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Abstract

Bioactive lipids have emerged as prominent regulators of neural stem and progenitor
cell (NPC) function under both physiological and pathological conditions. However, how lipid
metabolism is regulated, and its role in modulation of NPC function remains unknown. In this
regard, my study defines a novel epigenetic pathway that regulates lipid metabolism to
determine NPC proliferation versus differentiation. Specifically, | show that activation of an
atypical protein kinase C (aPKC)-mediated Ser436 phosphorylation of CREB binding protein (CBP)
by aging, metformin stimulation and continued passaging in vitro, represses expression of
monoacylglycerol lipase (Mgll) to promote neuronal differentiation of adult NPCs. Mgll, a lipase
that hydrolyzes the endocannabinoid 2-arachidonoyl glycerol (2-AG) to produce arachidonic acid
(ARA), is thus a key regulator of two critical bioactive lipid signaling pathways in the brain and a
potential modulator of NPC function. | observed elevated Mgll levels, concomitant with neuronal
differentiation deficits in both the lateral ventricle sub-ventricular zone (SVZ) and the
hippocampal subgranular zone (SGZ) NPCs of phospho-null CBPS436A mice, that lack a functional
aPKC-CBP pathway. Genetic knockdown of Mgll or inhibition of Mgll activity rescued these
neuronal differentiation deficits. In addition, | found that CBPS436A SVZ NPCs exhibit enhanced
proliferation at the expense of differentiation as an outcome of increased Mgll levels in culture.
Interestingly, | also observed that SVZ NPCs from an Alzheimer’s disease (AD) model, the 3xTg
mice, closely resemble CBPS436A NPC behaviour in culture. 3xTg NPCs exhibit attenuation of the

aPKC-CBP pathway, which is associated with elevated Mgll expression and increased NPC



proliferation at the expense of neuronal differentiation. Reactivation of the aPKC-CBP mediated-

Mgll repression in 3xTg AD NPCs mitigates their differentiation deficits.

These findings implicate Mgll as a critical switch that regulates NPC function by altering
bioactive lipid signaling (2-AG versus ARA). They demonstrate that the aPKC-CBP mediated Mgll
repression is essential for normal NPC function, and that when perturbed in AD, it causes

impaired NPC function to generate fewer neurons, contributing to AD predisposition.
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1. Introduction

1.1. Adult Neurogenesis

The adult mammalian brain was once considered a static, post-mitotic organ that lacked
the ability of regeneration. However, the pioneering study by Altman and Das in the 1960s
challenged this view, when they successfully demonstrated the generation of new neurons in the
adult rat hippocampus using 3H-thymidine incorporation (Altman and Das, 1965). Since this initial
discovery, multiple studies have provided compelling evidence in support of sustained
production of new neurons in the brain throughout adulthood, termed adult neurogenesis (Lois

and Alvarez-Buylla, 1993; Kempermann et al., 1997).

Adult neurogenesis arises from adult neural stem cells (NSCs) that reside primarily in
two neurogenic niches, the subventricular zone (SVZ) of the lateral ventricles and the sub-
granular zone (SGZ) of hippocampal dentate gyrus (DG) (Imayoshi et al., 2008; Zhao et al., 2008;
Kuhn et al., 2016). Increasing evidence suggests that neurogenesis also occurs in other brain
regions, such as the striatum, neocortex, and hypothalamus. However, these findings remain
controversial and require further investigation (Rakic, 2002; Pierce et al., 2010; Ernst et al., 2014).
NSCs are Sox2 and glial fibrillary acidic protein (GFAP) expressing cells that possess the ability to
self-renew and to differentiate into all three neural lineages: neurons, astrocytes and
oligodendrocytes. These NSCs give rise to neural progenitor cells, also called transient amplifying
cells. Both NSCs and neural progenitors express the intermediate filament protein, nestin, and
are collectively termed as neural precursor cells (NPCs). Adult NPCs in both the SVZ and SGZ

predominantly differentiate into neuroblasts that express doublecortin (DCX) and polysialylated



neural cell adhesion molecule (PSA-NCAM). These neuroblasts migrate and form neuronal nuclei
(NeuN) expressing mature neurons in the olfactory bulb and granular cell layer of hippocampus,
respectively (Zhao et al., 2008). Both SVZ and SGZ neurogenesis support distinct physiological
functions in the adult brain. On the one hand, SGZ-derived neuroblasts form excitatory granule
neurons that incorporate into the existing DG circuitry, receive inputs from the entorhinal cortex
while projecting axons to the CA3 region of the hippocampus (Zhao et al., 2008), and thus
participate in hippocampal-associated learning and memory (Imayoshi et al., 2008; Zhao et al.,
2008). On the other hand, SVZ-derived neuroblasts, in the rodent brain, traverse the rostral
migratory stream to form interneurons in the olfactory bulb (OB) and participate in OB sensory

function (Imayoshi et al., 2008).

In the late 1990’s Eriksson et al. for the first time provided evidence in support of the
birth of hippocampal neurons in humans (Eriksson et al., 1998). This was further validated when
Spalding et al. used *carbon birth-dating of neuronal DNA to provide a convincing evidence of
adult neurogenesis in humans (Spalding et al., 2013). However, two recent studies have now
rekindled the debate regarding the existence of adult neurogenesis in humans by reporting
opposing findings (Sorrells et al., 2018; Boldrini et al., 2018). While Sorrells et al. showed that
hippocampal neurogenesis in humans drops sharply with age to nearly undetectable levels in
adults, Boldrini et al. concluded that adult neurogenesis persists lifelong (Sorrells et al., 2018;
Boldrini et al., 2018). Both studies performed histological analysis of early neuronal markers DCX
and PSA-NCAM. However, while Sorrells et al. observed no expression of these neuronal markers
in post-mortem adult brain tissues, Boldrini et al. reported an extensive expression of the same

markers in their study. This disparity can be attributed to the different methodologies used by



the two groups, and importantly to the post-mortem delay (PMD) in tissue fixation. Previous
studies have demonstrated the susceptibility of DCX to rapid degradation following death
(Boekhoorn et al., 2006), which may explain the lack of DCX staining in the Sorrells et al. study,
where PMD in sample fixation was quite long (up to 48 hours), while in the Boldrini et al. study
PMD was relatively shorter (<26 hours). Furthermore, Sorrells et al. included some epilepsy
tissues in their study, which are not ideal for neurogenesis assessments as previous work has
demonstrated significant neurogenic impairments following epilepsy (Jessberger and Parent,
2015). In contrast, Boldrini et al. excluded subjects with any known history of neurological or

psychiatric disorders.

Despite these recent controversial findings, there is a large body of evidence,
accumulated over the years, arguing the existence of adult neurogenesis in both the rodent and
human brain. More comprehensive analyses using advanced techniques such as a single cell
transcriptomic approach and in vivo imaging will help to clarify the controversial view regarding
adult neurogenesis; however, currently, there is no reason to doubt the existence of adult

neurogenesis in humans (Kempermann et al., 2018).

1.2. Adult Neurogenesis and Lipid Metabolism

Adult neurogenesis is an intricate, multistep process that involves coordinated NPC
proliferation, differentiation, migration, and incorporation of the newborn neurons into a

functional neuronal circuitry. Each step of this complex process is tightly regulated by a variety



of intrinsic factors and extrinsic cues including signaling cascades, transcriptional factors, and
epigenetic regulators (Bond et al., 2015). Interestingly, increasing evidence now supports a role
of lipid metabolism in regulating adult neurogenesis (Knobloch and Jessberger, 2017; Knobloch

2017).

Lipids are multifaceted molecules that make up more than half of the adult brain’s dry
weight. This diverse class of macromolecules, with an estimated 100,000 distinct types in
humans, play many crucial roles in the adult brain (Shevchenko and Simons, 2010). Lipids form
chief structural components of cell membranes and provide a rich source of energy. Most
importantly, however, they participate in intracellular and extracellular signaling as bioactive
lipids (Shevchenko and Simons, 2010; Hussain et al., 2013). The central role of lipids in the
regulation of adult neurogenesis was recently recognized when a landmark study demonstrated
that fatty acid synthase (FASN)-dependent de novo lipogenesis was critical for adult NPC
proliferation, and that inhibition of this process promoted NSC quiescence (Knobloch et al.,
2013). In agreement with this study, another research work showed that exercise-enhanced NPC
proliferation and cognition was abolished upon inhibition of FASN (Chorna et al., 2013).
Furthermore, increasing studies have now reported that genes involved in lipid biogenesis and
metabolism are richly expressed in NSCs, suggesting a critical role of lipids in regulating NSC
function (Shin et al., 2015; Codega et al., 2014; Llorens-Bobadilla et al., 2015; Hamilton and

Fernandes, 2018).

In addition to these physiological roles of lipid metabolism in regulating NSC function, a

recent study revealed that an abnormal build-up of lipids in the SVZ niche was associated with



Alzheimer’s disease (AD) (Hamilton et al., 2015). The authors showed that aberrant accumulation
of lipid droplets in the ependymal cells, a key component of the SVZ niche, suppressed NPC

proliferation in an AD mouse model (Hamilton et al., 2015).

These findings thus indicate that lipid metabolism plays a critical role in regulating NPC

function under both physiological and pathological conditions.

1.2.1 Bioactive Lipid Signaling in Adult Neurogenesis

Bioactive lipids, with distinct cell signaling roles, have recently emerged as important
regulators of adult neurogenesis (Bieberich, 2012). A variety of bioactive lipids, by binding to their

specific receptors, transduce critical signaling cascades which can modulate NPC function.

A. Polyunsaturated Fatty Acid Signaling

Polyunsaturated fatty acids (PUFAs) including omega-3 (docosahexaenoic acid; DHA)
and omega-6 (arachidonic acid; ARA) fatty acids are well known for their beneficial effects in
regulating NSC function both during development and adulthood (Beltz et al., 2007; Sakayori et
al., 2011; Tokuda et al.,, 2014). DHA, an important omega-3 fatty acid, has been shown to
promote neurogenesis both in vivo and in vitro, as well as support memory formation (He et al.,
2009; Kawakita et al., 2006). Further, dietary supplementation of DHA is known to improve
synaptic plasticity and cognition (Wu et al., 2008; He et al., 2009). In addition, the omega-6 PUFA,
ARA, has also been shown to promote NPC proliferation and drive neurogenesis (Maekawa et al.,
2009; Tokuda et al., 2014). ARA is a major precursor for the generation of pro-inflammatory
molecules such as prostaglandins, thromboxanes, and leukotrienes, collectively called

eicosanoids (Khanapure et al., 2007). The ARA-induced NSC proliferation is attributed partly to



the eicosanoid-activated signaling, and partly to direct ARA signaling through free fatty acid
binding receptors, such as the GPR40 (also called free fatty acid receptor 1, FFA1) (Kang et al.,
2014; Boneva and Yamashima, 2012; Lichtenwalner and Parent, 2006; Yamashima, 2012;
Bieberich, 2012). ARA-GPR40 signaling promotes both NPC proliferation and neurogenesis in the
ischemic primate brain by activating cAMP response element binding protein (CREB) (Boneva and
Yamashima, 2012). Since GPR40 is abundantly expressed in the primate brain, most of the initial
GPR40 studies were restricted to primates (Boneva and Yamashima, 2012). However, a recent
study demonstrated a significant expression of GPR40 in murine hippocampal neurons, thus
suggesting that mice represent a suitable model for elucidating the role of GPR40 signaling in

brain function (Zamarbide et al., 2014).

B. Endocannabinoid Signaling

Another important class of bioactive lipids that modulate NSC function is the
endocannabinoids (eCB). The endocannabinoid (eCB) system is involved in a range of
physiological brain functions such as pain, emotion, memory and behavioural responses (Lu and
Mackie, 2015). The eCB system comprises of endogenous ligands (eCBs), their binding receptors

(eCBRs), and enzymes regulating eCB synthesis and breakdown.

Anandamide (AEA) and 2-arachidonoyl glycerol (2-AG) are the two best-characterized
eCBs in the brain. The eCB lipids are produced in an activity-dependent manner from membrane
phospholipids by enzymatic cleavage (Di Marzo et al., 2015). The eCBs act as retrograde synaptic
messengers that are released by post-synaptic neurons and bind to eCBRs localized on pre-

synaptic neurons to stimulate neurotransmitter release. While 2-AG is a high efficacy agonist that



activates both eCBR1 and eCBR2, AEA behaves as a partial agonist with low efficacy at both the

eCBRs (Di Marzo et al., 2015; Lu and Mackie, 2015; Di Marzo and De Petrocellis, 2012).

The two eCBRs, eCBR1 and eCBR2, are G-protein coupled receptors (GPCRs) that
transduce eCB signaling effects by inhibition of adenylyl cyclases and voltage-gated calcium
channels and activation of MAP kinases and inwardly-rectifying potassium channels (Di Marzo et
al., 2015; Fonseca et al., 2013). Of the two, eCBR1 is dominantly expressed in neurons in the brain
cortex, hippocampus, basal ganglia and the cerebellum (Di Marzo et al., 2015; Lu and Mackie,
2015), and mediates most of the physiological functions of the eCB system. In contrast, eCBR2
expression level is very low in the brain and is mainly restricted to astrocytes, microglia and
vascular elements, implicating a role in inflammation (Di Marzo et al., 2015; Kendall and
Yudowski, 2017). However, under several neuropathological conditions, expression of eCBR2 is
markedly increased and is also observed in neurons (Lu and Mackie, 2015). Given its involvement
in neuroinflammatory processes, eCBR2 has recently emerged as a potential target against
different neuropathological conditions, including AD (Cassano et al., 2017; Aso and Ferrer, 2016;

Bonnet and Marchalant, 2015).

The role of eCB signaling in regulating NPC function and neurogenesis has been widely
studied. These studies have demonstrated a critical role of eCB signaling in regulating diverse
NPC functions such as self-renewal and neuronal differentiation and maturation during both
embryonic and post-natal stages (Maccarrone et al., 2014; Galve-Roperh et al., 2013). Signaling
through both eCBR1 and eCBR2 has been extensively shown to promote NPC proliferation (Galve-

Roperh et al., 2013; Palazuelos et al., 2006, 2012; Jin et al., 2004b). Importantly, the role of eCBR1



and eCBR2 signaling in driving neuronal differentiation of NPCs has also been demonstrated (Jin
et al., 2004b; Diaz-Alonso et al., 2012; Xapelli et al., 2013; Compagnucci et al., 2013; Bravo-Ferrer
et al., 2017). These effects are potentially mediated by 2-AG, since both genetic ablation and
inhibition of diacylglycerol lipase a (DAGLa), the primary 2-AG producing enzyme, have been
shown to result in significant deficits in both, SVZ and hippocampal neurogenesis (Gao et al.,

2010; Goncalves et al., 2008).

The third important component of the eCB system is the enzymes that mediate eCB
hydrolysis and synthesis. The eCB hydrolases, by breaking down eCBs, can effectively stop eCB
signaling and are thus a critical regulator of eCB signaling. While fatty acid amide hydrolase
(FAAH) is the principle AEA degrading enzyme, which breaks down AEA to generate ARA and
ethanolamine, the primary 2-AG hydrolyzing enzyme is monoacylglycerol lipase (Mgll) that
cleaves 2-AG to produce ARA and glycerol. Other eCB hydrolyzing enzymes include N-
acylethanolamine-hydrolyzing acid amidase (NAAA) for AEA, and alpha/beta domain hydrolases
6 and 12 (ABHD6 and 12) for 2-AG hydrolysis. In addition, AEA and 2-AG can be oxidized by

cyclooxygenase-2 (COX-2) leading to their degradation (Hermanson et al., 2014).

Mgll is a 33 kDa serine hydrolase that is responsible for over 80 percent of 2-AG
hydrolysis in the brain, making it the principle 2-AG hydrolyzing enzyme (Mulvihill and Normura,
2013; Chanda et al., 2010). Given its central role in 2-AG hydrolysis, Mgll is localized in pre-
synaptic axon terminals, with the highest expression in regions expressing eCBR1 (Dinh et al.,
2002). Recent work has revealed a significant role of Mgll in regulating lipid compositions to

coordinate multiple lipid signaling pathways, particularly in linking the eCB system to the



eicosanoid system. Activation of Mgll not only reduces eCB signaling but also produces ARA, the
precursor for pro-inflammatory eicosanoids. In fact, Mgll was recently identified as the major
ARA-producing enzyme in the brain, a function previously thought to be exclusively carried out
by phospholipase A2 (Normura et al., 2011). ARA is metabolized by COX and lipoxygenases to

produce eicosanoids, which are potent mediators of inflammation (Khanapure et al., 2007).

The development of transgenic Mgll-null mouse models (Mgll”") (Schlosburg et al., 2010;
Chanda et al., 2010) and a highly selective Mgll activity inhibitor, JZL-184 (Long et al., 2009) has
greatly contributed to a better understanding of Mgll function. These studies demonstrate that
genetic deletion of Mgll and/or inhibition of Mgll activity promotes anti-nociceptive, anti-
inflammatory, anxiolytic and neuroprotective responses (Long et al.,, 2009; Mulvihill and
Normura, 2014). Mgll inhibition and/or deletion results in elevated 2-AG and reduced ARA,
conferring a two-fold advantage in the brain. Increased 2-AG stimulates eCBR signaling to
promote neurogenesis and neuroprotection, while decreased ARA levels further help to prevent
neuroinflammation by reducing production of eicosanoids (Grabner et al., 2016; Marsicano et
al., 2003; Panikashvili et al., 2001), making Mgll a promising candidate against

neuroinflammation/neurodegenerative disorders.

1.3. Alzheimer’s Disease

Alzheimer’s disease (AD), described for the first time in 1906 by the German psychiatrist
Alois Alzheimer, is a progressive neurodegenerative disorder characterized by significant deficits

in memory and cognition (Cummings, 2004; Lane et al., 2017). It is the most common cause of



dementia that affects nearly 45 million people worldwide, with over half a million cases reported
in Canada alone (Prince et al. 2015, Chambers et al. 2016). AD causes a significant socio-economic
burden globally with costs of care for individuals with AD and other forms of dementia running
into hundreds of billions of dollars (Prince et al., 2015, Chambers et al., 2016). This ever-
increasing socio-economic impact of AD is the result of a rapidly-growing aging population and

the lack of effective therapeutic approaches to treat AD.

1.3.1. Clinical Outcomes

AD is a fatal neurodegenerative disorder resulting in a gradual and progressive decline
in memory and cognitive ability, accompanied by other serious behavioural abnormalities such
as anxiety, depression and psychosis. AD-afflicted individuals usually experience difficulties in
learning, problem-solving, verbal communication, as well as motor function (Caselli et al., 2006;
Lane et al., 2017, Mega et al., 1996; Scarmeas et al., 2004). As AD progresses, patients lose

routine life skills and require close supervision at all times (Forstl and Kurz, 1999).

1.3.2. Genetics and Risk Factors

AD occurs in two forms: a rare, early-onset familial form (FAD) and a late-onset sporadic
form (SAD) that accounts for a majority (>95%) of AD cases (Marlatt et al., 2009). FAD generally
affects individuals with age ranging from 30 to 60 years and arises from autosomal-dominant
mutations in genes encoding amyloid precursor protein (APP), presenilin-1 (PS1) or presenilin-2
(PS2), which result in overproduction of the toxic peptide amyloid beta (AB). SAD, the more
widespread form of AD, usually afflicts individuals older than 65 years of age. Unlike FAD, the

occurrence of SAD is governed by a complex interplay of environmental and inherited factors
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(Tanzi, 2012; Lindsay et al., 2002). While advanced age is the biggest environmental risk factor,
presence of the €4 allele of the apolipoprotein E (ApoE) gene is the strongest genetic risk factor
for SAD (Bu, 2009; Lindsay et al., 2002). In recent years, genome-wide association studies have
identified genes involved in cholesterol and lipid metabolism pathways, inflammatory pathways,
and endosomal vesicle cycling pathways, as additional genetic risk factors for AD (Van
Cauwenberghe et al., 2016; Karch and Goate, 2015). Besides these, gender, educational level,
physical activity, hypertension, obesity and hyperlipidemia have also been implicated as risk
factors by multiple studies (Lindsay et al., 2002; Lange-Asschenfeldt and Kojda, 2008; Carroll et

al., 2010).

1.3.3. Hallmarks and Pathology

AD is characterized by two classic neuropathological hallmarks: AB plaques and
neurofibrilliary tangles (NFTs). AB plagues are focal extracellular accumulations of the Ap peptide
(40-42 amino acids), derived from APP following its sequential cleavage by B- and y-secretases.
The resulting AB fibrils aggregate to form insoluble AB sheets that accumulate around neurons.
Over time, these plagues associate with abnormal neuronal processes, termed dystrophic
neurites, as well as activated microglia and astrocytes. The AB plaques occur mainly in the
neocortex, with lesser known involvement of the temporal lobe, basal ganglia and the cerebellum
(Wippold et al., 2008; Serrano-Pozo et al., 2011). NFTs are intraneuronal aggregations consisting
of paired helical filaments of hyperphosphorylated tau. Tau is an important cytoskeletal protein
that plays a key role in neuronal microtubule stabilization. However, hyperphosphorylation of

tau occurs in AD, which results in tau aggregation and deregulation of the microtubule dynamics
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(Metaxas and Kempf, 2016). NFTs, in contrast to AB plaques, typically appear in the entorhinal
cortex and hippocampus (parts of the medial temporal lobe) and later spread to the neocortex

(Metaxas and Kempf, 2016).

In addition to AB and NFTs, many other pathological changes including dystrophic
neurites, axonopathy, cerebral amyloid angiopathy and the associated microglial and astrocytic
activation are also commonly observed in AD. These changes are neurotoxic, which cause
synaptic dysfunction and massive neuronal loss (Serrano-Pozo et al., 2011; Selkoe, 2011; Lane et
al., 2017). Besides many microscopic alterations, AD also results in significant macroscopic
atrophy particularly in the hippocampus, entorhinal cortex and amygdala (Jawahar, 2011; Bottino

et al., 2002).

1.3.4. Mouse models of AD

The advancement in our understanding of AD pathophysiology has mostly arisen from
animal studies since many ethical, technical and practical limitations hamper assessment in
humans and human tissues. Rodents, specifically mice, have been extensively used to generate
transgenic models to better understand the pathophysiology of AD.

The earliest transgenic mouse models for AD involved the overexpression of human APP
(hAPP) containing single or multiple FAD mutations. Several mouse models were developed using
this approach, such as the Tg2576 mouse model carrying double mutations in hAPP, called the
Swedish mutations (hAPPswe) (Hsiao et al., 1996). These mice exhibited several AD-related
neuropathological features such as elevated production of AB plaques, gliosis, dystrophic

neurites as well as memory impairment (Hsiao et al., 1996; Puzzo et al., 2015). Following this,
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efforts were made to generate double transgenic models by combining both APP and presenilin
mutations to develop a more robust AB pathology. As expected, the APP/PS1 double transgenic
mice displayed a more aggressive and earlier onset of AB pathology, as well as other pathological
features such as early onset of abnormal long term potentiation (LTP) and memory impairments
(Holcomb et al., 1998, Arendash et al., 2001; Hall and Roberson, 2012). In recent years, an even
more aggressively progressing AD model, the 5xFAD, was generated by co-expressing five FAD-
associated mutations including three APP and two PS1 mutations. These 5xFAD mice develop
severe AP pathology quite rapidly, with intraneuronal AB accumulation occurring as early as 1.5
months of age and plaques and cognitive impairments becoming apparent at 4 months.
Interesting, these mice are one of the only hAPP/PS1 models to develop AD-associated neuron
loss (Oakley et al., 2006; Jawahar et al., 2012; Hall and Roberson, 2012; 5xFAD).

While most of the models described above successfully recapitulate a range of AD-
related pathologies, they do not produce NFTs. To address this, a triple transgenic model, 3xTg,
was developed (Oddo et al., 2003b). Briefly, these mice were generated by co-injecting hAPP
(hAPPswe) and hTau (hTaupsoiL) transgenes, both under control of the Thyl.2 promoter, into the
PS1m14ev knock-in mouse embryos. The 3xTg mice develop a progressive AD neuropathology
including AB plaques, NFTs, gliosis, impaired memory and cognition, as well as loss of LTP, all
occurring in an age-dependent manner (Oddo et al., 2003a; Oddo et al., 2003b; Billings et al.,
2006). Additionally, the 3xTg mice develop significant impairments in adult neurogenesis, prior
to the development of neuropathology and memory impairments (Hamilton et al., 2010, 2015;
Rodriguez et al., 2008, 2009). An important advantage of the 3xTg mouse model is that these

mice closely mimic human AD progression, especially in terms of the temporal and spatial
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development of neuropathological features. As a result, this model is widely used for drug
development and studying disease progression. Further, since the 3xTg mice exhibit perturbed
neurogenesis and cognitive deficits long before the onset of pathological hallmarks (Hamilton et
al., 2010, 2015), they are particularly well-suited for examining how deregulated neurogenesis

and its underlying molecular mechanisms predispose to AD during aging.

1.4. Neurogenesis and Alzheimer’s Disease

Among the multiple pathological features observed in AD, the dilation of the lateral
ventricles and significant hippocampal atrophy are of note since these alterations directly perturb
the two major neurogenic niches in the brain (Perl, 2010). Given that the neurogenic niches are
directly affected in AD, and AD-associated molecular players, namely ApoE, Tau, PS1, APP can
regulate adult neurogenesis, it is reasonable to propose that AD-associated neuropathology

impinges upon neurogenesis in the brain (Lazarov and Marr, 2011; Mu and Gage, 2011).

However, the relationship between neurogenesis and AD is contentious. While a
majority of studies support the idea that AD is associated with reduced neurogenesis (Feng et al.,
2001; Haughey et al., 2002; Zhang et al., 2007; Wang et al., 2004, Wen et al., 2004), some studies
show that neurogenesis is rather enhanced in AD (Lopez-Toledano and Shelanski, 2007; Yu et al.,
2009; Jin et al., 2004a, 2004c). Notably, most studies that have reported increased hippocampal
neurogenesis in AD only observed enhanced NPC proliferation or modest elevation in the
expression of early neuronal markers, in the absence of concomitant increase in mature and

functional neurons (Li et al., 2008). In addition, many animal-based studies have shown that

14



increased neurogenesis is observed only at an early age (2-3 months) followed by sustained

impaired neurogenesis at the middle and old ages (Mu and Gage, 2011; Gan et al., 2008).

Similar findings have emerged from human studies as well. For instance, Jin and
colleagues observed enhanced expression of only early neuronal markers such as DCX and PSA-
NCAM in post-mortem AD brains (Jin et al., 2004c). Another study showed that neurogenic
changes associated with AD vary with the stage of the disease, and that increased NPC
proliferation occurs in the absence of a concomitant increase in differentiated neurons (Perry et
al., 2012). Furthermore, Boekhoorn et al. showed that the AD-associated increase in NPC
proliferation reflected enhanced gliogenesis and angiogenesis, but not neurogenesis (Boekhoorn

et al., 2006).

The disparity in these results can be attributed largely to the differences in technique,
choice of animal model, age and history of the patients, stage of the disease, choice of
immunohistochemical markers and PMD in tissue fixation. However, despite these discrepancies,
itis clear that neurogenesis is altered in AD. Interestingly, most of the alterations in neurogenesis
occur early in AD, prior to the appearance of other AD-associated neuropathological features
which may secondarily hamper the neurogenic process (Lazarov and Marr, 2010; Mu and Gage,
2011). Recently, Hamilton et al. convincingly demonstrated that extensive neurogenic
aberrations in the 3xTg AD mice occurred before the onset of AB plaques and NFTs deposition
(Hamilton et al., 2010, 2015). These findings suggest that this early occurrence of neurogenic
impairments may potentially predispose to AD (Lazarov and Marr, 2010; Mu and Gage, 2011). As

the disease progresses, the appearance of other neuropathological features may impair
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neurogenesis further. Given the importance of adult neurogenesis in supporting hippocampal
plasticity and cognition, impaired neurogenesis may mediate the cognitive decline in AD (Lazarov

and Marr, 2010; Winner et al., 2011).

1.5. Lipid Metabolism and Alzheimer’s Disease

Increasing studies have implicated a role of lipid metabolism genes in AD pathogenesis
(Hamilton et al., 2015, 2018; Karch and Goate, 2015; Tanzi, 2012; Fraser et al., 2010; Hussain et
al., 2013). Interesting, Alois Alzheimer himself reported atypical lipid changes as the third
pathological hallmark of the disease, however, this was largely ignored until very recently
(Alzheimer, 1907; Foley, 2010). Given the involvement of lipids in diverse brain functions, it is not

surprising that aberrant lipid metabolism is associated with neurodegenerative diseases like AD.

Several lipids and lipid-related mechanisms have been implicated in AD pathogenesis.
For instance, presence of the €4 variant of ApoE (ApoE4) has been identified as the strongest
genetic risk factor for SAD. In fact, studies have shown that individuals carrying two copies of
ApoE4 have a 12-fold higher risk of developing AD than individuals who do not carry this allele
(Liu and Zhang, 2014; Roses, 1996). ApoE is a major lipid transporter in the brain, which is
involved in APB clearance. The low affinity of ApoE4 for AB results in impaired clearance causing
AB accumulation. In addition, the presence of ApoE4 is associated with elevated cholesterol
levels, which in turn contributes to AD pathology (Xu and Huang, 2006; Wong et al., 2017).
Cholesterol is abundantly present in the brain where it forms a vital component of cell

membranes and myelin sheaths. However, increased cholesterol levels facilitate B-secretase
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activity to promote AP production, as seen in AD. In addition, cholesterol enables conversion of
soluble AB monomers to toxic oligomeric aggregates, accelerating AD pathogenesis (Liu and

Zhang, 2014; Schneider et al., 2006).

The eCB system has also been identified as a therapeutic target for AD in recent years
(Pacher et al., 2006). eCBR2 expression is markedly increased in post-mortem AD brains,
especially on microglia surrounding senile plaques (Benito et al., 2003; Ramirez et al., 2005).
Given the anti-inflammatory and neuroprotective role of eCBR2 signaling, increasing studies
propose to activate eCBR2 as a promising therapeutic strategy against AD for attenuation of AD-
associated neuroinflammation, as well as for modulating AP processing and improving cognition
(Ramirez et al., 2005; Benito et al., 2003; Aso and Ferrer, 2016). Furthermore, Mgll has been
identified as a promising therapeutic target against AD. An elegant study by Chen and colleagues
successfully demonstrated the multiple beneficial effects of JZL-184 treatment (inhibition of Mgl|
activity) in the 5xFAD mice. These effects included reduced AB production and
neuroinflammation, with a concurrent recovery in learning and memory deficits, as well as

improved hippocampal synaptic function (Chen et al., 2012).

Some recent work has also suggested a pathogenic role of aberrant fatty acid
metabolism in AD. In a recent study, Hamilton et al. observed accumulations of lipid droplets in
the neurogenic niche prior to the appearance of plaques and tangles in the 3xTg mice (Hamilton
et al., 2012). The same group later demonstrated that these triglyceride-enriched lipid droplets

containing saturated, mono- and poly-unsaturated fatty acid (SFA, MUFA, PUFA) side chains,
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suppress NSC activity early during AD and likely contribute to AD pathogenesis (Hamilton et al.,

2015).

In summary, there is compelling evidence that perturbed lipid metabolism and AD
pathogenesis are intimately linked. However, the exact molecular and cellular mechanisms that
drive these aberrations remain unknown. A better understanding of these processes is vital for

the development of effective therapeutics against AD.

1.6. Epigenetic Regulation of Neurogenesis and Alzheimer’s Disease: Role of the aPKC-CBP

Pathway

Epigenetic modulation is a critical interface that integrates environmental signals into
the determination of cell identity and function by altering gene expression without directly
affecting the underlying DNA sequence (Jaenisch et al., 2003; Zhang and Meaney, 2010).
Epigenetic modulators have emerged as key regulators of neurogenesis, as well as other vital
processes in the brain such as learning, cognition and memory formation (Ma et al., 2010). There
is now an increasing interest in understanding the contribution of these epigenetic mechanisms
towards neurodegenerative disorders such as AD (Marques et al., 2011; Lardenoije et al., 2015).
Furthermore, since aging is characterized by widespread changes in the epigenetic landscape, it
is plausible to hypothesize that dysregulated epigenetics during aging may contribute to AD

predisposition.

In this regard, our recent work identifies the role of atypical protein kinase C (aPKC)

mediated Ser436 phosphorylation in CREB-binding protein (CBP), a histone acetyltransferase
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(HAT), as an important mechanism that sustains hippocampal neurogenesis and memory during
normal aging (Gouveia et al., 2016). In this study, our group demonstrated that CBPS436A knock-
in (KI) mice, which lack a functional aPKC-CBP pathway due to replacement of serine (S) 436 with
alanine (A) in CBP, display impaired hippocampal neuronal differentiation and hippocampus-
associated memory at the age of 6 months but not 3 months (Gouveia et al., 2016). Furthermore,
other studies from our lab have demonstrated that metformin, an FDA-approved anti-diabetic
drug, activates the aPKC-CBP pathway to promote SVZ-NPC neuronal differentiation in culture
and also improve hippocampus-associated cognition and memory in vivo (Wang et al., 2012; Fatt
et al., 2015). Interestingly, the effects of metformin on neurodegeneration-related cognitive
decline reveal conflicting results in the clinical setting, likely due to multiple off-target effects of
metformin (Ng et al., 2014; Moore et al., 2013). Therefore, identifying the exact molecular targets

through which metformin acts to promote cognition is vital.

To this end, we conducted an RNA-seq analysis using differentiating WT and CBPS436A
NPCs cultured in the presence of metformin to identify the direct targets of the aPKC-CBP
pathway. Of the 46 genes that were dysregulated in CBPS436A NPCs, we singled out an
upregulated gene, Mgll, as the major mediator the aPKC-CBP pathway (experiments done by
other lab members). To further confirm our RNA-seq data, we assessed Mgll mRNA and protein
levels in CBPS436A SVZ NPCs and hippocampal tissue respectively (Figure 1 A, C), and observed
that Mgll is aberrantly upregulated in the CBPS436A NPCs and hippocampal tissue. Using a ChlP-
gPCR analysis we further showed enhanced CBP binding at the Mgll promoter in the CBPS436A

NPCs, suggesting that CBP directly regulates Mgll expression.
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Figure 1. Mgll is aberrantly upregulated in CBPS436A mice. (A) Quantitative PCR (qPCR) for Mgll
mMRNA from differentiating WT and CBPS436A NPCs in the presence of metformin. *** p < 0.001
(n=4). (B) ChIP-gPCR analysis for CBP binding at Mgll promoter in differentiating WT and
CBPS436A NPCs in the presence of metformin. * p <0.05 (n=3). (C) Western blot analysis for Mgll
protein levels in 6-month old CBPS436A hippocampal tissues. *p < 0.05 (n=3).

Intriguingly, previous studies have reported reduced PKC levels and/or activity in the AD
brain (Masliah et al., 1991; Moore et al., 1998; Etcheberrigaray et al., 2004; Tan et al., 2010;
Talman et al., 2016). In addition, Mgll was recently identified as a therapeutic target against AD
(Chen et al., 2012). However, what causes dysregulation of Mgll in AD and how that potentially

contributes to cognitive dysfunction remains unknown.

Therefore, based on our recent findings (Gouveia et al., 2016; Figure 1), we propose that
the aPKC-CBP pathway directly regulates Mgll expression to control 2-AG versus ARA signaling to

determine NPC fate in the normal and AD brain.
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Diagram 1: Schematic overview of the study
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2. Hypothesis and Objectives

2.1. Hypothesis

We hypothesize that activation of the aPKC-CBP pathway directly represses Mgll expression
to modulate NPC proliferation and differentiation by altering 2-AG versus ARA levels; and that
attenuation of the aPKC-CBP pathway in AD NPCs increases Mgll levels and impairs NPC function,

consequently predisposing to AD.

2.2. Objectives

Objective 1: Investigate the role of Mgll in transducing the aPKC-CBP pathway to modulate NPC

proliferation and differentiation

Objective 2: Examine whether and how attenuation of the aPKC-CBP mediated Mgll repression

perturbs NPC function in the 3xTg AD NPCs
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3. Materials and Methods

3.1. Animals

All animal use was approved by the Animal Care Committees of the University of Ottawa in
accordance with the Canadian Council of Animal Care policies. Transgenic mouse lines CBPS436A
and 3xTg were maintained on a 12 h light/dark cycle with food and water available ad libitum.
The transgenic CBPS436A mouse line was obtained from the laboratory of Dr. Fredric Wondisford
(Rutgers-Robert Wood Johnson Medical School, New Brunswick, NJ, USA). Heterozygous
CBPS436A were bred to produce WT and homozygous CBPS436A animals for the experiments.
The 3xTg mice (homozygous for PS1miaev, APPswe and Taupso1. mutations on a hybrid C57BL6/129S
genetic background) and non-transgenic, Non-Tg mice (C57BL6/129S), originally generated at the
laboratory of Dr. Frank M LaFerla (University of California, Irvine, USA), were purchased from the
Jackson Laboratory. The generation of the transgenic CBPS436A and 3xTg lines has been

described previously (Zhou et al., 2004; Oddo et al., 2003).

3.2. NIH3T3 Cell Culture

NIH3T3 cells, gifted by Dr. Xiaohui Zha (Ottawa Hospital Research Institute, Ottawa,
Canada), were cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Wisent
Bioproducts, 319-005-CL) containing 10% fetal bovine serum (FBS) (Life Technologies, 12484010)
and 1% penicillin-streptomycin (Thermo Fisher, 15140122). The cells were maintained in a

humidified incubator at 37°C with 5% CO;, and passaged every three days. For transfection, the
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cells were seeded in 6-well culture plates at 500,000 cells per well. Following overnight
incubation, cells were transfected with Mgll shRNA 1 (2.5 pg), Mgll shRNA 2 (2.5 pg), Mgll shRNAs
1 and 2 (1.25 pg for each), or a non-specific scrambled (Scr) shRNA (2.5 ug) (Appendix, Table 1),
mixed with 7.5 uL of TransIT-X2® Dynamic Delivery System (Mirius, MIR6003) in Opti-MEM™
(Thermo Fisher, 31985062) per well. Cells were harvested 48 hours later, and the knockdown

efficiency was assessed using a western blot.

3.3. Adult Neurosphere Culture

Subventricular zone (SVZ) tissues were microdissected from the subependyma of lateral
ventricles of six to eight week old mice (WT, CBPS436A, Non-Tg and 3xTg). The collected tissues
were digested in 5-10 mL enzyme mix (Appendix, Table 2) for 40 minutes at 37°C while mixing on
a HulaMixer™ Sample Mixer. Digestion was stopped using a sterilized trypsin inhibitor (0.67
mg/mL) (Sigma-Aldrich, T2011-500) prepared in serum-free medium (SFM) (Appendix, Table 2).
The tissues were mechanically dissociated into single cell suspensions by passing through P1000
and P200 pipettes and cells were collected by centrifuging twice at 390g for 5 minutes. The cell
pellet was resuspended in supplemented SFM (SFM+EFHB) containing 20 ng/mL epidermal
growth factor (EGF; E) (Sigma-Aldrich, E9644), 20 ng/mL basic fibroblast growth factor (bFGF; F)
(PeproTech, 100-18B), 2 pg/mL heparin (H) (Sigma-Aldrich, H3149-100KU) and 1x B-27™
supplement (B) (Thermo Fisher Scientific, 17504-044). Live cells were counted using trypan blue
(Thermo Fisher Scientific, 15250061), plated at 10 cells/uL in 6-well plates, and cultured for seven

days in vitro (DIV) without disturbance in a humidified incubator at 37°C with 5% CO; to allow
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neurosphere (NS) formation. Free-floating primary NS were collected and centrifuged at 390g for
5 minutes. The supernatant was discarded, and the cell pellets were resuspended and dissociated
into single-cell suspensions by triturating in supplemented SFM. The cells were filtered through
a cell strainer (40 um pore size), counted, and seeded at 2 cells/uL in 6 well plates to initiate
secondary NS formation. Six days later, the secondary NS or second passage (P2) NPCs were
collected and passaged until the fifth passage (P5) or used for further experiments as described

below.

The remaining P2 WT, CBPS436A, Non-Tg and 3xTg NPCs and P5 WT and CBPS436A NPCs
were pelleted and washed with 1x PBS. Excess PBS was discarded, and the cells were snap-frozen

in liquid nitrogen followed by storage at -80°C until required.

3.4. NPC Differentiation

WT and CBPS436A P2 NPCs were plated on poly-L-ornithine (PLO) (Sigma-Aldrich, P4957,
15% prepared in sterile water) and laminin (Thermo Fisher Scientific, CB40232, 0.05% prepared
in sterile water) coated 6-well plates at 1,000,000 cells per well in neural differentiation medium:
SFM containing 10% FBS, supplemented with 1 uM metformin (Sigma-Aldrich, PHR1084-500MG).
The differentiating NPCs were harvested seven days upon differentiation for western blot

analysis.
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3.5. NPC Transfection and Conditioned Medium Treatment

WT, CBPS436A, Non-Tg and 3xTg P2 or P5 NPCs were plated on PLO-laminin coated
coverslips at 100,000 cells per well in 24-well plates, in supplemented SFM (SFM+EFHB).
Following overnight incubation, each well was transfected with either 0.4 ug Mgll shRNA 1 and 2
(0.2 pg for each) or 0.4 pg phosphomimic CBPS436D plasmid (Wang et al., 2012) together with
0.2 ug of a CAG-eGFP (eGFP) plasmid (Wang et al., 2012), mixed with 1.8 uL of TransIT-X2®
Dynamic Delivery System (Mirius, MIR6003) in Opti-MEM™ (Thermo Fisher, 31985062). In these
experiments, non-specific Scramble shRNA (mentioned earlier) and pcDNA3.1 empty vector
(Wang et al., 2012) were transfected in separate wells as controls for Mgll shRNA and CBPS436D
plasmid, respectively. 24 hours following transfection, the medium was switched to neural
differentiation medium (SFM+10% FBS), supplemented with 1 uM metformin. Conditioned
medium (CM) from differentiating WT and CBPS436A NPCs was collected seven days upon
differentiation, centrifuged at 16200g for 10 minutes, and stored at -20°C for later use, while

transfected cells were assessed using immunocytochemistry as described below.

Another set of WT and CBPS436A P2 NPCs were plated on PLO-laminin coated coverslips
at 100,000 cells per well in 24-well plates, in SFM+EFHB. Following overnight incubation, the
medium was changed to neural differentiation medium containing 50% of the previously
collected CM and supplemented with 1 uM metformin. The NPCs were assessed seven days later

using immunocytochemistry as described below.
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3.6. Neurosphere Size Assessment and GPR40 Antagonist Treatment

DC 260126 (Tocris, 5357-10), a GPR40 antagonist was prepared in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, D2650) as a 1 mM stock and stored at -20°C. 3xTg and Non-Tg P2, and
WT and CBPS436A P5 NPCs were treated with 100 nM DC 260126 or 0.01% DMSO (control) at
time of plating (2 cells/ul in 6-well plates), and neurospheres were imaged and assessed six days

later as described below.

3.7. Drug Treatment in Cultured NPCs

Mgll inhibitor, JZL-184 (Cayman Chemical, 13158-5) and eCBR1 and eCBR2 agonists,
ACEA (Arachidonyl-2'-chloroethylamide) (Cayman Chemical, 91054) and JWH-133 (Tocris, 1343-
10) respectively, were prepared in DMSO as a 1 mM stock, while metformin (Sigma-Aldrich,
D150959-5G) was prepared as a 0.5 mM stock in sterilized water. All reagents were stored at -

20°C until required.

3xTg and Non-Tg P2 NPCs were plated on PLO-laminin coated coverslips in a 24-well
plate at 100,000 cells per well and cultured in SFM containing 10% FBS. The media was
supplemented with 500 nM metformin, 1 uM JZL-184, 1 uM ACEA or 1 uM JWH-133. Water
treatment or 0.1% DMSO were used as control groups. The differentiating NPCs were cultured

for seven days and assessed by immunocytochemistry as described below.
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3.8. Immunocytochemistry

Cells growing on PLO-laminin coated glass coverslips were retrieved from the incubator.
The medium was discarded, and the cells were washed with 1x PBS for 5 minutes followed by a
10-minute fixation in 4% PFA. Following three 5-minute 1x PBS washes, the coverslips were
removed from the wells and blocked/permeabilized for one hour at room temperature in 10%
normal goat serum (NGS) (Thermo Fisher Scientific, 16050122) with 0.3% Triton™ X-100 prepared

in 1x PBS.

The coverslips were then incubated with the primary antibody prepared in 10% NGS
with 0.3% Triton™ X-100 in 1x PBS, at 4°C overnight. The antibodies used were: chicken anti-GFP
(1:2000, Abcam, ab13970) and/or mouse anti-Blll tubulin (1:500, Biolegend, 801201). Following
overnight antibody incubation, the coverslips were washed three times for 5 minutes each with
1x PBS, and then incubated with Alexa Fluor-conjugated secondary antibody: goat anti-chicken
Alexa Fluor 488 (1:500, Thermo Fisher Scientific, A11039) and donkey anti-mouse Alexa Fluor 555
(1:500, Thermo Fisher Scientific, A31572), diluted in 0.3% Triton™ X-100 solution in 1x PBS for
one hour at room temperature. Immediately after secondary antibody incubation, the coverslips
were counterstained with Hoechst 33342 stain (Cell Signalling Technology, 4082S) at 1 ug/mL in
1x PBS for 5 minutes followed by three 5-minute washes in 1x PBS. The coverslips were mounted

on clean glass slides with PermaFluor™ solution and imaged once dry.
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3.9. JZL-184 and 5-Bromo-2’-deoxyuridine (BrdU) Injections

JZL-184 (Cayman Chemical, 13158-50) was prepared in DMSO at 40 mg/mL and stored
at -20°C. Dissolved JZL-184 was mixed with 2.5% Tween-80 in 1x PBS and administered the same
day. 6-month-old WT and CBPS436A mice received a daily intraperitoneal (i.p.) injection of 8
mg/kg JZL-184 or saline containing 2.5% Tween-80 and 2% DMSO as a control for 14 days. To
label dividing cells, the mice also received two i.p. injections of BrdU (Sigma-Aldrich, B9285-1G,
100 mg/kg), 4 hours apart, for three consecutive days, after an initial two days of treatment with

JZL-184 alone.

3.10. Tissue Preparation

Following 14 days of JZL-184 injections, mice were anesthetized with 0.1 mL sodium
pentobarbital (65 mg/mL, i.p.). Mice were then transcardially perfused with 70 mL (7 mL/minute
for 10 minutes) of 4°C 1x PBS followed by 70 mL (7 mL/minute for 10 minutes) of 4°C 4%
paraformaldehyde (PFA) (Sigma-Aldrich, 158127) in 1x PBS. The brains were extracted and post-
fixed in 4% PFA overnight at 4°C, followed by storage in 30% sucrose solution containing 0.1%
sodium azide (Fisher Scientific, 19038) for at least 48 hours. Samples were covered in optimal
cutting temperature solution (VWR, 95057-838) and flash frozen on dry ice. Serial 20 um
hippocampal sections were obtained using a cryostat (Leica Biosystems, CM1850) and
sequentially mounted on 10 glass slides, to encompass the entire hippocampus. Sections were

stored at -80°C until required.
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3.11. Immunohistochemistry

The tissue sections were retrieved from -80°C and thawed at 37°C for 10 minutes. The
sections were washed twice with 1x PBS followed by a 15-minute fixation with 4% PFA. Following
three 5-minute washes, the sections were treated with 1 N HCl at 45°C for 1 hour and then
extensively washed with 1x PBS. The sections were then blocked/permeabilized for at least one
hour at room temperature in 10% normal horse serum (NHS) (Thermo Fisher Scientific,

16050122) with 0.3% Triton™ X-100 (Fisher Scientific BP151-100) prepared in 1x PBS.

The brain sections were sequentially incubated with the primary antibody prepared in
10% NHS with 0.3% Triton™ X-100 in 1x PBS, at 4°C overnight. The antibodies used were: rat anti-
BrdU (1:200, AbD Serotec, OBTOO30G) and mouse anti-NeuN (1:500, Millipore, MAB377).
Following overnight incubation for each primary antibody, the sections were washed three times
for 5 minutes each with 1x PBS, before addition of an Alexa Fluor-conjugated secondary antibody:
donkey anti-rat Alexa Fluor 488 (1:500, Thermo Fisher Scientific, A21208) or goat anti-mouse
Alexa Fluor 647 (1:500, Thermo Fisher Scientific, A-21235), diluted in 0.3% Triton™ X-100 solution
in 1x PBS for one hour. After last secondary antibody incubation, the sections were washed three
times for 5 minutes each in 1x PBS and mounted using PermaFluor™ solution (Thermo Fisher

Scientific, TA-030-FM). The slides were assessed once dry.

3.12. Imaging and quantification

P2 and P5 neurospheres were imaged at 5x magnification, with Zeiss Axiovert 200M

inverted microscope using Zeiss Axiovision software. Eight to ten images were randomly taken
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per treatment group and neurosphere diameters were measured using FlJI software. On average,

300-400 neurospheres were assessed per condition.

Fluorescent images were taken on a Zeiss Axioplan 2 fluorescent microscope with Z-axis
capability, using Zeiss Axiovision software. For in vitro transfection experiments, 100-200 GFP
positive cells were quantified per condition. For all other in vitro experiments eight to ten images
were taken randomly at 20x magnification, and on average 800-1000 cells were quantified per

condition. Cell counts were done blinded to experimental groups, using FlJI software.

In vivo quantification was performed as described previously (Gouveia et al., 2016).
Briefly, every tenth section throughout the septotemporal axis of the hippocampus (-1.3 mm to
-3.70 mm relative to bregma referring to the rostral-caudal coordinates) was analyzed. 15-20
images were captured per section in the Z-axis at 1 um apart and processed as an optical stack
of 10-15 slices for quantification. Every BrdU positive cell within the dentate gyrus region
including the SGZ, granular cell layer and hilus was exhaustively quantified. On average, 100-150

BrdU positive cells were quantified per slide.

3.13. Western blot

Cultured cells or frozen cell pellets (thawed on ice) were lysed in cold lysis buffer
(Appendix, Table 3) containing 1 mM sodium orthovanadate (Sigma-Aldrich S6508-10G), 20 mM
sodium fluoride (Fisher Scientific, AC201295000), 1mM PMSF (Sigma-Aldrich, P7626-5G), 10
ug/mL aprotinin (Fisher Scientific, PI78432) and 10 ug/mL leupeptin (Fisher Scientific, PI78436).

The lysates were homogenized by trituration, and sonicated (three 5-second pulses with 1 minute
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intervals), followed by centrifugation at 16200g for 15 minutes at 4°C. Total protein amount in
the supernatant for each sample was quantified using Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, 23227) according to manufacturer’s instructions. The samples were stored at -

80°C until use.

Protein samples (20-30 pg) were mixed with 5x sample buffer (Appendix, Table 3), boiled
at 95°C for 5 minutes, and resolved on a 12% SDS-polyacrylamide gel in running buffer (Appendix,
Table 3). The proteins were transferred from the gel to a nitrocellulose blotting membrane (GE
Healthcare Life Sciences, 10600009) in transfer buffer (Appendix, Table 3) for one hour at 100 V.
After a quick rinse in 1x TBS-T (Appendix, Table 3), the membrane was blocked in 3% bovine
serum albumin (BSA) (New England Biolabs, 9998S) solution prepared in 1x TBS-T for one hour.
Primary antibodies solutions were prepared in 3% BSA in 1x TBS-T for rabbit anti-Mgll (1:1000,
Abcam, ab24701), rabbit anti-pT410/403-aPKC¢. (1:500, Cell Signalling Technology, 9378S),
rabbit anti-acetyl H2B (1:1000, Abcam, ab40886), mouse anti-aPKC¢. (1:1000, BD Biosciences,
610175), mouse anti-H2B (1:40,000, Abcam, ab52484) or mouse anti-GAPDH (1:50,000, Abcam,
ab8245) antibodies. The membranes were incubated with the primary antibody solution
overnight at 4°C followed by five 5-minute washes in 1x TBS-T next day. The membranes were
incubated with an HRP-conjugated secondary antibody: goat anti-rabbit or anti-mouse (1:3000,
Cell Signalling Technologies, 7074 and 7076, respectively) for one hour at room temperature.
Following five 5-minute washes in 1x TBS-T, the membranes were treated with Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific, PI32209) for one minute. Exposures
between 5 seconds and 20 minutes were taken on HyBlot CL films (Denville Scientific, DV-E3018)

and developed using an automatic X-Ray Film processor.
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3.14. Statistical Analysis

All data analysis was conducted using GraphPad Prism 6 software. Statistical analyses
were performed using either a two-tailed Student’s t-test, one-way ANOVA with Dunnett’s post-
hoc test or two-way ANOVA with Tukey’s post-hoc test. All values are expressed as mean +
standard error of the mean (SEM). For all experiments, differences with p-value < 0.05 were

considered statistically significant.
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4. Results

4.1. Mgll expression is elevated in differentiating CBPS436A NPCs

Our preliminary data indicates that SVZ-derived differentiating CBPS436A NPCs from
secondary neurospheres (passage 2, P2) exhibit elevated Mgll mRNA levels as compared to their
WT littermates in the presence of metformin (Figure 1 A). To assess if these increased Mgll mRNA
levels corresponded with enhanced Mgll protein expression, | examined Mgll protein levels in
differentiating CBPS436A and WT P2 SVZ NPCs. The results showed a marked elevation in Mgll
protein expression in the CBPS436A NPCs relative to WT NPCs in the presence of metformin
(Figure 2), suggesting that constitutive inactivation of the aPKC-CBP pathway is associated with

increased Mgll protein levels.

To assess whether increased Mgll levels in the CBPS436A P2 NPCs were associated with
enhanced histone acetylation, | examined histone H2B acetylation at lysine residue 5 (H2BK5), a
major site acetylated by CBP (Valor et al., 2011), in the differentiating NPCs. | observed a
significant increase in the amount of acetylated H2BK5 in the differentiating CBPS436A NPCs
relative to WT NPCs, suggesting that enhanced histone acetylation by CBPS436A contributes to

increased Mgll gene expression in these NPCs (Figure 3).
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Figure 2: CBPS436A NPCs exhibit elevated Mgll expression. (A) Representative western blot
images of whole protein lysates from differentiating (7 DIV, in the presence of 1 uM metformin)
WT and CBPS436A P2 NPCs probed for Mgll, with GAPDH as a loading control. (B) Quantitative
analysis of Mgll protein expression in differentiating WT and CBPS436A P2 NPCs, normalized to
GAPDH. Student’s t-test was performed for n = 4 samples. ** p < 0.01.
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Figure 3: CBPS436A NPCs exhibit elevated acetyl-H2B levels. (A) Representative western blot
images of whole protein lysates from differentiating (7 DIV, in the presence of 1 uM metformin)
WT and CBPS436A P2 NPCs probed for acetyl-H2BK5, and re-probed for total-H2B as a loading
control. (B) Quantitative analysis of acetyl-H2BK5 expression in differentiating WT and CBPS436A
P2 NPCs, normalized to total-H2B. Student’s t-test was performed for n = 3 samples. * p < 0.05.
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4.2. Genetic knockdown of Mgll rescues NPC differentiation deficits in CBPS436A NPCs in vitro

Previous studies have demonstrated that CBPS436A NPCs, which lack a functional aPKC-
CBP pathway, do not respond to metformin to promote NPC differentiation, and therefore
exhibit significant neuronal differentiation deficits in the presence of metformin (Fatt et al.,
2015). Given that these neuronal differentiation deficits occur concurrently with elevated Mgll
levels in the CBPS436A P2 NPCs (Figure 2), | asked if elevated Mgll expression was responsible for
these differentiation deficits. To examine this, we designed two Mgll shRNAs (Mgll shRNA 1, Mgll
shRNA 2), each targeting a different region of the Mgll transcript, and a non-specific Scramble
(Scr) shRNA. | first assessed the knockdown efficiency of these shRNAs using NIH3T3 cells, a
mouse embryo fibroblast cell line. | found that the combination of Mgll shRNA 1 and 2
consistently and efficiently reduced Mgll protein levels, and thus chose it for further analyses

(Figure 4).

To assess the role of Mgll in mediating the aPKC-CBP pathway to regulate NPC neuronal
differentiation, | transfected WT and CBPS436A P2 SVZ NPCs with Mgll or Scr shRNAs, together
with a CAG-eGFP plasmid as a marker for transfection efficiency. 24 hours following transfection,
these NPCs were directed to differentiate in the presence of metformin (1 uM) for seven days.
Neuronal differentiation was assessed by immunocytochemistry for GFP and Blll tubulin, a
newborn neuron marker. Consistent with our previous findings, | observed that Scr shRNA-
transfected CBPS436A P2 NPCs did not respond to metformin treatment, exhibiting a significant
neuronal differentiation deficit measured by a reduced percentage of Blll tubulin® newborn

neurons produced from total GFP* transfected CBPS436A NPCs as compared to the Scr shRNA-

37



transfected WT NPCs. Knockdown of Mgll by Mgll shRNA transfection rescued this differentiation
deficit in the CBPS436A P2 NPCs, measured by a significant increase in the percentage of Bl
tubulin* neurons as compared to the Scr shRNA-transfected CBPS436A P2 NPCs (Figure 5 A, B).
Interestingly, the WT P2 NPCs transfected with Mgll shRNAs also produced a higher percentage
of newborn neurons, as compared to their Scr shRNA controls (Figure 5 A, B). These results
support that Mgll knockdown rescues CBPS436A P2 NPC neuronal differentiation deficits in a cell-

intrinsic manner.

Intriguingly, quantification of the percentage of BllIl tubulin*/GFP- neurons (generated
from non-transfected NPCs) out of total live cells in the same set of experiments, revealed a
similar rescue of differentiation deficit upon Mgll knockdown (Figure 5 C, D). These results
indicate that Mgll knockdown additionally acts in a cell-extrinsic manner to promote NPC

neuronal differentiation.

To further confirm the cell-extrinsic effect, | collected conditioned media (CM) from
differentiating WT and CBPS436A P2 NPCs transfected with Scr or Mgll shRNAs and treated a
fresh set of P2 NPCs with this CM for 7 DIV in the presence of metformin (1 uM), without direct
Mgll knockdown. Immunostaining analysis of the percentage of Blll tubulin* neurons generated
from the CM-treated NPCs showed a consistent neuronal differentiation deficit in the CBPS436A
NPCs as compared to the WT NPCs, both treated with CM from Scr shRNA transfected NPCs
(Figure 5 E, F). This differentiation defect in the CBPS436A P2 NPCs was rescued upon treatment

with CM from Mgll-shRNA transfected CBPS436A NPCs (Figure 5 E, F), in a similar manner as the
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CBPS436A P2 NPCs that were directly transfected with Mgll shRNA. These results confirm the

cell-extrinsic effects of Mgll knockdown in rescuing neuronal differentiation deficits.
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Figure 4: Efficiency of shRNA-mediated Mgll knockdown. (A) Representative western blot
images of total protein lysates from NIH3T3 cells transfected with Mgll shRNAs and a Scr shRNA,
probed for Mgll and GAPDH (a loading control). (B) Quantitative analysis of Mgll expression in
NIH3T3 cells 48h after shRNA transfection, normalized to GAPDH. Data from 3 independent
experiments was analyzed using one-way ANOVA (F3, ) = 10.09, P = 0.0043) with Dunnett’s post-
hoc test. * p < 0.05, ** p < 0.01. (Scr sh: Scramble shRNA; Mgll sh1: Mgll shRNA 1; Mgll sh2: Mgll
shRNA 2).
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Figure 5: Mgll knockdown rescues neuronal differentiation deficits of CBPS436A NPCs in cell
intrinsic and cell extrinsic manners. (A, B) Immunofluorescent images and quantitative analysis
of the percentage of BlIl tubulin*/GFP* co-labeled neurons out of total GFP* cells from
differentiating WT and CBPS436A P2 NPCs following transfection with Scr or Mgll shRNAs,
together with eGFP plasmid. Data was analyzed by two-way ANOVA (Genotype x treatment F(1,5)
=0.0642, p =0.8064; Treatment F(1,8) = 21.56, p =0.0017; Genotype F(1,8) = 28.02, p =0.0007) with
Tukey’s post-hoc test for n = 3 independent experiments. (C, D) Immunofluorescent images and
quantitative analysis of the percentage of Blll tubulin*/ GFP- cells out of total differentiating WT
and CBPS436A P2 NPCs following transfection with Scr or Mgll shRNAs, together with eGFP
plasmid. Data was analyzed by two-way ANOVA (Genotype x treatment F(1,12) = 1.230, p = 0.2891;
Treatment F(1,12) = 39.05, p < 0.0001 ; Genotype F(1,12) = 40.37, p < 0.0001) with Tukey’s post-hoc
test for n = 4 independent experiments. (E, F) Immunofluorescent images and quantitative
analysis of the percentage of Blll tubulin* neurons out of total live WT and CBPS436A P2 NPCs
treated with 50% conditioned media (CM) from differentiating P2 NPCs transfected with Scr or
Mgll shRNAs. Data was analyzed by two-way ANOVA (Genotype x treatment F(1,8) = 0.1839, p =
0.6794; Treatment F(1,5) = 44.75, p = 0.0002; Genotype F(1,3 =29.50, p =0.0006) with Tukey’s post-
hoc test for n = 3 independent experiments. * p < 0.05, ** p < 0.01. Scale bar: 50 um. Blll tubulin:
red, GFP: green, Hoechst: blue.

(Met: Metformin, Scr-sh: Scramble shRNA, Mgll-sh: Mgll shRNA; CM-WT/Scr-sh: CM from WT
NPCs transfected with Scr-sh; CM-WT/Mgll-sh: CM from WT NPCs transfected with Mgll-sh; CM-
CBPS436A/Scr-sh: CM from CBPS436A NPCs transfected with Scr-sh; CM-CBPS436A/Mgll-sh: CM
from CBPS436A NPCs transfected with Mgll-sh). All NPC differentiation assays were performed
in the presence of 1 uM metformin.
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4.3. Mgll inhibition rescues hippocampal neurogenesis deficits in CBPS436A mice in vivo

Our recent study showed that the aPKC-CBP pathway is fully active in the murine
hippocampus at the age of 6 months, and that phospho-null CBPS436A mice exhibit significant

hippocampal neuronal differentiation defects at the age of 6 months (Gouveia et al., 2016).

To determine if the hippocampal neurogenesis deficits in 6-month-old CBPS436A mice
are the result of elevated Mgll levels (Figure 1 C), | treated 6-month-old CBPS436A mice with a
selective inhibitor of Mgll activity, JZL-184, for two weeks and assessed its effect on hippocampal
neuronal differentiation. These mice were also given BrdU injections at days 3-5 to label dividing
cells. Following 14 days of drug treatment, the mice were sacrificed, and their hippocampal brain
sections were immunostained for BrdU and NeuN (a mature neuronal marker) (Figure 6 A). The
percentage of NeuN*/BrdU* neurons out of total BrdU* cells was quantified. Consistent with
previous findings (Gouveia et al., 2016), | observed a significant neuronal differentiation deficit
in 6-month-old CBPS436A mice as compared to their WT littermates in the vehicle (control)
group, measured by a decreased population of NeuN*/BrdU* newborn neurons (Figure 6).
Importantly, the CBPS436A mice that received JZL-184 treatment displayed a restored population
of newborn neurons (NeuN*/BrdU*) back to basal levels observed in WT mice (Figure 6 B). This
illustrates that inhibition of Mgll activity by JZL-184 is able to rescue the hippocampal neuronal

differentiation deficits in the 6-month-old CBPS436A mice.

42



WT Vehicle

Meuid {U/NeuN

CBPS436A Vehicle

NeuN BrdU/NeuN

CBP3436A JZL-184

NeuN )/NeuN

ns

100+

- | WT
80- — CBPS436A
60-
404
20+
0- T T
B

43

% NeuN+/BrdU+ cells
/ total BrdU+ cells




Figure 6: Inhibition of Mgll activity with JZL-184 rescues hippocampal neurogenesis deficits in
CBPS436A mice. (A) Immunofluorescent images of hippocampal sections from 6-month-old WT
and CBPS436A mice injected with JZL-184 (or vehicle) and BrdU, immunostained for BrdU (green)
and NeuN (purple). Arrows denote NeuN*/BrdU* co-labelled cells; arrowheads denote BrdU*
cells. (B) Quantitative analysis of the percentage of newborn neurons (NeuN*/BrdU*) out of total
BrdU* cells in the hippocampal dentate gyrus following BrdU pulse-labelling from both WT and
CBPS436A mice treated with vehicle and JZL-184. Statistical analysis was performed for n = 3
samples per group using two-way ANOVA (Genotype x treatment F(1,3 = 8.615, p = 0.0188;
Genotype F(1,8) = 2.082, p = 0.1870; Treatment Fp1,8) = 1.043, p = 0.3369) with Tukey’s post-hoc
test. * p <0.05.
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4.4. Late passage NPCs display intrinsic activation of the aPKC-CBP pathway

Previous work shows that metformin activates the aPKC-CBP pathway to promote adult
NPC differentiation in vitro (Fatt et al., 2015). We have now identified that continued passaging

of NPCs is another approach to activate the aPKC-CBP pathway in culture.

| continued to passage WT and CBPS436A NPCs until passage 5 (P5) and compared the
status of the aPKC-CBP pathway in these late passage P5 NPCs relative to their early passage P2
counterparts. | observed that there was a marked variation in total aPKC (T-aPKC) levels in both
WT and CBPS436A P5 NPCs relative to their respective P2 NPCs, although no change was
apparent overall (Figure 7 A, B). Given this variability, | assessed aPKC activity using an active
form of aPKC, phosphorylated-T410/403 aPKC (pT410/403-aPKC; p-aPKC), normalized to GAPDH.
| showed that both WT and CBPS436A P5 NPCs exhibited elevated aPKC activity compared to
their respective P2 counterparts (Figure 7 A, C), suggesting an intrinsic activation of the aPKC-

CBP pathway in the P5 NPCs.

Interestingly, both WT and CBPS436A P5 NPCs exhibited higher Mgll levels than their P2
counterparts, despite enhanced aPKC activity (Figure 7 D). Importantly, Mgll levels in the
CBPS436A P5 NPCs were significantly higher than those in the WT P5 NPCs (Figure 7 D),
reminiscent of Mgll expression in differentiating CBPS436A and WT P2 NPCs in the presence of

metformin (Figure 2).

These findings suggest that continued passaging of NPCs is able to intrinsically activate
the aPKC-CBP pathway to repress Mgll expression, thus, representing an additional culture model

to study the role of this pathway in regulating NPC function.
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Figure 7: Late passage CBPS436A NPCs display intrinsic activation of aPKC-CBP pathway. (A)
Representative western blot images of total protein lysates from proliferating P2 (early passage)
and P5 (late passage) WT and CBPS436A NPCs, probed for Mgll and pT410/403-aPKC (p-aPKC),
and re-probed for T-aPKC and GAPDH (a loading control) from two independent experiments. (B)
Quantitative analysis of T-aPKC expression relative to GAPDH in proliferating WT and CBPS436A
P2 and P5 NPCs. Data analyzed by Student’s t-test for n = 4 independent experiments. (C)
Quantitative analysis of aPKC activity measured as p-aPKC (pT410/403-aPKC) protein expression
relative to GAPDH in proliferating WT and CBPS436A P2 and P5 NPCs. Data analyzed by Student’s
t-test for n = 4 independent experiments. (D) Quantitative analysis of Mgll expression relative to
GAPDH in WT and CBPS436A P2 and P5 NPCs. Data was analyzed by two-way ANOVA (Genotype
X passage F(1,12) = 1.315, p = 0.2739; Genotype F(1,12) = 22.03, p = 0.0005; Passage F(1,12) =9.920, p
= 0.0084) with Tukey’s post-hoc test for 4 independent experiments. * p < 0.05, ** p <0.01, ***
p <0.001, # p <0.06, ns = not significant.
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4.5. 3xTg NPCs exhibit an impaired aPKC-CBP mediated Mgll repression

Previous studies have reported decreased PKC activation in post-mortem AD brains
(Crary et al., 2006; Etcheberrigaray et al., 2004). Interestingly, Mgll was recently identified as a
therapeutic target for AD (Chen et al., 2012). These findings along with our initial results,
prompted us to ask if aPKC-CBP mediated Mgll repression was impaired in AD NPCs. For this, |
assessed the status of the aPKC-CBP pathway in proliferating P2 NPCs derived from 3xTg mice. |
observed a significant decrease in both T-aPKC and pT410/403-aPKC levels in the 3xTg NPCs as
compared to the Non-Tg NPCs (Figure 8). Further, 3xTg NPCs also exhibited elevated Mgll levels
as compared to the Non-Tg NPCs (Figure 8). These findings were consistent with previous reports
that have shown impaired aPKC and Mgll upregulation in AD and thus, indicate that SVZ

neurosphere cultures are a suitable model to study the impaired pathway in context of AD.
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Figure 8: 3xTg NPCs display reduced aPKC levels and elevated Mgll levels. (A) Representative
western blot images of total protein lysates from proliferating Non-Tg and 3xTg P2 NPCs, probed
for Mgll, pT410/403-aPKC (p-aPKC), and re-probed for T-aPKC and GAPDH (a loading control). (B)
Quantitative analysis of T-aPKC, p-aPKC and Mgll protein levels relative to GAPDH in 3xTg NPCs
as compared to Non-Tg NPCs. Data was quantified from 5 independent experiments using paired
Student’s t-test. * p < 0.05, ** p < 0.01.
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4.6. The attenuation of aPKC-CBP mediated Mgll repression leads to increased NPC

proliferation at the expense of their neuronal differentiation

Since Mgll activity hydrolyses 2-AG to produce ARA, two known bioactive lipids that
promote NPC neuronal differentiation and proliferation, respectively, (Prenderville et al. 2015,
Maekawa et al., 2009; Sakayouri et al., 2011; Jin et al., 2004b), | examined proliferation versus
differentiation of the CBPS436A and 3xTg NPCs as an outcome of increased Mgll expression

observed in these NPCs.

| used the CBPS436A P5 NPCs and 3xTg P2 NPCs, both of which display elevated Mgll
levels (Figure 7 D; Figure 8 B) to examine NPC proliferation and differentiation. Proliferation was
assessed by measuring the distribution of neurospheres on the basis of size, while neuronal
differentiation was assessed by quantifying the percentage of Blll tubulin®* newborn neurons

produced from the same group of NPCs when treated with differentiation conditions.

In both CBPS436A P5 and 3xTg P2 NPC-derived neurospheres there was a shift towards
a higher percentage of large neurospheres (>150 um) compared to WT P5 and Non-Tg P2 NPC-
derived neurospheres, respectively. Correspondingly, a significant decrease in the percentage of
small neurospheres (<50 um) in CBPS436A P5 NPCs and a decrease in the percentage of mid-
sized (50-150 um) neurospheres in the 3xTg P2 NPCs was observed (Figure 9 A, B; Figure 10 A, B)
Interestingly, this increased proliferation in both CBPS436A P5 and 3xTg P2 NPCs was
concurrently associated with reduced neuronal differentiation (Figure 9 C, D; Figure 10 C, D),
measured by a decreased percentage of Blll tubulin* neurons produced from CBPS436A P5 and

3xTg P2 NPCs.
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To ask whether increased ARA-GPR40 signaling, a pathway known to promote primate
NPC proliferation (Boneva and Yamashima, 2012), is responsible for the enhanced proliferation
observed in the CBPS436A P5 and 3xTg P2 NPCs, | treated these NPCs with a potent GPR40
antagonist, DC260126. The results showed that 100 nM DC260126 was able to reverse the
increased neurosphere size from CBPS436A P5 and 3xTg P2 NPCs back to basal levels but did not
have significant effects on WT and Non-Tg NPCs (Figure 9 B; Figure 10 B). These results support
that elevated Mgll levels in the CBPS436A P5 and 3xTg P2 NPCs promote NPC proliferation by

activating ARA-GPR40 signaling.
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Figure 9: Late passage CBPS436A P5 NPCs exhibit enhanced proliferation, concurrently with
reduced differentiation. (A) Representative bright-field images of WT and CBPS436A P5
neurospheres. Scale bar: 200 uM. (B) Quantitative analysis of the percentage of small (<50 um),
mid-sized (50-150 um), and large (>150 um) neurospheres generated from WT and CBPS436A P5
NPCs, treated with vehicle (0.01% DMSO) and GPR40 antagonist (100 nM DC260126). Statistical
analysis was performed for n=3 independent experiments using two-way ANOVA with Tukey’s
post-hoc test for each size bracket (<50 um: Genotype x treatment F(1,8) = 1.161, p = 0.3126;
Genotype F(1,8 = 46.58, p = 0.0001; Treatment F(1,5) = 66.82, p < 0.0001)(50-150 uM: Genotype x
treatment F(1,8) = 3.274, p = 0.1080; Genotype F(1,8) = 4.718, p = 0.0616; Treatment F(1,3) = 6.596,
p = 0.0332)(>150 uM: Genotype x treatment F(1,5) = 6.238, p = 0.0371; Genotype F(1,5) = 4.135, p
= 0.0764; Treatment F(1,8) = 6.094, p = 0.0388). (C) Representative immunofluorescent images of
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differentiating WT and CBPS436A P5 NPCs, immunostained for BllIl tubulin (red) and Hoechst
(blue). Scale bar: 80 uM. (D) Quantitative analysis of the percentage of Blll tubulin* neurons
generated from WT and CBPS436A P5 NPCs at 7 DIV upon differentiation. Data was quantified
for 3 independent experiments using Student’s t-test. * indicates p < 0.05; ** indicates p < 0.01.
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Figure 10: Early passage 3xTg P2 NPCs exhibit enhanced proliferation, concurrently with
reduced differentiation. (A) Representative bright-field images of Non-Tg and 3xTg P2
neurospheres. Scale bar: 200 uM. (B) Quantitative analysis of the percentage of small (<50 um),
mid-sized (50-150 um), and large (>150 um) neurospheres generated from Non-Tg and 3xTg P2
NPCs, treated with vehicle (0.01% DMSO) and GPR40 antagonist (100 nM DC260126). Statistical
analysis was performed for n=3 independent experiments using two-way ANOVA with Tukey’s
post-hoc test for each size bracket (<50 um: Genotype x treatment F(1,5) = 0.3945, p = 0.5640;
Genotype F(1,8) = 0.5295, p = 0.5071; Treatment F(1,8) = 1.127, p = 0.3482)(50-150 uM: Genotype
x treatment F(1,8)=0.3917, p = 0.5653; Genotype F(1,3 = 51.96, p = 0.002; Treatment F(1,g) = 9.647,
p = 0.036)(>150 uM: Genotype x treatment F(1,3) = 0.3010, p = 0.6124; Genotype F(1,3 = 198.4, p
=0.0001; Treatment F(1,8) = 46.24, p = 0.0024). (C) Representative immunofluorescent images of
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differentiating Non-Tg and 3xTg P2 NPCs stained for Blll tubulin (red) and Hoechst (blue). Scale
bar: 80 uM. (D) Quantitative analysis of the percentage of Blll tubulin* neurons generated from
Non-Tg and 3xTg P2 NPCs at 7 DIV upon differentiation. Data was quantified for 3 independent
experiments using Student’s t-test. * p < 0.05, ** p < 0.01.
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4.7. Mgll knockdown rescues neuronal differentiation deficits in late passage CBPS436A NPCs

Since the CBPS436A P5 NPCs display a reduced neuronal differentiation (Figure 9 D)
concurrently with increased Mgll expression (Figure 7 D), | asked whether Mgll knockdown could
rescue this differentiation deficit. To test this, | transfected WT and CBPS436A P5 NPCs with Mgll
or Scr shRNAs, together with an eGFP plasmid. As expected, | observed a significant
differentiation deficit in the CBPS436A P5 NPCs relative to the WT P5 NPCs in the Scr shRNA
(control) condition, which was rescued upon genetic knockdown of Mgll (Figure 11). These results
confirm that elevated Mgll expression in the CBPS436A P5 NPCs is responsible for their neuronal

differentiation impairments.
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Figure 11: Mgll knockdown rescues neuronal differentiation deficits in late passage P5
CBPS436A NPCs. (A) Representative immunofluorescent images of differentiating WT and
CBPS436A P5 NPCs, following transfection with Mgll or Scr shRNAs together with an eGFP
plasmid, immunostained for GFP (green), Blll tubulin (red) and Hoechst (blue). (B) Quantification
of the percentage of Blll tubulin*/GFP* co-labelled neurons generated from transfected NPCs.
Statistical analysis was performed for n = 3 independent experiments using Two-way ANOVA
(Genotype x treatment F(1,3) = 4.952, p = 0.0520; Genotype F(1,3 = 8.556, p = 0.0191; Treatment
F1,8 = 17.03, p = 0.0033) with Tukey’s post-hoc test. * p < 0.05, ** p < 0.01. Scale bar: 75 um.
(Scr-sh: Scramble shRNA, Mgll-sh: Mgll shRNA).
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4.8. Reactivation of the aPKC-CBP mediated Mgll repression rescues differentiation deficits in

3xTg NPCs

To assess if the impaired aPKC-CBP mediated Mgll repression is responsible for neuronal
differentiation deficits observed in the 3xTg NPCs (Figure 9 C, D), | examined whether reactivation
of the pathway at different molecular levels would recover the differentiation defects of these

NPCs.

First, | treated the Non-Tg and 3xTg P2 NPCs with metformin (500 nM) to directly
activate the aPKC-CBP pathway and assessed the changes in neuronal differentiation by
immunostaining for Bl tubulin. The results revealed that metformin treatment rescued the 3xTg
NPC neuronal differentiation deficit, shown by a significant increase in the percentage of Blll
tubulin* neurons generated from 3xTg NPCs back to the basal levels observed in the Non-Tg NPCs

(Figure 12 A, B).

Next, | transfected Non-Tg and 3xTg P2 NPCs with the phosphomimic CBPS436D plasmid
to achieve a constitutive activation of aPKC-CBP pathway before directing these NPCs towards
differentiation. Immunostaining for BlIl tubulin at 7 DIV showed a consistent neuronal
differentiation deficit in the 3xTg NPCs as compared to the Non-Tg NPCs, transfected with the
empty vector pcDNA3.1 (Figure 12 C, D) as expected. Interestingly, | observed a significant
increase in the generation of Blll tubulin* newborn neurons from 3xTg NPCs transfected with the
phosphomimic CBPS436D plasmid (Figure 12 C, D). In addition, | transfected Non-Tg and 3xTg P2

NPCs with Mgll shRNAs or Scr shRNA (as a transfection control) to knockdown Mgll levels. As
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expected, | observed the same rescue effect on 3xTg NPC neuronal differentiation deficits upon

Mgll knockdown as overexpression of CBPS346D plasmid (Figure 12 E).

Finally, | treated Non-Tg and 3xTg P2 NPCs with JZL-184 (1 uM), a selective inhibitor of
Megll activity. | observed that JZL-184 treatment also significantly increased the percentage of Bll|
tubulin® neurons generated from 3xTg NPCs relative to the vehicle (0.1% DMSO), and back to the

basal levels observed in the Non-Tg NPCs (Figure 12 F).

These data thus show that both reactivation of the aPKC-CBP pathway and removal of

Mgll level/activity can alleviate the neuronal differentiation deficits in 3xTg NPCs.

To further assess the role of 2-AG-eCBR signaling in regulating NPC differentiation in
3xTg NPCs, | treated Non-Tg and 3xTg P2 NPCs with eCBR1 and eCBR2 agonists, ACEA (1 uM) and
JWH133 (1 uM), respectively. Consistent with the previous results, | observed a significant
reduction in the percentage of Blll tubulin* neurons generated from 3xTg NPCs as compared to
Non-Tg NPCs in the vehicle (0.1% DMSO) group (Figure 13). This differentiation defect in 3xTg
NPCs was rescued upon treatment with eCBR2 agonist (JHWH133) but not with eCBR1 agonist

(ACEA) (Figure 13).
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Figure 12: Reactivation of aPKC-CBP mediated Mgll repression rescues neuronal differentiation
defects in 3xTg NPCs. (A) Representative immunofluorescent images of differentiating Non-Tg
and 3xTg P2 NPCs, treated with control (water) or metformin and immunostained for BlIl tubulin
(red) and Hoechst (blue). (B) Quantification of the percentage of Blll tubulin® neurons generated
from Non-Tg and 3xTg P2 NPCs at 7 DIV differentiation in the absence and presence of metformin
(500 nM). Data analyzed by two-way ANOVA (Genotype x treatment F(1,8) = 1.532, p = 0.244;
Genotype F(1,8 = 34.29, p = 0.0002; Treatment F(1,8) = 25.97, p = 0.0005, n = 3) with Tukey’s post-
hoc test. (C) Representative immunofluorescent images of differentiating Non-Tg and 3xTg NPCs,
transfected with CBPS436D or empty vector pcDNA3.1 together with an eGFP plasmid, and
immunostained for GFP (green), BlIl tubulin (red) and Hoechst (blue). (D) Quantification of the
percentage of BlIl tubulin*/GFP* co-labelled neurons generated from total transfected NPCs,
following transfection with CBPS436D or pcDNA3.1 plasmids. Data analyzed by two-way ANOVA
(Genotype x treatment F(1,8) = 1.674, p = 0.2318; Genotype F(1,8) = 0.9419, p = 0.3602; Treatment
F1,8) = 18.60, p = 0.0026, n = 3) with Tukey’s post-hoc test. (E) Quantification of the percentage
of Bl tubulin*/GFP* co-labelled neurons generated from total transfected NPCs following
transfection with Mgll or Scr shRNAs. Data analyzed by two-way ANOVA (Genotype x treatment
F1,8)=1.791, p = 0.2176; Genotype F(1,8) = 12.64, p = 0.0074; Treatment F(1,8y = 12.11, p = 0.0083,
n = 3) with Tukey’s post-hoc test. (F) Quantification of the percentage of Blll tubulin* neurons
generated from Non-Tg and 3xTg P2 NPCs at 7 DIV upon differentiation in the presence of vehicle
(0.1% DMSO) or JZL-184 (1 pM). Data analyzed by two-way ANOVA (Genotype x treatment F(1,3)
=5.896, p = 0.0721; Genotype F(1,3) = 10.88, p = 0.03; Treatment F1,8) = 13.69, p = 0.0208, n = 3)
with Tukey’s post-hoc test. * p = 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar: 50 uM.
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Figure 13: The endocannabinoid pathway mediates neuronal differentiation in 3xTg NPCs.
Quantitative analysis of the percentage of Blll tubulin* neurons generated from Non-Tg and 3xTg
P2 NPCs treated with eCBR1 and eCBR2 agonists, ACEA (1 uM) and JWH133 (1 uM), and vehicle
(0.1% DMSO). Statistical analysis was performed using two-way ANOVA (Genotype x treatment
Fi2,12)=14.77, p=0.0008; Genotype F(1,12)=14.12, p =0.0032; Treatment F(2,12)= 1.950, p = 0.1884)
with Tukey’s post-hoc test for n = 3 independent experiments. * p < 0.05, ** p < 0.01.

62



5. Discussion

This study defines a role for epigenetic regulation of lipid metabolism in determining
adult NPC fate. Specifically, | show that activation of the aPKC-CBP pathway by metformin or
continued passaging represses the expression of Mgll, a lipase that breaks down 2-AG to produce
ARA, in adult NPCs. Attenuation of the aPKC-CBP pathway in phospho-null CBPS436A mice and
the 3xTg AD mouse model results in elevated Mgll expression in their SVZ NPCs, which in turn
exhibit increased NPC proliferation at the expense of neuronal differentiation. | further delineate
that activation of ARA-GPR40 signaling is responsible for increased proliferation in both the
CBPS436A and 3xTg NPCs, while reduced 2-AG-eCBR signaling is responsible for decreased
neuronal differentiation in the 3xTg NPCs. Lastly, | show that knockdown of Mgll and/or inhibition
of its activity is able to rescue neuronal differentiation deficits of CBPS436A NPCs both in vitro
and in vivo, and that reactivation of the aPKC-CBP mediated Mgll repression is capable of
restoring neuronal differentiation in 3xTg mice. These findings support that the aPKC-CBP
mediated Mgll repression is essential for normal NPC function, and that when perturbed in AD,

it causes impaired neurogenesis, contributing to AD predisposition.

5.1. The aPKC-CBP pathway directly regulates Mgll expression

Mgllis an important lipase that breaks down the endocannabinoid 2-AG to produce ARA,
a major precursor for the inflammatory eicosanoids (Blankman et al., 2007; Khanpure et al., 2007
Normura et al., 2011). Thus, by hydrolyzing 2-AG, Mgll not only alters 2-AG signaling but also

modulates the ARA-mediated inflammatory processes in the brain. Given its involvement in the
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regulation of these critical lipid signaling pathways with diverse physiological functions, Mgll has
been considered an important target for neuroinflammatory and neurodegenerative disorders
(Fowler et al., 2012; Mulvihill and Normura, 2014; Grabner et al., 2016). Despite this importance
of Mgll in both physiological and pathological conditions, it is still not known how Mgll is
regulated. In this regard, my study elucidates a novel epigenetic mechanism that regulates Mgll
expression at a transcriptional level. Unpublished work from other lab members shows that
activation of the aPKC-CBP pathway directly represses Mgll expression by reducing CBP binding
at the Mgll promoter (Figure 1). | further demonstrate that attenuation of the aPKC-CBP pathway
is associated with elevated Mgll levels and increased histone acetylation at a site catalyzed by
CBP (H2BKS5) (Valor et al., 2011) (Figure 2; Figure 3). These findings provide an insight into the
epigenetic regulation of Mgll expression, and thus pave the way for developing potential

therapeutic approaches that repress Mgll expression by targeting the aPKC-CBP pathway.

5.2. Mgll acts in cell intrinsic and cell extrinsic manners

Our lab previously showed that phospho-null CBPS436A NPCs do not respond to
metformin to promote neuronal differentiation of adult SVZ NPCs (Fatt et al., 2015). Intriguingly,
my results show that Mgll knockdown rescues the neuronal differentiation deficits of CBPS436A
NPCs in response to metformin and that these effects are mediated in both cell-intrinsic and cell-
extrinsic manners (Figure 5). These rescue effects on neuronal differentiation upon Mgll

knockdown, are likely an outcome of enhanced 2-AG-eCBR signaling, which has been extensively
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shown to promote NPC differentiation (Jin et al., 2004b; Diaz-Alonso et al., 2012; Xapelli et al.,

2013; Compagnucci et al., 2013).

2-AG is a hydrophobic lipid, that can freely diffuse across the cell membrane, however,
how it traverses the extracellular hydrophilic environment to promote NPC differentiation in a
cell-extrinsic manner is not known (Zou and Kumar, 2018). One potential mechanism could be 2-
AG transport to adjacent cells through extracellular vesicles such as micro-vesicles or exosomes.
In support of this, a recent study demonstrated that functional eCBs carried on the surface of
extracellular vesicles can effectively stimulate eCBR1 signaling (Gabrielli et al., 2015). Further,
BSA, a high affinity lipid protein, present in the neural differentiation medium as a component of
FBS, might also help in transporting 2-AG to the adjacent NPCs to promote neuronal

differentiation.

5.3. Continued passaging of NPCs is a novel alternate model to study the aPKC-CBP-Mgll

pathway

The aPKC-CBP pathway is a signaling-directed epigenetic pathway that can be activated
in response to various environmental stimuli. Previous work from our lab has demonstrated that
metformin can activate the aPKC-CBP pathway both in vivo and in vitro (Wang et al., 2012; Fatt
et al., 2015). Another recent publication from our lab showed that this pathway is activated in
the murine hippocampus during aging from 3 months to 6 months (Gouveia et al., 2016). My
results now show that continued passaging of NPCs in culture can also activate the aPKC-CBP

pathway to repress Mgll expression.
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Interestingly, despite a variation in total aPKC levels during continued passaging, the
active form of aPKC, pT410/403-aPKC, was consistently upregulated in the P5 NPCs relative to

their P2 counterparts, irrespective of the genotype (Figure 7 C).

While the exact mechanism that mediates an intrinsic activation of the aPKC-CBP
pathway in the late passage NPCs is not known, it can be speculated that stress of continued
passaging underlies this effect and triggers aPKC-CBP pathway activation to drive terminal
differentiation of NPCs. Interestingly, the aPKC-CBP pathway lies downstream of AMP-activated
protein kinase (AMPK) (Fatt et al., 2015) and AMPK activation in response to stress, which has

been reported previously (Lin et al., 2017), may explain these effects.

Intriguingly, | also observed that the P5 NPCs exhibit a higher amount of Mgll as
compared to the early passage P2 NPCs, irrespective of the genotype and increased aPKC activity
(Figure 7 A). This suggests that other mechanisms, in addition to the aPKC-CBP pathway, may
regulate Mgll protein levels during passaging. One potential explanation might be a highly active
Megll protein degradation machinery in the early passage (P2) NPCs that is rendered inactive in
the late passage (P5) NPCs. However, what drives rapid Mgll degradation in the P2 NPCs is
uncertain and requires further investigation. Interestingly, a recent review paper compared three
independent RNA-seq and microarray datasets from adult NPCs and concluded that Mgll protein
is highly expressed in quiescent NPCs, but not in highly-proliferative ‘activated’ NPCs (Hamilton
and Fernandes, 2018). This provides peripheral evidence to support our observations that early
passaged NPCs (considered to be highly proliferative) express minimal Mgll, while late passaged

NPCs (with reduced capability to form neurospheres) show robust Mgll expression.
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While metformin can successfully activate the aPKC-CBP pathway to promote NPC
differentiation, the late passage NPC model represents a better system to assess the role of aPKC-
CBP mediated Mgll repression in regulating NPC proliferation versus differentiation. This is
because metformin not only acts through the aPKC-CBP pathway to drive NPC differentiation,
but also promotes NPC proliferation via enhanced expression of the p53 gene homolog,
transcriptionally active protein 73 (TAp73) (Fatt et al., 2015). Therefore, use of the late passage
model circumvents the off-target effects of metformin stimulation and enables the simultaneous
assessment of NPC proliferation versus differentiation regulated by an intrinsically active aPKC-

CBP pathway.

5.4. Mgll promotes NPC proliferation at the expense of neuronal differentiation

Mgll activity shifts the balance between two critical bioactive lipid molecules: 2-AG and
ARA in the brain. Interesting, ARA-GPR40 signaling is known to promote NPC proliferation in the
primate brain (Boneva and Yamashima, 2012; Yamashima, 2012), while 2-AG-eCBR signaling has
been shown to enhance neuronal differentiation of adult NPCs (Diaz-Alonso et al., 2012; Xapelli
et al., 2013; Compagnucci et al., 2013). In agreement with these earlier studies, my research
identifies Mgll as a critical switch between NPC proliferation and differentiation by altering 2-AG
versus ARA levels. This is intriguing as it indicates that two bioactive lipid signaling pathways that
differentially regulate NPC proliferation and differentiation are controlled by a single lipase,
whose gene expression is in turn regulated by a signaling-directed epigenetic pathway, the aPKC-

CBP pathway.
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While my results strongly suggest that Mgll accumulation in the CBPS436A and 3xTg
NPCs reduces 2-AG while increasing ARA levels to promote NPC proliferation at the expense of
neuronal differentiation, future work would require a direct assessment of levels of 2-AG and

ARA in differentiating CBPS436A and 3xTg NPCs to confirm the altered lipid compositions.

5.5. The aPKC-CBP-Mgll pathway is impaired in 3xTg NPCs

Reduced aPKC activation has been extensively reported in AD (Masliah et al., 1991;
Moore et al., 1998; Etcheberrigaray et al., 2004; Tan et al., 2010; Talman et al., 2016) and Mgll
has been associated with AD pathophysiology (Chen et al., 2012). However, a direct link between
these two processes has never been considered. In this regard, my study for the first time
provides evidence to support a causal link between reduced aPKC activation and Mgll
accumulation in AD, thereby providing a mechanistic insight into the contribution of aPKC
inactivation in AD predisposition. My work argues that impairment of the aPKC-CBP mediated
Mgll repression increases Mgll levels that prevents neurogenesis, and potentially contributes to

AD predisposition and AD-associated cognitive decline.

Although | don’t have a direct evidence showing increased CBP binding to Mgll promoter
in 3xTg NPCs, | show that reactivation of the aPKC-CBP mediated Mgll repression at three
molecular levels: aPKC, CBPS436 and Mgll, all mitigate the neuronal differentiation deficits of
3xTg NPCs to the same extent. This strongly argues that targeting the aPKC-CBP mediated Mgll
repression in AD has the capability to rescue impaired neurogenesis and potentially improve

cognition. Interestingly, treatment with eCBR2 agonist (JWH133) but not eCBR1 agonist (ACEA),
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rescued the 3xTg NPC differentiation deficits. A potential explanation for this could be increased
eCBR2 expression in 3xTg, as is often observed under neuropathological conditions such as AD
(Lu and Mackie, 2015; Di Marzo et al., 2015). While eCBR2 signaling is well-known for its
neuroprotective functions, a recent study demonstrated that eCBR2 activation can also promote
post-stroke neurogenesis (Bravo-Ferrer et al., 2017), thus supporting the neurogenic potential of

eCBR2 signaling.

Since effects of metformin on neurodegenerative disease-related cognitive decline have
been controversial (Ng et al., 2014; Moore et al., 2013), a delineation of the molecular pathway
through which metformin acts is imperative. The identification of Mgll as a biomarker to screen
a subpopulation of AD patients for effective metformin treatment will have potential to bring

personalised medicine to clinical practice in the near future.
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6. Conclusion

In summary, | have shown that activation of the aPKC-CBP pathway by metformin,
continued passaging and aging, represses Mgll expression to promote neuronal differentiation of
adult NPCs. | have also demonstrated that impairment of aPKC-CBP mediated Mgll repression in
the CBPS436A and 3xTg AD NPCs is associated with enhanced NPC proliferation at the expense
of neuronal differentiation. These findings indicate that Mgll acts as a switch to differentially
regulate NPC proliferation and differentiation by altering ARA-GPR40 versus 2-AG-eCBR signaling.
Thus, my study underscores the significance of aPKC-CBP mediated Mgll repression in regulating
normal NPC function and suggests that impairment of this pathway may contribute to AD

predisposition.
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Diagram 2: Schematic summary of thesis.
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Appendix

Table 1: shRNA Sequences

Mgll shRNA 1

Forward: 5’-GAG ATC TCC CCG TTATGA TGA GCT GGC TCT TCA AGA GAG AGC CAG
CTC ATC ATA ACG TTT TTA AAG CTT G-3’

Reverse: 5’-CAA GCT TTA AAA ACG TTA TGA TGA GCT GGC TCT CTC TTG AAG AGC
CAG CTC ATC ATA ACG GGG AGATCT C-3’

Mgll shRNA 2

Forward: 5’-GAG ATC TCC CGT CAATGC AGA CGG ACA GTT TCAAGA GAACTG TCC
GTC TGC ATT GACTTT TTA AAG CTT G-3’

Reverse: 5’-CAA GCT TTA AAA AGT CAA TGC AGA CGG ACA GTT CTCTTG AAA CTG
TCC GTC TGC ATT GAC GGG AGA TCT C-3’

Scrambled
shRNA

Forward: 5’-CAC CCT TCC TCT CTT TCT CTC CCT TGT GAC GAA TCA CAA GGG AGA
GAA AGA GAG GAA G- 3’

Reverse: 5'-AAA ACT TCC TCT CTT TCT CTC CCT TGT GAT TCG TCA CAA GGG AGA
GAA AGA GAG GAA G- 3’

Table 2: Medium and Reagents

Solution Volume/Weight Vendor Catalog #
Serum Free Medium (SFM)
DMEM (low glucose) 50 mL Fisher 11885084
Ham’s F12 50 mL Fisher 11765054
30% glucose 2 mL Sigma-Aldrich G7021
7.5% sodium bicarbonate 1.5mL Sigma-Aldrich S6014
1M HEPES (pH=7.4) 0.5 mL Fisher BP310100
L-glutamine (200 mM in 1mL Lonza 17-605E
0.85% NaCl solution)
Penicillin/streptomycin 1mL Fisher 15140122
Enzyme Mix
Trypsin 40 mg Sigma-Aldrich T1005-1G
Hyaluronidase 25 mg Sigma-Aldrich H3884-500
Kynurenic acid 3-5mg Sigma-Aldrich K3375-1G

Suspended in 30 mL HBSS (Fisher Scientific, 14175103), mixed on a tube rotator for 30 minutes
at 37°C and sterilized using a 0.22 uM syringe filter.

Trypsin Inhibitor

Trypsin inhibitor 10 mg Sigma- Aldrich T2011-500

Suspended in 15 mL SFM and sterilized using a 0.22 uM syringe filter.
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Table 3: List of Solutions

Solution Concentration Vendor Catalog #
Lysis Buffer pH= 7.4
Tris-HCI 50mM Fisher BP153
NaCl 150mM Fisher BP358
Nonidet P-40 0.20% Sigma-Aldrich NP40S
Sample Buffer
SDS 2% w/v Fisher BP1311
Glycerol 4% v/v Fisher BP229
Tris-HCI 40mM Fisher BP153
Bromophenol blue 0.01% w/v Fisher B392
B-Mercaptoethanol 1% Fisher ICN19024280
Running Buffer
Tris 25mM VWR CABDH4500
Glycine 192mM Fisher BP381
SDS 0.1% Fisher BP1311
Transfer Buffer
Tris 192mM VWR CABDH4500
Glycine 192mM Fisher BP381

Tris Buffered Saline, Tween-20 (TBS-T)

Tris-HCI 50mM Fisher BP153
NaCl 150mM Fisher BP358
Tween-20 0.1% Fisher BP337
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