47E-06
4.74E-06
4.96E-06
4.97E-06
5.60E-06
6.70E-06
6.92E-06
8.93E-06
1.12E-05
1.42E-05
1.75E-05
1.86E-05
2.13E-05
2.44E-05
2.59E-05
3.16E-05
3.36E-05
3.38E-05
3.51E-05
3.54E-05
4.06E-05
4.45E-05
4.80E-05
4.86E-05
6.65E-05
8.32E-05
1.02E-04
1.06E-04
1.72E-04
1.78E-04
2.14E-04
2.14E-04
2.51E-04
2.61E-04
2.78E-04
2.82E-04
2.84E-04
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ENSMUSG00000018849
ENSMUSG00000115483
ENSMUSG00000001700
ENSMUSG00000029833
ENSMUSG00000020577
ENSMUSG00000045095
ENSMUSG00000047409
ENSMUSG00000009654
ENSMUSG00000020541
ENSMUSG00000039765
ENSMUSG00000031955
ENSMUSG00000079267
ENSMUSG00000029821
ENSMUSG00000069855
ENSMUSG00000028268
ENSMUSG00000029314
ENSMUSG00000036019
ENSMUSG00000104063
ENSMUSG00000028965
ENSMUSG00000020638
ENSMUSG00000031722
ENSMUSG00000041460
ENSMUSG00000031842
ENSMUSG00000078952
ENSMUSG00000063873
ENSMUSG00000045868
ENSMUSG00000079491
ENSMUSG00000068699
ENSMUSG00000034799
ENSMUSG00000049848
ENSMUSG00000056665
ENSMUSG00000027961
ENSMUSG00000003153
ENSMUSG00000037411
ENSMUSG00000109829
ENSMUSG00000089822
ENSMUSG00000025932
ENSMUSG00000104348
ENSMUSG00000103400
ENSMUSG00000026679
ENSMUSG00000026494
ENSMUSG00000025494
ENSMUSG00000000359

Wwel
AC166344.3
Gramd3
Trim24
Tspanl3
Magil
Ctdspl
Oit3
Tomlll
Cc2d2a
Bcarl
Gm5930
Gsdme
Slc47a2
Gbp3
Gpat3
Tmtc2
Pcdhgb7
Tnfrsf9
Cmpk2
Hp
Cacna2d4
Pde4c
Lncencl
Slc24a3
Gvinl
H2-T10
Finc
Uncl3a
Ceacam19
Them6
Lrrc39
Slc2a3
Serpinel
Gm45605
Gm15759
Eyal
Gm37691
Gm15853
Enkur
Kif26b
Sigirr
Reml

157
553
3.11
1.28
1.34
1.60
3.99
1.16
1.12
6.09
1.26
4.46
1.46
5.93
151
1.52
115
1.61
2.06
1.32
2.16
1.18
3.50
355
3.29
152
478
1.25
1.06
497
1.29
1.25
111
1.09
253
5.32
3.11
1.00
1.15
1.60
2.87
3.22
2.38

1.00E-05
1.02E-05
1.12E-05
1.22E-05
1.30E-05
1.40E-05
1.45E-05
1.48E-05
1.62E-05
1.72E-05
1.73E-05
1.92E-05
2.38E-05
2.89E-05
3.10E-05
3.29E-05
3.35E-05
3.79E-05
4.29E-05
5.73E-05
5.95E-05
6.15E-05
6.35E-05
7.77E-05
9.24E-05
9.78E-05
1.02E-04
1.59E-04
1.80E-04
1.83E-04
1.87E-04
1.87E-04
1.95E-04
2.23E-04
2.35E-04
2.39E-04
2.55E-04
2.58E-04
2.60E-04
2.65E-04
2.67E-04
2.73E-04
2.98E-04

ENSMUSG00000108239
ENSMUSG00000079419
ENSMUSG00000062515
ENSMUSG00000114610
ENSMUSG00000074607
ENSMUSG00000028373
ENSMUSG00000037139
ENSMUSG00000033419
ENSMUSG00000096740
ENSMUSG00000071604
ENSMUSG00000079598
ENSMUSG00000008540
ENSMUSG00000084910
ENSMUSG00000099757
ENSMUSG00000079429
ENSMUSG00000118132
ENSMUSG00000111533
ENSMUSG00000101493
ENSMUSG00000104467
ENSMUSG00000000409
ENSMUSG00000097313
ENSMUSG00000074340
ENSMUSG00000020658
ENSMUSG00000024677
ENSMUSG00000048534
ENSMUSG00000090173
ENSMUSG00000110730
ENSMUSG00000066233
ENSMUSG00000017144
ENSMUSG00000027805
ENSMUSG00000019359
ENSMUSG00000114584
ENSMUSG00000030708
ENSMUSG00000029084
ENSMUSG00000018334
ENSMUSG00000020334
ENSMUSG00000021303
ENSMUSG00000054510
ENSMUSG00000032232
ENSMUSG00000094447
ENSMUSG00000025804
ENSMUSG00000026579
ENSMUSG00000039699

Gm19434 -1.49
Ms4a6c -1.42
Fabp4 -1.11
Cyp2c52-ps -4.37
Tox2 -1.81
Astn2 -2.43
Myom3 -1.46
Snap91 -3.64
Lbhd1 -1.00
Fam189a2 -1.69
Clec2l -3.99
Mgstl -4.38
C630043F03Rik  -1.24
BE692007 -1.92
Mroh2a -1.26

-1.92
AC137127.1 -1.38
2810405F17Rik  -1.16
Gm37660 -2.09
Lck -1.62
Gm26569 -2.11
Ovgpl -1.02
Efr3b -1.04
Ms4a6h -2.18
Jaml -1.75
Fbxw10 -1.42
Gm19385 -1.45
Tmem42 -1.16
Rnd3 -3.24
Pfn2 -1.41
Gdpd2 -1.96
Gm47694 -1.22
Dnajb13 -1.03
Cd38 -1.64
Ksrl -1.26
Slc22a4 -1.04
Gng4 -1.42
Gm14461 -2.48
Cgnll -1.56
9430069107Rik  -3.66
Cerl -1.16
F5 -1.74
Batf2 -3.14

2.93E-04
3.04E-04
3.51E-04
3.64E-04
4.02E-04
4.05E-04
4.26E-04
4.91E-04
5.11E-04
5.46E-04
5.84E-04
6.95E-04
9.29E-04
9.76E-04
1.02E-03
1.10E-03
1.17E-03
1.20E-03
1.42E-03
1.42E-03
1.51E-03
1.70E-03
1.74E-03
1.94E-03
2.12E-03
2.26E-03
2.28E-03
2.31E-03
2.49E-03
2.58E-03
2.64E-03
2.65E-03
2.65E-03
3.04E-03
3.13E-03
3.15E-03
3.16E-03
3.33E-03
4.41E-03
4.52E-03
4.53E-03
4.56E-03
4.66E-03
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ENSMUSG00000099470
ENSMUSG00000020641
ENSMUSG00000024617
ENSMUSG00000049235
ENSMUSG00000048285
ENSMUSG00000111752
ENSMUSG00000030589
ENSMUSG00000108659
ENSMUSG00000097365
ENSMUSG00000037664
ENSMUSG00000030745
ENSMUSG00000002228
ENSMUSG00000043439
ENSMUSG00000020872
ENSMUSG00000017830
ENSMUSG00000002007
ENSMUSG00000097254
ENSMUSG00000102559
ENSMUSG00000063564
ENSMUSG00000030790
ENSMUSG00000085527
ENSMUSG00000035041
ENSMUSG00000113440
ENSMUSG00000026581
ENSMUSG00000031442
ENSMUSG00000042207
ENSMUSG00000024190
ENSMUSG00000073530
ENSMUSG00000030156
ENSMUSG00000041481
ENSMUSG00000039960
ENSMUSG00000030157
ENSMUSG00000028195
ENSMUSG00000029561
ENSMUSG00000053846
ENSMUSG00000079457
ENSMUSG00000079138
ENSMUSG00000003882
ENSMUSG00000044770
ENSMUSG00000002459
ENSMUSG00000023341
ENSMUSG00000073600
ENSMUSG00000113131

Gm29340
Rsad2
Camk2a
Gm7324
Frmd6
Gm38575
Rasgrp4
Gm34121
C030034L19Rik
Cdknlc
1121r
Ppmij
Epop
Tacd
Dhx58
Srpk3
C430042M11Rik
Gm37570
Col23al
Adm
Gm15535
Creb3I3
Gm46404
Sell
Mcf2l
Kdm5h
Duspl
Pappa2
Cd69
Serpina3g
Rhou
Clec2d
Cyr6l
Oasl2
Lipg
Gm7609
Gm8818
17r
Scml4
Rgs20
Mx2
Probl
Gm48290

1.02
1.18
1.00
1.76
111
2.50
1.29
1.07
1.58
2.59
1.05
1.05
1.36
2.19
1.01
1.30
171
1.87
1.15
2.23
1.22
4.23
1.57
2.33
1.00
3.01
1.06
1.73
1.15
1.27
1.20
1.05
3.21
1.64
4.72
2.44
2.58
1.38
1.05
1.63
1.34
1.01
2.37

3.16E-04
3.29E-04
3.35E-04
3.45E-04
4.17E-04
4.18E-04
4.18E-04
6.09E-04
6.11E-04
6.94E-04
9.50E-04
9.61E-04
9.74E-04
9.83E-04
1.04E-03
1.19E-03
1.34E-03
1.35E-03
1.35E-03
1.38E-03
1.61E-03
1.69E-03
1.74E-03
1.77E-03
1.77E-03
1.97E-03
2.25E-03
2.32E-03
2.34E-03
2.48E-03
2.59E-03
2.59E-03
2.76E-03
2.77E-03
2.99E-03
3.17E-03
3.19E-03
3.21E-03
3.21E-03
3.22E-03
3.22E-03
3.28E-03
3.42E-03

ENSMUSG00000112959
ENSMUSG00000002100
ENSMUSG00000045065
ENSMUSG00000021880
ENSMUSG00000035270
ENSMUSG00000038151
ENSMUSG00000039787
ENSMUSG00000041189
ENSMUSG00000018566
ENSMUSG00000109953
ENSMUSG00000046733
ENSMUSG00000016024
ENSMUSG00000007872
ENSMUSG00000027219
ENSMUSG00000038523
ENSMUSG00000074796
ENSMUSG00000034438
ENSMUSG00000024770
ENSMUSG00000081103
ENSMUSG00000027546
ENSMUSG00000024672
ENSMUSG00000099655
ENSMUSG00000026866
ENSMUSG00000075569
ENSMUSG00000066755
ENSMUSG00000040026
ENSMUSG00000033967
ENSMUSG00000031963
ENSMUSG00000045349
ENSMUSG00000024990
ENSMUSG00000032470
ENSMUSG00000022504
ENSMUSG00000077506
ENSMUSG00000027223
ENSMUSG00000074899
ENSMUSG00000087445
ENSMUSG00000018924
ENSMUSG00000063652
ENSMUSG00000032375
ENSMUSG00000028602
ENSMUSG00000004814
ENSMUSG00000110018
ENSMUSG00000021797

Gm32834
Mybpc3
9930022D16Rik
Rnase6

Impg2

Prdml

Cercam

Chrnbl

Slc2a4
5430430B14Rik
Gprcba

Lbp

1d3

Slc28a2
1700003F12Rik
Slcdall

Gbp8

Lipn
Rps12-ps26
Atp9a

Ms4a7
2310034G01Rik
Kynu

Rsph10b
Tnfsf18

Saa3

Rnf225

Bmper

Sh2d5

Rbp4

Mras

Ciita

Scarna9
Mapk8ipl
Sptbn5
Gm14286
Alox15
Slc22a21
Aphlb

Tnfrsf8

Ccl24
5430437J10Rik
9230112D13Rik

-1.74
-1.78
-1.14
-2.78
-2.30
-1.18
-1.11
-1.07
-1.87
-1.59
-4.60
-2.24
-2.39
-1.21
-1.78
-1.24
-1.40
-1.59
-1.06
-1.04
-1.32
-1.36
-1.14
-1.86
-1.63
-1.58
-1.12
-3.87
-1.08
-1.55
-2.18
-3.23
-1.69
-2.54
-1.47
-1.18
-1.81
-1.17
-1.05
-1.32
-2.20
-1.18
-1.06

4.66E-03
4.85E-03
5.07E-03
5.26E-03
5.31E-03
5.50E-03
5.82E-03
5.84E-03
6.09E-03
6.49E-03
6.58E-03
6.70E-03
7.11E-03
7.31E-03
7.41E-03
7.90E-03
7.99E-03
8.16E-03
8.54E-03
8.84E-03
8.89E-03
8.91E-03
8.99E-03
9.31E-03
9.58E-03
1.05E-02
1.15E-02
1.17E-02
1.34E-02
1.37E-02
1.44E-02
1.47E-02
1.48E-02
1.49E-02
1.56E-02
1.74E-02
1.77E-02
1.81E-02
1.85E-02
1.92E-02
1.95E-02
1.95E-02
1.95E-02
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ENSMUSG00000021974
ENSMUSG00000055865
ENSMUSG00000046447
ENSMUSG00000025610
ENSMUSG00000037887
ENSMUSG00000006362
ENSMUSG00000032238
ENSMUSG00000017314
ENSMUSG00000022221
ENSMUSG00000097418
ENSMUSG00000060534
ENSMUSG00000021062
ENSMUSG00000023830
ENSMUSG00000032033
ENSMUSG00000078716
ENSMUSG00000107215
ENSMUSG00000027261
ENSMUSG00000102543
ENSMUSG00000097104
ENSMUSG00000029544
ENSMUSG00000038201
ENSMUSG00000050967
ENSMUSG00000105940
ENSMUSG00000041607
ENSMUSG00000104568
ENSMUSG00000052373
ENSMUSG00000053963
ENSMUSG00000022602
ENSMUSG00000029392
ENSMUSG00000020310
ENSMUSG00000019987
ENSMUSG00000037419
ENSMUSG00000075184
ENSMUSG00000057346
ENSMUSG00000079244
ENSMUSG00000052485
ENSMUSG00000040253
ENSMUSG00000053101
ENSMUSG00000005131
ENSMUSG00000027803
ENSMUSG00000044562
ENSMUSG00000053687

Fgf9
Fam19a3
Camk2nl
Map3k7cl
Dusp8
Cbfa2t3
Rora
Mpp2
Ripk3
Mir155hg
Dcc
Rab15
Igf2r
Barx2
Tmem8b
Gm43197
Haol
Pcdhgc5
Gm26579
Cabpl
Kcna?
Creg2
Gm42635
Mbp
Gm43255
Mpp3
Stum

Arc
Rilpl1
Madcam1
Argl
Endodl
F930017D23Rik
Apol9a
Gm5622
Tmem171
Gbp7
Gprl4l
4930550C14Rik
Wwtrl
Rasipl
Dpep2

1.18
1.04
2.64
2.13
1.59
2.12
1.08
1.57
1.04
1.83
4.79
1.72
113
2.19
2.23
1.03
2.86
3.67
3.55
1.95
1.32
1.27
1.48
1.41
2.39
1.07
2.38
3.23
2.27
2.22
1.76
3.38
1.47
3.09
3.23
1.41
1.04
1.85
1.30
2.77
1.00
1.18

3.60E-03
3.89E-03
4.12E-03
4.24E-03
5.00E-03
5.03E-03
5.22E-03
5.38E-03
5.55E-03
6.13E-03
6.44E-03
6.49E-03
6.68E-03
6.99E-03
7.05E-03
7.16E-03
7.30E-03
7.55E-03
7.67E-03
7.74E-03
7.83E-03
8.73E-03
8.97E-03
8.97E-03
9.44E-03
9.66E-03
1.08E-02
1.01E-02
1.15E-02
1.22E-02
1.23E-02
1.28E-02
1.28E-02
1.31E-02
1.37E-02
1.37E-02
1.41E-02
1.43E-02
1.46E-02
1.47E-02
1.55E-02
1.57E-02

ENSMUSG00000114279
ENSMUSG00000078838
ENSMUSG00000055561
ENSMUSG00000039109
ENSMUSG00000055360
ENSMUSG00000017412
ENSMUSG00000036641
ENSMUSG00002076074
ENSMUSG00000064899
ENSMUSG00000039691
ENSMUSG00000051984
ENSMUSG00000085006
ENSMUSG00000050357
ENSMUSG00000024871
ENSMUSG00000095609
ENSMUSG00000086657
ENSMUSG00000111212
ENSMUSG00000040828
ENSMUSG00000069266
ENSMUSG00000019768
ENSMUSG00000089829
ENSMUSG00000032012
ENSMUSG00000085772
ENSMUSG00000108350
ENSMUSG00000118839
ENSMUSG00000060093
ENSMUSG00000097399

Histlh2bm
Gm17382
Spink5
F13al
Pri2c5
Cacnb4
Ccdc148

Snord118
Tspanl10
Sec31b
BC021767
Carmil2
Doc2g
Gm21188
Stamos
Gm47087
Catsperd
Histlh4b
Esrl
Gm16565
Nectinl
D630024D03Rik
Gm44950

Histlhda
Gm26555

-3.21
-1.16
-2.42
-1.26
-3.66
-1.56
-1.97
-1.29
-3.32
-1.79
-1.13
-4.20
-2.16
-1.25
-2.64
-1.22
-2.73
-1.52
-2.92
-1.18
-1.86
-1.08
-1.21
-1.20
-3.48
-2.90
-1.14

1.99E-02
1.99E-02
2.02E-02
2.15E-02
2.21E-02
2.26E-02
2.27E-02
2.30E-02
2.45E-02
2.48E-02
2.56E-02
2.61E-02
2.72E-02
2.78E-02
2.81E-02
2.87E-02
2.91E-02
2.91E-02
3.03E-02
3.03E-02
3.22E-02
3.27E-02
3.45E-02
3.94E-02
3.99E-02
4.06E-02
4.98E-02
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ENSMUSG00000013974
ENSMUSG00000025875
ENSMUSG00000100217
ENSMUSG00000037921
ENSMUSG00000026894
ENSMUSG00000114858
ENSMUSG00000006930
ENSMUSG00000114624
ENSMUSG00000032875
ENSMUSG00000085912
ENSMUSG00000110588
ENSMUSG00000022456
ENSMUSG00000026604
ENSMUSG00000022836
ENSMUSG00000106968
ENSMUSG00000089762
ENSMUSG00000104213
ENSMUSG00000026255
ENSMUSG00000051504
ENSMUSG00000037922
ENSMUSG00000102919
ENSMUSG00000032827
ENSMUSG00000081723
ENSMUSG00000076621
ENSMUSG00000042807
ENSMUSG00000085957
ENSMUSG00000028128
ENSMUSG00000016758
ENSMUSG00000020205
ENSMUSG00000060512
ENSMUSG00000025938
ENSMUSG00000079584
ENSMUSG00000016028
ENSMUSG00000074364
ENSMUSG00000040270
ENSMUSG00000025216
ENSMUSG00000041538
ENSMUSG00000115044
ENSMUSG00000100747
ENSMUSG00000009394

ENSMUSG00000070873
ENSMUSG00000024399

ENSMUSG00000026875

Mcempl
Tspanl7
9930111HO07RIk
Ddx60
Morn5
Gm5790
Hapl
Gm48267
Arhgefl7
Trp53corl
Gm45774
Sept3
Ptpnl14
Mylk
C78283
ler5l

Ighd

Efhd1
Siglech
Bank1
Gm37726
Ppplr9a
Gm15931
Ighj1
Hecw2

Syna

F3

Bik

Phidal
0610040J01Rik
Slco5al
Gm364
Celsrl

Ehd2

Bach2

Lbx1
H2-Ob
CT573086.2
1700084E18Rik
Syn2

Lilra5
Ltb

Trafl

2.26
1.58
1.29
1.24
1.16
1.70
131
1.33
1.94
1.25
1.33
2.56
2.42
2.63
3.63
1.21
211
113
1.90
1.08
1.04
2.60
2.04
151
1.03
1.64
1.10
3.44
1.43
2.63
1.55
2.45
1.35
1.39
1.10
2.10
2.14
1.59
1.10
1.47

2.63
1.52

1.74

1.62E-02
1.70E-02
1.73E-02
1.74E-02
1.77E-02
1.90E-02
1.99E-02
2.06E-02
2.09E-02
2.16E-02
2.27E-02
2.29E-02
2.31E-02
2.48E-02
2.59E-02
2.73E-02
2.77E-02
2.7T7E-02
2.79E-02
2.79E-02
2.91E-02
2.92E-02
2.92E-02
2.99E-02
3.06E-02
3.17E-02
3.17E-02
3.29E-02
3.37E-02
3.38E-02
3.44E-02
3.45E-02
3.57E-02
3.64E-02
3.64E-02
3.74E-02
3.82E-02
3.98E-02
4.02E-02
4.04E-02

4.18E-02
4.21E-02

4.25E-02

265



ENSMUSG00000035095
ENSMUSG00000042417
ENSMUSG00000104168
ENSMUSG00000096100
ENSMUSG00000079605
ENSMUSG00000057370
ENSMUSG00000106915
ENSMUSG00000093672

Faml67a
Ccno
Gm38250
AC133103.7
Zbtb9
Gm8724
Gm42655
Gm20655

2.55
2.20
114
291
1.25
2.16
3.51
1.26

4.26E-02
4.29E-02
4.36E-02
4.69E-02
4.84E-02
4.90E-02
4.98E-02
4.99E-02
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Table A.3: Differentially regulated genes in LPS-stimulated CRISPR/Cas9 RGS10 knockout BV2 cells compared to
CRISPR/Cas9 control cells.

Upregulated

Downregulated

Ensembl ID Symbol log Adj.Pval Ensembl ID Symbol log Adj.Pval
FC Fe

ENSMUSG00000010122  Slc47al 5.58 8.4E-178 ENSMUSG00000002985  Apoe -2.94  9.11E-154
ENSMUSG00000039221  Rpl22I1 2.93 1.84E-75 ENSMUSG00000028976  Slc2a5 -11.50 6.67E-73
ENSMUSGO00000006373  Pgrmcl 2.46 1.04E-64 ENSMUSG00000071547  Nt5dc2 -1.68 1.12E-59
ENSMUSG00000044864  Ankrd50 4.57 2.35E-59 ENSMUSG00000028766  Alpl -1.42 1.01E-48
ENSMUSG00000026380  Tfcp2ll 3.80 1.89E-53 ENSMUSG00000009376 ~ Met -3.67  3.77E-48
ENSMUSG00000028245  Nsmaf 2.06 1.22E-47 ENSMUSG00000028937  Acot7 -1.23 2.66E-41
ENSMUSG00000040435  Ppplrl5a 1.65 4.51E-47 ENSMUSG00000060206  Zfp462 -2.75  2.48E-40
ENSMUSG00000054387  Mdm4 1.10 1.26E-38 ENSMUSG00000026390  Marco -4.60 5.09E-38
ENSMUSG00000021719  Rgs7bp 3.77 2.78E-38 ENSMUSG00000027199  Gatm -1.15  6.74E-36
ENSMUSG00000031382  Asbll 4.27 2.19E-32 ENSMUSG00000040950  Mgl2 -3.35 2.56E-35
ENSMUSG00000039200  Atf7ip2 3.29 2.27E-30 ENSMUSG00000032554  Trf -1.87  7.2E-35
ENSMUSG00000079017  Ifi2712a 2.86 4.69E-28 ENSMUSG00000032601  Prkar2a -1.01 3.14E-33
ENSMUSG00000020099  Unc5b 2.56 2.44E-27 ENSMUSG00000031709  Thc1d9 -1.66  6.2E-32
ENSMUSG00000028459  Cd72 2.06 2.31E-25 ENSMUSGO00000070691  Runx3 -1.27 6.1E-31
ENSMUSG00000006221  Hspb7 1.48 8.47E-25 ENSMUSG00000004633  Chn2 -1.85  8.27E-28
ENSMUSG00000066861  Oaslg 1.26 1.66E-24 ENSMUSG00000085241  Snhg3 -1.43 1.17E-27
ENSMUSG00000026594  Ralgps2 1.34 6.92E-21 ENSMUSG00000040860  Crocc -1.56 1.41E-26
ENSMUSG00000025558  Dock9 4.46 2.18E-20 ENSMUSG00000039716 ~ Dock3 -1.67 1.49E-26
ENSMUSG00000052776  Oasla 1.19 1.02E-19 ENSMUSG00000031934  Panxl -1.56  3.35E-25
ENSMUSG00000072572  Slc39a2 1.98 1.35E-19 ENSMUSG00000028745  Capzb -1.07 1.66E-24
ENSMUSG00000029769  Ccdc136 2.99 2.49E-19 ENSMUSG00000026832  Cytip -1.42 2.37E-24
ENSMUSG00000041827  Oasll 1.56 2.44E-18 ENSMUSG00000039852  Rere -110  4.84E-23
ENSMUSG00000085456 ~ Gm15398 3.18 4.54E-18 ENSMUSG00000041161  Otud3 -1.26 1.04E-21
ENSMUSG00000031770  Herpudl 1.40 8.15E-18 ENSMUSG00000039768  Dnajcll -1.07  3.81E-21
ENSMUSG00000021262  Evl 1.75 8.35E-18 ENSMUSG00000062995  Ical -1.28 6.92E-21
ENSMUSG00000036528  Ppfibp2 441 1.88E-17 ENSMUSG00000028948  Nol9 -1.25  6.92E-21
ENSMUSG00000079138  Gm8818 4.10 2.92E-17 ENSMUSG00000054843  Atrnll -1.10 7.74E-21
ENSMUSG00000052727  Maplb 1.55 1.19E-16 ENSMUSG00000021676  Iqgap2 -145  9.09E-21
ENSMUSG00000023952  Gtpbp2 1.06 3.16E-16 ENSMUSG00000019055  Plodl -1.43 9.53E-21
ENSMUSG00000095253  Zfp799 1.40 3.45E-16 ENSMUSG00000014361  Mertk -3.01  2.92E-20
ENSMUSG00000076617  Ighm 1.33 1.73E-15 ENSMUSG00000066037  Hnrnpr -1.08 1.75E-19
ENSMUSG00000040852  Plekhh2 1.76 2.37E-15 ENSMUSG00000043154  Ppp2r3a -1.68  6.24E-19
ENSMUSG00000030108  Slc6al3 1.40 3.99E-15 ENSMUSG00000028111  Ctsk -1.97 1.56E-18
ENSMUSG00000024538  Ppic 9.75 1.06E-14 ENSMUSG00000009614  Sardh -2.89  3.32E-18
ENSMUSG00000096210  H1f0 1.54 1.84E-14 ENSMUSG00000015846  Rxra -1.19 9E-18
ENSMUSG00000042216 ~ Sgsm1l 117 3.86E-14 ENSMUSG00000078517  Emcl -1.09  3.03E-17
ENSMUSG00000046718  Bst2 1.18 8.21E-14 ENSMUSG00000036905  Clgb -3.13  6.89E-17
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ENSMUSG00000046598
ENSMUSG00000055202
ENSMUSG00000030107
ENSMUSG00000031647
ENSMUSG00000090698
ENSMUSG00000026285
ENSMUSG00000004837
ENSMUSG00000044231
ENSMUSG00000067212
ENSMUSG00000026675
ENSMUSG00000041075
ENSMUSG00000102918
ENSMUSG00000022514
ENSMUSG00000020641
ENSMUSG00000000244
ENSMUSG00000030515
ENSMUSG00000024339
ENSMUSG00000071076
ENSMUSG00000000489
ENSMUSG00000024190
ENSMUSG00000079554
ENSMUSG00000023915
ENSMUSG00000021136
ENSMUSG00000035451
ENSMUSG00000038518
ENSMUSG00000026311
ENSMUSG00000037868
ENSMUSG00000004267
ENSMUSG00000015837
ENSMUSG00000043207
ENSMUSG00000022951
ENSMUSG00000058317
ENSMUSG00000118663
ENSMUSG00000097245
ENSMUSG00000001494
ENSMUSG00000046169
ENSMUSG00000029112
ENSMUSG00000067203
ENSMUSG00000034295
ENSMUSG00000020577
ENSMUSG00000028133
ENSMUSG00000020423
ENSMUSG00000011832

Bdhl
Zfpsil
Uspl8
Mfap3l
Apoldl
Pdcdl
Grap
Nhircl
H2-T23
Hsd17b7
Fzd7
Pcdhgc3
I1rap
Rsad2
Tspan32
Tarsl2
Tap2
Jund
Pdgfb
Duspl
Aox2
Tnfrsf21
Smocl
Foxal
Jarid2
Asbl
Egr2
Eno2
Sgstm1
Zmpste24
Rcanl

Ube2e2

Gmb5421
Sost
Adamts6
Nkx1-1
H2-K2
Fhod3
Tspanl3
Rwdd3
Btg2
Evi5I

4.22
3.41
181
1.92
2.96
3.10
1.92
1.60
117
110
1.37
7.89
7.84
2.00
117
8.08
1.01
1.00
1.47
2.03
3.16
7.89
3.62
1.63
1.02
1.02
2.27
1.46
1.39
1.03
1.12
1.22
1.16
1.36
2.47
1.20
6.18
1.45
2.62
1.83
1.40
1.22
6.90

2.19E-13
2.24E-13
3.27E-13
3.96E-13
8.14E-13
8.34E-13
1.33E-12
1.35E-12
1.61E-12
2.13E-12
2.61E-12
6.98E-12
1.3E-11

1.37E-11
1.74E-11
1.83E-11
2.01E-11
3.24E-11
3.32E-11
3.4E-11

3.61E-11
4.08E-11
4.16E-11
4.41E-11
8.8E-11

9.77E-11
1.03E-10
1.21E-10
1.21E-10
1.79E-10
1.9E-10

1.96E-10
2.03E-10
3.75E-10
4.77E-10
5.05E-10
6.05E-10
6.77E-10
7.26E-10
1.21E-09
1.21E-09
1.41E-09
1.77E-09

ENSMUSG00000037605
ENSMUSG00000051457
ENSMUSG00000038811
ENSMUSG00000103174
ENSMUSG00000047250
ENSMUSG00000022240
ENSMUSG00000038244
ENSMUSG00000028744
ENSMUSG00000024736
ENSMUSG00000032359
ENSMUSG00000028992
ENSMUSG00000048332
ENSMUSG00000031391
ENSMUSG00000000753
ENSMUSG00000035769
ENSMUSG00000025277
ENSMUSG00000042073
ENSMUSG00000018927
ENSMUSG00000059713
ENSMUSG00000078490
ENSMUSG00000026932
ENSMUSG00000059401
ENSMUSG00000018459
ENSMUSG00000028669
ENSMUSG00000103622
ENSMUSG00000041362
ENSMUSG00000093565
ENSMUSG00000052713
ENSMUSG00000040522
ENSMUSG00000020032
ENSMUSG00000018983
ENSMUSG00000028737
ENSMUSG00000020331
ENSMUSG00000077394
ENSMUSG00000061436
ENSMUSG00000030844
ENSMUSG00000112963
ENSMUSG00000097855
ENSMUSG00000030600
ENSMUSG00000028936
ENSMUSG00000103183
ENSMUSG00000024743
ENSMUSG00000001089

Adgrl3
Spn
Gngt2
Gm37168
Ptgsl
Ctnnd2
Mical2
Pqlc2
Tmem132a
Ctsh
Nmnatl
Lhfp
Llcam
Serpinfl
Xylb
Abhd6
Abhd14b
Ccl6
Rcan3
Cfap74
Nacc2
Mamld1l
Slc13a3
Pithd1
Gm38391
Shtnl
Rab260s
Zfp608
TIr8
Nuakl
E2f2
Aldh4al
Hcn2
Gm24339
Hipk2
Rgs10
Gm6093
A930007119Rik
Lrfnl
Rpl22
Gm37090
Syt7
Luzpl

-9.39
-1.91
-1.08
-1.92
-1.53
-1.35
-1.49
-1.15
-2.62
-1.87
-1.00
-2.39
-2.01
-1.69
-1.33
-1.09
-1.04
-1.59
-1.02
-8.02
-1.31
-2.51
-2.24
-1.04
-1.58
-1.42
-1.06
-1.24
-3.17
-1.37
-1.07
-1.42
-1.65
-1.44
-1.00
-1.23
-3.37
-1.26
-1.46
-1.09
-3.76
-1.29
-1.00

7.23E-17
1.27E-16
1.6E-16

2.04E-16
2.22E-16
2.88E-16
3.92E-16
1.12E-15
9.09E-15
1.85E-14
2.05E-14
7.12E-14
1.4E-13

7.36E-13
8.34E-13
9.03E-13
1.66E-12
2.92E-12
4.31E-12
4.97E-12
3.09E-11
4.01E-11
8.63E-11
8.65E-11
1.21E-10
1.33E-10
1.54E-10
2.24E-10
2.49E-10
3.97E-10
5.28E-10
6.68E-10
7.02E-10
7.05E-10
7.31E-10
8.22E-10
8.47E-10
1.26E-09
1.6E-09

3.91E-09
6.44E-09
7.26E-09
7.6E-09
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ENSMUSG00000045005
ENSMUSG00000053581
ENSMUSG00000097177
ENSMUSG00000057596
ENSMUSG00000024395
ENSMUSG00000026785
ENSMUSG00000042842
ENSMUSG00000029833
ENSMUSG00000052631
ENSMUSG00000045095
ENSMUSG00000095180
ENSMUSG00000000266
ENSMUSG00000004347
ENSMUSG00000005580
ENSMUSG00000035671
ENSMUSG00000028194
ENSMUSG00000054364
ENSMUSG00000015016
ENSMUSG00000055069
ENSMUSG00000001700
ENSMUSG00000038168
ENSMUSG00000029359
ENSMUSG00000100157
ENSMUSG00000115801
ENSMUSG00000052920
ENSMUSG00000079491
ENSMUSG00000035105
ENSMUSG00000078349
ENSMUSG00000032487
ENSMUSG00000036478
ENSMUSG00000031953
ENSMUSG00000005973
ENSMUSG00000029603
ENSMUSG00000033214
ENSMUSG00000027082
ENSMUSG00000069171
ENSMUSG00000024912
ENSMUSG00000087579
ENSMUSG00000057337
ENSMUSG00000034855
ENSMUSG00000070031
ENSMUSG00000026489
ENSMUSG00000035692

Fzd5
Zfand2a
9330159MO07Rik
Trim30d
Lims2
Pkn3
Serpinb6b
Trim24
Sh2dé
Magil
Rhox5
Mid2
Pdelc
Adcy9
Zswimé4
Ddah1
Rhob
Acsf3
Rab39
Gramd3
P3h2
Tesc
2310034005Rik
AC160336.1
Prkgl
H2-T10
EgIn3
AWO011738
Ptgs2
Btgl
Tmem170
Renl
Dtx1
Slitrk5
Tfpi

Nr2fl
Fosl1l
Hectd2os
Chst3
Cxcl10
Sp140
Cog8a
1sg15

1.24
1.13
4.26
2.28
2.57
1.19
1.24
1.62
2.57
2.00
2.79
2.67
5.92
1.07
111
6.86
1.53
1.22
6.67
3.54
3.57
2.28
3.78
1.70
1.79
4.59
2.76
1.75
2.12
1.15
1.01
1.40
2.30
1.89
3.57
1.07
151
1.18
151
1.63
1.15
1.45
1.52

1.89E-09
2.22E-09
2.55E-09
2.6E-09
2.77E-09
2.79E-09
4.66E-09
5.64E-09
6.79E-09
8.18E-09
8.33E-09
8.36E-09
8.88E-09
9.11E-09
0.00000001
1.12E-08
1.23E-08
1.62E-08
1.74E-08
2.22E-08
2.79E-08
2.79E-08
3.11E-08
3.27E-08
3.48E-08
4.36E-08
4.55E-08
4.73E-08
5.43E-08
5.89E-08
6.67E-08
9.36E-08
1.08E-07
1.11E-07
1.12E-07
1.21E-07
1.22E-07
1.31E-07
1.37E-07
1.59E-07
1.59E-07
1.91E-07
2.05E-07

ENSMUSG00000002489
ENSMUSG00000048376
ENSMUSG00000032374
ENSMUSG00000021876
ENSMUSG00000031727
ENSMUSG00000040570
ENSMUSG00000020865
ENSMUSG00000040627
ENSMUSG00000034570
ENSMUSG00000029915
ENSMUSG00000027939
ENSMUSG00000026365
ENSMUSG00000024897
ENSMUSG00000117399
ENSMUSG00000005824
ENSMUSG00000026556
ENSMUSG00000000184
ENSMUSG00000024974
ENSMUSG00000110945
ENSMUSG00000070583
ENSMUSG00000032239
ENSMUSG00000029596
ENSMUSG00000084350
ENSMUSG00000087381
ENSMUSG00000071537
ENSMUSG00000027864
ENSMUSG00000066000
ENSMUSG00000029553
ENSMUSG00000026712
ENSMUSG00000073910
ENSMUSG00000078864
ENSMUSG00000111533
ENSMUSG00000050608
ENSMUSG00000036896
ENSMUSG00000096655
ENSMUSG00000041361
ENSMUSG00000010051
ENSMUSG00000045838
ENSMUSG00000035835
ENSMUSG00000032174
ENSMUSG00000078862
ENSMUSG00000038859
ENSMUSG00000025804

Tiaml
F2r
Plod2
Rnase4
Pmfbpl
Rundc3b
Abce3
Aicda
Inpp5j
Clecba
Nup210l
Cfh
Apbal

Tnfsf14
Vangl2
Ccnd2

Smc3
Gm9856
Fvl

Rp9

Sdsl
Znf41-ps
Gm16008
Klrg2

Ptgfrn
Zfp979

Tfec

Mrcl
Mob3b
Gm14322
AC137127.1
Minosl
Clqc
1700065D16Rik
Myzap
Hyall
A430105119Rik
Plppr3
Icam5
Gm14326
Baiap2I1
Ccerl

-2.85
-1.63
-1.18
-1.08
-1.94
-1.45
-1.38
-2.46
-1.76
-1.17
-1.79
-1.25
-1.41
-1.37
-2.12
-1.54
-1.14
-1.03
-1.22
-1.02
-1.00
-2.39
-1.12
-5.87
-1.11
-6.25
-5.04
-1.27
-2.12
-1.01
-3.21
-2.33
-1.12
-2.71
-1.86
-4.24
-1.98
-1.09
-1.87
-1.58
-1.01
-1.71
-1.57

8.78E-09
9.98E-09
1.29E-08
2.42E-08
2.43E-08
2.78E-08
3.25E-08
4.06E-08
6.6E-08
8.25E-08
8.39E-08
8.72E-08
9.51E-08
9.83E-08
9.84E-08
1.12E-07
1.13E-07
0.00000013
1.43E-07
1.94E-07
2.01E-07
2.02E-07
2.12E-07
2.25E-07
2.37E-07
2.57E-07
2.99E-07
2.99E-07
3.36E-07
3.51E-07
3.86E-07
3.86E-07
0.00000054
6.96E-07
0.00000083
8.83E-07
0.00000116
0.00000116
0.00000124
0.00000148
0.0000018
0.00000199
0.00000204
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ENSMUSG00000040877
ENSMUSG00000002083
ENSMUSG00000028480
ENSMUSG00000046152
ENSMUSG00000053835
ENSMUSG00000026628
ENSMUSG00000035578
ENSMUSG00000025498
ENSMUSG00000020638
ENSMUSG00000023341
ENSMUSG00000024565
ENSMUSG00000032661
ENSMUSG00000102559
ENSMUSG00000063450
ENSMUSG00000115483
ENSMUSG00000047867
ENSMUSG00000033594
ENSMUSG00000037321
ENSMUSG00000072620
ENSMUSG00000074466
ENSMUSG00000037239
ENSMUSG00000040483
ENSMUSG00000031410
ENSMUSG00000021822
ENSMUSG00000030921
ENSMUSG00000038179
ENSMUSG00000052336
ENSMUSG00000028341
ENSMUSG00000026104
ENSMUSG00000039960
ENSMUSG00000116262
ENSMUSG00000117231
ENSMUSG00000041460
ENSMUSG00000036002
ENSMUSG00000037887
ENSMUSG00000090958
ENSMUSG00000032238
ENSMUSG00000028195
ENSMUSG00000029158
ENSMUSG00000078606
ENSMUSG00000025932
ENSMUSG00000018849
ENSMUSG00000002228

Wdr25
Bbc3
Glipr2
Fut10
H2-T24
Atf3

lgcg

Irf7
Cmpk2
Mx2
Sall3
Oas3
Gm37570
Syne2
AC166344.3
Gimap6é
Spata2l
Tapl
Slfn2
Gm15417
Spred3
Xafl
Nxf7

Plau
Trim30a
Slamf7
Cx3crl
Nr4a3
Statl
Rhou
AL589670.3

Cacna2d4
Fam214b
Dusp8
Lrrc32
Rora
Cyr6l
Yipf7
Gm4070
Eyal
Wwel
Ppmij

1.02
1.16
1.27
131
1.49
1.18
1.16
1.45
1.47
1.89
1.06
1.29
2.74
2.33
3.94
1.45
6.07
1.01
1.02
1.18
1.07
1.34
2.16
1.20
1.23
3.68
1.29
2.05
1.00
1.33
1.62
2.18
1.50
121
2.17
3.00
1.54
3.66
1.06
1.07
5.51
1.52
1.32

2.37E-07
3.09E-07
0.0000004
4.84E-07
4.95E-07
5.27E-07
5.82E-07
6.11E-07
7.11E-07
7.71E-07
8.58E-07
9.47E-07
0.00000114
0.00000139
0.00000159
0.00000159
0.0000018
0.00000216
0.00000229
0.00000303
0.00000346
0.00000373
0.0000038
0.00000423
0.00000504
0.00000576
0.00000576
0.00000672
0.00000684
0.00000735
0.00000882
0.00000904
0.00000907
0.00000968
0.00000993
0.0000119
0.0000122
0.0000123
0.0000123
0.0000126
0.0000136
0.0000136
0.0000138

ENSMUSG00000018381
ENSMUSG00000029648
ENSMUSG00000017697
ENSMUSG00000027950
ENSMUSG00000008540
ENSMUSG00000039783
ENSMUSG00000029718
ENSMUSG00000115739
ENSMUSG00000032221
ENSMUSG00000019779
ENSMUSG00000015222
ENSMUSG00000075225
ENSMUSG00000032352
ENSMUSG00000012123
ENSMUSG00000069792
ENSMUSG00000102776
ENSMUSG00000096740
ENSMUSG00000079429
ENSMUSG00000002797
ENSMUSG00000027546
ENSMUSG00000028751
ENSMUSG00000108239
ENSMUSG00000118330
ENSMUSG00000024770
ENSMUSG00000074607
ENSMUSG00000084821
ENSMUSG00000058624
ENSMUSG00000006205
ENSMUSG00000056215
ENSMUSG00000117662
ENSMUSG00000064065
ENSMUSG00000032470
ENSMUSG00000021913
ENSMUSG00000074519
ENSMUSG00000018924
ENSMUSG00000025357
ENSMUSG00000029403
ENSMUSG00000106219
ENSMUSG00000110218
ENSMUSG00000036995
ENSMUSG00000074203
ENSMUSG00000048924
ENSMUSG00000017144

Abi3

Flt1

Ada
Chrnb2
Mgstl
Kmo
Pcolce
AC101945.4
Mns1

Frk
Map2
Ccdc162
Lrrcl
Crybg2
Wfdcl7
Gm38162
Lbhd1
Mroh2a
Ggct
Atp9a
Pla2g2e
Gm19434

Lipn
Tox2
Gm15880
Gda
Htral
Lrguk

Ipcefl

Mras

Ogdhl

Zfp971

Alox15

Dgka

Cdkl2
5830416119Rik
Gm20219
Asap3
G430095P16Rik
Ccdc125

Rnd3

-1.17
-1.14
-1.13
-1.14
-4.20
-1.84
-2.67
-1.72
-1.09
-1.27
-2.36
-1.78
-1.21
-4.66
-1.31
-1.89
-1.19
-1.41
-1.12
-1.53
-1.05
-1.61
-1.35
-2.12
-2.03
-1.06
-1.66
-1.33
-1.29
-1.17
-1.20
-2.46
-1.82
-1.19
-2.64
-1.56
-1.06
-1.03
-1.42
-1.51
-1.19
-1.24
-3.20

0.000003
0.00000303
0.00000417
0.00000487
0.00000533
0.00000738
0.0000075
0.0000108
0.0000129
0.0000136
0.0000148
0.000019
0.0000197
0.0000215
0.000022
0.0000283
0.0000286
0.0000348
0.0000394
0.0000419
0.0000559
0.0000592
0.0000748
0.000097
0.000104
0.000104
0.000107
0.000107
0.000109
0.000128
0.000134
0.000145
0.000151
0.000153
0.000155
0.000174
0.00018
0.000205
0.000231
0.000253
0.00026
0.000268
0.000271
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ENSMUSG00000040557
ENSMUSG00000099375
ENSMUSG00000079267
ENSMUSG00000033355
ENSMUSG00000056708
ENSMUSG00000028268
ENSMUSG00000028680
ENSMUSG00000022026
ENSMUSG00000056144
ENSMUSG00000044086
ENSMUSG00000000359
ENSMUSG00000031842
ENSMUSG00000025408
ENSMUSG00000028470
ENSMUSG00000027078
ENSMUSG00000069855
ENSMUSG00000009654
ENSMUSG00000020758
ENSMUSG00000021367
ENSMUSG00000063354
ENSMUSG00000057346
ENSMUSG00000054423
ENSMUSG00000030745
ENSMUSG00000079190
ENSMUSG00000002007
ENSMUSG00000100213
ENSMUSG00000030410
ENSMUSG00000055865
ENSMUSG00000116165
ENSMUSG00000040296
ENSMUSG00000099470
ENSMUSG00000045868
ENSMUSG00000073600
ENSMUSG00000079794
ENSMUSG00000026358
ENSMUSG00000038602
ENSMUSG00000026864
ENSMUSG00000031289
ENSMUSG00000043439
ENSMUSG00000054409
ENSMUSG00000037594
ENSMUSG00000022440
ENSMUSG00000031442

Mettl27
Gm28187
Gm5930
Rtp4

ler5
Gbp3
PIk3
Olfm4
Trim34a
Lmod3
Reml
Pde4dc
Ddit3
Hint2
Ube216
Slc47a2
Oit3
Itgh4
Ednl
Slc39a4
Apol9a
Cadps
121r
AC133103.1
Srpk3
Gm28151
Dmwd
Fam19a3
Pdxp
Ddx58
Gm29340
Gvinl
Probl
AC125149.2
Rgsl
Slc35f1
Hspa5
1113ra2
Epop
Tmem74
BC022687
Clqtnfé
Mcf2l

1.57
2.61
5.69
1.44
1.07
1.43
1.20
1.78
1.57
1.50
3.18
3.40
1.93
4.04
1.05
5.79
1.07
1.12
2.12
111
2.56
1.09
1.62
1.34
1.74
1.25
1.02
1.54
1.06
1.18
1.20
1.32
1.07
1.40
2.26
1.42
1.01
5.40
1.56
1.09
1.07
2.86
1.13

0.0000159
0.0000164
0.0000166
0.0000195
0.0000199
0.0000202
0.0000217
0.0000228
0.0000242
0.0000243
0.0000246
0.0000253
0.0000278
0.0000285
0.0000285
0.0000318
0.0000331
0.0000351
0.0000366
0.000044

0.0000491
0.0000495
0.0000501
0.000051

0.0000521
0.0000526
0.0000693
0.0000702
0.0000736
0.0000764
0.000078

0.0000789
0.0000793
0.0000812
0.0000816
0.000086

0.0000868
0.000087

0.000099

0.0000998
0.000104

0.000108

0.000113

ENSMUSG00000063245
ENSMUSG00000114584
ENSMUSG00000023868
ENSMUSG00000019359
ENSMUSG00000024869
ENSMUSG00000037139
ENSMUSG00000031963
ENSMUSG00000049699
ENSMUSG00000090093
ENSMUSG00000111390
ENSMUSG00000108060
ENSMUSG00000047898
ENSMUSG00000064370
ENSMUSG00000078861
ENSMUSG00000070385
ENSMUSG00000078838
ENSMUSG00000097635
ENSMUSG00000039043
ENSMUSG00000006800
ENSMUSG00000086682
ENSMUSG00000045349
ENSMUSG00000079598
ENSMUSG00000066233
ENSMUSG00000107761
ENSMUSG00000039713
ENSMUSG00000086993
ENSMUSG00000117079
ENSMUSG00000039787
ENSMUSG00000032482
ENSMUSG00000019768
ENSMUSG00000031780
ENSMUSG00000110730
ENSMUSG00000046733
ENSMUSG00000036887
ENSMUSG00000096233
ENSMUSG00000054304
ENSMUSG00000020961
ENSMUSG00000045725
ENSMUSG00000079481
ENSMUSG00000064341
ENSMUSG00000097557
ENSMUSG00000099722
ENSMUSG00000028396

Zfp993
Gm47694
Pdel0a
Gdpd2
Nudt8
Myom3
Bmper
Ucn2
Gm14399
Gm48796
4921529L05Rik
Ccrd
mt-Cytb
Zfp931
Ampd1
Gm17382
Gm26826
Arpin
Sulf2
Gm16023
Sh2d5
Clec2l
Tmem42
2010008C14Rik
Plekhg5
Rsflos2

Cercam

Cspg5s

Esrl

Ccl17

Gm19385
Gprcba

Clga

Gm13238
D130007C19Rik
Ston2

Prrl5

Nhsl2

mt-Nd1
C130060CO02Rik
Gm29154
2310002L09Rik

-1.42
-1.39
-4.55
-2.04
-1.37
-1.53
-4.57
-1.10
-1.14
-2.00
-2.06
-2.88
-1.42
-1.04
-2.78
-1.56
-1.20
-1.09
-1.06
-1.16
-1.44
-3.05
-1.27
-1.01
-1.09
-1.08
-1.97
-1.30
-1.50
-1.69
-2.08
-1.54
-4.75
-2.84
-1.59
-1.09
-5.02
-3.57
-1.09
-1.48
-1.32
-1.54
-1.08

0.000308
0.00033
0.000366
0.000383
0.000405
0.000412
0.000428
0.000478
0.000502
0.000517
0.000539
0.00054
0.000548
0.000589
0.000605
0.000614
0.000614
0.000614
0.00062
0.000662
0.000688
0.000694
0.0007
0.000704
0.00071
0.00074
0.000773
0.000834
0.000945
0.000961
0.00103
0.00105
0.00106
0.00113
0.00114
0.00118
0.0014
0.00149
0.00152
0.00156
0.00156
0.00159
0.00165
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ENSMUSG00000026494
ENSMUSG00000073802
ENSMUSG00000023034
ENSMUSG00000025875
ENSMUSG00000029821
ENSMUSG00000019970
ENSMUSG00000006930
ENSMUSG00000042102
ENSMUSG00000020396
ENSMUSG00000039384
ENSMUSG00000074141
ENSMUSG00000042207
ENSMUSG00000035041
ENSMUSG00000079808
ENSMUSG00000068699
ENSMUSG00000063564
ENSMUSG00000003545
ENSMUSG00000116657
ENSMUSG00000057137
ENSMUSG00000059708
ENSMUSG00000104394
ENSMUSG00000044770
ENSMUSG00000045875
ENSMUSG00000035095
ENSMUSG00000073409
ENSMUSG00000054404
ENSMUSG00000023266
ENSMUSG00000042622
ENSMUSG00000063873
ENSMUSG00000047409
ENSMUSG00000073530
ENSMUSG00000043953
ENSMUSG00000025492
ENSMUSG00000053846
ENSMUSG00000058755
ENSMUSG00000023905
ENSMUSG00000054342
ENSMUSG00000106475
ENSMUSG00000116908
ENSMUSG00000107546
ENSMUSG00000102543
ENSMUSG00000086196
ENSMUSG00000023830

Kif26b
Cdkn2b
Nr4al
Tspanl7
Gsdme
Sgkl
Hapl
Dmgdh
Nefh
Dusp10
114i1
Kdmbb
Creb3I3
AC168977.1
Finc
Col23al
Fosb

Tmem140
Akapl7b
Gm37254
Scml4
Adrala
Faml167a
H2-Q6
SIfn5
Frs3
Maff
Slc24a3
Ctdspl
Pappa2
Ccrl2
Ifitm3
Lipg

Osm
Tnfrsfl2a
Kennd
Gm43011

Gm20560
Pcdhgc5
Gm13571
Igf2r

3.05
1.44
1.47
2.50
1.19
1.12
2.02
4.67
4.15
1.19
1.02
2.69
4.96
1.28
1.34
1.15
1.92
1.19
1.19
4.10
1.00
1.28
1.75
3.55
2.00
1.88
1.14
1.18
3.42
4.66
1.52
1.30
2.10
4.12
1.06
1.18
1.09
1.73
1.17
1.28
3.66
2.32
1.18

0.000115
0.000116
0.000131
0.000133
0.000133
0.000136
0.000137
0.000151
0.000152
0.000155
0.000155
0.000158
0.000159
0.000174
0.000177
0.000191
0.000195
0.000199
0.000209
0.00021

0.000229
0.000231
0.000268
0.000296
0.000298
0.000329
0.000339
0.000347
0.000384
0.000388
0.000403
0.000428
0.000444
0.000449
0.000455
0.000456
0.000561
0.000593
0.000615
0.000628
0.000631
0.000652
0.000716

ENSMUSG00000033209
ENSMUSG00000031549
ENSMUSG00000106025
ENSMUSG00000097316
ENSMUSG00000036362
ENSMUSG00000059040
ENSMUSG00000086606
ENSMUSG00000056904
ENSMUSG00000101493
ENSMUSG00000101655
ENSMUSG00000085525
ENSMUSG00000091845
ENSMUSG00000086806
ENSMUSG00000118314
ENSMUSG00000039699
ENSMUSG00000099655
ENSMUSG00000020461
ENSMUSG00000035390
ENSMUSG00000064363
ENSMUSG00000081103
ENSMUSG00000047222
ENSMUSG00000035246
ENSMUSG00000022235
ENSMUSG00000064147
ENSMUSG00000045777
ENSMUSG00000040424
ENSMUSG00000091844
ENSMUSG00000085006
ENSMUSG00000085378
ENSMUSG00000021303
ENSMUSG00000002104
ENSMUSG00000051832
ENSMUSG00000021880
ENSMUSG00000021797
ENSMUSG00000084910
ENSMUSG00000064345
ENSMUSG00000070282
ENSMUSG00000083340
ENSMUSG00000026866
ENSMUSG00000050578
ENSMUSG00000081778
ENSMUSG00000091742
ENSMUSG00000117315

Ttc28

ldo2

Gm42940
Gm10516
P2ry13

Enolb
Gm13205
Gm5620
2810405F17Rik
2310040G24Rik
Gm13166
Rpl36-ps12
Gm13054

Batf2
2310034G01Rik
Clhcl

Brskl

mt-Nd4
Rps12-ps26
Rnase2a

Pcytlb

Cmbl

Rab44

Ifitm10

Hipk4

Gm8251
BC021767
Gm11415

Gng4

Rapsn
E230016K23Rik
Rnase6
9230112D13Rik
C630043F03Rik
mt-Nd2
3000002C10Rik
Gm13156

Kynu

Mmp13
Gm6325
Gm5093

-1.11
-2.06
-1.34
-1.29
-1.29
-1.31
-1.03
-1.41
-1.03
-1.06
-1.62
-1.62
-2.44
-1.06
-2.30
-1.55
-1.29
-3.11
-1.32
-1.15
-4.90
-2.50
-1.22
-1.38
-1.75
-1.96
-1.06
-4.87
-1.04
-1.32
-1.60
-1.36
-2.71
-1.22
-1.06
-1.51
-1.16
-2.60
-1.23
-2.20
-1.66
-4.88
-1.84

0.00177
0.00178
0.00182
0.00188
0.00213
0.0022
0.0022
0.00228
0.0023
0.00234
0.00264
0.00281
0.00285
0.003
0.00301
0.00302
0.00306
0.00307
0.00307
0.00332
0.00358
0.00363
0.00413
0.00419
0.00421
0.00438
0.00445
0.00446
0.00462
0.00464
0.00465
0.00477
0.00495
0.00501
0.00518
0.00529
0.00532
0.00551
0.00566
0.00578
0.00579
0.00643
0.00684
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ENSMUSG00000028278
ENSMUSG00000026791
ENSMUSG00000020178
ENSMUSG00000116813
ENSMUSG00000079547
ENSMUSG00000024401
ENSMUSG00000026894
ENSMUSG00000079033
ENSMUSG00000056665
ENSMUSG00000001761
ENSMUSG00000070873
ENSMUSG00000021701
ENSMUSG00000000386
ENSMUSG00000036853
ENSMUSG00000089822
ENSMUSG00000027261
ENSMUSG00000038508
ENSMUSG00000037921
ENSMUSG00000022221
ENSMUSG00000090641
ENSMUSG00000095440
ENSMUSG00000026815
ENSMUSG00000107215
ENSMUSG00000072844
ENSMUSG00000015396
ENSMUSG00000091698
ENSMUSG00000113010
ENSMUSG00000040624
ENSMUSG00000044716
ENSMUSG00000054072
ENSMUSG00000097848
ENSMUSG00000060534
ENSMUSG00000027803
ENSMUSG00000078716
ENSMUSG00000025432
ENSMUSG00000079243
ENSMUSG00000112716
ENSMUSG00000103901
ENSMUSG00000079584
ENSMUSG00000048752
ENSMUSG00000040270
ENSMUSG00000022286
ENSMUSG00000029392

Rragd
Slc2a8
Adora2a

H2-DMb1
Tnf
Morn5
Mef2b
Them6
Smo
Lilra5
Plk2

Mx1
Mcoln3
Gm15759
Haol
Gdf15
Ddx60
Ripk3
Zfp712
Fignl2
Gfilb
Gm43197
G530011006Rik
Cd83
Gm6526
Gm34084
Plekhgl
Dok7
ligpl
Gm807
Dcc
Wwitrl
Tmem8b
Avil
Xirpl
4930471E19Rik
Gm37499
Gm364
Prss50
Bach2
Grhl2
Rilpl1

1.35
1.25
1.75
4.89
1.09
177
1.69
131
112
2.90
3.20
1.73
2.70
1.43
4.35
1.88
1.21
1.35
1.13
1.15
1.10
2.24
1.10
1.00
1.45
1.27
3.39
2.96
111
2.54
1.21
5.09
1.86
2.85
2.23
2.24
1.64
1.33
1.61
1.14
2.36
4.20
1.90

0.000739
0.000739
0.000747
0.00082
0.00082
0.000989
0.00115
0.00116
0.00117
0.00126
0.00133
0.00133
0.00135
0.00135
0.00137
0.00137
0.00137
0.0014
0.0014
0.00151
0.00151
0.00161
0.00166
0.00166
0.00168
0.00175
0.00177
0.00189
0.00193
0.00194
0.00197
0.00199
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