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AN ABSTRACT OF THE THESIS OF

Alaa Rabie Abou Daher for Master of Science

Major: Physiology

Title: SMPDL3b Mediates Radiation-Induced Human Glomerular Endothelial Cell
Injury

Background: Radiotherapy has been a milestone in the field of oncology, though, for
many tumors, the cure comes at a price. Innocent tissue bystanders get their share of the
radiation, the latter leading to cell death and compromising many bodily functions. One
of the major concerns in treating abdominal and spine cancers is the collateral damage
that the kidneys suffer. Renal failure can be a major cause of death in such patients even
when cancer subsides. Our group has been long investigating the alterations in podocyte
signaling pathways in radiation-induced renal damage as well as in other
podocytopathies, with particular focus on lipidomics. A major player, sphingomyelin
phosphodiesterase acid-like 3b (SMPDL3b) has been identified in the chain of events
leads to podocyte dysfunction upon exposure to radiation. Changes at the level of
protein expression of this newly identified enzyme are linked to alterations in cellular
sphingolipidomic profile and hence cellular function and survival. However, since
podocytes are not the only determinants of the integrity of the glomerular filtration
barrier (GFB) and kidney function, our project extends to explore other cell lines.

Aims: We aimed to establish a radiation dose-response curve of a relatively new cell
line, referred to as conditionally immortalized human glomerular endothelial cells. We
also aimed to reveal the effect of radiation on these cells by unraveling the signaling
pathway that links proteomics, namely NADPH oxidases and oxidative stress, to the
alterations in the sphingolipidomic profile and the subsequent effect of this on cell
survival. Similar to our previous work on human podocytes, SMPDL3b will be at the
center of our focus.

Materials and Methods: Human glomerular endothelial cells were be cultured as
required. To establish the dose-response curve, a colony-forming unit assay will be
used. The cells were irradiated at 4Gy and sent to mass spectrometry for analysis of the
sphingolipid profile. The levels of expression of NOX1 and SMPDL3b post-radiation
were studied as well as the change in oxidative stress during the course of 24 hours. The
cells were treated with a GKT, a NOX inhibitor, with sSiRNA-specific to knockout
SMPDL3b and cell survival was assessed. Finally, the levels of expression of
SMPDL3b will be re-studied in the absence of NOX activity.

Conclusion: A dose of 8 Gy was enough to render all the plated endothelial cells
unviable. Radiation increases NOX1 expression and causes significant oxidative stress.
It also increased SMPDL3b levels and subsequently lead to a decrease in ceramide-1-
phosphate and an increase in long-chain ceramide levels rendering the cells apoptotic.
Cell survival could be restored by knocking out SMPDL3b. Finally, this entire chain of

Vi



events could be stopped by using GKT, a NOX inhibitor, which not only reduced
oxidative stress but also diminished radiation-induced SMPDL3b induction.

Keywords: SMPDL3b, NAPDH oxidase, sphingolipids, ceramide, ceramide-1-
phosphate, radiation, reactive oxygen species.
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CHAPTER |

INTRODUCTION

A. Introducing Sphingolipids

1. The sphingolipid Metabolic Pathway

Studies addressing bioactive lipids have extensively evolved in the past decade,
revealing an unexpected role of the lipidome in cell biology which rivals that of the
genome and proteome (Y. A. Hannun & Obeid, 2018). Bioactive lipids started gaining
attention since the identification of the inositol phospholipids in the 1950s and
continued to attract scientists in the field, with the identification of the signaling
molecule diacylglycerol (DAG) in the 1980s (Y. A. Hannun & Obeid, 2008). Bioactive
lipids, by definition, are lipid species that change levels acutely and/or chronically in
response to stimuli, usually in time and/or dose-dependent manner. In addition to their
structural roles in biological membranes and as energy storage molecules, lipids are
now considered to serve as second messengers (Y. A. Hannun & Obeid, 2018). Rather
than being mere spectators, it is currently well-established that lipids regulate the
accommodation, fluidity and subdomain structures of such membranes, hence
controlling countless aspects of cellular physiology. It suffices to say that the function
and state of activation of many membrane-bound and associated proteins including
receptors are highly influenced by the lipid composition of the membrane, the latter

being dependent on a variety of intracellular and extracellular conditions.

First introduced to the literature in the late 19" century by Thudicum, after their
isolation from rat brain extracts (Yamakawa, 1996), sphingolipids have gained

increasing attention, and many modern biotechnological techniques have been



developed to gain an insight into their metabolism and mechanism of action. It is
through these techniques that the structure of sphingosine has been elucidated.
Sphingosine is the building block of sphingolipids that allows their distinction from all
other lipid subtypes. Recent literature reveals that sphingolipids are a major class of
bioactive lipids, serve key roles in cell signaling, and are important modulators of
cellular interactions thus establishing a link between the sphingolipid metabolic
pathways and a variety of physiological and pathophysiological conditions, called
sphingolipidoses. Although the metabolic pathway of sphingolipids has been
established and its compartmentalization has been laid out, with more than 40 enzymes
involved in mammalian cells, researchers and clinicians still face numerous
uncertainties in this field. To address these ambiguities, it is inevitable to define the
biochemical and molecular interactions between sphingolipids and other cellular
macromolecules like proteins. The implications of such interactions in safeguarding or
disrupting cellular homeostasis are yet to be elucidated (Y. A. Hannun & Obeid, 2018).
In addition, our schematic understanding of the various enzymes involved in the turn-
over of these lipid species is frequently challenged by the identification of new players,
one of which is the sphingomyelin phosphodiesterase acid-like 3b (SMPDL3b)

(Gorelik, Illes, Heinz, Superti-Furga, & Nagar, 2016).

Sphingolipid metabolism can be thought of as an interconnected network of
biochemical reactions that starts from one point, diverges through synthesis and then
converges again at breakdown into another common point. Thus, sphingolipids share
the same catabolic and anabolic biochemical pathways. The most important bioactive
sphingolipids that are known to be involved in cellular growth, senescence, apoptosis,

migration, and differentiation among other cellular processes are sphingosine,



sphingosine-1-phosphate (S1P), ceramide and ceramide-1-phosphate (C1P) (Y. A.
Hannun & Obeid, 2018). Ceramide and its phosphorylated form, C1P, are the most

relevant signaling sphingolipids in the context of our work.

The synthetic process of sphingolipids starts in the endoplasmic reticulum from non-
sphingolipid precursors to form 18-carbon amino-alcohol backbones. Modification of
these backbones, namely sphingosine, dihydrosphingosine, and phytosphingosine by the
addition of other organic groups is what adds layers to the diversity of the family of
sphingolipids, which currently comprises more than a thousand naturally occurring

molecules.

At baseline or upon the exposure of the cell to a stressor such as hypoxia, radiation,
heat or chemical treatment, the sphingolipid metabolic pathway is triggered and
ceramide, the simplest of all sphingolipids, is synthesized through one of three distinct
pathways, one of which is de novo synthesis. The latter happens at the cytosolic surface
of the intracellular endoplasmic reticulum through the condensation of L-serine and
palmitoyl-CoA, catalyzed by serine-palmitoyl transferase (SPT) to produce 3-
ketosphinganine. 3-ketosphinganine is further converted through a set of biochemical
reactions involving the enzyme ceramide synthase (CerS) and a fatty acyl group into
dihydroceramide and eventually ceramide. Ceramide can then be transported to the
Golgi apparatus, either via vesicular or non-vesicular transport, where it is further
processed depending on the metabolic needs of the cell to yield more complex
sphingolipids. The Golgi apparatus is hence considered the site of synthesis of the
complex sphingolipids such as glycosphingolipids and sphingomyelins. The newly
synthesized lipids are then escorted to the plasma membrane (PM) through well-known

mechanisms that are similar Golgi-PM transfer of proteins. CerS also catalyzes the



synthesis of ceramide from the backbone sphingosine through a second pathway,
namely the salvage pathway. The latter serves to recycle the fatty acids in the cell.
There are six isoforms of the enzyme ceramide synthase, all encoded by the same
family of genes, but each of which produces a different ceramide subspecies unique in
its fatty acid composition and degree of saturation. Finally, ceramide can be generated
through the hydrolysis of sphingomyelins. This reaction is mediated by a family of

enzymes called sphingomyelinases, producing phosphocholine as a by-product.

Once ceramide is generated, it can be dealt with by the cell in different ways, in
addition to its use in the synthesis of complex sphingolipids. For example, a family of
enzymes known as ceramidases breakdown ceramides into sphingosine. There are three
known ceramidases, each of which functions at an optimum pH. Alternatively, ceramide
can be phosphorylated through ceramide kinase (CERK) to produce ceramide-1-
phosphate (C1P), another phosphorylated bioactive sphingolipid with an extensive array
of functions. Figure 1 illustrates the sphingolipid metabolic pathway. Despite the
intensive ongoing research on C1P, neither a C1P lyase nor C1P membrane-bound

receptors have been identified yet.

Lipids are macromolecules that are not as readily eliminated by the cells owing to
their hydrophobic nature. Hence, they tend to accumulate in the intracellular space if
they are not metabolized. It is not surprising therefore that for every new complex
sphingolipid that the cell synthesizes there is an opposing enzyme that can catabolize it
into a simpler form that can be more readily metabolized and eliminated. Many
lysosomal hydrolases cooperate in a coordinated fashion to breakdown complex
sphingolipids. The absence of one enzyme dictates the accumulation of its substrate

which often leads to a pathological condition. Indeed, defects in sphingolipid



catabolizing enzymes stand behind many of the identified lipid storage diseases such as

Fabry’s and Tay Sachs diseases.

Just like all complex sphingolipids start from simple precursors during anabolism,
all end up with ceramide after catabolism. The only route out of the sphingolipid
metabolic pathway is the deacetylation of ceramide into sphingosine by ceramidases.
The latter can be lysed by S1P lyase in the ER into hexadecenal and
phosphoethanolamine, thus marking the only known “exit” out of the sphingolipid
metabolic cycle. The sphingolipid pathway has been extensively explored in a set of
well-written reviews from which the discussed information was obtained (Abou Daher
etal., 2017; Gault, Obeid, & Hannun, 2010; Y. A. Hannun & Obeid, 2008, 2011; Y. H.
Zeidan & Hannun, 2007) and the mentioned fatty aldehyde products of sphingolipid
clearance are sequentially metabolized by a set of newly identified enzymes

(Wakashima, Abe, & Kihara, 2014).

It is important to note that several recent findings have increased the scope of our
understanding of the sphingolipid metabolic pathways. Studies on hereditary sensory
and autonomic neuropathy (HSAN1) have revealed that SPT has substrates other than
serine such as alanine and glycine, albeit with less specificity, leading to the production
of low levels of non-canonical by-products including deoxysphingoid and the 1-
deoxymethylsphingoids (Murphy et al., 2013). Additionally, recently identified subunits
of SPT have shown a remarkable specificity to fatty acids other than palmitate such as
myristate and stearate. Hence, there has been increasing traction to replace the
nomenclature of SPT by SAG/PMST to refer to its ability to use alanine, glycine,
stearate, and myristate as substrates other than the major ones, serine and palmitate.

Whether the generated non-canonical metabolites have physiological effects is still



unknown to date, however, they have been implicated in neurotoxicity observed in

HSANL1 patients (Bode et al., 2016; Harmon et al., 2013; Hornemann et al., 2009).

Besides, other studies have recently identified an unsuspected enzyme, named
sphingomyelin synthase-related (SMSr). Instead of utilizing phosphocholine to generate
sphingomyelin from ceramide, the latter utilizes phosphoethanolamine as a donor of
ethanolamine phosphate and rather generates another sphingolipid called ceramide

ethanolamine phosphate (Cabukusta et al., 2017).

Because of their involvement in many important cellular processes, there have been
monumental efforts to translate the basic research conducted on sphingolipids into
clinical applications. Sphingolipids are being increasingly implicated as key players in
the pathogenesis of a wide range of human diseases including cancer, inflammation,
insulin resistance and diabetic complications, and a variety of neurological and
metabolic disorders. Unravelling the sphingolipidomic universe and developing small
molecules that can interfere with sphingolipid metabolism have been milestones in
understanding and treating inflammatory conditions, malignancies and autoimmune
diseases (Y. H. Zeidan & Hannun, 2007). Indeed, the sphingosine analogue FTY 720,
also known as Fingolimod, has been recently approved by the FDA under the tradename
Gilenya® as the first oral treatment for adult and pediatric patients with relapsed

multiple sclerosis (MS) in the United States (Strader, Pearce, & Oberlies, 2011).
2. Sphingolipids in Cell Signaling

It has become clear that sphingolipids are involved in major aspects of cell biology.
Numerous lines of evidence implicate them in cellular growth, differentiation, adhesion

and migration, cell cycle regulation, apoptosis, necrosis, autophagy, nutrient uptake and



metabolism, in addition to responses to stressful stimuli such as inflammation
(Chaurasia & Summers, 2015; Galadari, Rahman, Pallichankandy, & Thayyullathil,
2015; Y. A. Hannun & Obeid, 2008; Spiegel & Milstien, 2011). Our comprehensive
understanding of sphingolipids has been propelled by the use of advanced molecular
technologies such as gene silencing, CRISPR-mediated knock-out of the enzymes
involved in sphingolipid metabolism and through the use of model organisms (Y. A.

Hannun & Obeid, 2018).

Our basic insight into the functions of sphingolipids comes from yeast studies in
Saccharomyces cerevisiae. An increase in the temperature of the surrounding of yeast
cells increases the flux into the de novo synthesis pathway and results in the generation
of phosphorylated and non-phosphorylated sphingoid bases. Ceramides are the main
response elements generated and they regulate nutrient permeability, arrest mMRNA
sequestration and translation and transiently halt the cell division. Ceramides have also
been implicated in the iron transport, the acid sensitivity, and the regulation of cell cycle
checkpoints in yeast cells. Furthermore, ceramides are involved in the responses of a
yeast cell to DNA damage and to the accumulation of reactive oxygen species (ROS)
(Chauhan, Visram, Cristobal-Sarramian, Sarkleti, & Kohlwein, 2015; Epstein &
Riezman, 2013; Matmati et al., 2013; Montefusco, Matmati, & Hannun, 2014; Teixeira

& Costa, 2016).

Recent data underscore the critical role of bioactive lipids in cellular adhesion,
migration, and invasion. Sphingosine kinases 1 & 2 (Sk1 and Sk2), enzymes that
generate sphingosine-1-phosphate, have been specifically implicated in the formation of
filopodia in response to certain stimuli. This happens in an S1IPR2-mediated mechanism

that involves the phosphorylation of ezrin, a protein involved in cellular motility.



S1PR2 is G-protein coupled receptor (GPCR) and is a member of the S1P receptors
family (S1PRs), a set of five cell surface receptors through which S1P exerts most of its
known physiological effects on the cells (Adada et al., 2015; Bretscher, Edwards, &

Fehon, 2002).

In addition, sphingolipids affect membrane dynamics. The literature supports the
presence of specific domains in the cellular plasma membranes, including rafts, that are
enriched with sphingolipids, with a remarkable abundancy of ceramides. Although the
nature and importance of such domains have not been elucidated yet, there is evidence
that they regulate membrane receptor functions and hence influence downstream
signaling pathways that are involved in the response of the cells to endocrine, paracrine
and autocrine stimuli. There is also evidence that supports the role of ceramides in
contributing to and potentially enhancing the formation of such domains (Carreira,

Ventura, Varela, & Silva, 2015).

A landmark study has suggested the involvement of sphingolipids in exocytosis.
The study conducted by Trajkovic et al. (2008) supports the role of the plasma
membrane neutral sphingomyelinase enzyme (nSMase) in the formation and secretion
of exosomes (Trajkovic et al., 2008). Exosomes are a subtype of small secretory
vesicles implicated in cell-cell communication and present possible therapeutic targets
in many clinical settings on neural development and degeneration (Guo, Bellingham, &
Hill, 2015; Kosaka et al., 2010). In accordance with these findings, another study
conducted by Yuyama et al (2012) proved that inhibition of sphingomyelin formation,
through the inhibition of SMS2, also promotes exosome secretion and may help neurons
get rid of the toxic f-amyloid proteins, hence implicating sphingolipids in Alzheimer’s

disease (Yuyama, Sun, Mitsutake, & Igarashi, 2012). SMS2 also appears to play a role



in the recognition and interaction between the HIV viral particle and the host cell

plasma membrane and the enveloping of the virus (Hayashi et al., 2014).

The role of sphingolipids in membrane traffic was further expanded by studies that
implicated Sk1 and the generated S1P in the formation of recycling endosomes, in an
S1PR-independent mechanism. Knockdown of SK1 in such studies lead to defective
endocytosis (Shen et al., 2014). It was also demonstrated that specific species of
sphingomyelins, such as Cig sphingomyelins, interact with an integral component of the
coat protein COPI and play a crucial role in vesicular trafficking (Contreras et al.,

2012).
3. Ceramide and C1P in Cell Damage, Survival & Proliferation

Ceramide is generated from sphingoid bases by the action of a family of six
ceramide synthases (CerSs 1-6), each of which has its fatty-acid specificity and hence
generates a different endogenous ceramide; So rather than being a single lipid moiety,
ceramides constitute a set of related molecules with distinct emerging functions (Y. A.
Hannun & Obeid, 2018). In addition to the variety observed in sphingoid bases due to
the incomplete specificity of SPT (Bode et al., 2016; Harmon et al., 2013; Hornemann
et al., 2009), the variation in ceramides is further compounded by the variety of acyl
groups that can serve as substrates for CerSs. While CerSs have been described to be
mainly localized to the ER, current research hints at their presence in the mitochondria
and nuclear membrane (Cingolani, Futerman, & Casas, 2016). The action of a family of
elongases, hydroxylases, and desaturases that can either act on the sphingoid bases or

the on fatty acyl groups further magnifies the complexity of ceramides by generating



different versions of the same molecule (Wakashima et al., 2014; Wegner, Schiffmann,

Parnham, Geisslinger, & Grosch, 2016).

Unlike other sphingolipids, ceramides are neutral and hence do not require special
transporters. They can reside in their site of generation and still be involved in many
known functional changes by readily flipping across membrane leaflets (Y. A. Hannun

& Obeid, 2008).

Ceramides are activated by a wide array of stressors such as genotoxic damage, heat
shock, and oxidative stress. They are involved in anti-proliferative cellular processes
including necrosis, apoptosis, and senescence, through activating or suppressing key
effector molecules implicated in cellular division and survival (Galadari et al., 2015).
For example, activation of CerSs 5 & 6 and the consequent accumulation of Cys-
ceramide species have been implicated in the cytotoxic effects of ionizing-radiation
(Mesicek et al., 2010). Indeed, UV-irradiation was shown to induce apoptosis in MCF-7
cells, a cell line of breast cancer, through the generation and accumulation of long-chain
ceramide species including Cis-ceramides (Y. H. Zeidan, Wu, Jenkins, Obeid, &

Hannun, 2008).

It is thought that ceramides exert their effects through the regulation of the cellular
phosphoproteome via ceramide-activated serine/threonine protein phosphatases such as
PP2A and PP1. Sit4, the PP2A analog in yeast cells, has been shown to play a
remarkable role in the regulation of the cell cycle and mitochondrial functions (Teixeira
& Costa, 2016). CAPPs bind to ceramides (Chalfant, Szulc, Roddy, Bielawska, &
Hannun, 2004) and lead to the sequential regulation of other substrates such as the

serine/threonine protein kinase B (AKT), protein kinase C and ezrin (Galadari et al.,

10



2015). There are different pools of ceramides in the cell, which tend to be organelle-
specific. Compelling evidence implicates most of the known ceramide species in the
induction of the apoptotic pathways, although there is a lack in the knowledge of the
particular functions of specific ceramides species. Lysosomal ceramides, for example,
activate cathepsin B and trigger the degradation of the X-linked inhibitor of apoptosis
(Taniguchi et al., 2015). The mitochondrial ceramide pool has an independent role in
the apoptotic pathway (Birbes et al., 2005); channeling ceramides into the
mitochondrion was shown to be sufficient to induce apoptosis (Jain, Beutel, Ebell,

Korneev, & Holthuis, 2017).

Ceramide-1-phosphate (C1P) was first described more than 2 decades ago in HL-60
human leukemia cells, where a group of researchers reported that sphingomyelin-
derived ceramide can be phosphorylated by an intracellular enzyme functionally and
physically different from diacylglycerol kinases (Kolesnick & Hemer, 1990). CERK is
known to be different than but a close relative to sphingosine kinases (Sugiura et al.,
2002), and its cloning has helped in unravelling many of the physiological functions of
C1P. To date, CERK is the only known enzyme to produce C1P and the plasma
concentrations of the latter can vary up to 20 uM (Boath et al., 2008), being mainly

released from macrophages and damaged cells (Boath et al., 2008; C. Kim et al., 2013).

Numerous studies in the literature indicate that C1P is a major regulator of cell
survival pathways. Gomez and co-workers have deciphered, through a series of
experiments, the role of C1P in the survival of bone marrow-derived macrophages
(BMDMs) under stress conditions, such as withdrawal of macrophage-colony
stimulating factor (M-CSF). Although the withdrawal of M-CSF causes the death of

macrophages, the addition of C1P was able to rescue these cells through the activation

11



of the PI3BK/AKT pathway and the downstream transcription factor NFkB, which leads
to the production of anti-apoptotic proteins (Gomez-Mufioz et al., 2005). In earlier
experiments as well, C1P has been shown to rescue these same cells through the
inhibition of the acid-sphingomyelinase (ASMase) and the subsequent decrease in the
production of pro-apoptotic ceramides (Gomez-Mufioz, Kong, Salh, & Steinbrecher,

2004).

In addition, studies that date back to 1995 and onwards have implicated the role of
C1P in cellular proliferation in different cell types, starting with rat fibroblasts and
moving on to different cancer cell lines such as A549 human lung adenocarcinoma,
MCEF-7 breast cancer, and mice leukemia cell lines (Gomez-Mufioz, 2018). The role of
C1P in cellular proliferation was extensively studied by Gangoiti et al. in BMDMs. The
mechanisms through which C1P stimulates cell proliferation involves the activation of a
variety of signaling transduction including the upstream mitogen-activated kinase
(MEK) and its downstream target, the extracellularly regulated kinases 1 & 2 (ERK1 &
2). AKT targets glycogen synthase kinase 3-beta (GSK 3f) and the downstream cyclin-
D, c-Myc and c-Jun N-terminal kinases (JNKSs) are also involved (Gangoiti et al., 2008).
Subsequent studies by the same group demonstrated that the effect of CLP on BMDM
proliferation is also mediated by the activation of the protein kinase C alpha (PKCa)
and the phosphorylation and activation of the mTORC1 / P70S6K /RhoA/ ROCK
pathway (Gangoiti, Granado, Arana, Ouro, & Gomez-Mufioz, 2010; Gangoiti et al.,
2008). The production of a small number of reactive oxygen species (ROS) has been
paradoxically implicated in the proliferative effects of C1P (Arana et al., 2012). In
addition, a 2018 study conducted by Bernacchioni et al. revealed that the action of C1P

on AKT and ERK1/2 is partially due to its activation of the lysophosphatidic acid
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(LPA) signaling axis, including to the activation of PLA2, of major LPA G-protein
coupled receptors (LPA; and LPA3), and their downstream targets hence resulting in

DNA synthesis and cellular regeneration (Chihwa Kim et al., 2013).

B. Sphingolipids in Health and Disease

Recent research implicates sphingolipids in a variety of disease states including
inflammation, cancer, insulin resistance, diabetes and its complications, among many

other conditions (Abou Daher et al., 2017; Y. A. Hannun & Obeid, 2018).

1. Sphingolipids in Inflammation

A strong case for the bioactive sphingolipid C1P has been established in
inflammatory conditions. Inflammation is the body’s natural response to foreign agents
and allergens and is a mechanism by which the body tries to protect itself from invasion
by potentially harmful organisms. On one hand, C1P was shown to mediate the
translocation and activation of the cytosolic phospholipase A2 (cPLA2) in response to
inflammatory stimuli such as the cytokine interleukin-1p (IL-1p) thus leading to the
mobilization of arachidonic acid and the subsequent production of eicosanoids (Pettus,
Bielawska, Spiegel, et al., 2003; Pettus, Bielawska, Subramanian, et al., 2003). On the
other hand, C1P was shown to possess an anti-inflammatory function. In later
experiments conducted by Hankins et al (2011), exogenous administration of C1P lead
to a dose-dependent inhibition of LPS-mediated NFxB transcription and a consequent
inhibition of LPS-mediated cytokine release by HEK293 cells and human peripheral
mononuclear blood cells (Jody L Hankins, Todd E Fox, Brian M Barth, Kellee A

Unrath, & Mark Kester, 2011).
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S1P is another bioactive sphingolipid that has been extensively implicated in
inflammation. It has been established that S1P acts in concert with C1P to regulate the
mammalian inflammatory response. While C1P regulates the rate-limiting enzyme in
the synthesis of eicosanoids, cPLA2 (Clark, Schievella, Nalefski, & Lin, 1995), S1P has
been shown to regulate a later step through the enzyme cyclooxygenase-2 (COX2).
COX2 utilizes the arachidonic acid that has been mobilized by cPLA2 to generate
prostaglandins (Scott, Bryant, & Bidgood, 1999). The research on this pathway has
extended recently to reveal that the sphingosine substrate used by SK to generate the
S1P required for PGE2 production is generated by the hydrolysis of ceramide by acid
ceramidase. This further implicates the intricate sphingolipid pathway in inflammatory

reactions (Youssef H Zeidan et al., 2006).

Adaptive immunity depends on the trafficking of B and T lymphocytes between
secondary lymphoid organs to keep antigens in check. This mechanism is highly
dependent on the gradient of S1P acting through S1P1 receptors. Mice whose
hematopoietic stem cells lack S1P1 receptors have revealed that SIPR1 and its substrate
S1P are important not only in the recirculation and homing of lymphocytes but also in
the development of T lymphocytes and the response of both B and T lymphocytes to

chemotactic agents (Goetzl & Rosen, 2004; Matloubian et al., 2004).

S1P is highly involved in the cellular arm of the inflammatory reaction. In addition
to what has been discussed earlier, neutrophil migration, extravasation, and priming rely
on the generation of S1P (lbrahim, Pang, & Melendez, 2004; MacKinnon et al., 2002).
Also, mast cell degranulation, a critical step involved in allergic reactions, is dependent
on the generation of C1P and S1P downstream of the interaction between IgE and its

high-affinity receptor FceR (Mitsutake et al., 2004; Prieschl, Csonga, Novotny, Kikuchi,
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& Baumruker, 1999). Finally, the last example about the role of sphingolipids in
immune reactions is the importance of C1P in macrophage survival and cytokine
production (Gomez-Mufioz et al., 2004; J Turinsky, David M O'Sullivan, & Brian P

Bayly, 1990).

2. Sphingolipids in Cancer:

An accumulating body of evidence suggests a critical role of ceramide and S1P-
mediated signaling in tumorigenesis and chemotherapy response of breast, prostate and
colon cancers. Tumorigenesis is the process through which the cell acquires numerous
genetic aberrations that eventually lead to dysplastic morphology and unregulated

growth (Furuya, Shimizu, & Kawamori, 2011).

The first study to point out a relationship between colon cancer and sphingolipids
was conducted by Dudeja et al. in 1986. In this study, elevated levels of sphingomyelins
were reported in the colonic mucosa of animals treated with 1,2 -dimethylhydrazine
(DMH), an agent that is known to induce colon cancer (Dudeja, Dahiya, & Brasitus,
1986). In later studies, the oral administration of SM, ceramide analogs, or purified
GSLs into different mice models of colon cancer revealed that these sphingolipids play
arole in the malignancy and incidence of several types of colon cancer. Upon analysis
of colon tumors, these effects were found to be achieved through mediating the
expression of genes like E-cadherin, connexin 43, Beclin-2, and 3-catenin (Lemonnier
et al., 2003; Schmelz, Bushnev, Dillehay, Liotta, & Merrill Jr, 1997; Schmelz et al.,
1999; Schmelz et al., 1996; Schmelz et al., 2001; Schmelz, Sullards, Dillehay, & Merrill
Jr, 2000; Symolon, Schmelz, Dillehay, & Merrill Jr, 2004). Peroxisome proliferator-

activated receptor y (PPARY) and post-transcriptional and translational modifications of
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the gene expression profile of the cells involved are also thought to participate in the
observed effect of the dietary-supplemented sphingolipids on the development and
progression of induced colon carcinogenesis (Mazzei et al., 2011). Moreover, S1P and
its synthetic enzymes and receptors (S1PRy.s) have been implicated in colon cancer due
to their mitogenic and angiogenic roles. This has been studied in detail with sphingosine
kinase 1 (SphK1) due to the presence of SphK1 KO mice (Kawamori et al., 2009;
Snider et al., 2009) and with sphingosine kinase 2 (SphK2) due to the presence of the
SphK2-specific inhibitor ABC294649 (Kohno et al., 2006; Lynn W Maines et al.,
2008), which has led to the new concept of using S1P antibodies as potential therapies

(Allende & Proia, 2002; Hla, 2003; M.-J. Lee et al., 1999; Visentin et al., 2006).

Sphingolipids have also been implicated in drug resistance to breast cancer. The
glucosylceramide content of tumors from chemotherapy-resistant breast cancer patients
was significantly higher than the glucosylceramide content of breast tumors from
chemotherapy-responsive ones. It has been exhibited that, in many cases of breast
cancer, there is an overexpression and overactivation of glucosylceramide synthase,
which catalyzes the conversion of the accumulated ceramide into glucosylceramide. In
its turn, the accumulation of the glucosylceramide mediates the expression of proteins
that are involved in multi-drug resistance such as P-glycoprotein and activates cSrc and
[-catenin signaling (Antoon et al., 2010; Valerie Gouaze et al., 2004; Lavie, Cao,
Bursten, Giuliano, & Cabot, 1996; Y.-y. Liu, Han, Giuliano, & CABOT, 2001; Y.-Y.
Liu et al., 2004; Lucci et al., 1998). Indeed, the silencing of GCS with siRNA
downregulates P-glycoprotein and re-sensitizes breast cancer cells to chemotherapeutic

agents (Valérie Gouazé et al., 2005).
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In addition, particular species of ceramide, such as the Cy6.9 ceramide, have been
associated with the malignancy and the metastatic potential of breast tumors (Antoon et
al., 2009; Struckhoff et al., 2004). As a result, an accumulating body of evidence
portrays ceramide (Antoon et al., 2010) as well as sphingosine kinase receptors (Goetzl,
Dolezalova, Kong, & Zeng, 1999) as potential therapeutic targets in breast cancer, the
latter being heavily involved in estrogen-induced tumorigenesis (Nava, Hobson,
Murthy, Milstien, & Spiegel, 2002; Wang, Redmond, Watson, Condron, & Bouchier-

Hayes, 1999).

Prostate cancer is one of the most lethal malignancies among males. The number of
death from prostate cancer is on the rise mainly due to metastatic and/or recurrent
malignancies that are chemo- and radioresistant; It is thought that sphingolipids play a
critical role in the radiosensitivity of prostate cancer cells; particularly, the lack of
ceramide production is implicated in the radio-resistance of the androgen-sensitive
prostate cancer adenocarcinoma cell line LNCaP (Chmura et al., 1997). Since TNF-a,
like ionizing radiation, triggers the hydrolysis of sphingomyelin (SM) into ceramide
(Haimovitz-Friedman et al., 1994), treatment of LNCaP cells with TNF-o alongside
irradiation enhanced the apoptosis in these cells, further implicating ceramide
production in radio-sensitivity (Kimura, Bowen, Spiegel, & Gelmann, 1999). In
addition to increasing the levels of ceramide, this treatment increased the level of
sphingosine through activating the hydrolysis of S1P into sphingosine, leading to a
remarkable drop in the intracellular levels of S1P. Indeed, treatment of LNCaP cells
with exogenous sphingosine or inhibition of sphingosine kinases re-sensitized them to

radiotherapy and elevated radiation-induced apoptosis (Nava et al., 2000).
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In addition, overexpression of ceramidase, which converts ceramide into
sphingosine is found in 60% of primary prostate cancer tissues and is associated with
enhanced tumor proliferation and migration, bigger tumor volumes (Mahdy et al., 2009;
Norris et al., 2006; Seelan et al., 2000), and resistance of tumors to conventional

chemotherapeutic agents and radiotherapy (Mahdy et al., 2009; Saad et al., 2007).

In conclusion, sphingolipids, especially ceramides and S1Ps are major players in

tumorigenesis and are target candidates for cancer treatment and prevention.

3. Sphingolipids in Diabetes and Diabetic Complications:

Diabetes is a metabolic disorder characterized by insulin resistance in muscle, liver,
and adipose tissues. Initial observations that revealed the role of sphingolipids in the
development of insulin resistance came from experiments that demonstrated an
accumulation of ceramide in insulin-resistant tissues such as the liver and muscle tissues
of Zucker obese rats (J. Turinsky, D. M. O'Sullivan, & B. P. Bayly, 1990). This was
confirmed in later studies that reported elevation of ceramide levels in muscle biopsies
obtained from obese insulin-resistant individuals (Adams et al., 2004). In addition, the
adipose tissues of obese ob/ob mice showed increased mRNA levels of acid and neutral
sphingomyelinases as well as of serine palmitoyl-transferase (SPT) (Samad, Hester,

Yang, Hannun, & Bielawski, 2006).

Studies investigating the role of ceramide in promoting insulin resistance have
discussed several ways through which ceramide can negatively affect insulin signaling
through Akt and other less established targets in this signaling pathway. Ceramide can
lead to the dephosphorylation and deactivation of Akt through PPA2, which can block

Akt translocation to the plasma membrane by interacting with its pleckstrin-homology
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domain and can also disrupt signaling through IRS1 and the P13 kinase (Summers,

2006).

In addition, ceramide has been shown to lead to insulin resistance downstream of
TNF-a and saturated fatty acids. Saturated fatty acids inhibit insulin signaling through
activating the de novo synthesis of ceramide, which is why blockade of this pathway by
fumonism B1 and myriocin, in C2C12 myotubes, restores proper insulin signaling even
after treatment with palmitate (Summers, 2006). In addition to ceramides, the
ganglioside GM3 and the enzymes involved in its synthesis such as GCS and GM3
synthase have also been implicated in insulin resistance downstream of TNF-a

(Kabayama et al., 2005; Tagami et al., 2002; Yamashita et al., 2003).

Moreover, studies by Unger et al. have shown that the accumulation of ceramide by
the de novo synthesis pathway is implicated in pancreatic B-cell damage and apoptosis
(Kabayama et al., 2005); thus, proving that sphingolipids are involved in the initiating
events of T2D such as peripheral insulin resistance and in B-cell failure and the resulting

overt hyperglycemia (Ng, Wadham, & Sukocheva, 2017).

In addition to their role in insulin resistance and type 2 diabetes, sphingolipids have
also been implicated in the development of type 1 diabetes. Recent evidence points at
the importance of circulating sphingolipids as potential biomarkers for type 1 diabetes.
Different animal models of type 1 diabetes such as streptozotocin-induced diabetic rats
and Ins2Akita diabetic mice showed increased plasma levels of sphingosine-1-
phosphate compared to the control group (J. L. Hankins, T. E. Fox, B. M. Barth, K. A.
Unrath, & M. Kester, 2011). In fact, many previous studies have hinted at the role of the

sphingosine kinase enzyme in improving hepatic insulin signaling in cases of obesity
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and diabetes (Fox et al., 2011; S. Y. Lee et al., 2015; Osawa et al., 2011; Tao, Sifuentes,
& Holland, 2014). Indeed, the mentioned animal models of type 1 diabetes showed
decreased plasma and tissue levels of omega-9 esterified neuro- and cardioprotective
sphingolipids such as omega-9 24:1 (nervonic acid) ceramide, sphingomyelin, and
cerebrosides. It is worth mentioning that a high-fat diet exacerbated this decrease
whereas treatment by insulin restored the normal levels of the mentioned sphingolipids

(J. L. Hankins et al., 2011).

Based on the above evidence, one can deduce that pharmacological intervention or
genetic ablations that manipulate sphingolipid levels by targeting metabolic enzymes
might prove as potential therapeutic targets in ameliorating the lipotoxicity associated

with obesity, type 2 diabetes and B-cell dysfunction (Holland & Summers, 2008).

In addition to their involvement in the development of different types of diabetes,
research implicates the involvement of sphingolipids and their metabolism in the
development and progression of diabetic macrovascular (Holland & Summers, 2008)
and several microvascular complications including diabetic neuropathy (Abuhusain et
al., 2013; Guan et al., 2011; Janes et al., 2014), retinopathy (L. W. Maines, French,

Wolpert, Antonetti, & Smith, 2006; Xie et al., 2009) and nephropathy (Lan et al., 2011).

C. Sphingolipids in Renal Pathophysiology

It has become clear over the past decade that sphingolipids play a major role in
kidney pathology. The accumulation of sphingolipids and their metabolites in renal
tissue is characteristic of many genetic storage diseases that present with clinical
nephropathy. Sphingolipids can also accumulate in functional kidney cells, however,

eventually leading to kidney disease, even in the absence of a genetic predisposition.
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The latter cases have been referred to as “acquired” sphingolipid storage diseases

(Merscher & Fornoni, 2014).

Tay-Sachs and Sandhoff are two clinically indistinguishable lipid storage diseases
characterized by genetic mutations in the subunits of hexosaminidase, an enzyme in the
sphingolipid metabolic pathway, and the subsequent accumulation of its substrate, the
ganglioside GM2. This leads to hepatic, nervous and renal dysfunction (Sandhoff,

Andreae, & Jatzkewitz, 1968; Tatematsu et al., 1981).

Fabry’s disease is characterized by a mutation in the gene encoding the enzyme
alpha-galactosidase A (GLA), leading to the accumulation of globotriaosylceramide
(Gb3) in many affected body tissues and fluids, mainly in the heart, kidneys and the
central nervous system (Nance et al., 2006). In renal tissue, Gb3 accumulation occurs
intracellularly in the endoplasmic reticulum, lysosomes and nuclei of kidney cells,
leading to podocyte hypertrophy and acquisition of a characteristic foamy appearance,
in addition to the formation of zebra-body inclusions resulting from the accumulated
glycolipids, and mesangial matrix widening and foot processes effacement (Alroy,
Sabnis, & Kopp, 2002; Askari et al., 2007). These microscopic observations have been
directly associated with renal injury and proteinuria in patients with Fabry’s disease
(Najafian et al., 2011; Thurberg et al., 2002). Enzyme replacement therapy using
recombinant human alpha-galactosidase A has proven to be efficient in halting disease
progression and preventing renal insults that lead to kidney failure (Quinta et al., 2014;

Thurberg et al., 2002).

Niemann-Pick is another genetic disorder of recessive autosomal inheritance pattern

that is characterized by mutations in several genes, including the one coding for the
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phosphodiesterase enzyme-1. These mutations lead to the accumulation of cholesterol
and sphingomyelin in body tissues. Microscopic observations in SMPD1-KO mice
reveal the presence of lipid-laden macrophages with a foamy appearance in the affected
organs, such as the bone marrow, liver, and kidneys, a sign indicative of excessive
inflammation (Briere et al., 1976; Kuemmel, Thiele, Schroeder, & Stoffel, 1997).
Enzyme replacement therapy, also known as ERT, using a recombinant acid-
sphingomyelinase enzyme proved to be effective in alleviating symptoms of Niemann-

Pick disease, albeit at the level of animal models (Miranda et al., 2000).

Research on genetic disorders relating to sphingolipid metabolism and renal insults
has initiated further investigations on the role of sphingolipids in non-genetic renal

diseases.

Diabetic kidney disease (DKD) is the leading cause of renal failure in the United
States; DKD is characterized by podocyte feet processes effacement and eventual
podocyte loss (podocytopenia) and is associated with types 1 and 2 of diabetes (Meyer,
Bennett, & Nelson, 1999; Pagtalunan et al., 1997; Steffes, Schmidt, McCrery, Basgen,
& International Diabetic Nephropathy Study, 2001; Verzola et al., 2007; White et al.,
2002). Recently, it has become clear that the levels of sphingolipids such as sphingosine
(Gorska, Dobrzyn, & Baranowski, 2005), ceramide (Blachnio-Zabielska et al., 2012;
Haus et al., 2009), glycosphingolipids (Kremer, Atzpodien, & Schnellbacher, 1975),
and sphinganine (Blachnio-Zabielska et al., 2012; Gorska et al., 2005) are elevated in
the plasma of diabetic patients. In addition, the renal diabetic complications have also
been lately linked to the intracellular levels of sphingolipids in glomerular cells

including the podocytes.
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Since then, many studies have been conducted to elucidate the role of sphingolipids
in diabetes-associated glomerular hypertrophy, cell proliferation, damage, and
dysfunction. Rat models of STZ-induced type 1 diabetes were used and alterations in
sphingolipid metabolism were observed as early as the 4™ day after the induction of
diabetes. Enzymes like neutral ceramidase and sphingosine kinase, responsible for
conversion of ceramide into sphingosine and sphingosine-1-phosphate respectively,
were increased in renal glomerular tissue and this was associated with the accumulation
of the end-product S1P in the rat glomeruli (Geoffroy, Troncy, Wiernsperger, Lagarde,
& El Bawab, 2005). In another study, an increase in the intracellular levels of
glucosylceramide and GM3 was detected in the kidney cells of STZ injected rats 16
days after the induction of diabetes (Kwak et al., 2003). In addition, increased levels of
production and activity of the serine-palmitoyl transferase (SPT) enzyme was detected
in tubular epithelial and microvascular endothelial cells of diabetic rats. SPT is involved
in the de novo synthesis of ceramide and subsequently, its overexpression lead to the
accumulation of ceramide in the mentioned cells and the induction of the apoptotic
pathway. Treatment with rapamycin, which targets the mTORC1 pathway, was able to
reverse cell death and alleviate some of the symptoms of DKD such as proteinuria (G.

Liuetal., 2011).

Puromycin aminonucleoside (PAN)-induced nephropathy is an animal model of
human minimal change nephropathic disease. PAN injection in rats changes the
sphingolipid profile of kidney cells in a dose and time-dependent manner; this is
followed by proteinuria, hinting at a causative effect. The main sphingolipids involved

are GD3 O-acetylated GD3 (Pawluczyk et al., 2014).

D. Radiation-induced Nephropathy

23



In a case report published in January 1967, Kaene et al. noted that the pathogenesis
of radiation-induced renal injury is still not clear. Unfortunately, despite all the ongoing
research, this statement still holds true today. Radiotherapy-induced renal disease was
first described more than a century ago by Baerman and Linser and was later reported
by many others, always presented with the same characteristic features. The emphasis
on the presentations has been placed on vascular lesions. In their clinicopathologic
study, Kaene and his colleagues reported their light and electron microscopic
observations of renal biopsy specimens from two patients who showed up with renal
insufficiency a year after receiving abdominal radiation for treatment of ovarian
carcinoma. Their findings on light microscopy highlighted mild endothelial cell
swelling and damage to the basement membrane. They further observed, using electron
microscopy, sub-endothelial expansion with electron-lucent basement membrane-like
material and loss of endothelial cell lining in some capillaries. Damage to the
glomerular capillary loops was a consistent ultrastructural abnormality noted in both

patients.

In another clinical study conducted in 1971 to demonstrate the long latency of
radiotherapy-induced kidney injury, 67 patients without pre-existing hypertension were
treated with approximately 20 Gy within 3 weeks, the treatment encompassing the left
kidney. Almost 50% of these patients developed kidney toxicity between 8-19 years
after radiotherapy. Of these, 5 patients developed fatal uremia and 2 developed
malignant hypertension. Upon examining renal biopsies from these patients, atrophy of
the left kidney was observed. The degenerative changes were most extensive in the
medium and small arteries. This further implicates that the endothelial cells are major

players in the sensitivity of the kidneys to radiotherapy.
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The kidneys are organs with extremely vital functions. They maintain the body
electrolyte/fluid balance and modulate blood pressure, filter waste metabolites into the
urine, and produce erythropoietin to stimulate the production of red blood cells. Given
their sensitivity to ionizing radiation, they remain to date the dose-limiting organs for
using radiotherapy (RT) to treat gastrointestinal and gynecological malignancies and
sarcomas and lymphomas of the upper abdomen in addition to total body irradiation
(TBI). Although the incidence of RT-induced kidney injury remains underreported due
to its long latency, it is divided based on the presentation into either clinical or
subclinical with the latter being the acute injury that develops within three months after
irradiation. However, the decrease in glomerular filtration rate (GFR) and increase in
serum B-microglobulin are clinical signs that appear within the subacute period,
defined as anywhere between 3 and 18 months after treatment. Chronic injury, usually
presenting after 18 months from RT, is characterized by dyspnea, fatigue, nausea and
vomiting, edema, malignant hypertension, elevated creatinine levels, and anemia among
other detrimental symptoms. Chronic injury tremendously reduces patients’ quality of
life, requires dialysis and/or kidney transplantation, and often ends with coma and
death. It is also noteworthy that RT-induced kidney injury decreases patients’ reserves

against future kidney insults hence rendering them more susceptible to renal failure.

All that said, radiation oncologists still face many technical problems during
treatment in terms of defining the kidneys and calculating the overall dosage each
kidney is receiving. Although the kidneys are easy to identify on computed tomography
(CT) scan even without an intravenous (1V) contrast, the administration of the treatment
using CT planning is still prone to many errors and more often than not the kidneys end

up receiving a much higher share of radiation than originally planned or anticipated.
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This is because even with modern techniques, such as intensity-modulated radiotherapy
(IMRT), image-guided radiotherapy (IGRT) and four-dimensional CT scans, it is still
inaccessible to accommodate for all the variables such as individual differences, the
motion of the kidney during breathing, and the accompanied shifts in the location of the
kidneys and that of the tumor. Finally, even in a hypothetical situation where all the
aforementioned errors are either absent or accounted for, the magnitude of the inherent
error introduced by including the “collecting system” of the kidney parenchyma in the

calculation of the kidney volume can in no means be cleared.

According to the national cancer institute, around 1,735,350 patients are expected to
be diagnosed with a malignant tumor in 2019 in the United States alone with an
estimated mortality rate of 35%. On the top of the list comes a set of malignancies such
as colon, kidney, and renal pelvis cancers and non-Hodgkin’s lymphoma. Radiotherapy
is a key element in the management of such tumors and is generally used in the
treatment of almost half of the patients who are cured of cancer. RT offers a wide
variety of advantages compared to or accompanied by other cancer management
techniques. For example, some cancers can be treated with RT alone if detected in their
early stages such as non-Hodgkin’s lymphoma. Also, RT offers a reliable alternative to
surgery in patients whose health or tumor conditions do not permit an invasive
procedure for tumor resection especially those who suffer from chronic cardiovascular
or respiratory diseases or those with tumors that are either unresectable or are otherwise
present in close proximity to critical structures such as peripheral nerves or major blood
vessels. In fact, RT is often used to improve local control over the tumor while keeping
a lower morbidity rate. RT can also be used in combination with surgery in a variety of

scenarios. Pre-operative RT is used to shrink the tumor and make it easier to operate on
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whereas postoperative RT is used to mitigate the risk of cancer recurrence. In addition,
RT can be used in a palliative manner to alleviate the pain of cancer patients with bone
or brain metastases, spinal cord compression, or obstruction due to visceral metastases

such as airway obstruction.

From what has been stated above, it is very clear that radiotherapy holds great and
promising potential for fighting malignancies compared to the other available
management techniques. However, there is no doubt that renal radiotoxicity can be
fatal. There is a pressing need, now more than ever, to reveal the molecular and
biochemical pathways involved in this toxicity to enable the forging of a radioprotective
medication that can save the kidneys from the side-effects of the treatment and hence
enable the delivery of higher doses of radiation to the tumor while maintaining integrity

and function of the renal tissues.

E. Sphingomyelin Phosphodiesterase acid-like 3b (SMPDL3b)

The “lipid-centric” approach, discussed earlier in the introduction, dissects the lipid
profile of the cell and allows the identification of the roles of the bioactive lipids.
However, the current molecular era focuses mainly on an “enzyme-centric” approach.
Scientists study the gene expression, protein and the enzymatic activity levels of the
enzymes involved in signal transduction. This has allowed investigation of the
mechanism of action and regulation of these proteins, appreciation of their cellular
roles, and identification of molecules that can either augment or inhibit their activities,
sometimes through modulating their expression levels. Examples of such enzymes are
the NADPH oxidases (NOXs) and the newly identified sphingomyelin

phosphodiesterase acid-like 3b (SMPDL3Db).
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However, we believe that through combining the classical “enzyme-centric”
approach with the new and evolving “lipid-centric” one, we are capable of
understanding the interaction between different cellular proteins and discovering where
different sphingolipid species stand in the grand scheme of things (Yusuf A Hannun &

Obeid, 2017).

Hence, in order to decipher the secrets of the cellular signaling pathways, it is
crucial to connect what we already know about the familiar world of intracellular
proteins to what is being discovered about the lipid universe; this can only be achieved
by studying the interaction between the lipid-metabolizing enzymes and other cellular
signaling proteins such as kinases and NADPH oxidases. This allows obtaining a
comprehensive picture that would facilitate tuning into these cellular processes for

therapeutic purposes.

1. SMPDL3b in Renal Pathophysiology

In the past decade, a group of scientists working from the Peggy and Harold Katz
Family Drug Discovery Center at the University of Miami have extensively explored
the role of SMPDL3b in glomerular diseases, with particular emphasis on
podocytopathy. They have recently shown that the expression of SMPLD3b increases in
the glomeruli of diabetic mice, in the glomeruli of patients with DKD and cultured
human podocytes treated with sera from diabetic (db/db) animals. Increased levels of
SMPDL3b were correlated with elevated RhoA kinase activity and cellular death.
Concomitant with the observed increase in apoptosis, the increase in SMPDL3b has
prevented cellular migration by blocking the interaction between o3 integrin and the

soluble urokinase plasminogen activator receptor (SUPAR); the plasma levels of the

28



latter are known to be higher in patients with and animal models of DKD compared to
controls (Yoo et al., 2015). In addition, increased SMPDL3b levels were correlated
with increased levels of sphingosine and S1P and decreased levels of ceramide in the
renal tissues of db/db mice. The accumulation of the S1P and sphingosine intracellularly
are tightly linked to the induction of apoptosis. This was also found to be the case in the
glomerular mesangial and tubular cells of diabetic (db/db) mice (Brunskill & Potter,
2012; Ishizawa et al., 2014) and in the adipocytes of obese (ob/ob) mice (Kitiyakara,
Eggers, & Kopp, 2004). It is worth noting that the observed lipid profile supports the
sphingomyelinase role of SMPDL3b because it hints at a change in the profile of
sphingomyelin metabolism and accumulation of simpler lipids (Merscher & Fornoni,

2014).

Focal segmental glomerulosclerosis (FSGS) is the most common cause of primary
glomerular disease in adults, a leading cause of the nephrotic syndrome and a major
cause of the end-stage renal disease (Kitiyakara et al., 2004). The research focus on
FSGS has been mainly on the primary (idiopathic) form of the disease and recurrent
FSGS after kidney transplantation, which happens in almost 40% of the patients (Baum,
2004; Hubsch et al., 2005; Senggutuvan et al., 1990). As in DKD, the research group
from the University of Miami was able to reveal a critical role for SMPDL3b in FSGS.
In a study conducted by Fornoni et al. (2011) on 41 patients with a high risk of recurrent
FGSG, the number of SMPDL3b-positive podocytes post-reperfusion dropped in
patients who later developed FSGS. The researchers thus hypothesized, based on the
striking similarity between SMPDL3b and the acid-sphingomyelinase, that the
accumulation of sphingomyelin might be a contributing factor to the pathogenesis of

FSGS. Indeed, human podocytes treated with sera from patients with FSGS showed
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decreased expression of SMPDL3b and decreased acid sphingomyelinase activity
(ASMase). This was associated with cytoskeletal remodeling and apoptosis of
podocytes and was linked to proteinuria and loss of proper kidney functioning.
Overexpression of SMPDL3b or treatment with rituximab, a monoclonal antibody that
binds to SMPDL3b in podocytes, showed to have a protective role against changes in
renal podocyte morphology, such as loss of stress fibers, and against the compromise in
kidney functioning. The mentioned evidence further supports the that sphingomyelin
and the lipid-metabolizing enzyme, SMPDL3b, are heavily implicated in the

pathogenesis of focal segmental glomerulosclerosis (Fornoni et al., 2011).

Along the same line, it was later demonstrated that the treatment of baboons with
rituximab after pig-to-baboon xeno-kidney transplantation delayed the early
development of proteinuria post-operation, albeit it was not effective in preventing its
occurrence. Like in the study of Fornoni et al., this study revealed that treatment with
rituximab was also effective against preventing podocyte injury and cell death through
preventing the decrease in the levels of SMPDL3b (Tasaki et al., 2014) suggesting again
a protective role of SMPDL3b and its associated lipid metabolites against kidney injury

as is the case with FSGS.

It is hence clear that modulation of the levels of SMPDL3b mediates kidney injury

in both diseases, FSGS and DKD although in different ways.

2. SMPDL3b in Radiation-Induced Podocytopathy

A recent study conducted by Ahmad et al. (2016) revealed that SMPDL3b mediates
radiation-induced podocytopathy and renal dysfunction. After exposing cultured human

podocytes to a radiation dosage of 8 Gy, the levels of several long-chain species of
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ceramide increased, while the levels of sphingosine and sphingosine-1-phosphate, as
well as the level of expression of SMPDL3b, dropped in a time-dependent manner. This
was paralleled by changes in the morphology of the podocytes such as loss of filopodia
and remodeling of the cortical actin due to the relocation of the actin-binding protein
ezrin into the cytosol early after irradiation. Interestingly, podocytes that overexpress
SMPDL3b were protected from radiation-induced cytoskeletal remodeling, which is
thought to be a major player in compromising the glomerular function. Besides,
treatment of the cultured podocytes with RTX partially prevented the radiation-
associated loss of SMPDL3b. This was accompanied by remodeling of the cellular
cytoskeleton. Experiments on animal models used in this study revealed the same
results, emphasizing that SMPDL3b plays a radioprotective role in podocytes and its

loss after irradiation contributes to podocytopathy (Ahmad et al., 2017).

F. NADPH Oxidase Enzymes (NOXs) and Oxidative Stress

Nicotinamide adenine dinucleotide phosphate-oxidases, also known as NADPH
oxidases (NOXs), are a family of transmembrane enzymes that catalyze the reduction of
oxygen by the addition of an electron to O, producing a superoxide anion (Haugen &
Nath, 1999). Under normal physiological conditions, these enzymes are part of the
intracellular polyol pathway; they reduce glucose into sorbitol to replenish the cellular

supplies of glutathione (Bernobich et al., 2004).

Several subunits of NOXs have been identified over time. NOX2 was the first to be
discovered (K. Bedard & K. H. Krause, 2007), and later on, an enzyme with striking
homology to NOX2 was identified and referred to as NOX1 (A. Banfi et al., 2000; K.

Bedard & K. H. Krause, 2007). Shortly afterwards, NOX 3 (Cheng, Cao, Xu, van Meir,
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& Lambeth, 2001; Kikuchi, Hikage, Miyashita, & Fukumoto, 2000), NOX 4 (Geiszt,
Kopp, Varnai, & Leto, 2000), and NOX 5 (B. Banfi et al., 2001) were respectively
added to the family of NADPH oxidases. In addition, two large thyroid oxidases
referred to as DUOX 1 and DUOX 2, have been classified by scientists in 1999 as part

of the NOX family (De Deken et al., 2000).

The main isoforms of NOXs that can be found in the kidney cortices are NOXs 1, 2
and 4, with the latter being the most abundant (K. Bedard & K. H. Krause, 2007). In
addition to their role in the production of ROS, NOXs are being recognized as key
players in renal physiology and hence in maintaining the overall homeostatic status of
the human body. First, NOXs are involved in the regulation of renal blood flow in
multiple ways (Lopez, Salom, Arregui, Valero, & Fenoy, 2003). Also, NOXs alter the
renal cellular fate and hence the fate of the entire renal tissue through activation of a
wide array of signaling pathways (Rhyu et al., 2005) such as the ERK1/2 pathway
(Gorin et al., 2004). Finally, NOX-dependent activation of several transcription factors
such as NFkB is tightly involved in the regulation of renal gene expression and hence

renal cellular physiology and function (Dorsam et al., 2000).

The main mechanism of action of NOXs is the transfer of electrons across biological
membranes, hence producing reactive oxygen species (ROS). Low to moderate levels of
ROS are essential for normal cellular functions. In fact, it was shown that ROS is
involved in growth factor signaling, in mitogenic responses and in sensing the
microenvironmental availability of oxygen (Geiszt et al., 2000). It is important to note
that NOXs now thought to be the major source of ROS in the kidneys (K. Bedard & K.-

H. Krause, 2007).
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The overactivation of NOXs under pathological conditions, such as cellular stress,
leads to the overproduction of ROS and overwhelms the inherent intracellular anti-
oxidant machinery causing a state of oxidative stress (OS). OS results from a
fundamental imbalance between the generated ROS and the ability of the body to rid
itself from them, mainly due to the lack of the mechanisms of intracellular transport of
ROS (Betteridge, 2000). In this case, ROS can inflict extensive biological damage by
peroxidation of lipids, oxidation of proteins, and mutation cleavage of DNA (Niedowicz
& Daleke, 2005). In addition, ROS induces a variety of transcription factors leading to

irregular cellular proliferation and/or hypertrophy (Studer RK, 1997).

Several studies have revealed that OS leads to vascular dysfunction, which is a
major contributing factor in kidney disease such as diabetic nephropathy (Vasavada &
Agarwal, 2005). Also, cellular injury by OS targets critical kidney structures such as the
glomerulus, interstitium, and renal vascularization. For example, arachidonic acid
peroxidation due to the abundance of ROS can lead to renal vasoconstriction,

subsequently causing a wide range of pathological symptoms (Montero A, 2000).

Finally, NOX enzymes have been extensively linked to radiotherapy-induced
damage of healthy body tissues. The main mechanism of injury is thought to involve
damage to stem cells responsible for repopulating the normal tissues as well as damage
to the endothelial cells of the microvasculature supplying said tissue. The post-
radiotherapy damage is also thought to be progressive and chronic due to accumulating
free radicals and reactive oxygen species in the mentioned cells (Kim, Jenrow, &

Brown, 2014).
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Hence, when studying radiation-induced nephropathy, one cannot eliminate the role
of NOXs. Exploring the state of expression and activation of the major NADPH
oxidases and the effect of this on the structural and functional states, especially that of
the endothelial cells in the tissue under investigation, is at the core of finding the root

mechanisms of the radiotoxicity.

G. Aims and Hypothesis of This Study

The nephron is the basic functional unit of the kidney. It is made of two subunits:
the glomerulus and the tubules. The glomerulus, forming the glomerular filtration
barrier (GFB), is the first and most critical part of urine formation. Challenging the
integrity of this barrier leads to end-stage renal disease (ESRD), which is characterized
by proteinuria, hematuria and eventual kidney failure. The GFB is comprised of three
functional layers. First, a layer of podocytes; These are specialized epithelial cells with
voluminous cell bodies in the bowman’s capsule and intermingled feet processes that
extend into the mesangial matrix-forming tight pores. The second layer is a mesangial
matrix; this is essentially a glycoprotein matrix on which the third layer rests. The latter
is a layer of endothelial cells that form the capillaries which carry blood into the kidney

glomerulus for filtration (Keane, 2000; Yoshikawa, Dube, & Wahby, 1994).

In their study, Ahmad et al. (2016) focused on radiation-induced nephropathy by
examining the effect of X-Rays on human podocytes. To complement their work, we
focus on our study on another key player in the GFB, the glomerular endothelial cells.
These cells are as important functionally and structurally as the podocytes but are less

studied due to the difficulty of isolating and handling endothelial cells in culture. It was
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not until 2006 that Satchell was able to isolate and immortalize these cells, through ex-
vivo culturing, by transfecting them with a temperature-sensitive gene by the SVLT40
virus, naming them conditionally immortalized human glomerular endothelial cells

(CiGenc) (Singh et al., 2007).

In this study, we aim to establish an X-Ray irradiation dose survival curve of this
newly isolated cell line, the CiGenc. We also aim to study the gene induction and
protein expression and activity levels of the renal NADPH oxidases 1 & 4 in human
glomerular endothelial cells after irradiation, and the effect of this on ROS production.
In addition, we aim to study the gene induction and protein expression levels of our
enzyme of interest, the sphingomyelin phosphodiesterase acid-like 3b in this same cell
line and the effect of this on the lipid profile of the cell. Finally, we attempt to explore if
there is any cellular pathway that links NOXs and the resulting oxidative stress to lipid
metabolism through SMPDL3b and the effect of such pathway on the CiGenc survival

when exposed to radiation.

In this study, we hypothesize that radiation increase the gene expression, protein and
activity levels of the NADPH oxidases 1 & 4 as well as the levels of reactive oxygen
species in human glomerular endothelial cells in a time-dependent manner. We also
hypothesize that concomitant with this, and downstream of NOX signaling, there will
be folds change in the gene induction and expression levels of SMPDL3b and that this
is associated with a change in the lipid profile of the cell, with particular emphasis on
long-chain ceramide species. We believe that this scheme will diminish cell survival
and that interfering in this pathway at the level of either NOXs or SMPDL3b or the
level of the intracellular lipid profile, to reverse some of the observed changes, will curb

the radiation-induced cellular damage and enhance cell survival of the CiGenc cells.
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Figure 1. The sphingolipid metabolic pathway. Ceramide is a central molecule in this
pathway. It can be synthesized in one of three ways, either de novo from L-serine and
palmitoyl-coA by the action of SPT, or from sphingosine by the action of ceramidase,
or through the degradation of sphingomyelin by the sphingomyelinase enzyme.
Ceramide can be converted into more complex sphingolipids in the Golgi apparatus,
phosphorylated to produce ceramide-1-phosphate (C1P) or degraded into sphingosine
by the action of ceramidases.

36



Chapter II:

Materials and Methods

A. Materials

EBM 2 and EGM-2 were purchased from Lonza (Basel, Switzerland). PBS,
penicillin-streptomycin, bovine serum albumin, RIPA lysis and extraction buffer, and
MTT Cell Proliferation Assay kit were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Fetal bovine serum (FBS) was from Sigma-Aldrich (St. Louis,
Missouri, USA). Anti-SMPDL3b was obtained from Genway (San Diego, CA, USA).
DAPI (49,6-diamidino-2-phenylindole, dihydro- chloride) and DHE (dihydroethidium)
were obtained from Thermo Fischer Scientific. Horseradish peroxidase (HRP)-
conjugated anti-rabbit was form Promega (Madison, WI, USA). HRP-conjugated anti-
mouse 1gG, monoclonal anti-GAPDH antibody, protease, and phosphatase inhibitor
cocktails were purchased from Calbiochem (San Diego, CA, USA). RNA extraction
mini kit was from Qiagen (Valencia, CA, USA). NOX-1, NOX-4 and SMPDL3b
forward and reverse primers were ordered from Basilky. Detergent-compatible protein
assay kit, 4-20% SDS-PAGE gels, and 2X laemmli sample buffer were purchased from
Bio-Rad (Hercules, CA, USA). Nitrocellulose membranes were purchased from
Millipore (Billerica, MA, USA). Ceramide-1-phosphate was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). GKT137831was purchased from Cayman Chemical
(Ann Arbor, Michigan, USA). FlexiTube SMPDL3b specific sSiRNA (5 nmol)
(FlexiTube GeneSolution GS27293 for SMPDL3B) and Hi-Perfect transfection reagent

were purchased from Qiagen (Hilden, Germany).
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B. GEnc cell culture, irradiation and treatment

Human glomerular endothelial were cultured and differentiated in EBM-2 and
EGM-2 with VEGF containing 2% FBS and 1% penicillin/streptomycin as previously
described (Satchell et al., 2006). Briefly, conditionally immortalized endothelial cells
were propagated at 33 degrees and then thermoshifted for differentiation for 5 days at
37 degrees. A single dose of irradiation was delivered from an RS2000 X-ray irradiator
(225 kV) according to the manufacturer’s specifications (Rad Source Technologies,
Suwanee, GA, USA). The dose rate was adjusted to 195 cGy/min. For C1P treatment,
cells were cultured in 96-well plates, and pretreated for 24 hours with 30 uM C1P. Prior
to treatment, the C1P double-distilled water solution was sonicated at 4 degrees in to
ensure proper dispersion. Cells where then irradiated at 4Gy treatment was stopped by
removing the media and adding cold saline solution at the proper time points. For GKT
treatment, cells were directly irradiated after treatment with 20 uM GKT dissolved in

DMSO. An equal quantity of DMSO was added to the control samples.

C. Transfection with SMPDL3b-specific SIRNA

For the purpose of transfection, GEnC were cultured in 6-well plates and
transfected with SMPDL3b-specific siRNA and control siRNA as per the
manufacturer’s protocol. Briefly, 150 ng of sSiRNA were diluted in 100 pL of media,
and 10 pL of the Hi-Perfect transfection reagent was added. The total amount of media
per well was 2.4 mL, and the cells were incubated with the SIRNA mixture for 24 hours
after complete differentiation. Cells were then radiated, incubated again for 24 hours,

and scraped for western blot.
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D. Immunofluorescence with DHE and DAPI

For quantification of mean immunofluorescence (MIF), cells were stained with
DHE for 30 minutes at 37° C, fixed and stained with DAPI then visualized using Zeiss
confocal microscope (LSM710 Meta, Carl Zeiss, Inc., Thornwood, NY, USA). Data

were analyzed using the LSM Image Browser Software.

E. Quantitative RT-PCR

Cells were washed with ice-cold PBS and RNA extraction was carried out
according to the manufacturer’s protocol of the RNA minieasy kit (Qiagen, Hilden,
Germany). RNA was quantified by NanoDrop (Thermo Fischer Scientific) and
converted to cDNA using a SuperScript 111 First-Strand Synthesis kit (Thermo Fischer
Scientific). The cDNA was then diluted (1:25) and 2 pL were added per 25 pL of
reaction. Using the Perfecta SYBR Green FastMix (Quantabio), the reaction was
executed in real-time PCR system (Applied Biosystems, Foster City, CA, USA) as
previously described (Fornoni et al., 2011). Real-time quantitative PCR was done for
Nox1, Nox4 (results not shown) and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). The following primer sequences were used (Table 1):

Primer Sequence
H-GAPDH F: 5 -gTCAgTggTggACCTgACCT-3’
R: 5’-gTCAACggTACATCTggggA-3’
H-NOX1 F: 5’-CACAAQAAAAATCCTTgggTCAA-3’
R: 5’-gACAgCAgATTgCgACACACA-3’

F. Protein Extraction and Western Blotting
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Endothelial cells were homogenized in cold RIPA buffer supplemented with 20
uL protease and phosphatase inhibitor cocktail. Protein quantification was done using
Lowry Reagent assay kit from Sigma-Aldrich. Samples were then prepared after
quantification with 2X Laemmli sample buffer (Bio-Rad). An equal amount of proteins
(25-30 ug) were then loaded into 12.5% SDS-PAGE gels (Bio-Rad) and transferred on
nitrocellulose membrane overnight at 300 mA. The membranes were then blocked with
5% skimmed milk in Tris-saline solution for 1 hour at room temperature. The following
primary antibodies were used, each according to the protocol suggested by the
manufacturer: rabbit polyclonal anti-SMPDL3b (1:1000) (Genway Biotech, Inc., San
Diego, CA, USA), mouse-monoclonal anti-GAPDH (1:1000)(Abcam), rabbit
monoclonal Nox1 and Nox4 antibodies (1:250)(Abcam). The membranes were
incubated with the primary antibodies overnight then washed 3 times for 10 minutes
each in Tris-saline solution with 0.1% Tween 20. HRP conjugated secondary antibodies
were used and the images were developed using enhanced chemiluminescence (Bio-
Rad). Densitometry was performed using the ImageJ software (National Institute of

Health, Bethesda, MD, USA).

G. NADPH Oxidase Assay

The activity of the NADPH enzymes was assessed in cultured GEnC as
previously described (Eid et al., 2010; Eid et al., 2009). Cultured endothelial cells were
washed three times with ice-cold PBS and scraped from the plate. They were then
centrifuged at 800g for 10 minutes at 4 degrees. Pellets were obtained and the
supernatant was discarded. The pellet was suspended with a special lysis buffer

(20 mMKH3POq4 [pH 7.0], | mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml
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aprotinin, and 0.5 pg/ml leupeptin). The homogenate was quantified using the Bio-Rad
protein assay reagent. The assay was conducted on 50 pg of homogenates which were
added to 50 mM phosphate buffer (pH 7.0) containing | mM EGTA, 150 mM sucrose,
5 uM lucigenin, and 100 uM NADPH. Light emission was measured after 30 seconds
for 8 minutes in a luminometer. The first and last readings were discarded and a buffer
blank was subtracted from each reading. Superoxide production was averaged and

expressed as relative light units/min.mg of protein.

H. Liquid Chromatography-Mass Spectrometry Analysis

Cell pellets containing 10° cells per sample were subjected to liquid extraction.
Liquid chromatography-mass spectrometry (LC-MS) analysis of sphingolipids was
performed at the lipidomic core facility at the Medical University of South Carolina
using electrospray ionization/tandem mass spectrometry on a mass spectrometer
(Quantum; Thermo Fischer Scientific) as previously described (Bielawski, Szulc,

Hannun, & Bielawska, 2006).

I. Statistical analysis

Results were expressed as the means + SE. One-way ANOVA was used to
compare groups and results were considered statistically significant if P <0.05 (Graph

Pad Prism software; La jolla, CA, USA).
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Chapter IlI:

Results

A. Radiation decreases cell viability in a dose-dependent manner

In order to assess radiation-induced tissue damage on the glomerular endothelial
cells, we conducted a clonogenic assay on different GEnC and established for the first
time a survival response curve for the cell line under investigation. As anticipated,
ionizing radiation induced a dose-dependent decrease in cell viability (Figure 2). The
percentage of viable cells was assessed by the ability of each cell to form a detectable
colony unit over a period of two weeks post-radiation. Cell viability dropped by 50% at

2 Gy compared to control. No colonies were detectable at 8 Gy.
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Figure 2. Logarithmic survival curve with increasing doses of radiation. Cultured
endothelial cells were subjected to increasing doses of radiation, incubated at 37 degrees
and the colony forming units (CFU) were counted under the microscope after staining
with crystal violet. CFU were reported as percentage of control (non-irradiated cells).

The results are representative of at least 5 independent experiments.
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B. Radiation induces a change in the sphingolipidomic profile of GEnC

10° human glomerular endothelial cells were seeded and differentiated at the
appropriate conditions. The control flasks received no radiation, whereas the
experimental ones received a 4 Gy dosage of radiation. All flasks were incubated at
37°C for 24 hours. The cells were then lysed from sent for mass spectrometric analysis
of their lipid content. Lipids were extracted at different time points of 30 minutes, 6
hours, 12 hours, 18 hours and 24 hours. Analysis of the results demonstrated a gradual
time-dependent increase in the total ceramide levels, which peaked 24 hours post-
radiation (Figure 3A). The main species of ceramide that contributed to this rise were
the long-chain ceramides, specifically the ones with C16 and C24:1 acyl chains (Figure
3B). Concomitant with these changes, there was a parallel gradual and time-dependent
drop in the levels of the ceramide-1-phosphate species, with the trough being at 24

hours post-radiation (Figure 3C).
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Figure 3. LC-MS analysis of radiation effects on sphingolipids. Cells were irradiated
with 0 Gy (control) or 4 Gy, and pellets containing 10° cells were collected after 30
minutes, 6 hours, 12 hours, 18 hours and 24 hours. After extraction of lipids, the
treatment groups were subjected to mass spectrometric analysis to determine the levels
of total ceramide (A), the different ceramide sub-species (B), and the total level of C1P
(C). Results represent the average of 3 independent experiments. . Results shown are the

mean values of at least 4 independent experiments. *P<0.05
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C. Radiation increases the protein levels of SMPDL3b in GEnC

Due to the observed sphingolipidomic alterations post-radiation, we proceeded to
investigate the changes in the levels of the lipid-modifying enzyme, SMPDL3b. In
earlier experiments conducted by our group on human podocytes, radiation lead to a
significant drop in the levels of SMPDL3b. Western blot on human endothelial cells
showed results opposite to the ones which were obtained on podocytes. Irradiation of
GENC lead to a time-dependent, albeit delayed, increase in the protein levels of
SMPDL3b, which peaked 24 hours post-radiation with a significant two-fold increase
compared to the control (Figure 4), hence following the same pattern as that of

ceramide.

46



Control 2hrs. 6hrs. 12hrs. 24 hrs.

[ =

L

“1 400~

e *

=

® 300+

s

=

5 200-

n T

a8

X 100~ o

B

g o

o h Y

«° & & i &

& ° ° ° °
< 0 © 9 o>

Figure 4. Changes in the level of protein expression of SMPDL3b post-radiation.
Results were quantified by densitometry using Image J software, normalized to the
house-keeping gene GAPDH and expressed as percentage of control. Results shown are

the mean values of at least 4 independent experiments. *P<0.05
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D. Radiation increases NADPH oxidase activity and subsequently superoxide

anion generation

It is well-established in the literature that ionizing radiation leads to oxidative stress,
which is partially responsible for mediating radiotoxicity in normal tissues (Riley, 1994;
Robbins & Zhao, 2004). To that end, we investigated the production of reactive oxygen
species (ROS) post radiation injury of GEnC. Cells were irradiated and stained with
DHE and DAPI. The results showed a time-dependent increase in oxidative stress with
significant ROS production at 2 and 24 hours after treatment. production at 2 and 24

hours after treatment (Fig. 5A& B).

NADPH oxidase enzymes (NOXs) are known to be the main source of intracellular
ROS, including superoxide anions and hydrogen peroxide which mediate a variety of
fundamental biochemical pathways (Lambeth, Krause, & Clark, 2008). To study the
role of NOXs in radiation-induced oxidative stress in our cell line, we conducted the
NADPH oxidase assay on differentiated endothelial cells after radiation exposure at
different time points. Indeed, NADPH oxidase showed a time-dependent increase in
activity post-radiation (Fig. 5C). This temporal pattern suggests that NOXs are a
potential source of radiation-induced ROS production in human glomerular endothelial

cells.
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Figure 5. Radiation increases superoxide anion generation in glomerular endothelial
cells by increasing NADPH oxidase activity. (A) Immunofluorescence staining with
DHE and DAPI of endothelial cells radiation at 0 Gy (control) and at 4 Gy, 2 hours and
24 hours post-radiation. (B) Quantification of mean immunofluorescence at baseline
(control) and at 30 minutes, 2 hours, 24 hours, and 24 hours post-radiation at 4 Gy.
Cells were plated in T-25 flasks until 80% confluency, differentiated and then irradiated

at 4 Gy. The pellets were collected at various time points. (C) NADPH oxidase activity
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was assessed via a lucigenin-based assay. Photon emission was quantified as percentage
of control (0 Gy) after subtracting blank. Results shown are the mean values of 3

independent experiments. *P<0.05
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E. Radiation increases NOX1 gene expression and protein levels

A variety of the NADPH oxidase enzymes have been identified and discussed in
the literature, ranging from Nox1 to Nox5. Despite their conversion at a functional
level, the NOXs display an enormous variety in the protein composition and gene
expression levels among different tissues in the body (K. Bedard & K. H. Krause,
2007). For our purpose, Nox1 and Nox4 are the two major isoforms expressed in
human endothelial cells (Ago et al., 2005; Hu et al., 2005; Kobayashi, Nojima,
Shibuya, & Maru, 2004). Therefore, we investigated the change in the expression
levels of these two NOXSs in response to radiation injury. Only the levels of Nox1
showed a significant time-dependent increase after radiation, peaking at 24 hours
post-radiation (Fig. 6A). Our PCR results for Nox1 showed an incremental trend

with a significant peak 2 hours post-radiation (Fig. 6B).
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Figure 6. (A) NOX1 protein expression was assessed using western blot. Results were
quantified by densitometry using Image J software, normalized to the house-keeping
gene GAPDH and expressed as percentage of control. (B) NOX1 gene expression
profile at 30 minutes, 1 hour, 2 hours and 24 hours post-irradiation. Results shown are

the mean values of 3 independent experiments. *P<0.05
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F. Treatment of GEnC with GKT, C1P or siRNA-induced KO of SMPDL3b

improves cell survival post-radiation

We next wanted to investigate the role of the NADPH oxidase enzymes and the
changes in the sphingolipidomic profile in endothelial cell survival. For this purpose,
GENC were irradiated and survival was assayed in presence or absence of GKT, a dual
Nox1 and Nox4 inhibitor, or ceramide-1-phosphate (C1P) . In non-treated endothelial
cells, survival dropped to around 35% after radiation. Treatment with GKT and C1P
however were able to partially restore cell survival after radiation injury (Fig 7A). This
suggests that oxidative stress by Nox1 and downregulation of C1P are key players in
injury of GEnC upon irradiation. We further wanted to establish the role of SMPDL3b
in radiation-induced tissue damage. Hence, we proceeded with silencing SMPDL3b
expression in cultured GEnC using siRNA technology. We were able to achieve a 75%
reduction in the protein expression levels of SMPDL3b (Fig. 7B), We then assessed the
effect of SMPDL3b knockdown on radiation response using cleaved caspase-3 as a
marker of cell survival. Indeed, knock down of SMPDL3b decreased caspase-3

cleavage and improved the survival of radiated glomerular endothelial cells (fig. 7C).
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Figure 7. Endothelial cells were cultured in plated, differentiated, and treated either
with siRNA or with GKT or C1P before radiation at 4 Gy. (A) Cell survival was
assessed using MTT. Results were obtained by spectrophotometry. The readings were
subtracted from blank and expressed as percentage relative to control. (B) siRNA was
used to knockdown SMPDL3b and the protein expression levels of SMPDL3b were

analyzed after 24 hours of incubation. (C) SMPDL3b-knockout GEnC show improved
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survival post-radiation as demonstrated by caspase-3 activation. Results are normalized
to GAPDH and expressed as percentage to control. Results are the mean of at least three

independent experiments each done in triplicates. *P<0.05
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G. Treatment of GEnC with GKT decreases SMPDL3b overexpression post-

radiation

Finally, we investigated the interplay between SMPDL3b and oxidative stress, as
both are implicated in GEnC stress due to radiation. For that purpose, we studied the
change in the levels of expression of SMPDL3b in radiated cells treated with GKT.
Expression levels of SMPDL3b increased 24 hours post-radiation. However,
pretreatment with GKT, restored levels of SMPDL3b post radiation almost back to
normal levels (Fig. 8A). This suggests that ROS production by NADPH oxidase

enzymes is upstream of SMDPDL.3b.
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Figure 8. GKT treatment downregulates SMPDL3b protein expression post-radiation as
shown by the western blot. Results are normalized to GAPDH and expressed as
percentage to control. Results are the mean of at least three independent experiments

each done in triplicates. *P<0.05
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Chapter 1V:

Discussion

Renal dysfunction is a detrimental consequence of cancer radiotherapy. It limits
the ability of the treating physician to deliver optimal dosages of radiation which might
ablate the tumor (Skinner, Kaplan, & Nathan, 2013). Besides, radiotherapy-induced
acute kidney injury is associated with high morbidity and mortality. Such injury, even if
reversible, might predispose for chronic damage in the form of chronic kidney disease
(CKD) which compromises the quality of life of the patient (Goldstein & Devarajan,
2011). The Renal Insufficiency and Anticancer Medications (IRMA) study, a cross-
sectional study conducted in 2007 involving 4,684 adults (mean age of 58) distributed
among 15 centers in France found that 50-60% of the treated patients suffered from
renal insufficiency at some point during and after their treatment regimen with an
estimated mean glomerular filtration rate (eGFR) of <90 mL/min (Launay-V acher et
al., 2007). Understanding of the pathogenesis of this outcome allows for the discovery
and administration of renoprotective agents which would mitigate renal toxicity while

improving the delivery and hence the efficiency of radiotherapy.

A group of researchers working in Miami have been studying nephropathy
associated with diabetic kidney disease (DKD) and radiation-induced kidney damage
through a “lipid-centric approach” and with a special focus on podocytopathy. Their
work has revealed the role of SMPDL3b in glomerular disease. SMPDL3b levels were
found to be elevated in the glomeruli of diabetic mice, in the glomeruli of patients with
DKD and cultured human podocytes treated with sera from diabetic (db/db) animals.

This increase in the levels of SMPDL3b was associated with the accumulation of S1P
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and sphingosine, with the activation of signaling pathways known to trigger cell death
and with the inhibition of tissue repair through impairing normal cellular migration

(Yoo et al., 2015).

Another frequent cause of the glomerular disease is the idiopathic primary form
of focal segmental glomerulosclerosis (FSGS) (Kitiyakara et al., 2004). As is the case
with DKD, the Miami group was able to reveal that SMPDL3b is a key player in the
pathogenesis of FSGS in patients receiving kidney transplantation. The study found that
treatments which function to overexpress SMPDL3b played a protective role against
podocyte apoptosis and the pathologic changes in podocyte morphology, such as
cytoskeletal remodeling, which are highly associated with proteinuria and renal failure

hence sparing kidney function in the setting of FSGS (Fornoni et al., 2011).

Given the role of SMPDL3b in glomerular diseases, our group went on to
investigate whether alterations in SMPDL3b levels and the subsequent changes in the
sphingolipidomic profile are involved in the radiation-induced glomerular injury, again
with a particular emphasis on podocytopathy. In the study conducted by Ahmad et al.
(2017), subjecting cultured human podocytes to 8 Gy of radiation lead to a drop in the
levels of expression of SMPDL3b and a concomitant increase in the levels of the pro-
apoptotic ceramide. These changes were associated with podocyte injury and
cytoskeletal remodeling, both of which are thought to be important cytologic changes
associated with renal insufficiency. Experiments on animal models in this same study
further illustrated the radioprotective role of SMPDL3b and emphasized that radiation-
induced decrease in SMPDL3Db levels and the consequential changes in the lipid profile
of the radiated podocytes are key players in radiation-induced nephropathy (Ahmad et

al., 2017).
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The scientific literature shows that one of the main mechanisms associated with
radiation-induced injury of healthy tissues is the damage to the microvasculature
supplying these tissues, particularly the endothelial cells lining the vessels. Since the
glomerular endothelial cells are one of the major three layers of the glomerular filtration
barrier, we hypothesized that injury to these cells in addition to podocytopathy might be
a major player in radiotherapy-induced renal insufficiency (Vasavada & Agarwal,

2005).

The mechanism of injury to the microvasculature is thought to be due to the
accumulation of reactive oxygen species (ROS) beyond the capacity of the cells to
scavenge these toxins, ultimately resulting in a state of oxidative stress and cellular
damage. The main cellular enzymes implicated in the generation of ROS are the family
of NADPH oxidase enzymes (NOXs), two of which, namely NOXs 1 & 4, are of a
major interest to us in the context of our research due to their high levels of expression

in kidney glomeruli (K. Bedard & K.-H. Krause, 2007; Kim et al., 2014).

Integrating the literature with the latest work from our group, we came up with
the current project. First, we embarked on investigating the role of the NOXs with the
subsequent generation of ROS and the role of SMPDL3b with the subsequent changes
in the lipid profile, on the response of cultured human glomerular endothelial cells
(GENC) to radiation. We then proceeded to investigate if there is an underlying
connection between the proteomics and lipidomics of GENnC i.e. whether the changes at
the level of SMPDL3b and the sphingolipidomic profile are dependent on the observed
changes in NOXs and the generated ROS. Our experiments shed the light on a new

pathway, which will further unfold during the discussion, and which poses a promising
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potential in understanding and hence tackling the root of radiation-induced cell injury in

GENC.

Due to the difficulty of isolating the GEnC cell line and maintaining it in culture,
there is very little research on it (Satchell et al., 2006). Hence, our starting point was to
construct a dose-response curve to assess cell viability at different dosages of radiation.
The observed results revealed, as expected, a remarkable decrease in cell clonality with
increasing dosages of radiation. Survival dropped down to 50% at 2 Gy and continued
to decrease gradually until hitting a bottom line of almost 0% at 8 Gy. Accordingly, we
decided to conduct our experiments at a dose of 4 Gy, which would allow for enough
cell viability to study the intracellular molecular pathways while magnifying the

response to radiation so we can dissect the observations we are interested in.

As anticipated, radiating the cultured endothelial cells lead to a significant
increase in the levels of gene expression and protein levels of NOX enzymes,
particularly NOX1, and induced oxidative stress within the cells due to superoxide
anion generation as illustrated by both spectrophotometric experiments, the
immunofluorescence results using DHE and the NADPH oxidase enzyme assay using
lucigenin. These results are in alignment with a huge body of literature which shows
NOX activation and the accumulation of ROS as consequences of cell exposure to
radiation, implicating this pathway in the observed decrease in cell viability
(Ameziane-EIl-Hassani et al.; Cooper, Liu, & Hudson; Datta, Suman, Kallakury, &
Fornace; Henri et al.; Mao, Nishiyama, Campbell-Beachler, et al.; Mao, Nishiyama,
Pecaut, et al.; Martinez et al.; Yu, Sun, Gu, Wang, & Gao). This was evidenced through
the GKT experiment whereby shutting NOX1 & 4 activities through the action of the

dual inhibitor restored cell viability post-radiation.
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However, the changes in the levels of SMPDL3b were rather surprising. Unlike
in podocytes where SMPDL3b levels drop after exposure to radiation (Ahmad et al.,
2017), gene expression and protein levels of SMPDL3b increased in a time-dependent
manner post-radiation in GEnC. This opens up the possibility that SMPDL3b might
play different roles in different cell lines. Despite its radioprotective effects in
podocytes, SMPDL3b might be on the other hand involved in radiation damage of the
glomerular endothelial cells. Indeed, using siRNA to knock down the expression of
SMPDL3b in cultured GENC restored cell viability suggesting a role for SMPDL3b in

cellular injury downstream of radiotherapy in this particular cell line.

Another way to mitigate the levels of expression of SMPDL3b was to use GKT,
a dual NOX inhibitor, therefore revealing for the first time that, in GEnC, SMPDL3b
acts downstream NOX and the induced oxidative stress along the same cellular pathway
eventually leading to cellular demise. The changes in SMPDL3b were accompanied by
changes in the cellular lipidomic profile. In a nutshell, the levels of the anti-apoptotic
C1P increased and that of the pro-apoptotic long-chain ceramides decreased tilting the
balance towards cellular death. This is in alignment with a huge body of literature that
supports the role of ceramide and C1P in cell death and cell survival, respectively
(Yusuf A Hannun & Obeid, 2017). Finally, our work falls nicely in line with the most
recent publication of Fornoni et al. (2019) which hints for the first time at the C1P lyase
activity of the SMPDL3b enzyme (Mitrofanova et al., 2019). The decrease in C1P and
the increase in ceramide, in endothelial cells post-radiation, following an increase in
protein levels of SMPDL3b thereby hinting that SMPDL3b might be acting as a C1P
lyase in our cell line, hydrolyzing it into ceramide. This establishes a chain of cellular

events starting from NOX and reactive oxygen species, subsequent activation of
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SMPDL3b and a change in sphingolipidomic profile, all of which serve to explain

radiation-induced cell death.

This project paves the path to a new therapeutic potential where this SMPDL3b-
centered pathway can be pharmacologically targeted to prevent radiation-induced renal
damage (figure 9), which allows the delivery of an effective dosage of radiation without
collateral damage to the kidneys. However, the study does not stand without its
limitations. Given the paradoxical effect of SMPDL3b on the two major components of
the glomerular filtration barrier, the communication between podocytes and endothelial
cells need to be further explored under the effect of radiation, both through co-culture
work and through in vivo animal models. The focus of our future work would be to
explore the role of this pathway through a more holistic approach, revealing its position
in the network of events that happens when the kidney tissue is irradiated, and trying to

pinpoint the best stage at which medical intervention can yield favorable results.
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Figure 9. Model of radiation-induced endothelial cell damage. The model depicts
induction of NOX1 and NOX1-mediated reactive oxygen species (ROS) downstream
radiation injury. The increase in SMPDL3b downstream of NOX1 is a key event in
radiation injury of GEnC. This triggers changes in sphingolipid metabolism, including a

drop in C1P and an increase in ceramide, which contributes to the damage phenotype.
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