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Abstract: Although once considered as structural components of eukaryotic biological membranes,
research in the past few decades hints at a major role of bioactive sphingolipids in mediating an array
of physiological processes including cell survival, proliferation, inflammation, senescence, and death.
A large body of evidence points to a fundamental role for the sphingolipid metabolic pathway in
modulating the DNA damage response (DDR). The interplay between these two elements of cell
signaling determines cell fate when cells are exposed to metabolic stress or ionizing radiation among
other genotoxic agents. In this review, we aim to dissect the mediators of the DDR and how these
interact with the different sphingolipid metabolites to mount various cellular responses.

Keywords: DNA damage response; double strand breaks; ATM; ionizing radiation; metabolic stress;
oxidative stress; p53; sphingolipids; nuclear sphingolipids

1. Introduction

An emerging body of literature indicates that sphingolipids and their metabolizing enzymes are
involved in the modulation of the DNA damage response (DDR) [1]. The DNA damage induced by
genotoxic stress (ionizing radiation (IR), ultraviolet (UV), chemotherapeutic agents, and metabolic
stress) is often coupled to disturbances in the sphingolipids” homeostasis. Many bioactive sphingolipid
metabolites including sphingomyelin (SM), ceramides (Cer), ceramide-1-phosphate (C1P), sphingosine
and sphingosine-1-phosphate (51P) have been proven to regulate important cellular processes such as
cell growth, survival, senescence, inflammatory responses, and death [2—4]. Therefore, upregulation or
downregulation of certain sphingolipids can shift cell fate from survival mode to cell death accordingly.
Here, we revise the DDR and the sphingolipid pathway with particular attention paid to the various
nuclear sphingolipid metabolites and enzymes. In addition, we shed the light on the interplay between
these metabolites and DDR elements to shape cell fate.

2. Overview of the DNA Damage Response

Multiple exogenous (IR, UV, and chemotherapeutic agents) or endogenous (oxidative stress,
metabolic stress, telomere attrition, and oncogenic mutations) stressors lead to the induction and
accumulation of DNA damage [5]. For instance, IR has direct and indirect effects on cellular DNA.
The targeted cells lose their ability to further undergo cellular proliferation and eventually die [6].
The ejected charged particles by incident photons can directly hit DNA molecules and disrupt their
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structure. This direct effect of radiation promotes cell death or induces carcinogenesis if damaged
cells survive [7]. IR can also induce reactive oxygen species (ROS) production due to water radiolysis,
with water being a major constituent of cells. ROS can attack vital macromolecules including nuclear
DNA to induce biochemical damage, also known as indirect effect [8,9]. Most of the IR-induced damage
is a consequence of this indirect effect [7]. Given that, the inherent cellular responses to genomic
abrasions vary widely depending on the type and extent of inflicted DNA damage.

2.1. Types of DNA Damage

DNA damage is mainly constituted of double strands breaks (DSB), single strand breaks (SSB),
and base damage (BD).

2.1.1. Double Strand Breaks

DSBs are formed when the chemical bonds of both strands of the DNA molecules are broken.
Although the number of induced DSBs is relatively low (around 40 DSBs/Gy of IR), it is the most
difficult form of DNA damage to fix. More than 50 min are required to repair 50% of the damage [10].
DSBs are also considered the most lethal forms of DNA lesions. Eventually, unrepaired DSBs result in
unrepaired chromosome breaks and micronuclei formation [11]. A single residual DSB can lead to
cell death or genomic rearrangements favoring cancer initiation [7,12]. According to Sharma et al.,
biologically relevant doses of hydrogen peroxide (H,O,) resulted in a significant increase in oxidative
clustered DNA lesions and DSBs formation in DT40 cells at G1 phase [13]. However, some unrepairable
DSBs are tolerated by the cell and might not contribute to cell death depending on their localization
inside the nucleus and chromatin condensation events [14]. In this review, we mainly elaborate on the
repair mechanisms of DSBs.

2.1.2. Single Strand Breaks

SSBs are caused by the cleavage of the phosphodiester bonds in only one strand of the DNA
molecule. In fact, 1 Gy dose of IR can induce around 1000 SSBs, of which 50% get repaired within 10 to
20 min following radiation exposure [15,16]. Most ROS-induced DNA lesions are SSBs that can result
in erroneous DNA replication or stalling of the replication fork. Some SSBs can eventually lead to DSB
formation [17].

2.1.3. Base Damage

BD is a common type of DNA damage where a single dose of 1 Gy can induce around 3000 BDs.
These chemical lesions mainly include oxidation, deamination, alkylation as well as hydrolysis that
can cause serious genomic aberrations [12,17]. BDs can also be associated with sugar modifications
and SSBs [12]. For instance, oxidative stress can induce different types of BDs [18]. ROS may
attack any of the four nucleotide bases but most frequently guanine owing to its low oxidation
potential. Consequently, the structure of these bases gets disrupted and their pairing properties become
altered [19]. These oxidative BDs can cause alterations in gene expression besides mutations that either
induce the activation of oncogenes or the inactivation of tumor suppressor genes [20].

2.2. Induction of the DNA Damage Response

In response to genomic injuries, cells develop a DNA damage response (DDR) to detect the lesions,
indicate their presence, and launch their repair [1,21,22]. The complex signaling pathways involved
in the DDR lead to cell cycle arrest and either DNA damage repair or cell death. The DDR serves to
maintain the genomic integrity of the cells, which if compromised, would lead to severe disorders [1].

As mentioned earlier, DSBs are classified as the most lethal forms of DNA damage [23]. Since the
non-homologous end-joining (NHE]) pathway is the prevailing repair mechanism of DSBs in quiescent
mammalian cells, it is thought to be the predominant element of DDR post-injury as most of the human
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body cells are in quiescence [24,25]. Furthermore, cells deficient in error prone-NHE] develop elevated
spontaneous chromosomal breaks which become partially repressed after the reduction of cellular
oxygen tension [13]. NHE] repair is based on the direct ligation of both ends of DSBs, mainly during
the G1 phase [26]. However, different NHE] sub-pathways are thought to co-exist, each of which with
a distinct repair half-time [27]. On the other hand, homologous recombination (HR) repair pathway
uses genetic information from the homologous chromosomes, i.e., from equivalent region found on
the second undamaged DNA molecule [26]. This pathway accounts for the systematic repair of only
around 15% of IR-induced DSBs [14,27]. Therefore, the lethal effect of IR can be well explained by the
accumulation of unrepaired DSBs due to failure in NHE]J [27].

Both endogenous and exogenous stressors are associated with increased risk of SSBs, which are
either generated directly or produced as DNA repair intermediates [28]. SSBs must be repaired
completely before the initiation of DNA replication to avoid DSBs formation [29]. These SSBs are
mainly repaired through base or nucleotide excision repair mechanisms (BER-NER) for a single or
multiple and bulky base damage respectively [17]. Oxidative stress may lead to base damage besides
SSBs and DSBs. These BDs are mainly repaired through BER pathway that is mediated by DNA
N-glycosylases [30]. Although the occurrence of SSBs and BD is more frequent than DSBs, their repair
mechanisms are more efficient and their contribution to cell lethality is lower.

2.2.1. Detection of Double Strands Breaks (DSBs) and Initiation of the DNA Damage Response (DDR)

The MRN complex, which consists of three subunits, namely Mrell, Nbs1, and Rad50, directly
detects DNA damaged sites by binding to the DNA double stranded ends. This complex is responsible
for signaling to the DDR upstream kinases including ataxia-telangiectasia mutated protein (ATM) and
Rad3-related protein (ATR). As a consequence, ATM and ATR will be recruited to DSBs and RPA-coated
SSBs respectively [31-33]. In turn, these kinases activate downstream effectors involved in the DDR
signaling pathway in order to modulate the progression of the cell cycle and launch the repair [31].
For instance, ATM and/or ATR activate the tumor suppressor protein p53, which is known to be mutated
in most cancers, in order to promote cell cycle arrest (p21 activation) or apoptosis (BAX-mediated
caspase-3 cleavage) [34]. Moreover, ATM and ATR activate the checkpoint kinases (CHK1 and CHK?2)
which can either stimulate apoptosis and cell cycle arrest through p53 activation [35] or inhibit Cdc25
to arrest the cell cycle [35]. These checkpoint kinases can further activate BRCA?2 to initiate a repair
process [36]. Although the activation of ATM by DSBs is a well-established phenomenon, excessive
SSBs generation during the repair mechanism can activate ATM independently of DSBs. The activated
ATM delays cell cycle progression in a p53/p21-dependent pathway, thus allowing more time for SSBs
repair before DNA replication. Consequently, ATM may also contribute to the prevention of DSBs
formation [29].

2.2.2. Role of Ataxia-Telangiectasia Mutated Protein (ATM) in DSBs Repair

Members of the phosphatidylinositol-3 kinases family, including ATM, ATR and DNA-dependent
protein kinase (DNAPK), are responsible for phosphorylation of the histone variant H2AX near
DSBs [37,38]. In effect, y-H2AX (phosphorylated H2AX) foci formation is a very early step in the DDR
of mammalian cells. It plays an essential role in recruiting damage signaling factors to DSBs sites,
which are essential for repair induction [37,38]. ATM is a key modulator of the DDR as it directs the
activation of cell cycle checkpoints, DNA damage repair and the alteration of cellular metabolism
following the induction of DSBs and oxidative stress [39]. Burma et al. demonstrated that ATM was
the primary kinase responsible for the rapid phosphorylation of H2AX in response to DNA DSBs and
that DNAPK, rather than ATR, took this job in the absence of ATM [40]. However, ATR is the kinase
involved in the phosphorylation of H2AX in response to DNA SSBs and replicative stress [41,42].
Therefore, H2AX phosphorylation can be achieved via multiple pathways depending on the DNA
damage type.
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2.2.3. ATM Nuclear Shuttling

Strong evidence suggests that IR triggers the monomerization of cytoplasmic [14] and nuclear [43]
ATM dimers through oxidation reactions resulting in p-ATM (phosphorylated ATM) monomers
with increased kinase activity [14,44]. Guo et al. showed that oxidative stress could also trigger
the monomerization and activation of ATM irrespective of DSBs induction [45]. Cytoplasmic ATM
monomers then can bind to importins through their nuclear localization signals (NLS) and subsequently
shuttle into the nucleus [46,47]. This phenomenon is proportionate to the delivered dose [14].
Once inside the nucleus, p-ATM is guided to DSBs sites by signals from the MRN complex. p-ATM
phosphorylates the three subunits of the MRN complex as well as the histone variant H2AX resulting in
the formation of nuclear foci. These events ensure DSBs recognition and initiation of the repair [47-49].
p-ATM nuclear shuttling and foci formation at DSBs is a very rapid process. The maximal number
of nuclear p-ATM foci is usually reached within 10 min to 1 h post-injury [50]. However, certain
cytoplasmic proteins like mutated huntingtin or tuberous sclerosis complex can bind activated ATM
monomers and impede their shuttling towards the nucleus [49,51]. Therefore, DSBs recognition and
repair may be influenced by the diffusion of p-ATM monomers as well as ATM re-dimerization or
re-association with certain cytoplasmic proteins [14,47,49].

2.3. DNA Damage-Induced Cell Death and Senescence

The accumulation of DNA damage provokes multiple responses that lead to cellular senescence or
death through various molecular mechanisms. The amount and the type of DNA damage significantly
shapes cell fate [52]. With aging, the effectiveness of the DNA repair mechanisms appears to decline,
resulting in the accumulation of DNA lesions in tissues [53]. In rodents and humans, altered phenotypes
that are common in age-related pathologies, are caused by mutations of some genes involved in the
machinery of DNA repair. These alterations include cardiovascular and metabolic disorders such as
diabetes, which are linked to increased frequency of malignancies and decreased life expectancy [53-55].

Furthermore, cancer therapies involve the induction of unrepairable DNA damage to eradicate
cancerous cells. Strong evidence suggests that their therapeutic outcome does not rely on apoptosis alone
but rather involves various cell death mechanisms such as mitotic catastrophe, necrosis, and senescence.
Cancer cell death does not occur instantaneously, and can take up to weeks from treatment cessation [56].
The guardian of the genome, p53, is a key player in these cellular responses [57]. During tumor
progression, pro-apoptotic mechanisms are lost mainly due to impaired functional p53 in more than 50%
of human malignant tumors [58-60]. The ATM/ATR-activated p53 signals cell cycle arrest and DNA
damage repair, thus promoting cell survival. On the other hand, it can also stimulate the elimination of
injured cells depending on the cell type and the extent of the DNA damage [61]. The most studied
gene targets of p53 are mouse double minute 2 (MDM?2), p21, p53 upregulated modulator of apoptosis
(PUMA), and Bcl2 associated X (BAX). In normal cells, p53 expression is kept low due to the exhibition
of regulatory feedback loops between p53 and MDM?2 [62]. MDM2 has E3 ubiquitin ligase activity in
addition to nuclear import and export signals. It has many targets including forkhead box O (FOXO)
and p53 [63]. Therefore, it tags p53 by ubiquitin at lysine residues in the nucleus causing its nuclear
export and subsequent proteasomal degradation [62]. Barak et al. showed that p53 could target MDM2
gene directly [64]; thus, the upregulation of p53 leads to the elevation of MDM2 expression which
in turn downregulates p53 [65]. However, tumors may resist apoptosis by retaining functional p53
due to pro-apoptotic genes deactivation (BAX, Apafl ... ) or anti-apoptotic genes stimulation (Bcl2,
survivin ... ) [66]. Hence, the regulation of p53 is crucial for determining cell fate post-genotoxic injury.

2.3.1. DNA Damage-Induced Senescence

Senescence is a condition of permanent cell cycle arrest in the G1 phase associated with
alterations in gene expression and cellular morphology [52]. Senescent cells are flattened and
enlarged cells with a granular cytoplasm that can preserve their metabolic activity and viability [57,67].
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The accumulation of senescent stem cells, in particular, leads to impaired homeostasis and tissue
regeneration in addition to metabolic dysfunction [68]. These accumulated senescent cells can also
lead to p53-independent chronic inflammation in tissues through the release of pro-inflammatory
chemokines and cytokines [68]. Moreover, senescence is clinically proven to occur in prostate
cancers and desmoids tumors post-radiotherapy as a major p53-dependent mechanism for tumor
regression [69-71]. Therefore, chronic DDR signaling and senescence hinder damage propagation to
the next generation of cells [72].

2.3.2. DNA Damage-Induced Apoptosis

Cellular stress leads to the activation of apoptosis to eradicate aberrant cells when DNA damage
repair becomes inefficient [52]. It remains unclear what influences the cell’s decision, whether to
launch senescence or apoptosis. Multiple studies demonstrated a cross-talk between senescence and
apoptosis mainly at the level of p53 in response to genotoxic stress [73,74]. Activated p53 mounts
the transcription of its target genes involved in apoptosis such as PUMA, p53 regulated apoptosis
inducing protein 1 (p53AIP1), BAX and apoptotic protease activating factor 1 (Apafl), to regulate the
intrinsic pathway of apoptosis. Moreover, p53 activation can lead to the induction of the extrinsic
apoptotic pathway, which is mediated by the upregulation of TRAIL (tumor necrosis factor-related
apoptosis-inducing ligand) receptors, death receptors 4 and 5, and CD95 ligand and receptor [75].
Kim et al. identified ROR, an orphan nuclear receptor and a direct p53 target gene, as a stabilizer for
P53 and activator of p53 gene transcription. Consequently, ROR« resulted in the activation of the p53
downstream effectors involved in apoptosis [76]. Caspase-2 also plays a role in linking DNA damage
to the pathways of apoptosis. The upregulation of PIDD (p53-induced protein with a death domain)
leads to the spontaneous cleavage and activation of caspase-2 in the nucleus [77] and consequently
sensitizes cells to genotoxins-induced apoptosis [78]. For instance, there is an association between
radiation-induced apoptosis and the activation of ATM/p53/BAX/cytochrome c/caspases pathway [79].
However, DNA damage-induced apoptosis might be p53-dependent or independent based on the
damage and cell types [52].

2.3.3. DNA Damage-Induced Mitotic Catastrophe

Mitotic catastrophe designates cell death occurrence during or as a consequence of abnormal
mitosis [80]. This results in aberrant segregation of chromosomes, followed by the generation
of huge cells that hold abnormal nuclear morphologies, multiple nuclei [81-84], and/or multiple
micronuclei [85]. It has been suggested that mitotic catastrophe occurs as a result of defective cell
cycle checkpoints or aggregated DNA damage that triggers p53 mutation or inactivation [57,86].
p53-dependent centrosomes proliferation can also cause mitotic catastrophe after DNA damage
induction and defective repair [87-91]. Delayed cell death induction by radiotherapy in solid tumors is
mainly caused by the mitotic catastrophe [57] associated with p53/cytochrome c/caspases pathway [92].
Thus, mitotic catastrophe is considered an important cell death mechanism inflicted by DNA damage.

2.3.4. DNA Damage-Induced Necrosis

In contrast to apoptosis, necrosis is an uncontrolled cell death mechanism. Necrosis is characterized
by various morphological changes, including increased cell volume, swelling of organelles, ruptured
plasma membranes, and loss of intracellular components. It can be mediated by several catabolic
and signal transduction pathways including TNFo/PARP/JNK/caspases [93,94]. Necrosis is a form of
death that involves immunological activation and pro-inflammatory responses through the release
of damage-associated molecular patterns like high mobility group (box1) and heat shock proteins
(HSPs) [95,96]. As mitotic catastrophe is usually followed by necrosis, local inflammation tends to
develop post-radiotherapy [97]. Given that, necrosis is one of the major contributors to cell death in
response to genotoxic injuries.
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3. Overview of Sphingolipids

Sphingolipids belong to a class of lipids characterized by a sphingosine backbone, which is
an amino-alcohol compound of 18 carbon atoms. The sphingosine backbone is synthesized from
non-sphingolipid precursors in the endoplasmic reticulum (ER). The diversity of sphingolipids arises
from distinct variations in this basic structure [98].

Sphingolipids are no longer thought to be only major structural components of biological
membranes but have recently proven to be, along with their active metabolites (sphingomyelin,
ceramide, sphingosine, sphingosine-1-phosphate, ceramide-1-phosphate), key players in various
human diseases [99,100]. These bioactive signaling molecules mediate various important biological
processes such as cell growth, survival, senescence, inflammatory responses, and death by regulating
their downstream targets [4,101]. For instance, Golgi-associated retrograde protein complex (GARP)
is a mediator of retrograde vesicular transport from the endosome to Golgi, and thus important for
the regulation of sphingolipids’ recycling between the plasma membrane and endosomes. GARP
deficiency ultimately leads to the development of progressive cerebello-cerebral atrophy type 2
(PCCAZ2) [102]. This severe neurodegenerative disease is attributed to dysfunctional lysosomes and
dysregulated sphingolipid metabolism [102]. Niemann-Pick disease type C (NPC) is a lysosomal
storage disease caused by mutations in lysosomal proteins NPC1 or 2. It involves the accumulation
of sphingosine, sphingomyelin, glycosphingolipids, and cholesterol [103,104]. In Niemann-Pick
disease, the accumulation of sphingomyelin is caused by acid sphingomyelinase deficiency [105].
Sphingosine contributes to lysosomal calcium release through two-pore channel 1 (TPC1) in normal
fibroblasts. In contrast, cells derived from NPC patients exhibit reduced lysosomal calcium release
due to accumulated sphingosine [104]. Moreover, sphingolipids are associated with various genetic
(Gaucher disease) and non-genetic (diabetic nephropathy and focal segmental glomerulosclerosis)
glomerular diseases. The dysregulation of sphingolipids in podocytes disrupts their proper functioning
and subsequently compromises the glomerular filtration barrier [106]. Given that, sphingolipids
altered metabolism mediates various inherited and non-inherited human diseases.

3.1. Sphingolipids Metabolic Pathway

Ceramide (Cer) is the central metabolite generated within the sphingolipid metabolism through
three different pathways. (i) Ceramide de novo synthesis: Palmitoyl-CoA is condensed with serine
by the action of serine palmitoyl transferase, followed by a set of reduction and acetylation reactions
to generate ceramide; (ii) Sphingomyelin (SM) catabolism: SM is catabolized by sphingomyelinases
to generate ceramide; (iii) Salvage pathway: N-acylation of fatty acids with a sphingosine backbone
produces ceramide through the action of ceramide synthases [1]. The generated pro-apoptotic
Cer can be phosphorylated by ceramide kinase into ceramide-1-phosphate (C1P) in trans-Golgi
or plasma membranes. C1P plays an important role in inflammatory responses, cell survival and
proliferation [98,99]. Afterwards, C1P canbe dephosphorylated by C1P phosphatases or other unspecific
lipid phosphate phosphatases (LPP family) [98,107]. Cer is also utilized to generate two major groups
of complex glycosphingolipids. Glucosylceramide synthase generates glucosphingolipids by adding
glucose as the first residue to Cer at C1 hydroxyl position, whereas galactosylceramide synthase
generates galactosphingolipids by adding galactose to Cer [98]. Moreover, Cer can be catabolized by
ceramidases into sphingosine which promotes cell cycle arrest and apoptosis. In its turn, sphingosine
can be phosphorylated by sphingosine kinases into the pro-survival lipid sphingosine-1-phosphate
(51P) [101]. S1P can be dephosphorylated by S1P phosphatases [108,109] or unspecific LPP [110].
The generated sphingosine can be further used to produce Cer or S1P [109]. S1P lyase (SPL) is
considered as the last enzyme in the sphingolipid catabolic pathway because it can irreversibly break
down S1P into phosphoethanolamine and hexadecenal [111] (Figure 1).
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Figure 1. The sphingolipid metabolic pathway. Ceramide is the central metabolite generated in
the sphingolipid metabolism by three distinct pathways. Ceramide de novo synthesis consists of
Palmitoyl-CoA condensation with serine by the action of serine palmitoyl transferase, followed by a set
of reduction and acetylation reactions to generate ceramide. Sphingomyelin (SM) catabolism generates
ceramide through the action of sphingomyelinases. The salvage pathway involves N-acylation of fatty
acids with a sphingosine backbone to produce ceramide by ceramide synthases. Ceramide can be
further phosphorylated to ceramide-1-phosphate (C1P) by ceramide kinase, or converted into complex
glycosphingolipids by glucosylceramide or galactosylceramide synthases. Ceramidase is responsible
of catabolizing ceramide into sphingosine, which may be further metabolized by sphingosine kinases
to generate sphingosine-1-phosphate (S1P).

3.2. Sphingolipids in the Nucleus

It took a long time to dismiss the hypothesis that the lipids found in the nuclear fraction result from
contamination during extraction procedures. However, several years of dedicated research confirm
that lipids are minor components of the nucleus (around 5% by weight) [112,113]. Under various
physiological and pathological conditions, the composition, metabolism and behavior of these nuclear
lipids are independent of the other lipids in cellular membranes and organelles [112,114]. It is of note
that some exogenous stimuli influence only intranuclear signaling [115,116] while others can influence
both the nuclear and cytoplasmic signaling [117,118]. In the nuclear fraction, lipids could be either
polar or non-polar and consist of glycerophospholipids, plasmalogens, sphingolipids, gangliosides,
cholesterol, arachidonic acid, and eicosanoids [112]. Their active metabolism is maintained by nuclear
lipid enzymes which take responsibility of their anabolic and catabolic reactions [114]. Initially,
the function of nuclear lipids was thought to be restricted to structural support maintenance of the
nuclear membranes (nuclear envelope (NE)) as they contain the bulk of lipids [119]. However, besides
the nuclear membranes, bioactive lipids were also identified in other subnuclear domains including
the nuclear matrix [120], chromatin [121,122], and nucleolus [123]. Structurally, the NE consists of
outer and inner nuclear membranes of distinct lipidomic profiles. The outer membrane is continuous
with the ER, whereas the inner membrane is associated with the nuclear lamina and chromatin [124].
These nuclear membranes are separated by a perinuclear space and they are perforated by the nuclear
pore complexes (NPC). The latter control nucleo-cytoplasmic communications mainly by regulating
the bidirectional shuttling of ions, nucleotides, RNA and proteins [125]. Albi et al. demonstrated that
the nuclear membranes’ permeability and fluidity are heavily dependent on their lipid composition,
in particular phosphatidylcholine (PC), sphingomyelin (SM) and cholesterol (CHO) [126]. Moreover,
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the inner membrane expresses a GM1 ganglioside-linked Na*-Ca?" exchanger that is responsible of
mediating the transfer of nuclear Ca?* to the perinuclear space as a cytoprotective mechanism [127].
Gangliosides are complex glycosphingolipids, which are mostly abundant in the central nervous
system and involved in the regulation of nuclear calcium homeostasis [113]. The lipid content of the
nuclear matrix is essential for conveying and maintaining its rigidity. It constitutes an anchor that
organizes the chromatin and controls various important endonuclear events [128]. In fact, nuclear
lipids are involved in multiple processes like DNA replication, transcription, splicing, and repair as
well as Ca2* homeostasis [129]. Therefore, stress-induced alterations in lipid metabolism can modulate
cell growth, survival, differentiation, senescence and death [114].

Many studies have identified sphingolipids as important modulators of key nuclear processes.
So far, various subnuclear compartments including the NE, nuclear matrix, nucleolus and chromatin
have been described to host various sphingolipid species [113,123,130-136]. Although nuclear pores
should permit nucleo-cytoplasmic exchange of sphingolipids, many of these nuclear metabolites are in
dynamic state and undergo turnover. Therefore, the nuclear localization of sphingolipid metabolizing
enzymes has been demonstrated. To this end, the utilization of several analytical, biochemical and
microscopic techniques led to the identification and quantification of various nuclear sphingolipid
species along with their metabolizing enzymes [137]. In fact, sphingomyelin (SM) is the dominant
nuclear sphingolipid variant [119]. Through its metabolism, SM gives rise to ceramides, sphingosine,
and S1P, which in turn give rise to other metabolites. Within the scope of this review, we describe and
summarize the diverse functions of these nuclear sphingolipids based on their localization (Table 1).

Table 1. Nuclear sphingolipid metabolites and metabolizing enzymes. This table recapitulates the
various nuclear sphingolipid metabolites and enzymes detected in the nuclear compartment with a brief
description of their important nuclear functions. NE: nuclear envelop, dsSRNA: double stranded RNA.

Nuclear Sphingolipid Nuclear Sphingolipid Nuclear Spl}mgohpld . .
R R Degrading or Main Nuclear Functions
Metabolites Producing Enzymes .
Converting Enzymes
Maintenance of NE and
Sphingomyelin Sphingomyelin synthase Reverse sphingomyelin synthase nucleoplasm structure

Neutral sphingomyelinase Regulation of NE permeability and Fluidity
Stabilization of DNA and dsRNA

Ceramide synthase

. . Ceramidase Regulation of Cell cycle arrest, Senescence,
Ceramide Ceramide desaturase - .
- . Ceramide kinase and Apoptosis
Neutral sphingomyelinase
Ceramide-1-phosphate Ceramide kinase C1P phosphatase Regulation of cell growth and survival
Sphingosine Ceramidase CelTamld.e syr.lthase Regulation of gene transcrlptlon

Sphingosine kinase 2 and apoptosis

Epigenetic modulation of gene transcription

. . . . . S1P lyase Regulation of cell cycle progression

Sphingosine-1-phosphate Sphingosine kinase 2 S1P phosphatase and apoptosis

Stabilization of human telomerase

3.2.1. Nuclear Sphingomyelin and Metabolizing Enzymes

SM is the most abundant nuclear sphingolipid. It is primarily found in the nuclear envelope
and to a lesser extent in the nuclear matrix and chromatin [113]. Besides SM, the nuclear membrane
contains phosphatidylcholine (PC) and cholesterol (CHO). These are the important lipids that regulate
the structure, function, and fluidity of nuclear membranes [138]. SM and CHO increase a membrane’s
rigidity, whereas PC increases its fluidity [125]. Therefore, a high SM-CHO/PC ratio will decrease the
fluidity of the nuclear membrane and vice versa. As the fluidity of the nuclear membrane increases,
the size of the nuclear pores changes allowing increased nucleo-cytoplasmic transport such as that of
mRNA during cell proliferation [138]. Moreover, nuclear SM can either stabilize and/or destabilize the
DNA molecules by influencing the helical to non-helical transition and vice versa [139]. The SM-DNA
interaction is plausible due to the zwitterionic nature of SM. Its positively charged trimethylammonio
group can bind to DNA anionic groups, whereas its negatively charged phosphate group repels the
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negatively charged phosphate of the DNA [112]. At low levels, the non-polar fatty acids of SM bind to
the internal hydrophobic centers of helical DNA providing their stabilization. Conversely, increased
SM concentration leads to space competition for the non-polar fatty acids. This change alters their
binding to DNA and results in DNA molecule opening followed by rapid denaturation [112]. It has
been proposed that SM also binds to and stabilizes double-stranded RNA in the nucleus and prevents
its digestion by RNases [140,141]. In addition, SM is an essential component for the maintenance of the
nuclear structure since it preferentially localizes within the peri-chromatin region. This is supported by
the observation that sphingomyelinase microinjections into living cells” nuclei resulted in fast corrosion
of the intranuclear architecture [142,143].

The metabolism of nuclear SM is independent from the Golgi complex and ER. Multiple factors
such as stress, high fat diet, cell cycle and tissue regeneration can alter the levels of SM in the
nucleus [124]. The enzymes responsible for SM synthesis and breakdown have been detected in
nuclear fractions [124]. De-novo nuclear SM synthesis requires the production of Cer, followed by
its conversion to SM by the action of SM synthase 1 or 2. The latter step requires phosphocholine
derived from nuclear PC which is found in the NE or chromatin [144,145]. On the other hand, neutral
sphingomyelinase, available in the nuclear envelope [130], nuclear matrix [120], and chromatin [146] of
rat liver nuclei, metabolizes SM into pro-apoptotic ceramides. Reverse SM synthase was also detected
in rat liver chromatin, which catalyzes the transfer of phosphocholine from SM into DAG, a mitogenic
second messenger, forming PC [144]. Therefore, SM synthase and sphingomyelinase can modulate cell
proliferation or death by regulating Cer to DAG ratio of chromatin.

3.2.2. Nuclear Ceramide, Ceramide-1-Phosphate and Metabolizing Enzymes

Cer is the central metabolite generated within the sphingolipid pathway. It serves as a precursor
for complex sphingolipids production (SM and glycosphingolipids) and in turn can be metabolized to
other bioactive species (sphingosine, C1P or S1P) [129]. After overexpression in HEK-293 cells, Cer
synthases could be highly detected in the ER and NE [147-150]. Nuclear ceramidase activity was also
reported in liver nuclear membranes, thus allowing further Cer metabolism [151]. Several studies
showed that nuclear ceramides are key mediators of cell cycle arrest and apoptosis. Multiple exogenous
stressors can alter the nuclear levels of Cer such as serum starvation, high-fat diet, bacterial infections,
and apoptosis-inducing mediators (e.g., Fas ligand) [124,152]. For instance, Albi and colleagues
reported that serum starvation was associated with nuclear Cer upregulation during the early phase
of apoptosis. This was followed by extranuclear sphingomyelinases activation and cytoplasmic Cer
accumulation during the late phase of apoptosis [153]. A high fat diet also resulted in increased nuclear
ceramide levels by three-fold in rat liver nuclei along with the elevation of saturated fatty acid species
(C:14, C:16, C:18) [154]. It remains unclear whether Cer nucleo-cytoplasmic shuttling is feasible via
binding to Cer transport protein CERT and FAPP2 [155,156].

Cer can be phosphorylated into C1P by the action of ceramide kinase (CERK) previously reported
in ER/Golgi organelles [157]. Then, C1P transfer protein (CPTP) transports C1P to the cytoplasmic
membrane and other subcellular organelles including the nucleus [158]. Prior work detected nuclear
import and export signals in the protein sequence of CERK [159]. It is plausible that nuclear ceramides
may be further converted into C1P, however that remains to be fully established.

3.2.3. Nuclear Sphingosine, Sphingosine-1-Phosphate and Metabolizing Enzymes

Sphingosine levels, whether in whole cells or nuclear extracts, are much lower than Cer [133].
Nuclear ceramidases allow the hydrolysis of Cer into sphingosine which in turn can be converted into
Cer by the action of Cer synthases [129,133]. Nuclear sphingosine is an important regulator of gene
transcription. Sphingosine modulates the transcription of CYP17 and it is considered as a regulatory
ligand for steroidogenic factor (SF-1) [160]. Under basal conditions, nuclear sphingosine binds to SF-1
with several co-repressors including Sin3A and histone deacetylase (HDAC). The stimulatory signals
of the adrenocorticotropin hormone (ACTH) release sphingosine from bounded SF-1 through the
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activation of protein kinase A. Subsequently, the transcription of genes implicated in steroid hormone
synthesis from cholesterol precursor will be initiated [161,162].

In addition, sphingosine levels can be modulated by the action of sphingosine kinases (SK) which
phosphorylate sphingosine to sphingosine-1-phosphate (S1P). There are two isoforms of sphingosine
kinases, SK1 and SK2 which differ by their subcellular localizations and functions. SK1 is mainly
located in the cytoplasm due to its two functional nuclear export signals and regulates cell proliferation
and growth. Conversely, SK2 is mainly located in the nucleus, due to the nuclear localizing signal
at its N-terminus, and modulates apoptosis [163,164]. Both sphingosine kinases get altered after
stimulation by growth and survival factors. They become subjected to post-translational modifications,
translocations, protein-protein and lipid-protein interactions resulting in increased intracellular S1P
levels [165]. Primally, nuclear SK activity was detected in the NE and nucleoplasm of Swiss 3T3 cells.
This kinase activity got upregulated by the platelet derived growth factor and promoted cell cycle
progression toward the S phase [118]. Therefore, S1P might be implicated in the regulation of cell cycle.
In MCEF-7 breast cancer cells, SK2 interacts with the histone variant H3 in chromatin and induces its
acetylation. Thus, intranuclear S1P can exert epigenetic modulations of gene transcription. The nuclear
S1P and dihydro-S1P can bind to the active sites of HDAC1 and 2 and consequently inhibit their
activities [136]. Moreover, SK2 associates with HDAC at the promoter regions of p21 and c-fos genes
resulting in histone acetylation, which favors their gene transcription and subsequent cell cycle arrest
and apoptosis [136]. Recently, Selvam et al. suggested that S1P can bind and stabilize the human
telomerase [166]. S1P can act as an intracellular messenger or an extracellular ligand for a family of
five isoforms of G protein-coupled receptors (S1PR1-5) [167]. IHC and ICC techniques allowed the
detection of all five isoforms of S1PR in both the cytoplasm and nucleus of healthy and cancerous
human tissues of several organs [168]. All together, these studies suggest that S1P is a master regulator
of cell proliferation and anti/pro-apoptotic processes.

To terminate S1P signaling at the ER, the cells opt either sphingosine phosphatases (SPP1-2)
which dephosphorylate S1P into sphingosine [169] or S1P lyase (SPL) which terminally hydrolyzes
S1P into ethanolamine phosphate and hexadecenal [111]. Schwiebs et al. reported that SPP-1 is
expressed in the nuclear compartment of naive dendritic cells and gets translocated to the cytoplasm
upon inflammation [170]. Recently, Ebenezer et al. confirmed the nuclear localization of SPL in
lung epithelial cells [171], as well as the crucial role of the generated nuclear hexadecenal in histone
acetylation through interaction with HDAC1-2 [172]. The exact catabolic mechanisms of nuclear S1P
remain to be fully elucidated in various tissues and cell lines.

4. Role of Sphingolipids in the DNA Damage Response

After reviewing the DDR and the various nuclear sphingolipid metabolites, we discuss how these
two entities interplay in order to determine cell fate post-injury (Figure 2). Various chemotherapeutic
drugs and DNA damaging agents target sphingolipid metabolizing enzymes. Strong evidence suggests
that lipids are involved in DDR and determining cell fate [1]. Most of cancer treatments lead to
Cer generation which is implicated in cell death response [173]. However, cancer cells tend to
develop survival strategies like generating the pro-survival sphingolipid metabolite S1P after the
phosphorylation of sphingosine generated by Cer hydrolysis [174]. Hence, the regulation of these
metabolites production is of significant importance in determining the cells’ fate in response to DNA
damage [1].
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L
]

I

transmitted signaling cascade. The transiently activated cell cycle arrest allows DNA repair. However,
persisting unrepaired damage triggers cellular senescence or death to hinder damage propagation to
the next generation of cells. The sphingolipid metabolism interacts mainly with p53 along with other
elements of the DDR to determine the injured cell fate. ACER2: alkaline ceramidase 2, Cer: ceramide,
CerS: ceramide synthase, nSMase: neutral sphingomyelinase, SK: sphingosine kinase, SPL: S1P lyase,
double-headed arrow: interaction and activation, full arrow: upregulation and activation, and dashed
arrow: downregulation.

Dbaibo et al. showed that p53 is involved in Cer-induced apoptosis. The accumulation of Cer in
Molt4 lymphocyte leukemia cells post-irradiation and actinomycin D was p53-dependent since increased
p53 preceded Cer up-regulation. Indeed, Cer accumulation can be impeded by p53 inhibition [175].
P53 is a downstream effector activated by ATM in DDR and numerous indications implicate its
involvement in Cer accumulation. Prior work demonstrated that AT cells with a mutated ATM gene
are resistant to IR-induced apoptosis. These cells maintained the first phase of Cer accumulation by
acid sphingomyelinase but lost the second peak mediated by Cer synthase [176]. Thus, ATM mediates
Cer synthase activation but not that of acid sphingomyelinase. Further studies point at the involvement
of neutral sphingomyelinases 2 and 3 in DDR. ATM and p53 activate neutral sphingomyelinase 2 and
down-regulate neutral sphingomyelinase 3 in order to induce apoptosis [177-179]. Furthermore, it has
been shown that IR induces caspase-3 and PARP cleavage through Cer. Caspase-3 inhibition doesn’t
affect the levels of Cer whereas Cer depletion prevents the cleavage of caspase-3 and PARP [176,180].
These results suggest that Cer up-regulation is upstream of caspase-3 cleavage. Ceramides have
been also implicated in cell cycle arrest during DDR. For instance, accumulation of Cer can arrest
the cell cycle either at G0/G1 phase mediated by retinoblastoma protein (Rb) [181] or at G2 phase
through the activation of p21 [182]. Others reported that human alkaline ceramidase 2 (ACER?2) is
a novel direct target gene of p53 that mediates the DDR [183]. Upregulation of ACER2 reduced
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the levels of Cer while accumulating sphingosine and S1P in H1299 cells. Extensive IR-induced
DNA damage hyperactivated the p53-ACER2 pathway in HCT116 cells. This hyperactivation led
to cell death because of a high pro-apoptotic sphingosine to pro-survival S1P ratio. In contrast, low
levels of DNA damage moderately activated the p53-ACER2 pathway favoring cell cycle arrest and
senescence. The pro-apoptotic and pro-senescence signals of sphingosine and Cer were balanced with
the pro-survival and pro-proliferative signals of S1P [183]. In cancer cells, folate stress leads to the
upregulation of C16-Cer coupled to a transient increase in Cer synthase 6 in a p53/PUMA-dependent
manner [184]. Recent work proved a direct and highly specific interaction between p53 and C16-Cer.
Under metabolic stress induced by serum or folate starvation, this interaction displaces MDM2 from
P53 leading to the accumulation and activation of p53 [185]. However, the relationship between
p53 and Cer remains elusive as many studies supported functional roles for Cer both upstream and
downstream of p53.

The levels of the pro-survival bioactive lipid S1P are also involved in DDR and the determination
of cell fate [1]. A link between p53 and SK1, which catalyzes S1P production, was established after
treating Molt-4 leukemia cells with multiple chemotherapeutic agents and y-rays. The DDR leads to a
decrease in the protein but not mRNA levels of SK1 coupled to p53 up-regulation [186]. Conversely,
SK2 was shown to exacerbate the apoptotic response and its overexpression was associated with the
induction of apoptosis. In addition, SK2 was proven as critical for p21 expression which was needed
for cell cycle arrest in a p53-independent route [164,187]. These results could be potentially explained
by the fact that mainly SK1 is cytoplasmic and SK2 is nuclear. Hence, increased SK2 expression and
intranuclear production of S1P can inactivate HDACs and promote the transcription of genes involved
in cell cycle arrest and apoptosis. On the other hand, SPP1 knockdown had a protective role against
DNA damage and cell death induced by daunorubicin in MCF7 cells [188]. Furthermore, augmenting
SPL activity through its overexpression or by treatment with etoposide favored apoptosis through
caspase-3, annexin-V, PARP and nuclear condensation [189]. Similarly, SPL modulates DNA repair,
G2 cell cycle arrest, and apoptosis post-irradiation. SPL upregulation exacerbates stress-induced
accumulation of Cer through acid sphingomyelinase. Interestingly, overexpression of SPL results in
decreased ATM and checkpoint kinase 1 protein levels when compared to control cells [190]. Taken
together, these findings reveal the importance of sphingolipids in mediating the DNA damage response.

Our group previously showed that the specific expression of sphingomyelin phosphodiesterase
acid-like 3b (SMPDL3b) in podocytes to be a modulator of radiation stress signaling [191]. Strong
evidence suggests that SMPDL3b is critical for preserving podocytes proper functioning [192]. Novel
work pinpointed that SMPDL3b regulates C1P to Cer levels in podocytes by interacting with CERK
and C1P [193,194]. Furthermore, IR results in a time-dependent drop in the protein levels of SMPDL3b,
downregulation of sphingosine and S1P, upregulation of various pro-apoptotic Cer species, and loss of
podocytes’ filopodia [191]. Conversely, SMPDL3b overexpression confers radioresistance by partially
reversing these changes and enhancing DNA damage repair evidenced by reduced y-H2AX nuclear
foci in comparison to wild-type podocytes post IR [191]. It remains of great interest to elucidate the
proper mechanism by which SMPDL3b modulates the DDR.

In a nutshell, all non-surgical cancer therapies aim to eradicate tumor cells while sparing
normal tissues through complex cell signaling pathways. Research over the past few decades has
confirmed that the stress induced by these therapies involves the accumulation of ceramide. However,
any dysregulation in this process, due to either decreased generation or increased metabolism of
ceramide, confers resistance against these therapies [195]. From this perspective, emerging therapeutic
and clinical interventions are under investigation to maximize the positive outcomes of these therapies
by a combinatorial approach. For instance, as recombinant human acid sphingomyelinase (thASM)
was previously evaluated in patients with Niemann-Pick disease, the idea of its administration in
cancer therapies flourishes. rhASM might be used to induce pro-apoptotic ceramide levels beyond the
tolerance of cells. This treatment is more likely to affect tumors than normal tissues [196]. Moreover,
a recent study reported that gentamicin, a commonly used anti-microbial drug, can potentially play a
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role in cancer therapies. The administration of gentamicin highly upregulated acid sphingomyelinase
and induced apoptosis in human gastric cancer cells [197]. As cancer cells can develop survival
strategies like generating the pro-survival S1P, inhibitors for both SK1 and SK2 were developed.
However, sphingosine kinase inhibitors exhibited some downstream off-target effects such as inhibiting
ERK and Akt pathways [198]. Hence, further studies should address the development of more
specific sphingosine kinase targets for possible clinical trials. Interestingly, the total plasma levels of
ceramide, measured in early days after the combined treatment of radio-chemotherapy, can predict
tumor responses in patients with liver and lung metastases of colorectal cancer. It allows the
identification of patients with high risks of metastases [199]. Therefore, successful discoveries of
sphingolipid therapeutic targets or sphingolipid biomarkers of tumor response will potentially enhance
the outcomes of standard of care therapies.

5. Conclusions

Up to now, a large body of evidence supports the interplay between the DDR and the
sphingolipid metabolic pathway in determining cell fate after exposure to genotoxins or metabolic
stress. These findings elicit sphingolipids as master modulators of the overall mechanism by which
cells respond to genotoxic injuries. Further studies are needed to clarify some debatable theories
and to further understand the complex interactions between the various sphingolipid metabolites
and the DDR mediators. For instance, although SK2 was reported to mediate cell cycle arrest and
apoptosis [164,187], downregulation of SK2 but not SK1 was effective in the suppression of tumor
cell proliferation and migration [200]. Despite the numerous studies that emphasized important roles
of sphingolipids in cancer and metabolic diseases, a very limited number of sphingolipid-targeting
drugs entered clinical trials. Complete understanding of these bioactive metabolites and enzymes
remains to be fully elucidated. The first-in-class clinical inhibitor of SK2, ABC29464, successfully
achieved phase I clinical trial and proceeded to phase II as an anti-cancer drug [201]. Therefore,
new effective sphingolipid therapeutic targets are expected to develop as a result of the numerous
emerging studies in the field. These potential discoveries are predicted to advance the standard of care
therapies by overcoming tumor resistance and developing new effective diagnostic and prognostic
sphingolipidomic-based tests.
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Abbreviations

Apafl Apoptotic protease activating factor 1
ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasia and Rad-3 related
BD Base damage

Cer Ceramide

CERK Ceramide kinase

CHO Cholesterol

c1p Ceramide-1-phosphate

DDR DNA damage response

DNAPK  DNA-dependent protein kinase

DSB Double strand break

Gy Gray (absorbed dose)

HR Homologous recombination

IR Ionizing radiation
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MDM2 Mouse double minute 2
NHE] Non-homologous end joining

PC

Phosphatidylcholine

PUMA p53 upregulated modulator of apoptosis
p53AIP1  p53 regulated apoptosis inducing protein 1

ROS

SK
SM

Reactive oxygen species
Sphingosine kinase
Sphingomyelin

SMPDL3b  Sphingomyelin phosphodiesterase acid like-3b

S1P
SPP
SSB

Sphingosine-1-phosphate
S1P phosphatase
Single strand break

TRAIL TNF-related apoptosis-inducing ligand
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