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ABSTRACT

Sphingosine-1-phosphate (S1P) is a bioactive lipid that plays a crucial role in various
fundamental processes, including cellular proliferation, survival, migration, as well as
inflammation. Additionally, it has been implicated in the development and progression of
cancer as well. SIP metabolism, regulated by SI1P-lyase (SGPLI1) and its receptors,
S1PR_s, plays a critical role in maintaining cellular homeostasis. In this study, the impact
of S1P on glucose metabolism was investigated using SGPL1-deficient mouse embryonic
fibroblasts (Sgpl1™”~ MEFs). SGPL1 deficiency lead to accumulation of S1P which
activates hypoxia-inducible factor 1 (HIF-1) and promotes the expression of glucose
metabolism-related proteins through S1PR; 3 receptors, leading to increased glucose-to-
lactate conversion and cell proliferation, resembling cancer cells. Importantly, these
metabolic changes did not negatively affect cellular energy status, as indicated by
Akt/mTOR pathway activation and downregulation of autophagy. These results reveal a
distinctive role of the S1P/SIPR;; axis in glucose metabolism in SGPLI1-deficient
MEFs.

Moreover, the role of S1P in different neurodegenerative diseases is not yet clear, as there
are contrasting findings. On the one hand it was shown to be crucial for brain
development. Lack of S1P during embryonic development is extremely dangerous and
can cause the failure of various essential processes, such as the closure of the front part of
the neural tube. On the other hand, an excessive amount of S1P, due to mutations in the
SGPL1 responsible for its cleavage, is also detrimental. It is worth mentioning that the
SGPL1 gene is located in a region of the genome that is prone to mutations found in
several types of human cancers. Additionally, mutations in SGPL1 can lead to a
condition called S1P-lyase insufficiency syndrome (SPLIS), which is characterized by
various symptoms, including neurological defects in both the peripheral and central
nervous systems. This study shows the impact of SIP lyase in astrocytes derived from
neural-targeted SGPL1 deficient mice (SGPL17"Nes) SGPL1 deficiency led to SI1P
accumulation, resulting in increased expression of glycolytic enzymes similar to MEFs.
However, in SGPL1-deficient astrocytes, pyruvate utilization was through tricarboxylic
acid (TCA) cycle via S1PR>4 receptors. This metabolic shift increased cellular ATP
content and activated the mammalian target of rapamycin (mTOR), thus affecting
autophagy in astrocytes. Furthermore, elevated extracellular ADP levels, mediated by the

purinoreceptor P2Y1 (P2Y1R) in SGPLI1-deficient astrocytes induced astrogliosis and



NLRP3 inflammasome activation, leading to the generation of proinflammatory
cytokines.

These findings shed new light on the oncogenic implications of SIP metabolism and
present opportunities for modulating membrane lipid composition as well as offer
valuable insights into the interplay between astrocyte functionality and NLRP3
inflammasome. Targeting S1P metabolism and signaling pathways could potentially
serve as novel therapeutic approaches and contribute to a better understanding of S1P
function not only in brain pathology but also with regard to the complex phenotype of

patients exhibiting mutations in SGPL1.
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1. INTRODUCTION

1.1  Lipids

Lipids are a diverse group of molecules that are composed of fatty acids and their derivatives,
and they can be categorized into eight main classes: fatty acyls, glycerolipids,
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and
polyketides (Fahy, Subramaniam et al. 2009). Each class contains different subclasses and
molecular variations which enables them to perform a wide range of critical biological
functions. The role of lipids in the formation of cell membranes makes them both ligand and
substrate for proteins. Besides, extensive research conducted over the past decades has
revealed that certain membrane lipids also function as secondary messengers during cell
signaling. These lipid second messengers interact with specific biochemical targets such as
protein kinases, phosphatases, and metabolic enzymes, triggering a cascade of cellular

changes (Hannun and Bell 1989, Bae, Cantley et al. 1998).

In the brain, the lipid composition possesses distinct characteristics that set it apart from other
regions of the body. Membrane lipids, particularly phospholipids, are the predominant
constituents and account for more than half of the solid matter in the brain. This unique lipid
profile is crucial for the proper functioning of brain cells and contributes to various essential

biological processes (Crawford and Sinclair 1971).

Phospholipids are a class of lipids composed of glycerol, fatty acids, and a phosphate group,
which are pivotal constituents of cellular membranes. These amphipathic molecules self-
assemble into lipid bilayers, forming the structural backbone of cell membranes and providing
a selectively permeable barrier between the cell and its environment. However, the influence
of phospholipids extends far beyond their structural role, as they actively serve as precursors
for the synthesis of essential signaling molecules that regulate various cellular processes
(Fahy, Subramaniam et al. 2009). One prominent example from the family of sphingolipid is
known as sphingomyelin, which is the precursor for ceramide, a bioactive lipid involved in
numerous cellular processes, including apoptosis, cell proliferation, and cellular stress
responses. Ceramide acts as a signaling molecule, mediating diverse cellular pathways, and
orchestrating cellular responses to extracellular stimuli (Taha, Mullen et al. 2006). Another
notable phospholipid-derived signaling molecule is docosahexaenoic acid (DHA), an omega-3

fatty acid that plays a crucial role in brain development and function (Hannun and Obeid
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2008). Furthermore, arachidonic acid, a polyunsaturated fatty acid serves as the precursor for
the synthesis of diverse bioactive lipid mediators, including prostaglandins, leukotrienes, and
thromboxane, which are involved in inflammation, immune responses, and vascular

homeostasis (Hannun and Obeid 2008).

1.2 Sphingolipid

Discovered in the 1870s in the brain extracts, sphingolipids were named after the
mythological sphinx based on their distinct and mysterious structural features (Thudichum
1884). Initially regarded mainly as a cellular building material or involved in metabolic
processes (Divecha and Irvine 1995), sphingolipids have emerged as key signaling molecules,
sparking ongoing investigations (Spiegel and Milstien 2000, van Echten-Deckert 2020).
These intriguing compounds are prominently found in abundance within the brain, where they
exert pivotal roles in its development, functionality, and serve as crucial constituents of

plasma membrane at the cellular level (Olsen and Faergeman 2017).

| Rl

Figure 1. Schematic representation of prevalent locations and metabolic pathways of cellular sphingolipids. Ceramide
is biosynthesized de novo in the ER (purple, blue arrows). It is then translocated via CERT, (black dotted arrows) to the site
of sphingomyelin and CIP formation in the trans-Golgi network (TGN, purple) or via vesicular exocytotic membrane flow
(black dashed arrows) to the site of glycosylation to glucosylceramide (GlcCer) in the Golgi compartment (blue) and more
complex glycosphingolipids (GSL), including gangliosides (black dashed arrows). Degradation of sphingolipids down to
sphingosine occurs mainly in the lysosomal compartment (red arrows). Further metabolization of sphingosine is located to
the ER, where it is first phosphorylated to S1P and then cleaved into ethanolamine phosphate and hexadecenal. Alternatively,
S1P can be dephosphorylated back to sphingosine and further recycled to ceramide and all other sphingolipids via the salvage
pathway (green dashed arrows). S1P generated in the plasma membrane by SK1 can be transported into the extracellular
milieu via ATP-binding cassette transporters (ABCt) or SPNS2 where it acts as a ligand of SIPR1-5. Transport of (glyco)
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sphingolipids occurs via vesicles (dashed black arrows) or transport proteins (dotted arrows). Sphingolipids are metabolized
also in the plasma membrane, mitochondria, and nuclei. Abbreviations used are CPTP, C1P transport protein; GlcCerase,
glucocerebrosidase; GLTP, glycolipid transport protein; and LPP, lipid phosphate phosphatase. (Piazzesi, Afsar et al. 2021).

Similar to glycerolipids and sterols, sphingolipids initiate their journey in the endoplasmic
reticulum (ER), with the condensation of serine and fatty acyl-CoA. A series of enzymes,
namely serine palmitoyl transferase (SPT), 3-ketodihydrosphingosine reductase,
dihydroceramide synthases, and dihydroceramide desaturase, work consecutively to generate
ceramide (Fig. 1). Ceramidases then convert ceramide into sphingosine, while sphingosine
kinases (SKs), specifically SK1 and SK2 isoforms, phosphorylate sphingosine to produce S1P
(van Echten-Deckert and Herget 2006). SK1 and SK2 isoforms exhibit distinct cellular
locations and functions (Kohama, Olivera et al. 1998, Maceyka, Harikumar et al. 2012). At
the junction of sphingolipid and phospholipid metabolism, the degradation of S1P occurs
through an irreversible cleavage catalyzed by sphingosine 1-phosphate lyase (SGPL1),
located in the ER and resulting in the formation of ethanolamine phosphate (EAP) and
hexadecenal. This cleavage serves as the exit point of the sphingolipid degradation pathway.
As a result, SGPL1 connects the metabolism of sphingolipids with that of
glycerophospholipids by generating the headgroup of phosphatidylethanolamine. S1P can also
be dephosphorylated by S1P phosphatases (SPP) and subsequently traced back to ceramide

via the salvage pathway, mediated by ceramide synthases.

Overall, the intricate actions of these enzymes, including SPPs, CerS, and SGPLI1, play a
crucial role in regulating the levels of S1P and maintaining the balance of sphingolipid
metabolism. Additionally, sphingolipid metabolism is regulated by a variety of signaling
pathways, including the sphingomyelinase-ceramide pathway, which is activated in response
to stress and cell death signals. These processes are essential for proper cellular functioning
and are crucial for various physiological and pathological processes in the central nervous
system (CNS). Dysregulation of sphingolipid metabolism has been implicated in several
human diseases, including various forms of cancer, neurodegeneration, and metabolic
disorders (van Kruining, Luo et al. 2020). For instance, defects in sphingolipid metabolism
have been linked to the pathogenesis of neurodegenerative diseases such as Alzheimer's and
Parkinson's diseases while elevated levels of certain sphingolipids have been associated with

the development of cancer (Piazzesi, Afsar et al. 2021).
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1.3  Sphingosine 1-Phosphate (S1P)

S1P is an evolutionarily conserved bioactive sphingolipid molecule that regulates various
biological processes, including cell signaling, immune regulation, vascular development, and
inflammation (Spiegel and Milstien 2011). As mentioned before, the synthesis of
sphingolipids initiates with the combination of L-serine and a fatty acid, facilitated by the
enzyme serine palmitoyl transferase (SPT). This process yields 3-ketodihydrosphingosine,
which is subsequently reduced to sphinganine, and it undergoes further conversion to
dihydroceramide through acylation with fatty acids, employing one of six ceramide synthases
(CerS1-CerS6). By means of desaturation, dihydroceramide is transformed into ceramide via

the de-novo pathway (Hagen-Euteneuer, Lutjohann et al. 2012, Grassi, Mauri et al. 2019)
(Fig. 2).

\\
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Figure 2. Scheme of sphingolipid metabolism. Ceramide formation via the de novo pathway is shown with 4 blue arrows.
SPT catalyzes the first and rate-limiting condensation of serine and palmitoyl CoA. Ceramide is the starting point for de novo
formation of sphingomyelin, CI1P and all glycosphingolipids starting with glucosylceramide (blue arrows). But it is also a
degradation product of all sphingolipids (black arrows). Sphingosine and S1P are exclusively catabolic products of ceramide.
Finally, SIP can be dephosphorylated back to sphingosine starting an energy consuming recycling/salvage pathway (red
arrows). See also (van Echten-Deckert 2023).

Additionally, ceramide has the capacity to undergo modifications and associate with different
groups, leading to the formation of complex sphingolipids such as sphingomyelins, ceramide-
I-phosphate, glycosyl ceramides, gangliosides (Taha, Mullen et al. 2006). Conversely,
complex sphingolipids can also serve as a source of ceramide through reversible reactions in

sphingomyelin metabolism. The enzyme ceramidase catalyzes the deacylation of ceramide,
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resulting in the production of sphingosine (Fig. 2). Sphingosine can be employed for the
resynthesis of ceramide or the generation of S1P. The balance among ceramide, sphingosine,
and S1P, known as the sphingolipid rheostat, plays a vital role in maintaining organismal
homeostasis (Spiegel and Milstien 2000). Sphingosine kinases (SKs) serve as the primary
regulators and exist as two main isoforms, SK1 and SK2, which have been identified and
characterized. While they share similar polypeptide structures, they exhibit notable
distinctions in terms of kinetic properties, cellular localization, and physiological functions
(Spiegel and Milstien 2000, Spiegel and Milstien 2003). S1P generated by SKs can be
eliminated from the sphingomyelin cycle through the action of S1P lyase, which converts S1P
into ethanolamine phosphate and hexadecenal. This process represents the sole irreversible
reaction within the sphingomyelin cycle, where S1P functions as the final product.

Once formed, S1P serves as a potent signaling molecule that can bind to and activate a family
of five G protein-coupled receptors known as S1P receptors (S1PR.5), each with distinct sub-
cellular distribution and signaling properties and exerts significant regulatory effects on
various biological processes. These effects include immune cell trafficking and migration
(Spiegel and Milstien 2011, Thuy, Reimann et al. 2014), monitoring autophagy (Karunakaran,
Alam et al. 2019), regulating cell growth (Olivera and Spiegel 1993), and apoptosis (Cuvillier,
Pirianov et al. 1996). The emerging understanding of S1P's receptor independent actions
highlights the complexity of SIP signaling and its multifaceted roles in cellular physiology.
While our understanding of the intracellular effects of S1P is still limited, recent experimental
evidence suggests that SIP can also exert receptor-independent actions in maintaining
calcium levels and histone modification (Alam, Piazzesi et al. 2020). Further research is
needed to unravel the precise mechanisms underlying these effects and their functional
implications. Investigating the interplay between S1P receptors and the receptor-independent
actions of S1P will enhance the understanding of intricate regulatory networks in which S1P
participates, ultimately opening up new avenues for therapeutic interventions targeting S1P

signaling pathways.

1.4  S1P in neurodegeneration

Neurodegenerative disorders are often identified by the accumulation of abnormal proteins
either within the cells or outside them. These disorders include for instance Alzheimer's
disease (AD), which is characterized by the presence of amyloid-f and tau proteins,
Parkinson's disease (PD), associated with a-synuclein protein. In the CNS, S1P can perform

protective functions and induce survival-stimulating signaling pathways or, conversely,
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contribute to the development of pathological processes, including neurodegenerative
disorders. The functions of S1P, the expression of its receptors, and their action depend on the
type of CNS cells, the stage of their development, and the state of the whole organism. The
physiological functions and pathological implications of SIP in various neurodegenerative
diseases are currently being explored in scientific literature (Karunakaran and van Echten-
Deckert 2017, Wang and Bieberich 2018, van Echten-Deckert 2023). Recent studies have
provided evidence linking SI1P to the development of brain cells in neurodegenerative
conditions (Mitroi, Karunakaran et al. 2017, Moruno-Manchon, Uzor et al. 2018). Research
indicates that S1P metabolism and signaling pathways differ among different types of brain
cells, such as neurons, astrocytes, and microglia (Wang and Bieberich 2018). However, the
role of S1P in neurodegenerative diseases remains controversial, with some studies suggesting
a protective function of S1P signaling (He, Huang et al. 2010, Ceccom, Loukh et al. 2014,
Couttas, Kain et al. 2014), while others, including the van Echten-Deckert group, report the
detrimental effects of accumulated S1P in the brain (Hagen, Hans et al. 2011, Takasugi,
Sasaki et al. 2011, Mitroi, Deutschmann et al. 2016, Lei, Shafique et al. 2017, Mitroi,
Karunakaran et al. 2017, Karunakaran, Alam et al. 2019, Alam, Piazzesi et al. 2020).

The research conducted by the group of van Echten-Deckert has shed light on the diverse
impact of accumulated S1P on autophagic pathways in various brain cell types, including
microglia and neurons (Mitroi, Karunakaran et al. 2017, Karunakaran, Alam et al. 2019). In a
study carried out by Mitroi et al. (2017), it was demonstrated that inhibiting SGPL1 resulted
in impaired neuronal autophagy due to a reduction in PE production in SGPL1-deficient
neurons (PE is synthesized from ethanolamine phosphate). However, the autophagy defects
were restored when neurons were treated with PE. It is important to note that disrupted
autophagy in the brain is considered a significant contributing factor to the development of
neurodegenerative disorders. Conversely, Moruno-Manchon et al. (2015) observed that
upregulating SK1, an enzyme responsible for phosphorylating sphingosine to generate S1P,
promoted autophagy in neurons (Moruno Manchon, Uzor et al. 2015). In contrast, enzymes
SPP and SGPLI1, which degrade SIP, reduced the flux of autophagy. Another group of
researchers demonstrated that SK2 played a primary role in inducing autophagy through
preconditioning. By utilizing isoflurane and hypoxic preconditioning, they upregulated SK2
and induced autophagy by disrupting Bcl-2/beclinl complexes in primary cortical neurons

(Sheng, Zhang et al. 2014).
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1.5 Mouse Embryonic Fibroblast (MEFs)

Mouse embryonic fibroblasts (MEFs) are a type of connective tissue cells derived from mouse
embryos. They are commonly used in biomedical research as a model system to study various
biological processes and functions. MEFs are derived from the mesoderm layer of the
developing mouse embryo. Once obtained, MEFs can be cultured and propagated in the
laboratory using standard cell culture techniques. They have a fibroblast-like morphology and
exhibit characteristic properties of mesenchymal cells. MEFs are adherent cells that grow as a
monolayer and display a spindle-shaped morphology. MEFs are valuable tools for studying
various aspects of cell biology, including cell signaling, gene expression, cell cycle
regulation, and cellular responses to different stimuli. They can be genetically manipulated
using techniques such as transfection or viral transduction to investigate the functions of
specific genes or pathways. In the present study the activities of SIP were investigated using
fibroblasts from SGPL1 deficient mice (Sgpl1~~ MEFs) which leads to the accumulation of
S1P.

Mice with a targeted deletion of SGPL1 exhibit distinct characteristics, including reduced
weight gain and a shortened lifespan of around 8 weeks (Schmahl, Raymond et al. 2007,
Ihlefeld, Claas et al. 2012). These mice display multiple organ defects, such as abnormalities
in the vasculature, skeleton, and kidney dysfunction (Schmahl, Raymond et al. 2007). S1P
lyase-deficient mice have elevated levels of S1P, sphingosine, and/or ceramide in their serum
and tissues (Vogel, Donoviel et al. 2009, Thlefeld, Claas et al. 2012). In a previous study using
Sgpl1™~ MEFs, accumulation of SIP and of sphingosine (Claas, ter Braak et al. 2010) as well
as of sphingomyelin (Hagen-Euteneuer, Alam et al. 2020) was also recently observed in these
cultured cells. In fact, Hagen et al (2020) from the group of van Echten Deckert, have shown
that the production of biosynthetic precursors of complex glycosphingolipids including
ceramide, glucosylceramide and also ganglioside GM3 via the de novo synthesis and
recycling pathway was substantially increased whereas the amount of more complex

gangliosides dropped significantly in MEFs with SGPL1 ablation.

Moreover, Sgpl1~~ MEFs also exhibited disturbed calcium Ca?" homeostasis, characterized

2+]i

by increased basal cytosolic free Ca®" concentrations [Ca**]; enhanced agonist-induced [Ca**]i

increases, and elevated Ca®* storage in thapsigargin-sensitive stores (Claas, ter Braak et al.

2010). Also, the same group in their later investigation, discovered high levels of S1P

_/_

specifically in nuclear preparations of Sgpl1l™~ MEFs and also demonstrated a reduction in

both HDAC activity and the expression of HDAC isoenzymes in SGPLI1-deficient MEFs
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(Ihlefeld, Claas et al. 2012). Moreover, it was also shown that HDAC1 and HDAC?2 regulate
basal [Ca*']i levels in these cells, underscoring the role of HDACs in Ca?* homeostasis
regulation (Ihlefeld, Claas et al. 2012). Further exploration of the molecular mechanisms
underlying the accumulation of SIP in SGPLI1 deficient cells remains an area of ongoing
research and is yet to be fully understood. By digging deep into these specific molecular
mechanisms, namely energy metabolism and autophagy mechanisms, novel pathways, and
factors can be uncovered that contribute to the regulation of S1P metabolism and its impact on
cellular function. This thesis deals with the investigation of molecular mechanisms, such as
energy metabolism and autophagy, that are impacted by the depletion of SGPL1 and the

resulting accumulation of S1P, with a specific emphasis on Sgpl1~~ MEFs.

1.6  Astrocytes

In addition to neurons, the brain consists of a diverse population of glial cells, namely
astrocytes, oligodendrocytes, and microglia, which collectively make up around 70% of the
total cells (Jha, Jeon et al. 2012). Astrocytes, the specialized glial cells, surpass neurons in
number by more than fivefold, strategically covering the entirety of the central nervous
system (CNS) (Sofroniew and Vinters 2010). Initially regarded as supportive satellite cells,
astrocytes have emerged as pivotal components of the nervous system (Nedergaard, Ransom
et al. 2003). These cells seamlessly occupy and fulfill numerous crucial and intricate roles
within the healthy CNS. Among their crucial functions, astrocytes provide structural and
metabolic support to neurons, including energy delivery, production, utilization, and storage
(Jha, Jeon et al. 2012). Their expanded repertoire of functions encompasses diverse roles,
such as being critically important for the neuronal survival (Cui, Allen et al. 2001),
contributing to the formation of the blood-brain barrier (BBB) (Song, Huang et al. 2021),
participating in neural transmission and synapse formation (Takasugi, Sasaki et al. 2011,
Allen and Eroglu 2017, Yamagata 2021), and influencing developmental synapse formation
through physical support and the secretion of molecules that modulate synaptic glutamate
levels, purines (ATP and adenosine), and GABA (Ullian, Sapperstein et al. 2001, Neal and
Richardson 2018, Alam, Afsar et al. 2023). The direct and interactive role of astrocytes in
synaptic activity is fundamental for neural circuitry and information processing, giving rise to
the 'tripartite synapse' hypothesis (Magistretti and Pellerin 1999, Halassa, Fellin et al. 2007,
Perea, Navarrete et al. 2009, Lalo, Koh et al. 2021). A growing body of evidence suggests that

astrocytes supply energy substrates to neurons (Alle, Roth et al. 2009). In a recent report from
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the group of van Echten Deckert it was shown that by importing glucose through glucose
transporter 1 (GLUT1), astrocytes activate the glycolytic pathway to generate ATP (Alam,
Afsar et al. 2023). Furthermore, astrocytes play a vital role in responding to CNS injury,
undergoing significant changes referred to as reactive astrogliosis (Fig. 4) (Filous and Silver,

2016).

1.7 Glucose metabolism

Despite accounting for only 2% of the body's total weight, the brain exhibits a substantial
demand for energy compared to other body tissues. Glucose serves as a vital energy substrate
for the adult brain, with approximately 25% of glucose being utilized to sustain fundamental
brain functions (Rossi, Zanier et al. 2001, Howarth, Gleeson et al. 2012). Increasing studies
have found that an abnormal glucose metabolism is related to the development of
neurodegenerative diseases, such as AD (Foster, Chase et al. 1983), PD (Borghammer,
Chakravarty et al. 2010), ALS (Browne, Yang et al. 2006), and HD (Feigin, Leenders et al.
2001), which makes it promising to find a solution to these changes, and thereby could

prolong the survival of patients with neurodegenerative diseases.
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Figure 3. Glucose metabolism and energy homeostasis. Glucose enters the cell through GLUT and is converted to G6P by
HK. Glycolysis (shown by red arrows), which leads to lactic acid production or the tricarboxylic acid (TCA) cycle. NADH
and FADH?2 are subsequently re-oxidized in ETC to produce ATP. GLUT: glucose transporters; HK: Hexokinase; G6P:
glucose-6-phosphate; G1P: glucose-1-phosphate; G3P: glyceraldehyde-3-phosphate; 1,3-BPG: 1,3-bisphosphoglycerate.
Image modified (Han, Liang et al. 2021).
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Glucose metabolism promotes the physiological functions of the brain through glycolysis
(Han, Liang et al. 2021) and mitochondrial oxidative phosphorylation, and its product, ATP,
(Fig. 3) is the electrochemical basis for the maintenance of neurons and non-neuronal cells
(Mergenthaler, Lindauer et al. 2013) and therefore, tight regulation of glucose metabolism is
critical not only for brain physiology but for the entire organism.as well. Dysfunction in
glucose metabolism, leading to a shift towards lactate production for energy needs, can have
detrimental effects on the organism and increase the risk of disease development. For
instance, lactate is produced as a fuel source when the demand for ATP exceeds the cellular
supply. It is generated through the glycolysis pathway when the tricarboxylic acid (TCA)
cycle is inhibited usually due to low oxygen levels (hypoxia). Glucose in the cytoplasm is
converted to pyruvate via glycolysis, which is then directly converted to lactate by lactate
dehydrogenase (LDH), bypassing mitochondrial oxidation.

Major brain cells, astrocytes, and neurons utilize glucose quite differently. Astrocytes, which
surround neuronal synapses, primarily undergo glycolysis, while neurons mainly rely on
oxidative metabolism (Magistretti and Allaman 2015). Astrocytes, positioned around neuronal
synapses, play a crucial role in glucose oxidation. They consume more ATP to synthesize
glutamine and package neuronal glutamate into synaptic vesicles for the glutamate-glutamine
neurotransmitter cycling process (Volterra and Meldolesi 2005). Astrocytes, being glycolytic,
do not extensively metabolize the end product of glycolysis, pyruvate, through the
tricarboxylic acid (TCA) cycle. Instead, they preferentially generate lactate over acetyl-CoA
using pyruvate dehydrogenase (PDH). Later, the lactate is transferred to neurons, where it is
oxidized. This process is known as the astrocyte-neuronal lactate shuttle (ANLS), which
suggests that neurons utilize lactate produced by nearby astrocytes as an energy source

(Halim, McFate et al. 2010).

1.8 Autophagy

For the maintenance of metabolic homeostasis and viability, cells demonstrate remarkable
ability to adapt and flourish in response to challenging circumstances, including situations
where nutrient availability is limited. One crucial mechanism that enables this adaptation is
autophagy, a highly conserved cellular pathway responsible for recycling nutrients and
organelles (Mizushima, Levine et al. 2008). When cells detect a lack of nutrients, autophagy
is rapidly induced. It begins with the formation of an autophagic membrane, known as a

phagophore, which isolates itself. Subsequently, the phagophore membrane elongates and
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curves around the targeted cargo, creating a closed double-membrane organelle called an
autophagosome. Eventually, the autophagosome fuses with a lysosome to complete its
maturation (Mizushima, Levine et al. 2008). mTOR or (mechanistic target of Rapamycin), a
serine/threonine kinase, is a crucial regulator of cellular metabolism and growth. It promotes
anabolic processes like cell growth in response to environmental cues while inhibiting
autophagy, the catabolic pathway responsible for cellular recycling and adaptation to stress.
This reciprocal relationship allows mTOR to maintain the balance between cell growth and
autophagy, ensuring cellular adaptation and homeostasis in the face of changing nutrient
availability and stress conditions (Dunlop and Tee 2014, Dossou and Basu 2019).
Deregulation of mTOR signaling has been implicated in many human diseases, including
diabetes, neurodegenerative diseases, and cancer (Laplante and Sabatini 2012). Additionally,
situated upstream of mTOR, is the AKT signaling pathway which is activated via
phosphorylation and also plays a crucial role in regulating mTOR activity and promotes cell
growth, differentiation and survival (Manning and Cantley 2007). Notably, dysregulation of
this pathway has been observed in neurodegenerative diseases (Jin, Sui et al. 2012) as well as

many cancers (Peng, Wang et al. 2022).

While the modulation of autophagy by sphingolipids has been recognized for some time
(Lavieu, Scarlatti et al. 2006, Lepine, Allegood et al. 2011), studies investigating this
relationship in the brain, where autophagy is essential for recycling aggregate-prone proteins,
are relatively limited (Moruno Manchon, Uzor et al. 2015, van Echten-Deckert and Alam
2018). Furthermore, the group of van Echten-Deckert established a connection between
autophagy and inflammation mediated by S1P/S1PR> in microglia cultured from SGPLI-
deficient mice (Karunakaran, Alam et al. 2019) where microglial inflammation was
accompanied by defective microglial autophagy in SGPL1 ablated mice.

Certainly, in microglia, the signaling molecule S1P functions as a ligand for SI1PR,
influencing autophagy through an mTOR-dependent mechanism (Karunakaran, Alam et al.
2019). However, in neurons, the deficiency of SGPLI1 leads to the accumulation of SI1P
alongside a  decrease in  phosphatidylethanolamine. This decrease in
phosphatidylethanolamine has been found to hinder neuronal autophagy flux through a
mechanism independent of mTOR, as observed in the study conducted by Mitroi et al., 2017
(Mitroi, Karunakaran et al. 2017). Conversely, the accumulation of S1P in neurons has been
demonstrated to stimulate neuronal autophagy, as reported by Moruno Manchon et al., 2015

(Moruno Manchon, Uzor et al. 2015).
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1.9  Astrogliosis (Reactive astrocytes)

When the central nervous system (CNS) faces insults, astrocytes undergo transformations and
acquire novel functions and attributes. One prevalent phenomenon observed is astrogliosis or
reactive astrocytosis (Sofroniew 2009). This term encompasses a wide range of functional,
structural, and morphological changes experienced by astrocytes in response to CNS injury,
with the severity of these alterations depending on the specific context. These changes can
have both neuroprotective and neurotoxic effects, potentially leading to processes like
neuroinflammation and neurodegeneration (Sofroniew 2009). Traditionally, astrogliosis was
commonly understood as an upregulation of GFAP expression, often perceived as a
homogeneous phenomenon. However, it is now unequivocally evident that this is not the case
(Sofroniew 2015). Reactive astrogliosis represents a multifaceted process, characterized by
distinct stages (Fig. 4) (Sofroniew 2009, Neal and Richardson 2018). It is an evolutionarily

conserved response that entails both molecular and morphological alterations.

Morphologically, astrocytes undergo changes such as reduction in the number of primary
branches and hypertrophy of the cell body and remaining processes (Neal and Richardson
2018). At the molecular level, there is a widely recognized elevation in the expression of
GFAP, vimentin, nestin, and secretion of inflammatory cytokines. Astrogliosis encompasses a
broad range of heterogeneous changes, determined in a context-specific manner by diverse
signaling events that vary depending on the nature and severity of different CNS insults (Fig.
4).
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Figure 4. Schematic representation of multi-staged reactive astrogliosis. (a) Astrocytes in healthy CNS tissue. (b) As
astrogliosis advances, there are changes in molecular expression, functional activity, and variable degrees of cellular
hypertrophy observed during moderate reactive astrogliosis (¢) In cases of severe diffuse reactive astrogliosis, there are
notable alterations in molecular expression, functional activity, cellular hypertrophy, and the emergence of newly proliferated
astrocytes (indicated by red nuclei in the figure). These changes disrupt astrocyte domains, leading to a long-lasting
reorganization of tissue architecture. This pattern is commonly found in areas surrounding severe focal lesions, infections, or
regions responding to chronic neurodegenerative triggers. (d) Severe reactive astrogliosis can progress into compact glial scar
formation, particularly along the borders of areas with evident tissue damage and inflammation. This stage involves the
proliferation of astrocytes (red nuclei in the figure) along with other cell types (depicted in gray) such as fibro meningeal
cells and additional glia. The presence of a dense collagenous extracellular matrix is also observed. In the compact glial scar,
astrocyte processes densely overlap. Mature glial scars tend to persist for extended periods and serve as barriers to axon
regeneration, inflammatory cells, infectious agents, and non-CNS cells, effectively protecting healthy tissue from nearby
areas of intense inflammation. Adapted from (Sofroniew and Vinters 2010).

1.10 Reactive astrocytes and Neuroinflammation

As mentioned before, the effects of astrocytes are highly complex and multifaceted,
influenced by factors such as the type and extent of injury or disease, the surrounding
microenvironment, and the interplay with other cells in the central nervous system. There is a
growing body of evidence connecting reactive astrocytes to inflammatory processes, which
have been implicated in the development of neurodegeneration. The relationship between
astrogliosis and inflammation is bidirectional and dependent on the degree of gliosis and the

specific signaling pathways involved (Fig. 5) (Sofroniew 2015, Liddelow and Barres 2017).

Recent transcriptomic studies have shed light on the interconnection between epigenetic
regulation and inflammation and have reported other genes specific to reactive astrocytes,
such as Tnf (Tumor Necrosis Factor) and Il-/f (Interleukin 1 beta), which exhibit higher
expression levels than Gfap in certain types of reactive astrocytes (Liddelow and Barres
2017). With elevated histone acetylation previously reported in the SGPLI1 deficient
astrocytes (Alam, Piazzesi et al. 2020), a transcriptome analysis of the astrocytes derived from
SGPL1 deficient murine brains revealed differential transcription of a total of 34 genes that

were found to be affected of which DDX3X was most significant.
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Figure 5. Astrocytes in steady state and inflammatory conditions within the CNS. (A) In steady state conditions,
astrocytes establish connections and interact with neurons, oligodendrocytes, microglia, and cells of the blood-brain barrier
(BBB). (B) They form tripartite synapses with neurons, contributing to the regulation of synaptic transmission by providing
metabolic support and clearing neurotransmitters. (C) Astrocytic end feet line the cerebral vasculature and contribute to the
BBB, limiting the entry of pathogens and peripheral immune cells into the central nervous system. These end feet express
high levels of aquaporin-4 and establish close interactions with pericytes and the basal lamina of the brain parenchyma. (D)
In inflammatory conditions, astrocytes undergo reactive changes and secrete numerous inflammatory mediators. These
mediators have a regulatory impact on various cell types, including myeloid cells, lymphocytes, oligodendrocytes, neurons,
and microglia. Reactive astrocytes actively participate in the immune response by modulating the functions of these cells. (E)
Soluble inflammatory mediators derived from microglia and other immune cells can differentially induce either pathogenic
(red) or protective (blue) functions in astrocytes, further influencing the outcome of the inflammatory response. (F)
Inflammatory conditions can also lead to the infiltration of peripheral immune cells across the BBB into the central nervous
system. This infiltration is facilitated by the disruption of the BBB integrity during inflammation. The presence of peripheral
immune cells in the CNS can contribute to the progression and severity of neuroinflammatory processes. Cl1q, Complement
component 1q; IL-1p, Interleukin-1 B; IL-10, Interleukin 10; TNF-a, Tumor necrosis factor a; TGF-o, Transforming growth
factor o; VEGF-B, Vascular endothelial growth factor B. (Linnerbauer and Rothhammer 2020)

Inflammasomes are complex protein assemblies that detect molecular patterns associated with
cellular damage or intracellular pathogens. Upon activation, they form cytosolic
compartments called ASC specks, which facilitate the activation of Caspase-1. This activation
leads to the secretion of interleukin IL-1B and IL-18 and drives the cell towards pyroptosis, a
programmed inflammatory cell death process with significant implications in health and
disease (Martinon, Burns et al. 2002). While both stress granules and inflammasomes can be

triggered by cellular stress, they drive distinct cell-fate outcomes. However, the interplay
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between stress granules and inflammasomes and its impact on cell fate remains poorly
understood. In a recent study by Samir et al. (2019), the essential role of DDX3X, a member
of the DEAD-box family and helicase, in the formation of stress granules and NLRP3
inflammasome complexes was uncovered (Samir, Kesavardhana et al. 2019). These findings
shed light on the crucial role of DDX3X as a molecular switch, influencing the cell's fate by

orchestrating the balance between survival and cell death in response to specific stress signals

(Fig. 6).
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Figure 6. The priming and activation process of the NLRP3 inflammasome. Various priming signals induce the
expression of pro-IL-1B and NLRP3. Activation occurs through different stimuli, resulting in the assembly of the NLRP3
inflammasome, activation of caspase-I, and cleavage of pro-IL-1p.

1.11 Purinergic Receptor signaling in astrocytes

The concept of purinergic receptors was established in 1976 (Burnstock 1976), and shortly
thereafter, they were categorized into two main types: the P1 receptor, which responds to
adenosine, and the P2 receptor, which responds to ATP and ADP (Burnstock, Fredholm et al.

2011). Subsequent studies explored into the classification of P2 receptors, dividing them into
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two subtypes: P2X receptors, which are ligand-gated ion channels, and P2Y receptors, which
are G-protein-coupled receptors (Abbracchio and Burnstock 1994). The differentiation within
the P2Y receptor group is based on similarities in their evolutionary lineage and the presence
of specific amino acids crucial for ligand binding and G-protein coupling selectivity
(Abbracchio, Burnstock et al. 2009). The P2Y receptors can be further subdivided into two
distinct subgroups with notable sequence variations. The first subgroup consists of P2Y1,
P2Y2, P2Y4, P2Y6, and P2Y 11, while the second subgroup includes P2Y 12, P2Y 13, and
P2Y 14 (Abbracchio, Burnstock et al. 2006, Abbracchio and Verderio 2006). Among these
receptors, P2Y 1R, a metabotropic receptor, is widely expressed in neurons, astrocytes, and

microglia.

In astrocytes, P2Y 1R plays a vital role in facilitating the propagation of short-term calcium
waves throughout the astrocyte network (Abbracchio and Burnstock 1994, Abbracchio and
Verderio 2006). Upon activation, astrocytes release ATP (Alam, Afsar et al. 2023), which
then triggers a response via P2Y1R. This activation leads to an amplified propagation of
intracellular calcium waves, facilitating effective communication between neighboring cells
(Abbracchio and Verderio 2006, Burnstock, Fredholm et al. 2011, Delekate, Fuchtemeier et
al. 2014). Moreover, an upregulation of P2Y1 receptors in glial cells across different brain
regions were reported following ischemic stress (Kuboyama, Harada et al. 2011).
Consequently, when activated by ATP released from injured neurons or glial cells, P2Y1
receptors on astrocytes have also been found to mediate neuroinflammatory responses in
various CNS disorders (Fields and Burnstock 2006). Furthermore, the activation of astrocytic
P2Y1 receptors triggers the release of proinflammatory cytokines (Fujita, Tozaki-Saitoh et al.
2009). Therefore, it is crucial to investigate the involvement of P2Y1 receptors in

neuroinflammatory conditions to better understand their role.
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1. AIM OF THE STUDY

The primary objective of the first study was to examine the influence of sphingosine-1-
phosphate (S1P) on glucose metabolism within SGPL1-deficient mouse embryonic fibroblasts
(Sgpl1~~ MEFs). The study aimed to unravel the cellular mechanisms by which accumulated
S1P impacts glucose metabolism, specifically in SGPL1-deficient cells. The study sought to
understand the role played by the S1P/S1PR_; axis in the regulation of glucose metabolism
and to gain insights into the consequent effects on other metabolic processes, such as

autophagy, in SGPL1-deficient cells.

Building upon previous study by Alam et al., 2021 (Alam 2021), which demonstrated the
effect of neural ablation of SGPL1 in astrocytes, the aim of the second study was to further
investigate and confirm the role of S1P and its receptors in astrocytes derived from neural-
targeted SGPL1-deficient mice (SGPL17VNes) The specific objectives of this study were to
examine the impact of S1IP/S1PRs on glycolytic enzymes, pyruvate utilization, ATP content,
and autophagy within SGPL1-deficient astrocytes. Additionally, the study aimed to establish a

connection between SGPL1 deficiency and the activation of the NLRP3 inflammasome.

Overall, both studies aimed to deepen the understanding of the role of SIP metabolism in
various cellular processes, encompassing different cell types, and to elucidate its impact on
mechanisms such as glucose metabolism and autophagy. Furthermore, the studies aimed to
provide valuable insights into the oncogenic consequences associated with S1P metabolism
and to investigate potential therapeutic approaches that target SIP metabolism and signaling

pathways specifically in the context of astrogliosis.
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2. RESULTS

3.1  Studies in SGPL1-deficient mouse embryonic fibroblast (MEFs)
3.1.1 SGPL1 expression in MEFs

In this study, MEFs were used as a model system to investigate the impact of genetic
elimination of SGPL1 on sphingolipid metabolism. Previous investigations on SGPLI1-
deficient MEFs have consistently demonstrated a notable buildup of S1P, as well as a
disruption in ganglioside formation (Claas, ter Braak et al. 2010, Hagen-Euteneuer, Alam et
al. 2020). Firstly, the expression of SGPL1 was examined at both the protein and mRNA
levels in wild-type (WT) and SGPL1"~ (KO) MEFs, as depicted in fig 7A and B. The results
revealed a substantial decrease of 95-98% in SGPL1 protein and mRNA expression in the
KO MEFs compared to the WT controls. Image representing WT and SGPL1”~ MEFs as
viewed under brightfield microscope (Fig. 7C), demonstrated no discernible morphological

changes between the WT and SGPL17~ MEFs.
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Figure 7. SGPL1 expression in MEFs. (A) Protein expression and quantification of SGPL1 examined via Western
Immunoblotting and (B) mRNA expression of SGPL1 determined via qRT-PCR in the WT and KO MEFs. (C) 10X
representative brightfield image of WT and SGPL1-~ MEFs. Shown is one representative western blot. f—actin was used as
loading control (a.u., arbitrary units). Bars represent mean +£ SEM (n > 3, ****p < 0.00005; unpaired Student t-test).
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3.1.2 MEFs lacking SGPL1 expression display changes in glucose uptake and metabolism.

Previous studies in the group of Dr. Gerhild van Echten—Deckert have shown that ablation of
SGPL1 in non-differentiated MEFs as well as in post-mitotic terminally differentiated
neurons caused a substantial increase in the amount of free and phosphorylated sphingoid
bases particularly, S1P levels via SK1 (Hagen-Euteneuer, Lutjohann et al. 2012, Hagen-
Euteneuer, Alam et al. 2020). S1P is a well-known bioactive signaling molecule that has been
linked to various cellular processes, including mammalian cell growth, differentiation, and
survival (Hagen-Euteneuer, Alam et al. 2020). The maintenance of systemic energy
homeostasis is indispensable to growth and survival. Given the significance of energy
metabolism in cellular processes, it was crucial to investigate the impact of S1P accumulation
in SGPLI-deficient MEFs on glucose uptake and metabolism. GLUTI is a glucose
transporter that is ubiquitously expressed and is often upregulated in response to elevated
cellular energy demands. Upon analysis of SGPL1—-deficient MEFs, as shown in Fig. 8A, this
study shows for the first time, a significant upregulation of GLUT1 expression in comparison

to the WT controls, suggesting an increased uptake of glucose in the KO MEFs.
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Figure 8. Remodeled glucose metabolism in SGPL1-deficient MEFs. (A) Protein quantification of GLUT1 in WT
controls (white bars) and SGPL1-deficient (KO) MEFs (red bars). (B) Colorimetric determination of G6P shows increased
levels in KO relative to WT MEFs. (C-E) Protein quantification of PFK, GAPDH, LDH, PDH, and IDH in WT controls and
SGPL1-deficient (KO) MEFs. Shown is one representative western blot for each protein. B—actin was used as loading control
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(a.u., arbitrary units). Bars represent mean = SEM (n > 3, ****p < (0.00005, ***p < 0.0005, **p < 0.005, *p < 0.05; unpaired
Student t-test). See also (Afsar, Alam et al. 2022)

Once inside the cells, phosphorylation of glucose at the sixth carbon hydroxyl group traps the
glucose within the cells by forming glucose—6—phosphate (G6P) and marks the start of the
glycolysis pathway generating energy for the cells in the form of ATP. Exploring further, the
quantitative analysis by colorimetric assay revealed a significant increase in the levels of G6P

by approximately 30% in SGPL1~~ MEFs as compared to their WT counterparts (Fig. 8B).

With increased glucose uptake, the subsequent step involved assessing the indicators of
glycolytic enzymes. For this, the expression of the following markers was investigated: (i)
phosphofructokinase (PFK) which is the rate-limiting enzyme of glycolysis, and (ii)
glyceraldehyde—3—phosphate dehydrogenase (GAPDH) which is often used as a housekeeping
reference due to its consistent expression in most cell types. As depicted in Figure 8C, the
immunoblots of both enzymes revealed an increased expression of approximately 40% in
SGPL1—deficient MEFs implying an increased degradation of glucose in these cells. To
investigate the fate of pyruvate, the final product of glycolysis, the expression of two
enzymes, lactate dehydrogenase (LDH) and pyruvate dehydrogenase (PDH), were evaluated.
LDH converts pyruvate to lactate, typically in the absence of oxygen, while PDH facilitates
its oxidative decarboxylation into acetyl-coenzyme A, which further enters the tricarboxylic
acid (TCA) cycle. It is noteworthy that the expression of LDH was considerably upregulated
(by twofold), as shown in Figure 8D. In contrast, the expression of PDH was significantly
downregulated by approximately 40%, in SGPL1~~ MEFs, as illustrated in Figure 1E. These
findings suggest a shift in the fate of pyruvate towards lactate production, likely due to the
decreased activity of PDH, which could affect cellular metabolism and energy production. To
gain a more comprehensive understanding of the turnover of the tricarboxylic acid (TCA)
cycle, the expression of isocitrate dehydrogenase (IDH) was investigated. IDH is a crucial
enzyme in the Krebs cycle responsible for regulating the rate of the TCA cycle and is often
found to be mutated in various types of cancer (Yan, Parsons et al. 2009). Similar to the
reduction observed in PDH levels, IDH expression was also lowered by approximately 40%

as depicted in Figure 8E.

Increased expression of glycolytic marker proteins and down—regulation of enzymes related to
oxidative phosphorylation with a shift towards lactate production thereby enhancing glucose
intake are features highly reminiscent of the Warburg effect, a typical attribute shared most in

cancer cells (Vander Heiden, Cantley et al. 2009).
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3.1.3 Activation of transcription factor, HIF in SGPL1 deficient MEFs

To investigate the potential involvement of transcription factors in the activation of glycolytic
genes, this study focused on HIF-1, a known contributor to the Warburg effect that enhances
the expression of glucose transporters and glycolytic enzymes, including PFK (Semenza
2001). In line with the elevated protein levels of these target genes as observed in SGPLI-
deficient MEFs, the expression of HIF-1 was examined, as depicted in fig. 9A. Surprisingly,
despite the presence of aerobic conditions, the expression of HIF-1 was found to be increased
by approximately 50% in the KO MEFs compared to the WT controls. It is worth noting that
the activation of HIF-1 is not solely dependent on oxygen deficiency but can also be induced

through non-canonical pathways (Ilommarini, Porcelli et al. 2017).

Furthermore, an intriguing observation was made regarding the growth of SGPL1~”~ MEFs.
Despite being cultured as a monolayer, the SGPL17~ MEFs reached a higher cell density at
confluence, indicating their enhanced proliferative capacity. To validate this, cell proliferation
was assessed, as depicted in fig. 9B, and it demonstrated that the SGPL1”~ MEFs indeed

exhibited a significantly higher rate of proliferation when compared to the WT controls.
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Figure 9. Activation of HIF-1 transcription factor in SGPL1-deficient MEFs. (A) Protein quantification of HIF-1
(hypoxia—inducible factor 1a) in WT controls (white bars) and SGPL1-deficient (KO) MEFs (red bars). (B) Rates of the
proliferation of KO (red bars) are increased relative to WT (white bars) MEFs. Shown is one representative western blot for
each protein. B—actin was used as loading control (a.u., arbitrary units). Bars represent mean = SEM (n > 3, **p <0.005, *p
< 0.05; unpaired Student t—test). See also (Afsar, Alam et al. 2022)

These collective findings strongly indicate that cells lacking SGPL1 circumvent the TCA
cycle and predominantly rely on glycolysis for glucose degradation. This is achieved through
the activation of the HIF—1 transcription factor which allows these cells to meet the high
energy demand for their rapid growth. These findings additionally support the oncogenic
potential of cells lacking SGPL1, as the metabolic pattern exhibited by the SGPL1-deficient

MEFs aligns with the metabolic alterations commonly observed in cancerous cells. This
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highlights the significance of SI1P in cellular metabolism and its potential role in making

favorable environment driving oncogenesis.

3.1.4 Accumulated S1P is responsible for the elevated glucose uptake and aerobic

glycolysis

To support the assumption that the accumulation of SIP is responsible for the augmented
glycolysis in Sgpl1™7~ MEFs, the cells were treated with FTY720, which is the SIP receptor
agonist. For this, WT MEFs were treated with 10 nM of FTY720 followed by 24 h incubation
and subsequently analyzed for the expression of GLUT1 and glycolytic enzymes.
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Figure 10. Recapitulation of SGPL1-deficiency by S1PR agonist (FTY-720) in MEFs. Protein quantification of GLUT]I,
PFK, and GAPDH in WT MEFs cultured in the absence (white bars) or presence (blue bars) of 10 nM FTY720 (WT+FTY)
for 24 h. Shown is one representative western blot for each protein. f—actin was used as a loading control. Bars represent
mean + SEM (n > 3, **p < 0.005, *p < 0.05; one—way ANOVA with Tukey’s post hoc correction). See also (Afsar, Alam et
al. 2022)

The findings obtained from the treatment of WT MEFs with FTY720 exhibited similar
increment to those observed in SGPL1-deficient MEFs (Fig. 10), indicating that the enhanced
glycolysis observed in SGPL1-deficient MEFs were actually induced by S1P.

3.1.5 S1P stimulates glucose uptake and glycolysis via SIPR1-3

Next, it was necessary to determine the mechanism by which accumulated levels of S1P
contributed to the augmented expression of markers of aerobic glycolysis in the MEFs
deficient in SGPL1. Since S1P primarily exerts its functions through the family of five G
protein—coupled receptors, S1PRi_s, it was crucial to examine their potential involvement in
the altered glucose metabolism observed in Sgpll”~ MEFs. Initially, the transcriptional
expression of all five receptors was examined in the WT and KO MEFs by quantitative RT—

PCR.
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Figure 11. S1PR:-3 mediates the effect of SIP on remodeled glucose metabolism in SGPL1-deficient MEFs. (A)
Transcript amounts of S1IPRs were evaluated by quantitative real-time PCR in SGPLI1-deficient (KO) MEFs (red bars)
relative to WT controls (white bar) as indicated. Protein quantification of (B) GLUT1 and of (C) PFK, GAPDH, and LDH
and of (D) HIF-1 in WT controls (white bars) and SGPL1—deficient (KO) MEFs (red bars) in the presence or absence of
VPC-2309 and JTE-013 as indicated. Shown is one representative western blot for each protein. p—Actin was used as
loading control (a.u., arbitrary units). Bars represent means +SEM (n > 3, for HIF-1 n =2, ***p < 0.0005, **p < 0.005, *p <
0.05, Student t-test, one—way ANOVA with Tukey’s post hoc correction). See also (Afsar, Alam et al. 2022)

The study shows in fig. 11A, that among the five known S1P receptors, the mRNA expression
levels of SIPR; and S1PR> were significantly increased up to fourfold in the KO MEFs.
Furthermore, the mRNA expression of SIPR3 was observed to be increased by approximately
twofold, while no significant changes were observed for SIPR4, and SIPRs in the KO MEFs
compared to their WT controls. To find out whether the increased expression of SIPR3 is
indicative for their potential role of the described S1P effects, MEFs were cultured in the
presence of specific receptor antagonists, VPC-23019 and JTE-013, for a duration of 24 h.
VPC-23019 is a competitive antagonist for SIPR; and S1PR3 receptors, while JTE-013 is a
specific antagonist for the SIPR> receptor. Subsequently, the expression of GLUTI1 was
evaluated in SIPR;.; inhibited MEFs and it was observed that the increased expression of

GLUT!1 was reduced to normal levels in MEFs deficient in SGPL1, whereas the expression of
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GLUTTI in the WT controls was unaltered as shown in fig. 11B. Similar results were obtained

for the glycolytic marker proteins, PFK and GAPDH as well as LDH (Fig. 11C).

Interestingly, targeted inhibition of S1PR; 3 also had a significant impact on reversing the
effects of SGPLI1 deficiency by reducing the expression levels of HIF-1 to even lower levels
than the controls as shown in fig. 11D. The results of the study revealed that despite the
inhibition of S1PRs, the reduced expression of PDH and IDH detected in SGPL1—deficient
MEFs could not be restored. This indicates that the SIPRs were not responsible for the
regulation of PDH and IDH expression in SGPL1-deficient MEFs. Furthermore, when each
S1PR was independently inhibited, there was no restorative effect observed, suggesting that
the three SIPRs may act as substitutes for each other in the context of glucose metabolism

(result not shown).

Taken together, these findings suggest that an S1P—induced molecular mechanism, mediated
by S1PR 3, is responsible for the increased glucose uptake and subsequent aerobic glycolytic

degradation observed in SGPL1—deficient MEFs.

3.1.6 SGPL1 deficiency in MEFs resulted in activation of the Akt/mTOR pathway

The results obtained above strongly demonstrate that MEFs with significant accumulation of
S1P exhibit increased glycolysis thereby increasing the energy load within the cell.
Furthermore, several studies have established that an increase in energy levels within the cell
can trigger the activation of the Akt signaling pathway, which plays a pivotal role in
numerous cellular processes, such as cell growth, survival, and proliferation (Abdel-Wahab,

Mahmoud et al. 2019).

Therefore, the expression of phosphorylated Akt was analyzed in SGPL1-deficient MEFs and
as seen in fig. 12A, the level of activated Akt was nearly 2 times higher in Sgpl1”- MEFs than

in WT controls.
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Figure 12. Activation of AKT/mTOR signaling pathway in Sgpl1’- MEFs. Protein quantification of (A) the ratio of p-
mTOR and of mTOR, (B) the ratio of p-Akt and Akt evaluated by Western Immunoblotting in SGPL1—deficient (KO) MEFs
(red bar) relative to WT controls (white bar) as indicated, and (C) quantification of p-mTOR in the absence (-) and presence
(+) of AktIn (Akt inhibitor) in WT and in KO MEFs. Shown is one representative western blot for each protein. f—actin was
used as loading control (a.u., arbitrary units). Bars represent means £SEM (n > 3, ***p < 0.0005, **p < 0.005, *p < 0.05,
one-way ANOVA with Tukey’s post hoc correction). See also (Afsar, Alam et al. 2022)

Once activated, Akt further signals its downstream activator known as mTOR which acts as a
nutrient-sensing molecule adjusting nutrient availability with cell growth and survival
(Laplante and Sabatini 2009). Therefore, to check for the activation of mTOR, the expression
of its phosphorylated active form was investigated in WT and Sgpl1”- MEFs. As shown in fig.
12B the ratio of phosphorylated mTOR to total mMTOR was observed to be twice as high in the
KO MEFs than in the WT controls. Furthermore, to validate that mTOR was being activated
via Akt signaling, the knockout MEFs were treated with the Akt inhibitor, AktIn (5uM), for
24 h. As shown in fig 12C, Aktln treatment reversed the expression of mTOR in the KO
MEFs, bringing it back to the levels of the WT controls. This clearly demonstrates the
activation of the AKT/mTOR signaling axis in SGPL1-deficient MEFs.

Moreover, the addition of Aktln did not eliminate the enhanced expression of GLUT1, PFK,
and GAPDH (result not shown), indicating that there was no glucose degradation via

Akt/mTOR signaling pathway.

3.1.7 mTOR dependent impaired autophagy in SGPL1-deficient MEFs

Maintaining metabolic homeostasis and viability in cells relies on their ability to adapt to
variations in nutrient availability. One vital cellular response to the depletion of nutrients is

the activation of autophagy which is a natural recycling process needed by the cells to
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maintain nutrient homeostasis (Dunlop and Tee 2014). As glucose metabolism was altered in
KO MEFs, we investigated the autophagy mechanism by assessing the expression of the
following autophagy markers: (1) p62/sequestosome 1, which is a specific autophagy
substrate that recognizes and removes autophagy cargo, and (2) 1A/1B-light chain 3, LC3.
The second marker, LC3, occurs in two variations: LC3-I and LC3-II. Following lipidation,
LC3-I transforms into LC3-II and attaches to the developing autophagosomal vesicle,

ultimately promoting its elongation and maturation.
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Figure 13. mTOR dependent impaired autophagy in SGPL1-deficient MEFs. (A) Protein quantification of autophagy
marker proteins, p62/SQSTM1 (sequestome 1), and the ratio of LC3-II:LC3-I in SGPL1-deficient KO (red bars) and WT
(white bars) MEFs (B) Quantification of p62, and of the ratio LC3-II:LC3-I in the absence (-) and presence (+) of rapamycin
(RAPA) in WT and in KO MEFs. Bars represent means +SEM (n > 3, ***p< 0.0005, **p< 0.005, *p< 0.05, one-way
ANOVA with Tukey’s post hoc correction). For all blots f-actin was used as the loading control. See also (Afsar, Alam et al.
2022)

The immunoblots presented in fig. 13A, demonstrate a notable decrease in the LC3-11:LC3-I
ratio, along with a modest yet statistically significant increase in p62 expression in SGPL1
deficient MEFs. These observations suggest a marked decrease in autophagic activity within
these cells and may contribute to a better understanding of the role of SIP in regulating
autophagy.

Additionally, mTOR is also known as a master regulator of autophagy (Dossou and Basu
2019) and an activated mTOR expression argues for reduced autophagy in the cells.
Therefore, with its elevated expression in SGPLI1-deficient MEFs, it was essential to
investigate the regulatory function of mTOR in relation to autophagy in SGPL1-deficient
MEFs. Rapamycin is well established as an inhibitor of mTOR (Benjamin, Colombi et al.
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2011), therefore in order to look for the dependency of autophagy on mTOR, WT and Sgpl1”-
MEFs were treated with 1 uM of rapamycin for 24 h. As shown in fig. 13B treatment with
rapamycin restored the expression of both p62 and the ratio of LC3II:LC3I to control levels,
clearly indicating that impaired autophagy in SGPL1-deficient MEFs is indeed mediated via
mTOR.

Moreover, to rule out the possibility of glycolysis being influenced due to the high expression
of mTOR and activated Akt, the expression of PFK and GAPDH were also analyzed in the
presence of rapamycin. As shown in fig. 14, with the addition of rapamycin (1 uM, 24 h) the
expression of PFK and GAPDH remained elevated, indicating that mTOR did not have an
effect on their expression levels and confirming again that the increased levels of p-mTOR as

well as the activation of Akt are not responsible for the increased levels of glycolytic

enzymes.
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Figure 14. Increased glycolysis is independent of mTOR activation in SGPL1-deficient MEFs. Protein quantification of
glycolytic marker proteins PFK and GAPDH in the absence (-) and presence (+) of rapamycin (RAPA, 1 uM, 24 h) in
controls (WT, white bars) and in SGPL1-deficient (KO) MEFs (red bars). Bars represent means +SEM (n > 3, *p< 0.05, one-
way ANOVA with Tukey’s post hoc correction). For all blots B-actin was used as the loading control (a.u., arbitrary units).
Shown is one representative western blot. See also (Afsar, Alam et al. 2022)

In conclusion, this study demonstrates a significant link between the deficiency of SGPL1 and
cellular processes, including energy metabolism and autophagy. The findings of this study
underscore the pivotal role of the SGPL1/S1P/S1PR;; axis in governing these essential
cellular mechanisms within MEFs. These insights highlight the significance of SGPL1 and
S1P signaling in both normal cellular functions and disease states, presenting potential

avenues for targeted interventions in various pathological conditions, including cancer.
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3.2  Studies in SGPL1-deficient astrocytes
3.2.1 SGPL1 expression in SGPL1%#Nes murine brain

Astrocytes show similarity with fibroblasts regarding their sphingolipid pattern (van Echten-
Deckert and Herget 2006). Moreover, a mouse model (SGPL1VNe) had been generated in
the group of Dr. Gerhild van Echten Deckert in which SGPL1 was ablated in neural cells
derived from murine brain (Mitroi, Deutschmann et al. 2016) as described in the section 7.1.
It was therefore interesting to ascertain if SGPLI1-deficiency similarly affects glucose
metabolism as it did with the SGPL1 deficient MEFs. Previous reports on SGPL1VNes moyse
model have shown that the expression of SGPL1 was reduced considerably by about 75-80%
in brain tissue as well as in primary cultured astrocytes derived from SGPL1-deficient mice

(Mitroi, Deutschmann et al. 2016, Alam, Piazzesi et al. 2020).

3.2.2 Effect of SGPL1-deficiency in astrocyte via exogenous stimulation of S1P

Similar to the MEFs, astrocytes also displayed a significant increased expression of the key
glycolytic marker proteins i.e., PFK and GAPDH. Moreover, the fate of pyruvate was also
examined and unlike in the MEFs, astrocytes deficient in SGPL1 revealed a marked decrease
in the expression of LDH, which was accompanied by a twofold increase in PDH expression.
(Alam, Afsar et al. 2023). Furthermore, investigation of TCA cycle revealed significantly
increased activity of IDH which is the key enzyme of TCA cycle (Alam, Afsar et al. 2023)
giving strong indication of aerobic degradation of glucose in SGPL1-deficient astrocytes
unlike in the MEFs which relied more on glucose degradation by the production of lactate. It
was therefore not surprising that similar results regarding the glucose degradation was
observed in both MEFs and astrocytes, but their fate of pyruvate was different since astrocytes
are predominantly glycolytic (Magistretti and Allaman 2015). Consequently, SGPL1-deficient
astrocytes exhibited significantly higher amount of ATP levels (more than two-fold), as the
TCA cycle generates ATP more efficiently (30 ATP per glucose molecule) than glycolysis (2
ATP per glucose) (Alam, Afsar et al. 2023).

To ascertain the role of S1P in regulating glycolysis, control astrocytes were incubated with
exogenous S1P (10 nM) for 24 h. As shown in fig.14, the expression of PFK, GAPDH, LDH
as well as PDH in the control astrocytes stimulated by exogenous SI1P was similar to that of

the SGPL1-deficient astrocytes. These findings provide strong evidence that S1P signaling is
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the predominant factor responsible for the observed increase in glucose metabolism via

aerobic degradation through TCA cycle in SGPL1-deficient astrocytes.
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Figure 14. Recapitulation of SGPL1-deficiency by exogenously applied S1P (10 nM) to control astrocytes. Protein
quantification of PFK, GAPDH, LDH and PDH in control astrocytes (pink bars) cultured in the absence (-) or presence (+) of
10 nM S1P for 24 h compared to the SGPL1-deficient astrocytes (blue bars). Shown is one representative western blot for
each protein. B—actin was used as loading control (a.u., arbitrary units). Bars represent mean £ SEM (n > 3, ***p < (0.0001,
**p <0.001, *p < 0.05; one-way ANOVA with Bonferroni multiple comparison test). See also (Alam, Afsar et al. 2023)

3.2.3 S1P receptor 2 and 4 mediate the effect of S1P on glucose degradation in SGPL1-

deficient astrocytes

To identify which S1P receptors out of the five known G-protein coupled receptors, were
responsible for the alteration in glucose metabolism in SGPL1-deficient astrocytes, it was
crucial to investigate the specific SI1P receptors involved. It was found that out of five,
S1PR> 4 were strongly expressed in astrocytes with SGPL1 ablation (Alam, Afsar et al. 2023).
To assess the possible impact of SIP signaling through these two receptors, CYM520 and
CYM50300 were used as specific agonists for SIPR> and S1PR4, respectively. For this,
control astrocytes were incubated with both S1PR, and S1PRs4 receptor agonists
simultaneously at a concentration of 5 uM each for 24 h. As shown in fig. 15, the expression
of PFK, GAPDH and PDH in the control astrocytes treated with the S1PR> 4 agonist produced
similar effect to those observed in SGPLI1-deficient astrocytes. It was also found that the
combined addition of each agonist was required to replicate the effects of S1P suggesting that
these two receptors may function as replacements for one another in eliciting glucose

degradation in astrocytes.
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Figure 15. S1P receptors 2 and 4 mediate the effect of S1P on glucose degradation in SGPL1-deficient astrocytes.
Protein quantification of PFK, GAPDH, and PDH following stimulation (+) of control astrocytes (blue bar) with a
combination of specific agonists of SIPR2 (CYM5520, 5 uM) and S1PR4 (CYMS50308, 5 uM) for 24 h compared to the
SGPL1-deficient (purple bar) astrocytes. Shown is one representative western blot for each protein. f—actin was used as
loading control (a.u., arbitrary units). Bars represent mean + SEM (n > 3, ****p < 0.0001, ***p < 0.001, **p < 0.01; one—
way ANOVA with Bonferroni multiple comparison test). See also (Alam, Afsar et al. 2023)

3.2.4 Increased glucose degradation is linked to the impaired autophagy in SGPL1-
deficient astrocytes via S1P/S1PR24signaling

As discussed previously in section 3.1.6, cellular energy metabolism and autophagy are
intimately linked processes. Therefore, similar to MEFs, with increase in glucose metabolism,
the expression of mTOR which acts as a nutrient sensing molecule was evaluated and found
to be significantly increased in SGPL1-deficient astrocytes (Alam, Afsar et al. 2023). Since
mTOR functions as a master regulator of autophagy, the expression of autophagy marker
genes, p62 and LC3 were analyzed which revealed a considerable increase in the expression
of p62 on one hand and a considerable decrease in the ratio of LC3-II:LC3-I, suggesting a
dysfunctional cargo processing and the obstruction in the autophagic flux, similar to that in
the MEFs (Alam, Afsar et al. 2023).

Therefore, with established impaired autophagy in SGPL1-deficient astrocytes, it was crucial
to explore the potential involvement of SIP receptors. To investigate this, control astrocytes
were incubated in the presence of both CYMS520 and CYMS50300, specific agonists of S1PR>
and S1PRy4, respectively, at a concentration of 5 uM each for 24 h. As depicted in fig. 16, the
expression of p62 and the expression of the ratio of LC3-IL:LC3-I, following the
administration of the S1PR> 4 agonist to control astrocytes resulted in comparable effects to
those observed in the astrocytes lacking SGPLI1. This finding was also confirmed by
treatment of control and SGPLI1-deficient astrocytes with specific inhibitors of S1PR> and

S1PR4 (Alam, Afsar et al. 2023).
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Figure 16. S1P signaling via S1PR2.4 regulates autophagy in SGPL1-deficient astrocytes. Protein quantification of p62
and the ratio of LC3-I and LC3-II following stimulation (+) of control astrocytes (blue bar) compared to the SGPL1-deficient
astrocytes (purple bar) with a combination of specific agonists of SIPR2 (5 uM CYMS5520) and S1PR4 (5 uM CYMS50308, 24
h), (-) represents without stimulation. For all, representative immunoblots are shown with B-actin as loading control. Bars
represent mean +SEM (n > 3, **p < 0.001, *p < 0.05, one-way ANOVA with Bonferroni multiple comparison test). See also
(Alam, Afsar et al. 2023)

3.2.5 SGPL1 deficiency triggers astrogliosis in murine brains

Astrocytes play a vital role in promoting neuronal communication and upholding cellular
balance and integrity of the CNS. As highlighted in section 1.7, alterations in metabolic
processes, such as glucose degradation, can significantly impact their functioning. Building
on previous findings that demonstrated significant accumulation of S1P in all brain regions of
SGPL1V¥Nes pjce (Mitroi, Deutschmann et al. 2016), the current objective was to specifically
investigate the potential impact of S1P accumulation in astrocytes. Astrocytes are capable of
reacting to different types of brain injuries, leading to a condition known as astrogliosis where
they become highly active (Sofroniew and Vinters 2010). Since GFAP is known as a marker
for astrogliosis (Sofroniew and Vinters 2010), the expression of GFAP was investigated.
Immunostaining of cortical slices from 12—month old mice and primary cultured astrocytes
derived from SGPL1VWNes mice revealed a considerable increased GFAP expression as
depicted in fig. 17 A and B. Furthermore, the protein expression of GFAP from the cortex of
SGPL1V¥Nes mice was found to be more pronounced with an age-dependent increase when

compared to the controls (Alam, Afsar et al., 2023 manuscript submitted).

A B

Figure 17. Validation of GFAP expression via immunostaining. Representative images of (A) cortical slices and (B)
primary cultured astrocytes stained for GFAP from Ctrl and KO mice.

42



3.2.6 S1P accumulation triggers astrogliosis via activation of purinergic receptor, P2Y1R

As mentioned earlier, the buildup of S1P triggers an upsurge in glucose breakdown, resulting
in a higher amount of cellular ATP in the SGPL1-deficient astrocytes. Subsequently, the level
of extracellular ADP and ATP were also examined, where on one hand the level of ADP was
found to be significantly higher as opposed to the reduced level of ATP in the media of
SGPL1-deficient astrocytes compared to the control levels (Alam, Afsar et al., 2023
manuscript submitted). To ascertain the role of SIP/SIPR»4 axis to be responsible for the
increased extracellular ADP, astrocytes were treated separately with exogenous addition of
S1P (10 nM) and specific agonist of SIPR> (CYM5520) and S1PR4 (CYMS50308) 5 uM each
respectively for 24 h. The administration of S1P and agonist of S1PR>4 respectively to the
control astrocytes yielded similar results to those observed in the SGPL1-depleted cells (Fig.
18). These results thereby confirm that in SGPL1-deficient astrocytes, S1P signaling via its
receptors S1PR2 and S1PR4 triggers the elevated extracellular ADP level.
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Figure 18. S1P/S1PR24 axis is responsible for the increased extracellular ADP level in S1P—deficient astrocytes.
Quantification of extracellular ADP level in the presence (+) and absence (-) of SIP (10 nM, 24h) and of S1PR2/4 agonist
(CYMS5520 and CYMS0308, 5 uM each) as indicated in the culture media of astrocytes derived from Ctrl and KO mice. Bars
represent means + SEM, (n > 3; **p <0.001, *p < 0.0 ; one way ANOVA with Bonferroni multiple comparison test).

An elevated level of extracellular ATP in the brain can be a warning signal, indicating
vulnerability to damage in the central nervous system (Rodrigues, Tomé et al. 2015). The
activation of purinergic P2X receptors by ATP or P2Y adenosine receptors following the
breakdown of extracellular ATP by ecto-nucleotidases into ADP is responsible for this effect
(Rassendren and Audinat 2016). In particular, P2Y1R, which is a metabotropic receptor
predominantly activated by ADP, is often implicated in the development of pathological
conditions, primarily in astrocytes, by promoting astrocytic hyperactivity and astrogliosis

(Delekate, Fuchtemeier et al. 2014, Franke and Illes 2014).
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Upon investigation the expression of purinergic P2Y 1R was found to be indeed higher in the
cortex as well as in the primary cultured astrocytes from SGPLI1-deficient murine brains
(Alam 2021). To verify if the observed effect was indeed caused by the accumulation of S1P,
which functions through its receptors S1PR> 4, the control astrocytes were treated with S1PR»
and S1PR4 agonists simultaneously at a concentration of 5 uM each for 24 h and looked for
the expression of P2Y1R. As shown in fig. 19, the administration of SI1PR2 4 agonist to control
astrocytes resulted in a similar effect to that observed in the SGPLI1-deficient astrocytes.
These results suggest that the hyperactivation of SGPLI1-deficient astrocytes induced by
P2Y1R is triggered by S1P signaling through S1PR24 leading to an increase in ATP levels
and the subsequent production of extracellular ADP, which acts on the P2Y1R. These
findings highlight the complex interplay between S1P and purinergic signaling pathways in

astrocytes.
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Figure 19. S1P/S1PR:4 signaling axis is responsible for the activation of purinergic receptor P2YIR. Protein
quantification of P2Y1R in the presence (+) and absence (-) of SIPR2.4 agonist (CYMS5520 and CYM50308, 5 uM each) for
24 hours as indicated in the primary cultured astrocytes derived from Ctrl (blue bar) and KO (purple bar) mice.
Representative immunoblots are shown with B—actin as loading control. Bars represent means + SEM, (n > 3; *p < 0.05, one
way ANOVA with Bonferroni multiple comparison test).

As mentioned above, the activation of P2Y1R is known to contribute to pathological
processes in reactive astrocytes, such as astrocytic hyperactivity and astrogliosis (Delekate,
Fuchtemeier et al. 2014). Additionally, GFAP serves as a well-established hallmark and
specific marker for reactive astrocytes (Eng and Ghirnikar 1994). To provide further evidence
regarding the functional connection between astrogliosis and the purinergic mechanism
mediated by P2Y 1R in SGPL1-deficient astrocytes, the expression of GFAP was examined in
control astrocytes that had been exposed to a specific P2Y1R agonist, MRS2905, at a
concentration of 5 nM for 24 h.

As depicted in fig. 20, a significant and almost identical increase in GFAP expression was
observed in both the treated control astrocytes and SGPLI-deficient astrocytes. These
findings support the idea that P2Y IR plays a critical role in promoting astrogliosis in SGPL1-

deficient astrocytes.
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Figure 20. Activation of GFAP via P2Y1R in SGPL1 deficient astrocytes. Protein quantification of GFAP in the presence
(+) and absence (-) of P2Y1R agonist (MRS2905, 5 nM each) for 24 hours as indicated in the primary cultured astrocytes
derived from control (Ctrl, blue bar) and SGPL1¥#Nes (KO, purple bar) mice. Representative immunoblots are shown with
B—actin as loading control. Bars represent means + SEM, (n > 3; **p < 0.001, ***p < 0.0001, one way ANOVA with
Bonferroni multiple comparison test).

3.2.7 Transcriptional and epigenetic alterations in SGPL1-deficient murine brains

Previous studies on neural targeted SGPL1 deficient mice demonstrated that accumulation of
S1P increases histone acetylation in astrocytes derived from SGPL1-deficient murine brains
(Alam, Piazzesi et al. 2020). This points towards a functional role of SIP metabolism in
eliciting epigenetic responses which could possibly contribute to neurodegenerative
conditions.

Hence, there was a compelling interest in investigating the epigenetic regulatory effects
resulting from the accumulation of S1P in astrocytes lacking SGPL1. To accomplish this, the
first step involved a comprehensive analysis of the entire transcriptome using RNA
sequencing, and examining the epigenetic status was conducted via CUT&Tag sequencing in
hippocampal and cortical astrocytes. The analysis in Fig. 21 showcased transcriptional
variation in a pool of 34 impacted genes, spanning categories such as PSD scaffolding
proteins (Begain, Dlgap3, Shankl), synapse-associated proteins (Dnd, Nsmf, Plppr2),
neurodegenerative disease-related proteins (Plpl, Serpina3n), and inflammation activating
proteins (Gjal, Ddx3x). Notably, CUT&Tag sequencing identified significant alterations in
only 2 genes, Ddx3x and Nes. Intriguingly, both RNA sequencing and CUT&Tag sequencing
demonstrated downregulated expression of Ddx3X, highlighting its significance for further
exploration (Fig. 21 B and E) (Alam, Afsar et al., 2023, manuscript submitted).
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Figure 21. Transcriptome analysis in hippocampi and CUT&Tag chromatin profiling for histone H3K9ac in
astrocytes. (A) Overview of RNA Sequencing (B) Heat map of differentially transcribed genes (see also Supplementary data
1) (C) Summary of CUT&Tag Sequencing (D) Heat map showing the intensity of H3K9ac signals across the astrocytic
genome (E) Visualization of a 10kb chromatin segment of the Ddx3x promotor region showing the H3K9ac occupancy,
using Integrated Genome Browser. (Alam, Afsar et al., 2023, manuscript submitted)

3.2.8 Activation of NLRP3 inflammasome in SGPL1-deficient murine brains

As shown in the RNA-Seq and CUT&Tag results, significant differences were observed in
both the transcription and H3K9ac occupancy particularly at the promoter of Ddx3x between
the control and SGPLI1-deficient samples. However, immunoblot experiments revealed a
significant increase in DDX3X protein level (Fig. 22). These results suggest high DDX3X
protein levels may lead to downregulated transcription of the respective gene, implying a
potential feedback loop. Despite discrepancies in the epigenomic and transcriptomic findings,
the absence of SGPL1 and S1P accumulation have a significant impact on gene regulation and

protein expression levels.
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Figure 22. Expression of DDX3X in astrocytes derived from control and SGPL1 deficient murine brains. Protein
quantification of DDX3X in the primary cultured astrocytes derived from control (Ctrl, blue bars) and SGPL1V¥Nes (KO,
purple bars) mice. Representative immunoblots are shown with f—actin as loading control. Bars represent means + SEM, (n >
3; *p < 0.05; unpaired Student t test).

Furthermore, recent studies have recognized the significance of DDX3X as a key contributor
in signaling pathways associated with inflammation (Kesavardhana, Samir et al. 2021).
Therefore, it was necessary to verify whether NLRP3 was activated due to the high level of
DDX3X protein expression. Indeed, the expression of NLRP3 was significantly increased

more than 50% in cortices from 12—month old SGPL1VNes mice (Fig. 23).
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Figure 23. Increased expression of NLRP3 in cortex derived from SGPL1-deficient murine brain.(A) Protein
quantification of NLRP3 and (B) Representative image derived from the cortical slices of control (Ctrl) and SGPL1/f/Nes

(KO) mice. Representative immunoblots are shown with f—actin as loading control. Bars represent means + SEM, (n > 3; **p
<0.001; unpaired Student t test).

NLRP3 inflammasome consists of three components: a sensor (NLRP3), an adaptor (ASC or
PYCARD) and an effector (caspasel) (Swanson, Deng et al. 2019). Moreover, for the
activation of the NLRP3 inflammasome it is necessary to undergo priming which involves
assembly and increased expression of inflammasome component caspasel which further
cleaves pro-IL-1B into its mature activated form IL-1p (Kelley, Jeltema et al. 2019).
Therefore, in order to validate an activated NLRP3 inflammasome it was necessary to look for
the expression of NLRP3 along with caspasel and IL-1p as well. Immunoblots from control
and SGPL1-depleted astrocytes depicted increased expression of both caspasel as well as a
significant increase in the expression of pro IL-1f and IL-1p (Fig. 24) suggesting a strongly

activated NLRP3 inflammasome.
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Figure 24. Activated NLRP3 inflammasome derived from SGPL1-deficient astrocytes. (A) Protein quantification of
NLRP3, Caspasel, Pro IL-1B and IL-1B in primary cultured astrocytes of control (Ctrl, blue bar) and SGPL1¥Nes (KO,
purple bar) mice. Representative immunoblots are shown with B—actin as loading control. Bars represent means + SEM, (n >
3; **p < 0.001, *p <0.05; unpaired Student t test).

3.2.9 Activation of NLRP3 inflammasome in SGPL1-deficient murine brains via

purinergic P2Y1R-mediated signaling

In order to establish a correlation between astrogliosis and inflammation in SGPL1 deficient
astrocytes, the expression of NLRP3 in the astrocytes was examined in the presence of
P2Y1R specific agonist (MRS2905, 10 nM) for 24 h. Interestingly, administration of P2Y1R
agonist to the control astrocytes recapitulated the effect seen in the SGPL1V¥/Nes

(Fig. 25).
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Figure 25. Increased expression of NLRP3 in SGPL1-deficient astrocytes with P2Y1R agonist treatment. Protein
quantification of NLRP3 in the presence (+) and absence (-) of P2Y1R agonist, MRS2905 (10 nM, 24 h) in primary cultured
astrocytes of control (Ctrl, blue bar) and SGPL1"¥Nes (KO, purple bar) mice. Representative immunoblots are shown with f—
actin as loading control. Bars represent means + SEM, (n > 3; **p < 0.001; one way ANOVA with Bonferroni multiple
comparison test).

In order to validate the association between NLRP3 and P2Y 1R, the expression of NLRP3
inflammasome markers was assessed in the presence of a specific antagonist of P2Y 1R,
MRS2179 (100 uM, 24h). The results demonstrated that the increased expression of NLRP3,
caspase-1, and IL-1P in SGPL1-deficient astrocytes was effectively reversed back to control

values upon treatment with MRS2179, confirming the link between NLRP3 and P2Y 1R (Fig.
26).
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Figure 26. Activated NLRP3 inflammasome is P2Y1R dependent in SGPL1-deficient astrocytes. Protein quantification
of NLRP3, Caspasel, Pro IL-1f and IL-1 in the presence (+) and absence (-) of P2Y 1R antagonist, MRS2179 (100 uM, 24
h) in primary cultured astrocytes of control (Ctrl, blue bar) and SGPL1%"Nes (KO, purple bar) mice. Representative
immunoblots are shown with B—actin as loading control. Bars represent means = SEM, (n > 3; ***p < 0.0001 **p < 0.001, *p
< 0.05; one way ANOVA with Bonferroni multiple comparison test).

Likewise, the increased expression of DDX3X was also reversed back to control levels in the
presence of P2YIR antagonist (Fig. 27). Subsequently, the mRNA expression of
proinflammatory cytokine IL-1PB induces maturation of IL-1 family cytokines such as IL-18,
IL-15, IL-11 as well as TNFa was found to be increased in the astrocytes deficient of SGPL1
(Alam, Afsar et al., 2023 manuscript submitted).
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Figure 27. Rescue of DDX3X expression with P2Y1R antagonist treatment in SGPL1-deficient astrocytes. Protein
quantification of DDX3X in the presence (+) and absence (-) of P2Y 1R antagonist, MRS2179 (100 uM, 24 h) in primary
cultured astrocytes of control (Ctrl, blue bar) and SGPL1%/Nes (KO, purple bar) mice. Representative immunoblots are shown
with B—actin as loading control. Bars represent means + SEM, (n > 3; *p < 0.05; one way ANOVA with Bonferroni multiple
comparison test).

Together, the findings of this study illustrate the critical role of P2Y IR signaling in driving
astrogliosis and subsequent activation of NLRP3 inflammasome in SGPL1 deficient murine

brains.
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3. DISCUSSION

S1P has gathered significant attention due to its diverse signaling properties in a wide range of
cellular processes. While considerable progress has been made in understanding its functions,
there is still much to reveal about the intricate molecular mechanisms that drive S1P-mediated
signaling. This study aimed to address this knowledge gap by investigating the accumulation
of S1P and its influence on critical cellular pathways, like glucose metabolism, autophagy and
inflammation leading to the development of pathophysiological conditions particularly

neurodegeneration and cancer.

4.1 Effect of S1P Accumulation on SGPL1-deficient MEF's

Previous research conducted by the group of van Echten Deckert showed that the depletion of
SGPL1 in MEFs leads to alterations in sphingolipid metabolism, resembling the
characteristics favoring growth of cancer cells. The absence of SGPLI1 is also associated with
increased cell proliferation in vitro and oncogenesis in vivo. Building upon this, we
hypothesized that the accumulation of S1P in SGPL1-deficient MEFs could impact glucose
metabolism acting via its receptors. In a first attempt, our results demonstrated an elevation in
glucose uptake along with increased expression of GLUT 1. Consistently, higher expression
level of glycolytic marker proteins such as PFK and GAPDH strongly argues in favor of
higher glucose degradation in SGPL1 deficient MEFs. Moreover, substantial increase in the
expression of LDH while a considerable down regulated expression of markers of TCA cycle
provided evidence favoring a shift to aerobic glycolysis in SGPL1 deficient MEFs. Notably,
one of the key factors that contributes to the enhanced aerobic glycolysis particularly
observed in cancer cells is the activation of HIF-1a. This activation is also responsible for
upregulating the expression of glucose transporters and glycolytic enzymes, and also plays a
crucial role in facilitating cellular adaptation to low oxygen levels thereby promoting
malignancy in cancer cells (Semenza 2001). Interestingly in the case of SGPLI-deficient
MEFs, a significant increase in the expression of HIF-1a was observed even under aerobic
conditions since activation of HIF-1 is not exclusively dependent on the lack of oxygen and
can also be triggered through non-canonical pathway (Ilommarini, Porcelli et al. 2017). The
upregulation of HIF-1 in SGPL1-deficient MEFs induced by S1P/S1PR1-3 signaling (Fig. 28)
occurs independently of oxygen levels and bears resemblance to the activation of HIF-1 by

insulin and insulin-like growth factors (IGFs) (Ren, Accili et al. 2010). Besides, MEFs
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deficient in SGPL1 exhibited higher proliferative capacity despite growing as a monolayer.
Overall, SGPL1 deficient MEFs demonstrated considerably increased reliance on aerobic
glycolysis as their primary glucose degradation pathway by evading TCA cycle, facilitated by
the activation of HIF-1 transcription factor, enabling these cells to meet the substantial energy
demands required for their rapid growth. These findings strongly support the notion that
MEFs lacking SGPLI1 activity exhibit cancer-like properties, further underscoring their

resemblance to cancer cell.
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Figure 28. Representative image of glucose metabolism. (A) In the presence of oxygen, normal cells efficiently utilize
glucose through glycolysis, the TCA cycle, and the electron transport system, producing up to 38 ATP molecules per glucose
molecule. However, under low oxygen conditions, normal cells accumulate pyruvate as it cannot enter the TCA cycle. This
accumulated pyruvate is converted to lactic acid, resulting in the production of only 2 ATP molecules. This anaerobic
glycolysis pathway yields a limited amount of energy compared to aerobic conditions. (B) Cancer cells exclusively rely on
glycolysis as their primary energy-producing pathway, regardless of the presence or absence of oxygen. This metabolic
strategy leads to the production of only 2 ATP molecules per glucose molecule. As a result, cancer cells require a greater
amount of glucose compared to normal cells in order to meet their energy demands. (Kim and Baek 2021)

Since MEFs with substantial accumulation of S1P, exhibited an upregulation of glycolysis,
leading to an increased energy load within the cells. This elevation in cellular energy levels
has been shown in multiple studies to activate the Akt signaling pathway, which plays a
critical role in various cellular processes including cell growth, survival, and proliferation
(Abdel-Wahab, Mahmoud et al. 2019). Therefore, to gain more insights of the energy status in
SGPL1-deficient MEFs, an investigation was conducted to check for the activation of the Akt
and its downstream activator, mTOR pathway. The mTOR protein, a serine/threonine kinase,
plays a critical role in sensing ATP and amino acid levels, thereby regulating nutrient
availability, cell growth, and survival (Manning and Cantley 2007, Laplante and Sabatini
2009). It is activated by pathways responsive to mitogens that signal energy and nutrient
availability. The PI3K/Akt pathway, known for its role in promoting cell proliferation and
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survival, is considered the primary mechanism by which mTOR is regulated (Laplante and
Sabatini 2009). In this context, the phosphorylation-driven activation of Akt and the
heightened expression of mTOR in SGPLI1-deficient MEFs indicate that the metabolic
alterations occurring in the absence of SGPL1 are advantageous for meeting the cellular
energy demands. These findings suggest that the changes in cellular metabolism resulting
from SGPLI deficiency create a favorable environment for maintaining the necessary energy
load within the cells.

Furthermore, mTOR, a crucial regulator of autophagy, is known to be affected by rapamycin,
which induces autophagy (Dunlop and Tee 2014, Dossou and Basu 2019). However, the role
of mTOR in autophagy regulation is intricate, influencing not only the initiation but also
subsequent steps of the autophagy process (Dossou and Basu 2019). In the case of SGPL1-
deficient MEFs, the elevated phosphorylation-driven activation of mTOR indicates a
defective autophagy within these cells. The findings in this study provide compelling
evidence for a decrease in autophagy in Sgpll”~ MEFs, which can be restored to normal

levels through the use of rapamycin treatment (Fig. 29).
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Figure 29. Scheme illustrating the effects of SGPL1 depletion in MEFs. In the absence of SGPL1, accumulated S1P is
released by the cells [55]. S1P binds to SIPR1-3 receptors, initiating signaling pathways that enhance the expression of
proteins involved in glucose uptake and utilization through aerobic glycolysis. This metabolic shift, along with the elevated
energy state, triggers the activation of the Akt/mTOR pathway, resulting in reduced autophagy. The figure indicates the
affected targets by S1PR antagonists (VPC and JTE), Akt inhibitor (AktIn), and mTOR inhibitor (rapamycin). ABC, ATP-
binding cassette transporters; HIF-1, hypoxia-inducible factor 1; p-Akt, phosphorylated Akt; p-mTOR, phosphorylated
mTOR; Spns2, spinster 2. See also (Afsar, Alam et al. 2022)

It is intriguing that a previous study did not observe any changes in autophagy in SGPLI1-
deficient MEFs compared to their wild-type counterparts (Colie, Van Veldhoven et al. 2009),

and the reason for this inconsistency remains unknown. However, it is important to highlight
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that the same study reported an increase in the levels of the antiapoptotic proteins Bcl-2 and
Bcel-xL in SGPL1-deficient MEFs, which conferred protection against apoptosis induced by
chemotherapy drugs. Interestingly, Bcl-2 not only has antiapoptotic properties but also
hinders the process of autophagy through its interaction with Beclinl, a crucial protein
involved in autophagy (Pattingre, Tassa et al. 2005). Moreover, the inhibitory effect of Bcl-2
on apoptosis can be counteracted by rapamycin, suggesting the involvement of mTOR and its
upstream activator, Akt (Asnaghi, Calastretti et al. 2004). These findings provide further
evidence supporting the notion that cells lacking SGPL1 possess oncogenic characteristics, as

they exhibit altered regulation of autophagy and enhanced resistance to apoptosis.

4.2  Impact of S1P accumulation on SGPL1-deficient astrocytes

The effect of S1P signaling mediated via its receptor as seen in non-neural fibroblasts was
recapitulated in astrocytes derived from SGPL1 deficient murine brain in this study focusing
on investigating the impact of S1P metabolism on astrocytes, and exploring into its significant
implications for glucose breakdown, autophagy and inflammation.

As already mentioned in the introduction section, astrocytes are often overlooked in favor of
neurons but are in fact key players in the central nervous system (CNS). They surpass neurons
in number by more than fivefold (Sofroniew and Vinters 2010) and promptly respond to
various forms of brain injury (Carter, Herholz et al. 2019, Ravi, Paidas et al. 2021) and
contribute significantly to crucial neurodevelopmental processes (de Oliveira Figueiredo, Cali
et al. 2022).

The initial aim of this study was to investigate whether the accumulation of SIP has any
impact on glucose metabolism in astrocytes lacking SGPL1. Glucose, a fundamental energy
source for the brain, is essential for sustaining crucial processes such as maintaining
membrane ion gradients and facilitating synaptic transmission (Attwell and Laughlin 2001).
While neurons primarily rely on oxidative glucose degradation to produce ATP (Goyal,
Hawrylycz et al. 2014), astrocytes predominantly employ glycolysis (Choi and Chun 2013).
This glycolytic preference allows astrocytes to efficiently extract glucose from the
bloodstream or mobilize glycogen stores, all under the guidance and regulation of neighboring
neurons (Goyal, Hawrylycz et al. 2014). This study specifically investigated the impact of
S1P signaling, mediated by S1PR:> and S1PR4, on the upregulation of critical glycolytic
enzymes such as PFK and GAPDH. Furthermore, it revealed that S1P signaling promoted the
expression of PDH while simultaneously reducing the expression of LDH. Similar to the non-

neural cells such as MEFs lacking SGPL1, the accumulation and release of S1P also resulted
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in the signaling through S1PR;.3 leading to an enhanced glucose uptake and breakdown via
glycolysis (Afsar, Alam et al. 2022). However, in the case of astrocytes lacking SGPLI,
upregulated expression of PFK and subsequent elevation of glycolytic flux may serve as a
protective mechanism, shielding them from toxic depositions that have been observed in
SGPL1-deficient neurons (Mitroi, Karunakaran et al. 2017). It is significant to highlight that
despite its lower efficiency in ATP production compared to oxidative phosphorylation,
aerobic glycolysis plays a beneficial role in providing intermediary compounds necessary for
the synthesis of lipids, nucleic acids, and amino acids (Vander Heiden, Cantley et al. 2009).
Nonetheless, the preferential degradation of glucose via the TCA cycle induced by S1P poses
potential drawbacks for astrocytes. This metabolic shift could lead to a reduction in lactate
generation, which has crucial implications for brain health (Vardjan, Chowdhury et al. 2018,
Cai, Wang et al. 2022). Lactate, generated by astrocytes through aerobic glycolysis despite
sufficient oxygen levels, serves a dual purpose as a vital energy source for neurons and an
intercellular messenger (Barros 2013, Cai, Wang et al. 2022). Its contribution to brain
development is undeniable, as it supports the biosynthetic demands of synaptic growth and
remodeling and also plays a role in memory formation (Barros 2013, Alberini, Cruz et al.
2018).

As shown previously, in SGPL1-deficient fibroblasts, a metabolic shift was observed from the
TCA (tricarboxylic acid) cycle, which is the main pathway for glucose oxidation, to aerobic
glycolysis, where glucose is broken down into lactate even in the presence of sufficient
oxygen which is famously known as Warburg effect and commonly associated with cancer
cells promoting cell growth (Pavlova and Thompson 2016, Afsar, Alam et al. 2022).
However, in SGPLI1-deficient astrocytes, a different metabolic response was observed.
Instead of relying on aerobic glycolysis, pyruvate, the end product of glycolysis, was
preferentially directed towards the TCA cycle. This shift allows astrocytes to generate more
ATP through oxidative phosphorylation, which is a more efficient process of ATP production.
ATP, apart from being the energy currency of cells, plays a crucial role in various cellular
functions, including neuronal activity in the brain. ATP and adenosine are involved in
regulating oligodendrocyte differentiation and myelination (Agresti, Meomartini et al. 2005,
Rivkees and Wendler 2011) and also modulate the functioning of astrocytes and sustain
calcium waves, which are crucial for the excitability of glial cells and communication
between them (Koizumi 2010). Moreover, ATP primarily acts as a synaptic neuromodulator
by regulating the release of neurotransmitters at the presynaptic level and influencing other

receptors or the intrinsic excitability of neurons at the postsynaptic level. These actions of
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ATP have significant implications for synaptic plasticity, which refers to the ability of
synapses to change and adapt (Cunha and Ribeiro 2000, Khakh 2001, Halassa, Fellin et al.
2009). Accordingly, it has been shown that metabolic agents that increase ATP levels can
have positive effects on cognitive functioning (Owen and Sunram-Lea 2011). However,
studies involving SGPL1V"Nes mice have revealed cognitive deficits, including impairments
in spatial and associative learning as well as memory (Mitroi, Deutschmann et al. 2016). By
preferentially utilizing the TCA cycle, SGPL1-deficient astrocytes enhanced their ATP
production, which can support the energy demands of brain cells and contribute to normal
brain functioning (Alam, Afsar et al. 2023). This metabolic adaptation in astrocytes may serve
as a compensatory mechanism to overcome the metabolic deficiencies caused by SGPLI
deficiency.

Conclusively, the study reveals that S1P signaling has complex effects on astrocytic glucose
metabolism. It enhances ATP production through SI1PR:4 activation while concurrently
reducing lactate formation, as indicated by decreased LDH levels (Alam, Afsar et al. 2023).
These findings highlight the intricate changes induced by S1P signaling in astrocytic glucose

metabolism.

4.3 Interplay of S1P accumulation and autophagy in astrocytes

As shown in previous section, studies examining the relationship between glucose metabolism
and cellular autophagy in SGPL1-deficient cells, such as fibroblasts, have demonstrated that
the absence of SGPLI leads to enhanced glucose metabolism via S1P/S1PR.3 signaling axis.
This alteration in glucose metabolism subsequently impairs mTOR-dependent autophagy.
Building on these findings, further investigations were conducted to elucidate the connection
between glucose metabolism and cellular autophagy in SGPL1-deficient astrocytes. Indeed,
elevated glucose breakdown through the TCA cycle led to mTOR dependent impaired
autophagy. Conversely, in neurons lacking SGPLI activity, autophagic flux was disrupted due
to a decrease in phosphatidylethanolamine (PE), and this disruption was independent of
mTOR signaling (Mitroi, Karunakaran et al. 2017). Notably, previous findings on SGPL1
deficient murine brains demonstrated that SGPL1-depleted astrocytes did not experience
alterations in PE levels (Karunakaran, Alam et al. 2019). The significance of autophagy in the
survival of postmitotic neurons is well-established (Nixon 2013). Additionally, impaired
neuronal autophagy is strongly associated with various neurodegenerative diseases (Nixon

2013). The compromised autophagic process contributes to the pathogenesis of these diseases

55



by impeding the clearance of intracytoplasmic aggregates of protein prone to forming
aggregates (Menzies, Fleming et al. 2015).

Previous reports on neurons derived from SGPL17V"Nes mice demonstrated that impaired
neuronal autophagy in mice leads to the accumulation of aggregate-prone proteins, such as
amyloid precursor protein (APP) and a-synuclein (SNCA), which are associated with
cognitive deficits in these mice (Mitroi, Deutschmann et al. 2016, Mitroi, Karunakaran et al.
2017). Impaired neuronal autophagy is also a characteristic feature of inherited congenital
disorders known as "lysosomal storage" disorders, which are characterized by severe
neurodegenerative symptoms (Nixon 2004, Nixon, Yang et al. 2008). Similar results have
been observed in astrocytes affected by lysosomal storage disorders, indicating that impaired
autophagosomal maturation in astrocytes affects the survival of cortical neurons and
contributes to various neurological manifestations of the disease (Di Malta, Fryer et al. 2012).
Furthermore, the significance of astrocytic autophagy in systemic metabolism has been
emphasized (van Echten-Deckert and Alam 2018). Therefore, it is possible that down-

regulated autophagy in astrocytes of SGPL]//Nes

mice may have a negative impact.
However, the impaired autophagy could not be restored using rapamycin, a neuroprotective
agent known to counteract the pathological effects of mMTOR (Schmeisser and Parker 2019).
Understanding the consequences of SGPL1 deficiency on glucose degradation and autophagy
in astrocytes can provide valuable insights not only into S1P function in brain pathology but

also into the complex phenotype observed in patients with mutations in SGPLI.

4.4 Impact of S1P accumulation on astrogliosis

The various functions performed by astrocytes, such as providing support to neurons,
regulating the blood-brain barrier, modulating the extracellular environment, managing
immune cells, and influencing synapse formation and function, are crucial in determining how
the brain fares during and following injury (Pekny and Nilsson 2005, Sofroniew 2009). The
results from this study reveals that in the astrocytes of SGPL1VNs murine brains, elevated
levels of ATP (Alam, Afsar et al. 2023) can act as a warning sign, indicating an increased
vulnerability to CNS damage (Rodrigues, Tome et al. 2015). The observed elevation of
extracellular ADP levels in this study is likely attributed to the release of ATP into the
extracellular environment, followed by its breakdown by ectonucleotidases, resulting in the
generation of ADP. This effect is attributed to the activation of purinergic P2X receptors by
ATP or P2Y adenosine receptors, which occurs subsequent to the breakdown of extracellular

ATP into ADP facilitated by ecto-nucleotidases (Rassendren and Audinat 2016). In response
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to disruptions in brain homeostasis caused by injury or disease within the CNS, astrocytes
activate a defense mechanism known as reactive astrogliosis which serves as a sensitive
indicator for wvarious brain pathologies, including ischemia, infections, stroke, and
neurodegenerative disorders (Sofroniew 2009, Sofroniew 2014, Neal and Richardson 2018).
Notably, the P2Y 1R receptor, which is primarily activated by ADP, is frequently associated
with the development of pathological conditions, particularly in astrocytes thereby promoting
excessive astrocytic activity and contributing to astrogliosis (Delekate, Fuchtemeier et al.
2014). A recent study conducted by Delekate et al., in a mouse model of Alzheimer's disease
emphasized the significance of purinergic signaling through P2Y1R in disrupting the
functioning of astroglial networks (Delekate, Fuchtemeier et al. 2014). The study revealed the
upregulated expression of P2Y1Rs in reactive astrocytes surrounding senile plaques,
indicating their involvement in promoting astrocytic hyperactivity, while ruling out the role of
P2X receptors. Consistently, a significant increase in ADP levels was observed in the culture
medium of astrocytes lacking SGPLI1, underscoring the importance of ADP signaling
mediated by P2Y IR in the absence of SGPLI. In primary cultured astrocytes derived from
SGPL1"VNes mice, the increased extracellular ADP levels were found to be dependent on S1P
signaling via its receptors, specifically SIPR; and S1PR4 (Alam, Afsar et al. 2023) and
thereby suggests that SGPL1 deficiency affects S1P signaling, leading to altered ADP release

in astrocytes.

4.5  Astrogliosis and neuroinflammation

Astrogliosis and neuroinflammation have long been recognized as significant factors
contributing to the onset and progression of numerous neurological disorders. When
astrogliosis and scar formation occur, inflammation serves as an acute response triggered by
cellular injury or insult (Iglesias, Morales et al. 2017). The prototypic neuroinflammatory
neurodegenerative disorder characterized by astrogliosis is multiple sclerosis (MS). In chronic
MS lesions, there is a notable and pronounced astrogliosis that is distinct from other CNS
disorders. The earliest descriptions of these lesions referred to them as "sclerotic patches,"
which ultimately led to the name "multiple sclerosis" (Hostenbach, Cambron et al. 2014).
Apart from this, dysregulated S1P metabolism has often been associated as a significant factor
in the pathogenesis of inflammatory conditions, contributing to the development of
neurodegenerative diseases. For instance, aberrant S1P signaling, particularly through the
S1PR1, has been implicated in the induction of astrogliosis and neuroinflammation (Choi,

Gardell et al. 2011, Kim, Bielawski et al. 2018). Moreover, studies employing simulated
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inflammation in primary cultured murine astrocytes identified S1PR3 as the key mediator of
the S1P-induced inflammatory response (Dusaban, Chun et al. 2017). Additionally,
upregulation of astrocytic SIPR; and S1PR3 has also been observed in multiple sclerosis
lesions (Van Doorn, Van Horssen et al. 2010, Fischer, Alliod et al. 2011). Consistently, in
SGPL1V"Nes myrine brains, S1P produced by astrocytes, activates microglia through the
S1PRo, resulting in the release of inflammatory cytokines and contributing to the induction of
neuroinflammation (Karunakaran, Alam et al. 2019). To further elucidate the underlying
molecular mechanism linking astrocyte activation and inflammation, this study implicates the
role of the S1P/SIPR24 signaling axis in SGPLI-deficient astrocytes. The findings
demonstrate that this signaling pathway stimulates the purinoreceptor P2Y 1R, which in turn
activates the NLRP3 inflammasome—a key player in neuroinflammation (Gombault, Baron et
al. 2012). The NLRP3 inflammasome plays a crucial role in the innate immune system by
activating caspase-1 and facilitating the release of proinflammatory cytokines such as IL-1f3
when there is microbial infection or cellular damage (Kelley, Jeltema et al. 2019). Typically,
the NLRP3 inflammasome is activated through two signals: a priming signal and an activation
signal (Swanson, Deng et al. 2019). The priming signal is triggered by various factors,
including damage or pathogen-associated molecular patterns (DAMPs/PAMPs), as well as
cytokines, leading to increased expression of Nlrp3, Caspase-1, pro-I1L-14, and IL-15 (Kelley,
Jeltema et al. 2019). In astrocytes lacking SGPL1, the production of different inflammasome
components may be primed by cytokines released by microglia (Karunakaran, Alam et al.
2019). However, our findings suggest that purine nucleotides likely play a role in this
mechanism which was further supported by the use of specific P2Y1R agonists and
antagonists (Swanson, Deng et al. 2019). Nevertheless, ATP, much like beta-amyloid (the
primary constituent of senile plaques found in Alzheimer's disease), as well as various other
factors, functions as a stimulator for the activation signal that initiates the formation and
active state of the inflammasome (Swanson, Deng et al. 2019). This activation signal
subsequently prompts caspase-1 to cleave pro-IL-1p, resulting in the release of IL-1P (Kelley,
Jeltema et al. 2019).

Our findings also demonstrate that in SGPL1 deficient astrocytes, presence of sustained
upregulated expression of the stress protein DDX3X, plays a significant role in triggering the
activation of the NLRP3 inflammasome. This observation aligns with previous studies
conducted on primary bone marrow-derived macrophages (Samir, Kesavardhana et al. 2019).
Importantly, DDX3X is a highly adaptable protein with multiple functions, particularly in

regulating the translation process during inflammation caused by infections and injuries (Ku,
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Lai et al. 2019). Furthermore, recent research has established a connection between DDX3X
and the degeneration of motor neurons seen in amyotrophic lateral sclerosis (Chen, Wang et
al. 2017). While the exact mechanisms driving the activation of the NLRP3 inflammasome
remain elusive at present, in a cohort study conducted on astrocytopathy patients, the levels of
NLRP3 inflammasome and inflammatory cytokine were found to be elevated (Luo, Yan et al.
2019). Consistently, our study revealed an increased level of not only IL-1f but also other
proinflammatory cytokines, including IL-6, IL-11, and TNFa (Fig. 30). Moreover, this study
underlines the involvement of the metabotropic purinoreceptor P2Y 1R in directly controlling
both GFAP expression and NLRP3 activation in SGPL1-deficient astrocytes. Consistently,
the use of P2YIR antagonist to restore the elevated levels of DDX3X expression could
potentially elucidate the relationship between purinergic-dependent inflammation induction in

SGPL1 deficient astrocytes (Fig. 30).
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Figure 30 . Scheme summarizing the effect of SGPL1 ablation in astrocytes. With SGPL1 deficiency, accumulated SIP is
released from the cells (Karunakaran, Alam et al. 2019). This S1P then binds to SIPR24, initiating signaling pathways that
enhance the production of proteins involved in glucose breakdown through glycolysis and the TCA cycle (Alam, Afsar et al.
2023). Consequently, the levels of extracellular ADP, which acts as a ligand for P2YIR, increase. This receptor's
involvement in the gliotic response of SGPL1-deficient astrocytes, leading to a proinflammatory reaction, is highlighted.
Additionally, P2YIR signaling induces the expression of calbindin, which binds to cytosolic Ca?" released from the
endoplasmic reticulum due to S1P accumulation (Ghosh, Bian et al. 1994). Moreover, nuclear Ca?" promotes H3K9
acetylation (Alam, Piazzesi et al. 2020), impacting the transcription of Ddx3x. The elevated expression of DDX3X implies a
potential feedback loop between protein levels and transcriptional regulation.
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4. CONCLUSION

The present study highlights the significant role of SIP accumulation in various cellular
processes, particularly in glucose metabolism, autophagy, and inflammation. The findings
indicate that in MEFs lacking SGPL1, the accumulation of S1P leads to alterations in
sphingolipid metabolism, resulting in enhanced glucose uptake and utilization through aerobic
glycolysis. This metabolic shift is associated with the activation of HIF-1a and the Akt/mTOR
pathway, promoting cell proliferation and survival. Additionally, autophagy is impaired in
SGPL1-deficient MEFs, suggesting a defective cellular recycling process.

In astrocytes lacking SGPL1, S1P signaling also promotes glucose uptake and glycolysis
through S1PR; and S1PR4 activation. However, unlike in MEFs, pyruvate is preferentially
directed towards the TCA cycle, leading to increased ATP production through oxidative
phosphorylation. This metabolic adaptation may serve as a compensatory mechanism to
overcome the metabolic deficiencies caused by SGPL1 deficiency. Furthermore, the study
reveals that S1P signaling influences ATP levels, which have crucial implications for
neuronal activity, synaptic plasticity, and cognitive functioning. In astrocytes, S1P signaling
enhances ATP production while reducing lactate formation, indicating complex effects on
glucose metabolism.

Overall, this study provides valuable insights into the molecular mechanisms and functional
consequences of S1P accumulation in different cell types. Understanding S1P-mediated
signaling in cellular processes and its impact on neurodegeneration and cancer has important
therapeutic implications. The study also highlights the activation of NLRP3 inflammasome in
SGPL1-deficient brains, with P2Y 1R signaling playing a central role.

The study elucidates the critical involvement of the SGPL1/S1P/SIPR pathways in
fundamental cellular processes, such as energy metabolism and autophagy, which may

contribute to the diverse array of anomalies observed in cancer and brain pathologies.
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5. MATERIALS

6.1 Chemical reagents

Chemical
Acrylamidmix 37,5:1, 30%
Ammonium persulfate
Tris—HCI

SDS

TEMED

Glycine

PVDF membrane
BSA

Agarose

DMSO
Ethidiumbromide
Tween—20

Protease inhibitor
RIPA lysis buffer
Laemmli buffer

Stripping Buffer

Company

Carl Roth

Merck

TH.GEYER

Carl Roth

Thermo Scientific
TH.GEYER

Merck Millipore
Thermo Scientific
MJ Research/Biozym
Applicem

Applicem

Sigma

Carl Roth

Thermo Fischer Scientific
BioRad

TAKARA

Source

Karlsruhe, Germany
Darmstadt, Germany
Renningen, Germany
Karlsruhe, Germany
IL, USA

Renningen, Germany
Tullagreen, Ireland
IL, USA

Oldendorf, Germany
Darmstadt, Germany
Darmstadt, Germany
Taufkirchen, Germany
Karlsruhe, Germany
IL, USA

CA, USA

Saint-Germain-en-Laye,
France,

6.2  Cell culture reagents

Media Catalogue Company Source

Number
DMEM 31966 Gibco TM Paisley, UK
FBS P40-47100 PAN Biotech Aidenbach, Germany
PBS 70077-044 Gibco TM Neew York, USA
HBSS 14170088 Gibco TM Paisley, UK
Trypsin-EDTA 59418C Sigma—Aldrich Taufkirchen, Germany
Pennicillin/Streptomycin 15140122 Life Technologies Darmstadt, Germany
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6.3 Antibodies

Name
HRP-linked anti—
mouse

HRP-linked anti—
rabbit

B-actin
GAPDH
PDH
LDH
PFK
mTOR
p62

LC3

Akt
p—Akt
GFAP
Calbindin
NLRP3
Caspasel
IL-1B
P2Y1R
DDX3X
IDH
GLUT-1
p—MTOR
HIF-1a
SGPLI1

6.4 Inhibitors

Name

JTE-013
VPC-2309

Rapamycin

Catalogue Number Company
7076S Cell Signaling Technology
7074S Cell Signaling Technology
4967S Cell Signaling Technology
5174S Cell Signaling Technology
3205S Cell Signaling Technology
20128 Cell Signaling Technology
8164S Cell Signaling Technology
29728 Cell Signaling Technology
51148 Cell Signaling Technology
127418 Cell Signaling Technology
9272S Cell Signaling Technology
193H12 Cell Signaling Technology
3670S Cell Signaling Technology
13176S Cell Signaling Technology
15101S Cell Signaling Technology
3866S Cell Signaling Technology
122428 Cell Signaling Technology
BS-1204R Thermo Fisher Scientific
2635S Cell Signaling Technology
HPAO007831 Sigma—Aldrich
MAS5-31960 Invitrogen
12971841 Invitrogen
sc—13 515 Santa Cruz Biotechnology
ABSS528 Sigma—Aldrich
Company Source
Sigma—Aldrich (J4080) MO, USA
Cayman Chemical Company MI, USA
Cayman Chemical Company MI, USA
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Source

MA, USA

MA, USA

MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MA, USA
MO, USA
CA, USA
CA,USA

TX, USA
MO, USA



CYM-55380 Sigma—Aldrich (SML-1066) IL, USA
Akt1/2 kinase inhibitor Abcam Cambridge, UK

MRS2179 Tocris (0900) Wiesbaden—
Norderstedt, Germany

6.5 Agonists

Name Company Source

FTY-720 Cayman Chemical Company MI, USA

S1P-SML2709 Sigma-Aldrich MO, USA

CYM-5520 (S1PR») Cayman Chemical Company MI, USA

CYM-50308 (S1PR4) Cayman Chemical Company MI, USA

MRS-2905 (P2Y1R) Tocris (5633) Wiesbaden—Norderstedt,
Germany

6.6 Assay kit

Name Catalogue Company Source
Number
RNA isolation EMB30-200 EXTRAZzol (Blirt) Gdansk, Poland
cDNA synthesis E6560L ProtoScript II First Strand MA, USA
(New England Biolabs)

MTT Assay ab197010 Abcam Cambridge, UK

GO6P Assay MAKO14 Merck Darmstadt, Germany

6.7 Primers

Gene Primer sequence (forward and reverse)

B-actin 5'-CTTTGCAGCTCCTTCGTTGC-3"
3'-CCTTCTGACCCATTCCCACC-5"

S1PR1 5'-CTACACAACGGGAGCAACAG-3’
3'-CCCCAGGATGAGGGAGAGAT-5’

S1PR2 5'-CAGGATCTACTCCTTGGTCAGG-3’
3 -GAGATGTTCTTGCGGAAGGT-5"

S1PR3 5'-CCCAACTCCGGGACATAGA-3’
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3'-ACAGCCAGTGGTTGGTTTTG-5’
S1PR4 5'-TTCCATATGATGGACACTCC-3’
3’ -TGGACAAATGAACGCAGGT-5’

S1PRS 5'-GCTTTCTGTGTACAGTTGACAAATACT-3’

3'-CCAACTGTTCCAACTGTATGCT-5’

6.8 Apparatus
Name Company Source
Agarose gel imager Alpha Innotech Kasendorf, Germany

Immunoblot imager

Bio—RAD VersaDoc Imaging System

CA, USA

SDS-PAGE Bio—RAD Mini PROTEAN Tetra cell CA, USA
Fluorescence Nikon-U2000 CA, USA
Microscope
pH-meter PH537, WTW Weilheim, Germany
Pipette Eppendorf research Hamburg, Germany
qRT-PCR Bio—RAD, CFX96  Real-Time CA, USA

System
Spectrophotometer Bio—RAD SmartSpec Plus CA, USA
Thermocycler PTC-200, MJ Research/Biozym Oldendorf, Germany
Nanodrop Thermo Fischer Scientific ND-2000 DE, USA

Microplate reader

Fluorescence
microscope

FLUOstar Omega BMG Labtech

Keyence microscope BZ—X series

64

Ortenberg, Germany

Neu-Isenburg, Germany



6. METHODOLOGY

7.1 Mouse model

In order to study the effect of S1P accumulation, particularly in the brain, a neural-specific
Sgpll knockout mouse model was generated by Dr. Nadine Hagen (in the group of Dr. van—
Echten Deckert, 2013). In this mouse model SGPL1 floxed (SGPL1"") was defined as control
and neural-specific SGPL1 transgenic mice (SGPL1V¥Nes  peyral-specific SGPL1 deleted
mice) was used as SGPLI1—-deficient KO mice. Floxed mice were kindly provided by Prof.
Dr. Julie D. Saba (University of California, USA) while, Prof. Dr. Martin Theif3 (previously

from Uniklinikum Bonn, Germany) contributed to the nestin—Cre transgenic mice.

The generation of SGPL1VNes mice was based on the Cre—lox recombinase technique which
employs a Cre recombinase and its recognition site, [oxP for the purpose of mammalian gene
editing. Cre recombinase is an enzyme produced from cre gene (cyclization recombinase) of
bacteriophage P1 which specifically binds to DNA sequences called l0xP sites (locus of x—

over, P1) and mediates site specific deletion of DNA sequences between two l0xP sites.

In mice, the exons between 9/10 and 12/13 encode for the binding site of the SGPL1 cofactor,
pyridoxal phosphate (PLP). These sites, flanked by the loxP sites led to the creation of
“floxed” mice (SGPL1""). In order to obtain neural-specific transgenic mice, it was
necessary to generate neural—specific cre strain in which cre recombinase was expressed by a
promoter that specifically targets neural cells. Nestin is an intermediate filament protein
expressed by embryonic cells of neuronal origin and is used as a marker for central nervous
system progenitor cells. A nestin—cre transgenic mice, therefore, controls the cre activation in
a cell specific manner targeting only the cells with neural origin. Finally, to produce neural
SGPL1—-deficient mice (SGPL17VNe) 3 nestin—cre transgenic mice line was crossbred with
the “floxed” mice line (SGPL1%M) in which SGPL1 gene was inactive explicitly in cells of
neural origin like neurons, astrocytes, and oligodendrocytes. SGPL1V¥Nes mice displayed no
phenotypic differences, and their lifespan was comparable to that of their wild—type
littermates. In this respect, the SGPL1%VNes mice line presented a promising model for the

study of S1P—-induced signaling pathways in brain and neural cells.
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7.2 Ethical statement

Each animal experimental procedures were conducted in accordance with the guidelines of
the Animal Care Committee of the University of Bonn. The experimental protocols were
approved by Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein—Westfalen

(LANUV) (LANUV NRW, Az. 87-51.04. 2011. A049).

7.3  Mouse genotyping

As previously discussed in this study, the “floxed” mice (SGPL1"") served as controls and
neural-specific SGPL1 transgenic mice (SGPL17VNe) were used as KO. The differences in
the genetic makeup of control and KO mice were confirmed through genotyping using

standard PCR.

7.4  Tissue harvesting

Mice between the ages of 10 and 15 months were killed via cervical dislocation. The neck
was decapitated with a surgical scissor, and both skull and skin were removed following the
midline with an iris scissor. The skull was removed with curved forceps, and the brain was
transferred into a separate petri dish with ice cold HBSS buffer, instructions were followed, as
shown in European Journal for Neuroscience’s protocol video (EJNeuroscience 2014).
Control and SGPL-lyase deficient brains were separately stored in cryovials and kept at —

80°C until further use.

7.5  Primary astrocyte culture

Astrocyte culture was performed using P1 to P4 mouse pups. The pups' neck was decapitated
with a surgical scissor; both skull and skin were removed following the midline with an iris
scissor. The skull was removed with curved forceps, and the brain was transferred with the
help of a micro scoop into a separate petri dish with ice cold Ca?>" and Mg?" free HBSS buffer.
Following this, the cerebellum and meninges were removed using forceps with straight tips.
Similarly, the rest of the brain hemispheres were prepared and transferred with the micro
scoop into a 15 mL tube containing 1-2 ml HBSS and kept on ice until all control and SGPL1
deficient mice brain were dissected. Thereafter, HBSS was carefully aspirated, and 1-2 mL of

0.05% Trypsin—-EDTA was added in each tube. The tubes were incubated in a water bath at
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37°C for 10 min with constant shaking. 1-2 ml of prewarmed cell culture medium was added
to neutralize the effect of Trypsin—EDTA. The tubes were centrifuged for a short time,
followed by adding 1-2 ml prewarmed cell culture medium after carefully removing
Trypsin—-EDTA. Cortices were mechanically dissociated by pipetting up and down with a
sterile 10 mL pipette. The cell suspension was loaded on T25 cell culture flasks containing 5
ml of prewarmed complete medium and incubated in the incubator at 37°C with 5% CO-
overnight. Next day, after removing the cell culture medium, the cells were washed with
prewarmed sterile PBS to remove all cell debris and 5 ml of fresh cell culture medium was
then added. Cells were further incubated for 2—-3 days in the incubator . The medium of the
growing cells was freshly replaced every 2—3 days. After about 10 days, a confluent layer of
astrocytes was formed, along with microglia and oligodendrocytes loosely growing on this
astrocyte layer. Astrocytes were used for experiments after about 25 days in culture. Before
astrocytes were used for experiments, microglia, and oligodendrocyte precursor cells (OPC)
were detached by vigorous shaking. The medium was then removed, and astrocytes were used

for experiments as needed.

7.6 Cell culture

Mouse embryonic fibroblasts (wild—type, WT controls, and SGPL1—deficient, Sgpll--, KO)
were originally provided by P.P. van Veldhoven (KU Leuven, Belgium) and characterized by
the group of Dagmar Meyer zu Heringdorf (Ihlefeld, Claas et al. 2012). Briefly, cells were
cultured and maintained in Dulbecco’s Modified Eagle Medium complete media containing
10% fetal bovine serum supplemented with 100 units ml™' penicillin and 100 mg (ml™)
streptomycin. Cells were grown in 25 cm? (T25) flasks and maintained in a humidified

incubator with 5% CO; at 37°C.

7.7  Cell harvesting

The experiments were conducted at a confluency of 70-80% of the cell layer in a T25 flask
following passages every 2—3 days prior to confluence. Cells were harvested by trypsinization
using 1ml of 0.05% Trypsin—-EDTA. An equal amount of complete media was added to
neutralize trypsin followed by centrifugation at 1000 rpm for 5 mins at RT. The cell pellet in

the tube was stored at -80°C until further use to extract protein or DNA.
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7.8  Protein extraction and lysate preparation

Cellular proteins were extracted using freshly prepared RIPA lysis buffer and Laemmli buffer
was used to prepare lysates. For protein extraction, a working stock of 1X RIPA lysis buffer
was diluted from 50X stock solution in which one tablet of protease inhibitor cocktail was
dissolved. After thawing the cell pellets on ice for approximately 3—4 mins, the pellet was
dissolved in 150 pl of 1X RIPA lysis buffer while incubating for 1 hr. Samples were
frequently vortexed at maximum speed during the incubation period. Lysed samples were
transferred into fresh prechilled eppendorf tubes and centrifuged at 14,000 rpm for 45 minutes

at 4°C and clear supernatant (lysates) was transferred into a fresh tube.

Thereafter, total protein concentration was measured using Nanodrop where a direct
measurement of protein concentration of the cell sample was conducted using the Protein 280
application of the Nanodrop. Lysates were prepared by adding Laemmli buffer (4X Laemmli
buffer) to the extracted protein in a 4:1 ratio. Protein in the samples was denatured by heating

for 5 min at 95°C before loading on SDS—PAGE gel for protein quantification.

7.9 SDS-PAGE

Proteins or charged molecules are separated according to their molecular weight by the SDS—
PAGE method. In the preparation of polyacrylamide gels, acrylamide is mixed with
bisacrylamide in order to create a crosslinked polymer network with the addition of
ammonium persulfate (APS). By stimulating the production of free radicals by APS, TEMED
catalyzes the polymerization reaction. As a result, polyacrylamide gel is formed. The amount
of bisacrylamide decides the gel percentage to separate different molecular weight proteins as

shown in the table below:

Table 1. SDS-PAGE gel percentage

Gel percentage Range of molecular weight of the protein
6% 50 kDa—500 kDa
10% 20 kDa-300 kDa
12% 10 kDa—200 kDa

In this process, proteins are initially concentrated in a stacking gel with a neutral pH, and then
they need to migrate into a separating gel with a basic pH, where the actual separation is
performed. The concentration of the following components needed to prepare Sml stacking

gel is given below:
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Table 2. Stacking gel composition

Stacking gel

Water 2.975 ml
Acrylamide/Bis—acrylamide 0.67 ml
0.5M Tris-HCI, pH 6.8 1.25 ml
10% (w/v) SDS 50 ul
10% (w/v) Ammonium persulfate (APS) 50 ul
TEMED 5pul

Below is the concentration of each component needed to prepare 5 ml of separating gel:

Table 3. Separating gel composition

Gel percentage 6% 8% 10% 12%
Water 52 ml 4.6 ml 3.2 ml 2.2 ml
Acrylamide/Bis—acrylamide 2 ml 2.6 ml 3.4 ml S ml
1.5M Tris—HCI, pH 8.8 2.6 ml 2.6 ml 2.6 ml 2.6 ml
10% (w/v) SDS 100 pl 100 pl 100 pul 100 pl
10% (w/v) Ammonium persulfate (APS) 100 pl 100 pl 100 pl 100 pl
TEMED 10 ul 10 ul 10 ul 10 ul

7.10 Sample preparation

During sample preparation, the samples were heated at 95°C for 5 min to denature the
protein. As a result of heating, the secondary and tertiary structures of the protein are
disrupted by the breaking of hydrogen bonds and the molecules becoming linearized. As soon
as the samples have cooled to RT, they are pipetted into the respective wells in the gel
immersed in the electrophoresis buffer. Along with the samples, a known molecular weight
size marker was also loaded which allows for the estimation of the size of the proteins. A final

concentration of 2 pg/pl (5—-15 pl) of protein was used for loading during electrophoresis.

7.11 Electrophoresis
As part of the separation process, the gel was immersed in the electrophoresis running buffer

of the following components to enable separation.

Table 4. Running buffer composition

10X SDS running buffer (11 stock)

Tris base 3023 g
Glycine 144 g
SDS 10g
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ddH,O make up the volume to 1 liter
Diluted to 1X with ddH»O for electrophoresis

The assembly was filled with running buffer and the gel was placed in the electrode clamp.
Powerpack was initially set at 50 V for 10—-15 min for proper stacking. Afterward, the run was
speeded up to 150 V for 90 min. Once the dye reaches the end, the powerpack was switched

off and the gel was prepared for western blot transfer.

7.12 Western immunoblotting

After the SDS-PAGE, the proteins were transferred to the PVDF (Polyvinylidene fluoride)
membrane. Prior to use, the PVDF membrane was activated in methanol for 2 min. The gel
casting was removed, and the gel was arranged on transfer clamps with gel stacked in
between scratch pads, filter paper wicks, and PVDF membrane. The assembly was filled with
the transfer buffer of the following composition and the whole assembly was placed at a
constant 400 mA for 2 h at 4°C.

Table 5. 10X Transfer buffer composition
10X Transfer buffer (11 stock)

Tris base 25 mM 3023 g
Glycine 190 mM 144 g
ddH,0O make up the volume to 1 liter

A stock of 10X was made, and a fresh 1X buffer of the following composition was made from

1t to be used as needed.

Table 6. 1X Transfer buffer composition

1X Transfer buffer (11)

10X Transfer buffer stock 100 ml
Methanol 200 ml
ddH,O 700 ml

Table 7. TBST buffer

10X TBST buffer (11)

Tris 20 mM (pH 7.5) 243 ¢
NaCl 150 mM 87.66 g
0.1% Tween20 10 ml

Diluted to 1X with ddH2O to use as the washing buffer
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Table 8. Blocking buffer
Blocking buffer (50 ml)

5% BSA or milk powder 25¢g
Tween—20 25 ul
1X TBST buffer make up to 50 ml

Following the complete transfer of protein on to PVDF membrane, the membrane was
blocked with 5% non—fat milk powder or 5% BSA (for phosphorylated proteins) in TBST
buffer for 1h and washed 2 times (2 min each) with TBST wash buffer. Then after, the
membrane was incubated overnight with the primary antibody at 4°C on a shaking rocker.
After that, the membrane was washed with TBST washing buffer, three times for 7 min each
at RT. HRP—conjugated secondary antibody was added and kept on a rotator for about 1 h.
The membrane was again washed with TBST three times for 7 min each to remove excess
secondary antibodies. The PVDF membrane was then exposed to Western
BLoTChemiluminescence HRP Substrate, and the bands were visualized using the VersaDoc
5000 imaging system. ImageJ and Prism GraphPad were used to perform quantification and

statistical analysis.

7.13 RNA isolation

Isolation of total RNA was performed using the EXTRAzol kit according to the
manufacturer’s instructions. Briefly, cells were homogenized in 800 ul EXTRAzol by
pipetting it up and down a few times and incubated for 5 min at RT. For phase separation, 200
ul chloroform was added per 1ml EXTRAzol and vigorously shaken by hand for 15 seconds
and kept at RT for 3 min. Samples were then centrifuged for 15 min at 10000 rpm at 4°C
which enabled phase separation into a pale—yellow phase, turbid interphase, and a colorless
upper aqueous phase that contained RNA. Colorless RNA was transferred carefully to another
tube and 500 pl of ice—cold isopropyl alcohol was added per 1ml EXTRAzol and further
incubated to precipitate the RNA for 10 min. Afterward, samples were centrifuged for 10
mins at 12000 rpm at 4°C. A very small white pellet of unpurified RNA collects at the bottom
of the tube. Further, 1 ml of 75% ethanol was added, and the content was vortexed and then
centrifuged at 7500 rpm for 5 mins at 4°C to purify the RNA. Ethanol was discarded and the
pellet was air—dried to remove any trace of ethanol (additionally heated at 60°C for 1 min)
and the pellet was dissolved in 25 pl of PCR grade or RNase—free water. Isolated RNA was

kept on ice for a short period and stored at -80°C for later use.
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The concentration of the total purified RNA samples was measured using the Nucleic acid
application of the Nanodrop One. This spectrophotometer measures the concentration of
purified RNA, dsDNA, or ssDNA at a wavelength of 260 nm using the modified Beer—
Lambert equation. The method requires selecting RNA from the Nucleic acid option on the
home screen. After blank reading, RNA concentration was measured in pg/ml. Along with
the concentration, the spectrophotometer displays an Aze0/280 ratio, which indicates the purity
status of the isolated RNA. An Az60/280 ratio of ~2.0 for RNA is generally accepted as “pure”.

A lower Az60280 ratio indicates the presence of DNA and protein contamination.

7.14 ¢DNA SYNTHESIS

Using reverse transcription, complementary DNA or cDNA was synthesized from the isolated
RNA template using the TAKARA kit. Following the manufacturer’s instruction, up to 1 pg
RNA was used (max 8 pl), and 2 pl of the 5X master mix was mixed (total volume 10 ul) and
incubated at 37°C for 15 min. Synthesized cDNA was stored at -80°C for long term storage or
-20°C for short term storage, as needed for further experiments. The cDNA thus produced

was further used as a template for the quantitative polymerase chain reaction, gPCR.

7.15 Primer design

Using the NCBI-Nucleotide database, the FASTA sequence of each gene of interest was
retrieved which was used to design primers for real-time qPCR using the Primer—-BLAST tool
from NCBI. The primers were obtained from Invitrogen and were designed to have an
optimum melting temperature, Tm of 60°C £ 3°C, and to be of a maximum length of 250 bp.
Besides, primers tend to bind at the junction of exons, preventing them from binding to
genomic DNA. Therefore, primers were specifically designed to either span an exon—exon
junction or the forward and reverse primers were located on different exons, separated by an

intron.

7.16 Quantitative Real-Time PCR

A real-time polymerase chain reaction, (QPCR) is a technique based on the detection of PCR
products in real-time used to study the gene expression in a particular sample. Real-time PCR
was carried out in a CFX96 Real-Time System thermal cycler from Bio—Rad. In general,
PCR comprises a series of 20—50 recurring temperature changes, called cycles. These cycles

normally consist of the following primary stages:
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. Initialization or activation stage at around 94-98°C, which allows for the separation of
the nucleic acid's double chain.

o Next is the denaturation stage at a temperature of around 94-98°C, which allows the
binding of the primers with the DNA template.

J The third is the annealing stage between 50—65°C, which facilitates the polymerization

carried out by the DNA polymerase.

J The extension or elongation stage depends on the temperature for the activity of the
DNA polymerase used.
J Last is the final hold between 4—15°C, to cool the reaction chambers containing the

final product for an indefinite time.

The following table gives the specification of the program used for the amplification.

Table 9. Specifications of the qPCR program

Temperature Process Duration
95°C activation and denaturation = 30 sec
95°C denaturation 5 sec
60°C annealing and extension 1 min
10°C holding indefinite

In order to amplify a small amount of dsDNA, a fluorescent DNA binding dye (SYBR Green)
which binds to all dsDNA, is added to the mixture containing a specific pair of primers, DNA
polymerase, and enzyme mix along with the target dSDNA. The sensors inside the thermal
cycler detect the intensity of the fluorescence emitted by the dye when bound to the dsDNA

product after each cycle.

7.17 Immunohistochemistry

Microscopic slides containing cryosections of the brain tissue were prepared and stored by Dr.
Shah Alam in the -80°C. Next, the frozen brain sections were thawed and subsequently fixed
with ice—cold 4 % (v/v) paraformaldehyde in PBS for 5 min. Sections were then
permeabilized with 0.1 % (v/v) Triton X—100 in PBS for 30 min at RT and blocked in 20 %
(v/v) normal goat serum in PBS for 30 min. A subsequent incubation in the desired primary
antibody was done for overnight in 4°C. For primary antibody the dilution used was in the
ratio 1:200 in PBS containing 0.5% lambda—carrageenan and 0.02% sodium azide. Following
overnight incubation, the slides with brain sections were washed 3 times with PBS and were
incubated with Cy3—conjugated anti-rabbit/mouse Alexa Fluor 488 secondary antibody
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diluted in the ratio of 1:300 in PBS for 1 hour at RT. Finally, antibody—labeled brain sections
were embedded in Fluoromount G medium with DAPI for microscopic analysis with Keyence

microscope (BZ-X series).

7.18 Immunocytochemistry

Astrocytes were grown in T25 flasks for approximately 18 days prior to being transferred to a
coverslip to grow further for 5-10 days. Cells on the coverslip were fixed in methanol (chilled
at -20°C) and incubated for 5 min and washed 3 times with cold PBS. After this, a 30 min
blocking step was followed in which cells were incubated in 20% (v/v) goat serum (made in
PBS) for the next 30 min. The coverslips were then incubated overnight with primary
antibody at 4°C diluted in the ratio of 1:200 with PBS. Next, cells were washed 3 times with
PBS and were incubated with anti—rabbit/mouse Alexa Fluor 488—conjugated secondary
antibodies (1:300) for 50 min at RT. Lastly, cells were embedded in Fluoromount G medium

with DAPI for microscopic analysis with Keyence microscope (BZ-X series).

7.19 Cell proliferation assay

The proliferative potential of MEFs (WT and KO cells) was monitored using the MTT (3—
(4,5— Dimethylthiazol-2—yl-2,5-Diphenyltetrazolium Bromide) assay from. About 5 X 10°
cells per well were seeded in 96 well plates in DMEM containing 10% FBS and cultured for
24 h. Then the medium was changed, and 50 pl of MTT reagent was added in 50 pl of serum—
free DMEM as indicated by the provider, and the plate was kept in the incubator for 3 h to
form the formazan crystals. The medium with MTT reagent was then discarded, and the
experiment was terminated by adding 150 ul of MTT solvent in each of the wells. The 96—
well plate was kept on the shaker for 10-15 min so that the crystals were completely
dissolved. Absorbance was recorded at 590 nm using microplate reader. Obtained data were

expressed relative to their WT controls.

7.20 Glucose—6—phosphate determination

Glucose—6—phosphate was determined by colorimetric detection at 450 nm using the G6P
Assay kit. The total protein concentration of each sample was used as a reference. The
deproteination step was performed by adding an equal volume of ice cold 0.5 M HCIO4 and

incubating on ice for 5 min (Zhu, Romero et al. 2011). Thereafter to remove protein, the
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mixture was centrifuged at 10,000 g for 5 min, and the supernatant was collected. Two
hundred microliter of the supernatant was neutralized with 10 pl of 2.5 M K>COs at 4°C.
Samples were further degassed and briefly centrifuged for 5 min. A clear supernatant was

collected and used for the G6P assay following the instructions provided by the manufacturer.

7.21 RNA Sequencing

Total RNA was isolated from the cells using the Qiagen RNeasy Mini Kit (Qiagen 74104).
For each sample, 700 ng of total RNA was then used in Illumina’s TruSeq Stranded mRNA
Library kit (20020594). Libraries were sequenced on Illumina NextSeq 550 as paired—end 42—
nt reads. Sequence reads were analyzed with the STAR alignment — DESeq2 software

pipeline described in the Supplementary Data 2.

7.22 Active Motif CUT&Tag

Samples were sent to Active Motif for CUT&Tag. Briefly, cells were incubated overnight
with Concanavalin A beads and 1 pl of the primary anti-H3K9Ac antibody per reaction
(Active Motif, 39917). After incubation with the secondary anti—rabbit antibody (1:100), cells
were washed and tagmentation was performed at 37°C using protein—A—Tn5. Tagmentation
was halted by the addition of EDTA, SDS and proteinase K at 55°C, after which DNA
extraction and ethanol purification was performed, followed by PCR amplification and
barcoding (Active Motif CUT&Tag kit, 53160). Following SPRI bead cleanup (Beckman
Coulter), the resulting DNA libraries were quantified and sequenced on Illumina’s NextSeq

550 (8 million reads, 38 paired end).

Reads were aligned using the BWA algorithm (mem mode; default settings) (Li and Durbin
2009). Duplicate reads were removed, and only reads that mapped uniquely (mapping quality
>= 1) and as matched pairs were used for further analysis. Alignments were extended in silico
at their 3’—ends to a length of 200 bp and assigned to 32-nt bins along the genome. The
resulting histograms (genomic “signal maps”) were stored in bigWig files. Peaks were
identified using the MACS 2.1.0 algorithm at a cutoff of p—value 1e—7, without control file,
and with the —nomodel option. Peaks that were on the ENCODE blacklist of known false
ChIP-Seq peaks were removed. Signal maps and peak locations were used as input data to
Active Motifs proprietary analysis program, which creates Excel tables containing detailed

information on sample comparison, peak metrics, peak locations, and gene annotations. For
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differential analysis, reads were counted in all merged peak regions (using Subread), and the

replicates for each condition were compared using DESeq2 (Love, Huber et al. 2014).

Other key software used: bcl2fastq2 (v2.20) (processing of Illumina base—call data and
demultiplexing), Samtools (v0.1.19) (processing of BAM files), BEDtools (v2.25.0)
(processing of BED files), wigToBigWig (v4) (generation of bigWIG files), Subread (v1.5.2)
(counting of reads in BAM files for DESeq?2).

7.23 Treatment of cells
7.23.1 JTE-013 and VPC-23019 Treatment

For the glycolysis rescue experiments, JTE-013 (JTE) and VPC-23019 (VPC) were used,
which block S1P receptor 2 and receptor 1,3 respectively. WT and SGPL1-deficient MEFs
were incubated with 10 uM each of JTE and VPC for 24 hrs. JTE and VPC were added from
a stock prepared in ethanol and DMSO, respectively, that ensured final ethanol and DMSO
concentration of less than 1% in the medium to avoid toxicity. Exact amounts of ethanol and

DMSO were added to untreated WT and KO MEFs cultures.

7.23.2 FTY-720 treatment

To validate the SIPR dependent effect on glucose metabolism, the results obtained in
SGPL1-deficient MEFs were recapitulated by extracellular administration of SIPR agonist,
FTY-720. For this, WT MEFs were incubated with 10 nM of FTY-720 for 24 h. FTY-720
stock was prepared in DMSO and the exact amount of DMSO was added to the untreated
ME-Fs.

7.23.3 Rapamycin Treatment

In order to perform autophagy rescue experiments, WT and KO MEFs were incubated with 1
uM of Rapamycin for 24 hrs. Rapamycin was added from a stock prepared in ethanol that
ensured a final ethanol concentration of less than 1% in the medium to avoid toxicity. Exact

amounts of ethanol were added to the untreated WT and KO MEFs cultures.

7.23.4 S1P and S1PR24 Agonist Treatment

To confirm the role of S1P signaling, the results obtained in SGPL1—deficient astrocytes were
recapitulated by extracellular administration of S1P. For this, control astrocytes were

incubated with 10 nM of S1P for 24 hr. S1P stock solution was prepared in water.
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Additionally, to confirm the role of SIPR> and S1PR4 in the activation of P2Y1R signaling,
control astrocytes were treated with the specific agonist of SIPR> and S1PR4. For this, the
control astrocytes were incubated with 5 pM of CYM-5520 (S1PR> agonist) and 5 uM of
CYM-50308 (S1PR4 agonist) for 24 hr. CYM—-5520 and CYM-50308 were both dissolved in
DMSO and so the exact amount of DMSO was added to the untreated control astrocyte

culture.

7.23.5 P2Y1R Inhibitor Treatment

For the rescue experiments of astrocytic hyperactivity, control and SGPL1 deficient KO
astrocytes were treated with 100 pM of MRS2179 for 24 hr to block the P2Y; receptor.

MRS2179 stock solution was prepared in water.

7.23.6 P2Y1R Agonist Treatment

In order to confirm the role of P2Y R in mediating astrogliosis, a specific agonist of P2Y R
was used. For this, control astrocytes were treated with the P2Y R specific agonist, MRS2905
(5 nM) for 24 hr.

7.23.7 P2Y1R antagonist treatment

The rescue experiment of astrocytic hyperactivity was conducted by treating astrocytes with
100 uM of the specific P2Y 1R antagonist, MRS2179 for 24 hours. MRS2179 stock solution

was prepared in water.

7.24 Statistical analysis

For the statistical analysis, GRAPHPAD PRISM 9 software was used. Each result expressed
as means £ SEM was based on at least three independent experiments if not otherwise stated.
The significance of differences between the experimental groups and controls was assessed by
either unpaired Student t-test with false discovery rate (FDR) correction or One-way
Analysis of Variance (ANOVA) with Bonferroni multiple comparison test, as appropriate.
Values with p < 0.05 were considered statistically significant (*p < 0.05; **p < 0.001; ***p <
0.0001; ****p < 0.00001; compared with the respective control group).
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8. ABBREVIATIONS

AD
ADP
Akt
ALS
AMP
ANLS
APOE
APP
APS
ASM
ATG
ATP
BSA
cDNA
CDase
CMA
CerS
CNS
DAMP
DDX3X
DMEM
DMSO
EAP
EDTA
EGF
ER
FBS
GAPDH
GFAP
GFP

Alzheimer’s disease

Adenosine diphosphate
serine/threonine kinase

myotrophic lateral sclerosis

adenosine monophosphate
astrocyte-neuronal lactate shuttle
apolipoprotein E

amyloid precursor protein

ammonium peroxydisulfate

acid sphingomyelinase

autophagy related protein

adenosine triphosphate

bovine serum albumin
complementary deoxyribonucleic acid
ceramidase

chaperone-mediated autophagy
ceramide synthase

central nervous system

damage- or danger-associated molecular pattern
DEAD-box helicase 3 X—linked
Dulbecco’s modified eagle medium
dimethyl sulfoxide

ethanolamine phosphate
ethylenediaminetetraacetate
epidermal growth factor

endoplasmic reticulum

fetal bovine serum

glyceraldehyde 3-phosphate dehydrogenase
glial fibrillary acidic protein

green fluorescent protein
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IFN interferon

IGF insulin-like growth factor

HD huntingtin’s disease

HAT histone acetyltransferase

HDAC histone deacetylase

HRP horseradish peroxidase

[HC immunohistochemistry

[HF immunohistofluorescence

IL interleukin

kDa kilodalton

LC3 microtubule-associated protein 1A/1B-light chain 3
LPS lipopolysaccharide

MAPK mitogen-activated protein kinase
mM millimolar

mRNA messenger ribonucleic acid
mTOR mammalian target of rapamycin
nM nanomolar

NO Nitric oxide

PBS phosphate buffer saline

PCR polymerase chain reaction

PD Parkinson’s disease

PDH pyruvate dehydrogenase

PE phosphatidylethanolamine

PFA paraformaldehyde

PFK Phosphofructokinase

PGE prostaglandin E2

PI3K phosphatidylinositol-4,5-biphosphate 3-kinase
P2X

P2Y1R purinergic receptor 1

ROS reactive oxygen species

S1P sphingosine 1-phosphate

SIPR sphingosine 1-phosphate receptor
SK sphingosine kinase
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SL
SM
SMase
SMS
SNCA
Sph
SGPL1
SPP
SPT
TCA
TNF
ul

ng

pum

sphingolipid

sphingomyelin
sphingomyelinase
sphingomyelin synthase
synuclein alpha

sphingosine

sphingosine 1-phosphate lyase
sphingosine 1-phosphate phosphohydrolase
serine palmitoyl transferase

tri carboxylic acid

tumor necrosis factor
microliter

microgram

micrometer

micromole
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