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Abstract

Sphingolipid metabolism has emerged as a regulatory interface between lipid homeostasis,
organelle stress, and genome maintenance. Although sphingolipids are essential struc-
tural components of cellular membranes, specific metabolites also function as bioactive
mediators that shape cellular responses to genotoxic stress. In this review, we examine
how canonical and atypical sphingolipid pathways influence the DNA damage response
through three mechanistic axes. First, ceramide-centered stress signaling links radiation,
chemotherapy, and inflammatory injury to kinase and phosphatase pathways, mitochon-
drial apoptosis, and checkpoint-associated cell-fate decisions. Second, nuclear sphingolipid
metabolism, particularly sphingosine kinase 2-dependent production of sphingosine-1-
phosphate, regulates chromatin-associated transcriptional programs through modulation of
histone deacetylase activity. Third, persistent sphingolipid imbalance promotes metabolic
stress by disrupting lysosomal turnover, mitochondrial function, endoplasmic reticulum
homeostasis, and redox balance, thereby increasing endogenous oxidative DNA dam-
age. We also discuss atypical sphingolipids, including 1-deoxysphingolipids generated
through altered serine palmitoyltransferase substrate utilization, as emerging mediators
of mitochondrial dysfunction and genome instability. Finally, we consider the relevance
of these mechanisms to cancer, lysosomal storage disorders, and neurodegenerative dis-
eases, where sphingolipid dysregulation may influence therapeutic responses and disease
progression. Together, these position sphingolipid metabolism as an integrated regulatory
network connecting cellular stress signaling, chromatin regulation, organelle dysfunction,
and genome stability.

Keywords: sphingolipids; atypical sphingolipids; DNA damage response; ceramide;
glycosphingolipids; sphingosine-1-phosphate

1. Introduction

Maintenance of genome stability is essential for cellular survival and organismal
health. DNA molecules are continuously exposed to endogenous and environmental
insults that generate a wide range of lesions, including oxidized bases, single-strand breaks,
double-strand breaks, and replication-associated damage [1]. To preserve genomic integrity,
eukaryotic cells use coordinated DNA damage response (DDR) pathways that detect lesions,
activate checkpoint signaling, and recruit DNA repair machinery [2]. These surveillance
systems integrate lesion detection with cell-cycle control and DNA repair pathway choice,
ensuring that DNA replication and chromosome segregation occur only after genomic
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damage has been resolved [3]. Increasing evidence indicates that the efficiency of DDR
signaling is closely linked to cellular metabolism and organelle function, which regulate
both the generation of endogenous DNA lesions and the capacity of cells to repair them [4].
In particular, mitochondrial metabolism represents a major endogenous source of reactive
oxygen species (ROS), linking metabolic defects directly to oxidative DNA damage and
genome instability [5,6]. This relationship primarily concerns the generation of DNA
lesions, whereas subsequent DDR activation depends on lesion recognition, checkpoint
engagement, and repair pathway selection.

Among metabolic pathways that influence cellular stress responses, sphingolipid
metabolism has emerged as a critical regulator of cellular outcomes during genotoxic
stress [7]. Sphingolipids are structurally diverse membrane lipids that serve as critical
structural components of cellular membranes and, in specific contexts, function as bioactive
signaling molecules regulating cell fate decisions during cellular stress [8]. Central metabo-
lites such as ceramide and sphingosine-1-phosphate (S1P) participate in stress-response
networks that regulate cellular responses to environmental and intracellular stressors [9].
Ceramide accumulation is frequently altered following radiation exposure, chemother-
apy, and inflammatory responses, linking sphingolipid metabolism to pathways activated
during DNA damage and cellular injury [10]. Conversely, S1P signaling often promotes sur-
vival and proliferative signaling pathways, creating a regulatory balance between pro-death
and pro-survival lipid signals that influences cellular responses to genotoxic stress [11].

Sphingolipid metabolism is tightly integrated with organelle function, particularly
within the endoplasmic reticulum, Golgi apparatus, lysosomes, and mitochondria. De novo
sphingolipid synthesis begins in the endoplasmic reticulum and generates ceramide, the
central metabolic hub from which complex sphingolipids are produced [12]. Lysosomes
subsequently degrade complex sphingolipids through coordinated catabolic pathways
that recycle sphingolipid components and maintain lipid homeostasis [13]. Disruptions in
sphingolipid turnover can propagate across organelle systems, impairing endocytic traffick-
ing, autophagic flux, and mitochondrial function [14,15]. Because sphingolipid imbalance
can impair these mitochondrial dynamics, disturbances in sphingolipid homeostasis may
promote ROS generation and thereby increase genotoxic pressure within cells [16].

Recent work has expanded this paradigm by identifying atypical sphingolipids gen-
erated through the substrate promiscuity of serine palmitoyltransferase (SPT), the rate-
limiting enzyme in sphingolipid biosynthesis [17]. When SPT incorporates alanine or
glycine instead of serine, it produces 1-deoxysphingoid bases that lack the C1 hydroxyl
group required for canonical sphingolipid metabolism as shown in Figure 1 [18]. Because
these lipids cannot be efficiently converted into complex sphingolipids (Figure 1), they ac-
cumulate within cellular membranes and disrupt membrane organization and intracellular
trafficking [19,20]. It has also been shown that 1-deoxysphingolipids impair mitochondrial
function and promote cellular stress responses, suggesting that atypical sphingolipids
represent a previously underappreciated source of metabolic stress capable of influencing
genome stability [17,21].

Distinct from lipid-imbalance mechanisms, canonical sphingolipid metabolites are
directly involved in signaling pathways that intersect with DDR networks. Ceramide
signaling influences checkpoint activation, stress kinase signaling, and apoptosis following
genotoxic injury [22]. Nuclear sphingolipid metabolism can regulate chromatin accessibility
and transcriptional responses through S1P-mediated modulation of histone deacetylase
activity [23]. These observations highlight two complementary routes through which
sphingolipids may influence cellular responses to genotoxic stress: canonical signaling
pathways that modulate stress responses and chromatin regulation, and lipid-imbalance
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mechanisms in which atypical sphingolipids generate metabolic and organelle stress with
the potential to affect genome stability [4,8].
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Figure 1. Diagram of sphingolipid and 1-deoxysphingolipid metabolic pathways. (SPT) serine palmi-
toyltransferase, (CDase) ceramidase, (CerS) ceramide synthase, (SPPase) sphingosine-1-phosphate
phosphatase. (SphK) sphingosine kinase, (SGPPL) sphingosine-1-phosphate lyase, (SLs) sphin-
golipids, (dihydroSLs) dihydrosphingolipids; red colored sections indicate the C1 functional group
absent from 1-deoxysphingolipids; faded arrows indicate canonical metabolic conversions not sup-
ported by 1-deoxysphingolipids, including formation of complex SLs and SphK/SPPase/SGPPL-
dependent turnover.

In this review, we examine emerging connections between sphingolipid metabolism
and the DNA damage response, focusing on canonical sphingolipid signaling pathways and
atypical sphingolipid species. We first summarize key features of sphingolipid metabolism
and its compartmentalization across cellular organelles. We then discuss how sphingolipid
dysregulation induces organelle stress through oxidative DNA damage. Finally, we explore
signaling axes linking sphingolipid metabolism to cell-cycle checkpoint regulation, chro-
matin dynamics, and genome stability. Together, these observations position sphingolipid
metabolism as an important interface between lipid biology, cellular stress responses, and
the maintenance of genomic integrity.

2. Sphingolipid Metabolism

Sphingolipids comprise a structurally diverse class of membrane lipids unified by the
presence of a sphingoid base backbone. These lipids are ubiquitous components of eukary-
otic membranes and participate in a wide range of cellular processes including membrane
organization, vesicular trafficking, and intracellular signaling. The sphingoid base scaffold
typically consists of an 18-carbon amino alcohol (Figure 1) that can be modified through
acylation, phosphorylation, or glycosylation to generate a broad spectrum of complex
sphingolipid species [8]. Structural variation within the sphingoid base and N-acyl chain
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produces hundreds of distinct sphingolipid molecules that differ in biophysical properties
and biological function [12]. While historically viewed primarily as structural membrane
components, it is now well established that many sphingolipid metabolites function as sig-
naling molecules capable of regulating apoptosis, proliferation, inflammation, and cellular
stress responses [9,11]. Increasing evidence suggests that this structural diversity is func-
tionally organized, with distinct sphingolipid species contributing to compartment-specific
signaling and membrane behavior rather than behaving as a homogeneous lipid pool.

De novo sphingolipid biosynthesis occurs primarily in the endoplasmic reticulum
(ER) and begins with condensation of serine and palmitoyl-CoA catalyzed by SPT, the
rate-limiting enzyme of the pathway [24]. This reaction produces 3-ketosphinganine, which
is subsequently reduced to sphinganine and N-acylated by one of six ceramide synthases
to generate dihydroceramides [12]. At this stage, the N-acylation step introduces fatty-acyl
chains of varying lengths and saturation, influencing the downstream behavior of specific
ceramide species. Dihydroceramide is then desaturated by dihydroceramide desaturase to
form ceramide, the central metabolic intermediate of sphingolipid metabolism [8]. Multiple
ceramide synthase isoforms generate ceramide species containing acyl chains of varying
length, providing an additional level of molecular diversity that can influence membrane
organization and signaling properties [25]. Differences in acyl chain length have been linked
to variations in cytotoxicity and cellular stress responses, indicating that ceramide species
are not all functionally equivalent. The N-acyl chain length and saturation of ceramides
influence bilayer thickness, curvature, and lipid packing, regulating the formation and
stability of lipid rafts, with longer-chained ceramides often increasing raft stability and
tighter lipid packing [26,27]. Glycosphingolipids are major cellular sphingolipids that
contribute to plasma membrane organization, cell-surface identity, receptor clustering, and
endocytic trafficking. Because they are turned over through lysosomal catabolic pathways,
altered glycosphingolipid synthesis or degradation can directly affect lysosomal lipid
burden and membrane trafficking. Because ceramide serves as the precursor for most
downstream sphingolipids, regulation of its synthesis represents a critical point of control
within the pathway.

Because ceramide occupies this central metabolic position (Figure 1), alterations in
ceramide synthesis or degradation can propagate throughout the sphingolipid network
and influence the cellular balance among multiple bioactive lipid species. Ceramide can be
converted into sphingomyelin through sphingomyelin synthase activity or glycosylated
to generate glucosylceramide and more complex glycosphingolipids within the Golgi
apparatus [28]. Glycosphingolipids are major cellular sphingolipids that contribute to
plasma membrane organization, cell-surface identity, receptor clustering, and endocytic
trafficking. Because they are turned over through lysosomal catabolic pathways, altered
glycosphingolipid synthesis or degradation can directly affect lysosomal lipid burden and
membrane trafficking [12,13,28]. Conversions of ceramide into complex sphingolipids also
retain the ceramide acyl backbone, allowing the physicochemical properties conferred by
the acyl chain to be preserved across sphingolipid metabolites. Alternatively, ceramide
may be deacylated by ceramidases to produce sphingosine, which can subsequently be
phosphorylated by sphingosine kinases to form sphingosine-1-phosphate (51P) [9]. The
dynamic balance among ceramide, sphingosine, and S1P has often been described as a
“sphingolipid rheostat” that can influence cell survival and apoptosis [29].

Sphingolipid metabolism is spatially organized across multiple intracellular compart-
ments, reflecting the central role of membrane trafficking in lipid homeostasis. Newly
synthesized ceramide generated in the ER is transported to the Golgi apparatus, where
it serves as the precursor for sphingomyelin and glycosphingolipid synthesis [30]. This
transport is mediated by both vesicular and non-vesicular mechanisms, with ceramide
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transfer protein (CERT) facilitating the movement of ceramide molecules between the ER
and Golgi apparatus [31]. Given the hydrophobicity of long-chained ceramides, carrier-
mediated transport is necessary for non-vesicular ceramide trafficking through the cytosol.
Accordingly, inter-organelle trafficking of ceramide is not merely a mechanism for control-
ling sphingolipid levels, but also represents an additional regulatory layer that governs
organelle-specific localization and availability of distinct sphingolipid species. After synthe-
sis in the Golgi, sphingomyelin is delivered to the plasma membrane, where it contributes
to membrane microdomain formation and receptor signaling [28]. Endocytosis and mem-
brane recycling then return sphingolipids to late endosomes and lysosomes, where complex
sphingolipids undergo enzymatic degradation [13]. This compartmentalized organization
allows sphingolipid metabolism to integrate biosynthetic and degradative pathways with
membrane trafficking and organelle function.

Lysosomes serve as the primary site of sphingolipid catabolism, where sequential
enzymatic reactions degrade complex sphingolipids into ceramide and then sphingosine
that can be recycled through salvage pathways. Enzymes such as acid sphingomyelinase,
glucocerebrosidase, and ceramidases cooperate to maintain sphingolipid turnover and
lipid homeostasis [13]. Disruption of these pathways leads to lysosomal storage disorders
characterized by accumulation of sphingolipids within endolysosomal compartments and
progressive cellular dysfunction [32]. These disorders illustrate the importance of lysosomal
sphingolipid degradation for cellular homeostasis and demonstrate how perturbations in
sphingolipid metabolism can propagate metabolic stress across organelle systems [30,33].

Because sphingolipid metabolism is distributed across the ER, Golgi, lysosomes, and
mitochondria, disruption of lipid homeostasis can propagate stress across multiple or-
ganelle systems. These organelle stress responses are increasingly recognized as important
indirect drivers of genome instability, particularly through effects on oxidative stress,
autophagy, inflammatory signaling, and DNA damage response pathways.

3. Organelle Stress and Genome Instability

Maintenance of genome stability requires coordinated communication between the
nucleus and multiple intracellular organelles that regulate metabolic homeostasis and
cellular stress responses. Mitochondria, lysosomes, and the endoplasmic reticulum col-
lectively influence the generation of endogenous DNA damage through their roles in
reactive ROS, protein quality control, and metabolic regulation. Mitochondria represent a
major source of intracellular ROS generated during oxidative phosphorylation, and dys-
regulation of mitochondrial metabolism can promote oxidative DNA lesions and genome
instability [34]. Cells therefore rely on organelle quality control mechanisms including
autophagy and mitophagy to limit oxidative damage and preserve genome integrity [35].
Disruption of these homeostatic pathways increases oxidative stress and can amplify the
DNA damage burden on nuclear repair systems [36,37]. Increasing evidence indicates
that lipid metabolic pathways, including sphingolipid metabolism, contribute to organelle
stress responses that influence the generation of endogenous DNA damage through ef-
fects on mitochondrial function, lysosomal homeostasis, and cellular redox balance. This
relationship is particularly relevant in highly proliferative cancer cells, where elevated
glycolytic flux and biosynthetic demand can alter redox balance, nucleotide metabolism,
and replication-associated stress. DDR pathways can also feed back onto metabolism, as
TP53 transcriptionally regulates metabolic effectors such as TIGAR, linking checkpoint
signaling to glycolytic control and antioxidant capacity [38].

Sphingolipid metabolism is tightly integrated with mitochondrial activity, lysosomal
function, and membrane trafficking. As summarized in Figure 2, the disruption of compe-
tent sphingolipid metabolism results in dysfunction across multiple organelles. Ceramide
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accumulation has been linked to mitochondrial outer membrane permeabilization and
activation of stress signaling pathways that influence apoptosis and cellular responses
to genotoxic injury [10]. Mechanistically, ceramide can promote formation of ceramide-
enriched membrane domains and facilitate interactions with mitochondrial proteins that
regulate permeability and apoptotic signaling [39,40]. In addition to promoting apoptotic
mitochondrial permeabilization, ceramide-associated disruption of mitochondrial func-
tion can enhance ROS production and amplify oxidative stress within cells [34]. Together,
these observations define a mechanistic axis connecting sphingolipid-driven mitochon-
drial dysfunction and endogenous DNA damage under conditions of metabolic stress or
inflammatory signaling [8].

Accumulation of ceramide, complex glycosphingolipids, sphingomyelin,
1-deoxysphingolipids; S1P depletion

o LN
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Figure 2. Sphingolipid dysregulation as a central hub linking lysosomal, mitochondrial, and ER stress
to mitochondrial ROS and genomic instability. Sphingolipid dysregulation acts as a central hub con-
necting lysosomal dysfunction, mitochondrial impairment, and ER stress to drive mitochondrial ROS
accumulation and genomic instability. Accumulation of ceramides and complex glycosphingolipids,
combined with S1P depletion, feeds three converging stress axes: impaired lysosomal turnover and
mitophagy, disrupted mitochondrial potential (A}m) and ETC function, and ER-to-mitochondria
Ca?* and lipid transfer. Together these insults amplify mitochondrial ROS, promoting nuclear DNA
damage and genomic instability.
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Lysosomes play a central role in sphingolipid turnover and organelle quality control,
linking lipid metabolism directly to cellular stress pathways. Impairment of lysosomal
sphingolipid degradation leads to accumulation of lipids within endolysosomal compart-
ments and disruption of autophagic flux [13]. Lysosomal dysfunction can in turn impair
mitochondrial turnover through defective mitophagy resulting in persistence of damaged
mitochondria that generate elevated ROS [35]. Accumulation of oxidatively damaged
mitochondria can produce sustained cellular oxidative stress. Rather than short-lived
superoxide or hydroxyl radicals traveling directly from mitochondria to the nucleus, mito-
chondrial superoxide is converted by superoxide dismutases to the longer-lived hydrogen
peroxide. Hydrogen peroxide can leave mitochondria and propagate oxidation through
cytosolic redox signaling and secondary ROS-generating pathways, allowing mitochondrial
dysfunction to produce nuclear oxidative stress. This process is strongly constrained by
cellular antioxidant systems, and direct nuclear DNA damage by mitochondria-derived
hydrogen peroxide therefore appears to be context-dependent [41,42].

In addition to canonical sphingolipid metabolites, atypical sphingoid bases generated
through altered SPT substrate utilization can also disrupt organelle homeostasis. Because
atypical sphingoid bases such as 1-deoxysphinganine and 1-deoxymethylsphinganine
cannot enter the canonical sphingolipid degradation pathway (Figure 1), their accumu-
lation can produce sustained metabolic stress within cellular membranes [17,43]. It has
been shown that 1-deoxysphingolipids impair mitochondrial respiration and promote
mitochondrial dysfunction in multiple cellular models [17,44]. These atypical lipids also
alter intracellular membrane dynamics and trafficking pathways, suggesting that their
accumulation broadly affects organelle integrity [45]. The following sections distinguish
these organelle-stress mechanisms from more direct sphingolipid-dependent effects on
DDR-associated signaling, chromatin regulation, and therapeutic stress responses.

4. Mechanistic Axes Linking Sphingolipids to DDR

Sphingolipid metabolism can influence cellular responses to DNA damage through
mechanisms that operate after lesions are generated, including stress-kinase signaling,
apoptosis regulation, chromatin-associated transcriptional control, and sustained metabolic
stress [8,23,46]. Sphingolipids are part of a broader group of lipid-derived signaling sys-
tems that intersect with genome maintenance. Nuclear phosphoinositides and soluble
inositol phosphates contribute to ATR and DNA-PK/ATM signaling, while diacylglycerol-
responsive PKC isoforms can modify DDR effectors such as Rad9 [47-49]. Persistent
changes in ceramide and S1P can shift cell fate after genotoxic stress by altering apop-
totic thresholds and survival signaling [8,46]. Nuclear S1P provides a distinct mech-
anism by inhibiting HDAC1/2 and increasing histone acetylation at stress-responsive
loci [23]. Atypical sphingolipids represent a separate metabolic-stress mechanism because
1-deoxysphingolipids impair mitochondrial function and cellular redox homeostasis [21,50].
For clarity, these mechanisms are separated here into three axes: acute stress signaling that
modifies apoptotic and checkpoint-associated outcomes, nuclear sphingolipid metabolism
that alters chromatin-associated transcriptional responses, and persistent lipid imbalance
that increases metabolic stress (Figure 3).
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Figure 3. The three mechanistic axes linking sphingolipids to the DNA Damage Response. This
schematic illustrates how sphingolipid signaling influences cellular outcomes following genomic
insult through three distinct pathways. JNK, c-Jun N-terminal kinase; p38, p38 mitogen-activated pro-
tein kinase; PP2A, protein phosphatase 2A; ATM, ataxia-telangiectasia mutated; ATR, ataxia telangiec-
tasia and Rad3-related; p53, tumor protein p53; SPHK2, sphingosine kinase 2; S1P, sphingosine-
1-phosphate; HDAC1/2, histone deacetylase 1 and 2; nSMase2, neutral sphingomyelinase 2;
CerS1/2/5/6, ceramide synthase 1, 2, 5, and 6; PERK, protein kinase RNA-like endoplasmic reticulum
kinase; CHOP, CCA AT-enhancer-binding protein homologous protein; ER, endoplasmic reticulum;
ROS, reactive oxygen species.

4.1. Stress Signaling Axis

Cells respond to genotoxic stress through signaling networks that coordinate cell-cycle
arrest, DNA repair, and apoptotic responses. These pathways integrate signals generated
by DNA lesions with broader metabolic cues, including lipid signaling pathways such as
sphingolipid metabolism [3]. Among lipid mediators, ceramide has emerged as a key regu-
lator linking cellular stress to apoptotic signaling and inflammatory responses. Ceramide
accumulation occurs rapidly following exposure to ionizing radiation, chemotherapeutic
agents, inflammatory cytokines, and other forms of cellular injury [10,51]. Early studies
demonstrated that ionizing radiation activates plasma-membrane sphingomyelinases, re-
sulting in sphingomyelin hydrolysis and ceramide generation; in this context, ceramide
functions as a downstream lipid mediator of the cellular response to genotoxic injury rather
than as the initiating DNA-damaging lesion itself [52]. In parallel, genotoxic stress can
also stimulate de novo ceramide synthesis, providing an additional source of ceramide
accumulation during sustained cellular stress [8,29]. Mechanistically, ceramide generated
after genotoxic stress can engage stress-activated kinase pathways such as JNK and p38,
regulate PP2A-dependent signaling nodes, and lower the threshold for mitochondrial
apoptosis, thereby linking lipid accumulation to checkpoint-associated cell-fate decisions

https://doi.org/10.3390/dna6030040


https://doi.org/10.3390/dna6030040

DNA 2026, 6, 40

9 of 27

rather than simply marking cellular injury. Ceramide accumulation activates multiple
stress-responsive signaling cascades that influence cellular responses to DNA damage. In
particular, ceramide stimulates stress-activated protein kinases including c-Jun N-terminal
kinase (JNK) and p38 MAP kinase, pathways that regulate transcriptional programs con-
trolling apoptosis, inflammatory signaling, and cell-cycle arrest [53,54]. Ceramide signaling
can also regulate protein phosphatases such as protein phosphatase 2A (PP2A), thereby
modulating signaling networks that control proliferation and apoptosis [55,56]. Through
coordinated regulation of kinase and phosphatase pathways, ceramide acts as an amplifier
of cellular stress responses triggered by genotoxic injury [57].

Ceramide signaling also intersects directly with canonical DDR pathways that de-
termine whether damaged cells undergo repair or apoptosis. Stress-activated kinase and
phosphatase pathways downstream of ceramide can modulate DDR-associated outcomes
by influencing p53-dependent stress signaling, cell-cycle arrest, and apoptotic threshold,
thereby linking lipid-derived stress signals to the decision between repair-compatible
arrest and cell death [57,58]. In addition, ceramide can promote mitochondrial apop-
totic signaling through mechanisms involving ceramide-enriched membrane domains
and mitochondrial outer membrane permeabilization [10,59,60]. These processes enhance
activation of caspase-dependent death pathways in cells experiencing severe DNA damage,
contributing to elimination of genomically compromised cells [11,22].

Taken together, these observations define a stress signaling axis in which DNA damage
stimulates ceramide generation through sphingomyelin hydrolysis and de novo synthesis,
triggering kinase and phosphatase signaling networks that influence checkpoint activa-
tion and apoptotic responses. Through this pathway, ceramide functions as a metabolic
signal integrating lipid metabolism with DDR signaling to determine cell fate following
genotoxic injury [57]. Importantly, sphingolipid signaling is not restricted to cytoplasmic
stress pathways, as emerging evidence indicates that nuclear sphingolipid metabolism
can directly influence chromatin regulation and transcriptional responses to DNA dam-
age [61], mechanisms that form the basis of the chromatin regulatory axis discussed in the
following section.

4.2. Chromatin Regulatory Axis

In addition to cytoplasmic and membrane-associated stress signaling, defined sph-
ingolipid enzymes and lipid species are present in nuclear compartments, including the
nuclear envelope, chromatin-associated fractions, and nuclear matrix [61,62] SPHK?2, unlike
SPHK, contains a functional nuclear localization sequence, and nuclear SPHK2 suppresses
DNA synthesis and promotes G1/S arrest [63]. These nuclear pools are relevant to geno-
toxic stress because DNA repair and checkpoint responses require chromatin remodeling,
repair-factor access to damaged DNA, and transcriptional regulation after damage [64—66].

The best-defined mechanism within this axis is SPHK2-dependent production of nu-
clear S1P. Hait and colleagues demonstrated that SPHK2 associates with histone H3 and
generates nuclear S1P, which directly binds HDAC1 and HDAC2, inhibits their enzymatic
activity, increases histone acetylation, and promotes transcriptional accessibility at tar-
get loci [23]. This mechanism is relevant to genotoxic stress because histone acetylation
and chromatin relaxation influence access of signaling and repair proteins to damaged
DNA [64-66].

Nuclear SPHK2 signaling also influences transcriptional programs that intersect with
checkpoint control and cellular stress responses. Endogenous SPHK2 is required for p53-
independent induction of p21 following doxorubicin exposure, linking nuclear sphingolipid
metabolism to transcriptional responses that regulate cytostasis and cell-fate decisions
during genotoxic stress [67]. Reviews of nuclear sphingolipid metabolism have further
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emphasized that localized S1P signaling influences expression of genes involved in stress
adaptation, inflammatory signaling, and cell survival pathways [61,68]. Through these
mechanisms, nuclear sphingolipid metabolism can shape damage-associated transcrip-
tional programs that regulate cytostatic arrest, stress adaptation, inflammatory signaling,
and survival decisions during cellular responses to genotoxic stress.

Beyond S1P, structural sphingolipids such as ceramides, sphingomyelin, and gly-
cosphingolipids in nuclear lipid microdomains also have been proposed to function as
scaffolding platforms that regulate gene expression independent of kinase signaling [61].
Nuclear sphingomyelin can be hydrolyzed by nuclear sphingomyelinases to produce ce-
ramide locally in close proximity to DNA and chromatin [61,69]. In particular, nuclear
ceramide enrichment has been associated with apoptosis, suggesting that ceramide-rich
nuclear domains may influence chromatin-associated protein organization during stress re-
sponses [61]. In addition to ceramide nuclear domains, complex glycosphingolipids (GSLs)
such as GM1 and GD1a are associated with nuclear signaling, enhancing nuclear Na*/Ca?*
exchanger and regulating nuclear Ca?* homeostasis [69]. This function is particularly rele-
vant to chromatin regulation, as nuclear Ca?* signaling is a well-established regulator of
transcription factor activity and chromatin remodeling [70]. Disruption of GM1-dependent
nuclear signaling was associated with increased susceptibility to apoptosis, supporting its
role in coordinating nuclear stress responses [69].

The chromatin regulatory axis therefore extends the influence of sphingolipid
metabolism from membrane-proximal stress signaling to genome-proximal regulatory
control. In contrast to the stress signaling axis, which is dominated by ceramide-dependent
kinase and phosphatase responses, this axis operates through nuclear SPHK2 activity,
S1P-dependent HDAC inhibition, and transcriptional regulation at chromatin-associated
sites [23,67]. Beyond S1P, nuclear sphingolipids such as ceramide and GM1 regulate chro-
matin through mechanisms independent of SPHK2 activity. Recent work further suggests
that de novo sphingolipid synthesis contributes to maintenance of nuclear membrane
integrity during cell division and that disruption of this pathway leads to abnormal nuclear
morphology and genomic instability [71]. Together with the organelle stress mechanisms
described above, these findings indicate that sphingolipid metabolism influences genome
maintenance through both indirect metabolic stress pathways and direct nuclear regulatory
mechanisms [11]. This framework sets the stage for the metabolic stress axis, in which per-
sistent sphingolipid imbalance promotes DNA damage through mitochondrial dysfunction,
reactive oxygen species generation, and chronic cellular stress.

4.3. Metabolic Stress Axis

The metabolic stress axis focuses specifically on the cumulative effects of persistent
sphingolipid imbalance on mitochondrial function, oxidative stress, and cellular redox
balance [15,16]. Unlike the rapid ceramide-dependent responses described above, this
axis emphasizes sustained lipid imbalance and its downstream effects on mitochondrial
metabolism and organelle homeostasis. Because mitochondria are the primary endogenous
source of ROS generated during oxidative phosphorylation, disruption of mitochondrial
metabolism increases the burden of oxidative DNA lesions encountered by cellular DDR
pathways [6,34]. Within this framework, ceramide accumulation within mitochondrial
membranes represents a specific sphingolipid-dependent mechanism linking lipid imbal-
ance to metabolic stress. Ceramides can alter mitochondrial membrane properties, promote
mitochondrial outer membrane permeabilization, and disrupt respiratory chain func-
tion [72]. These effects can increase mitochondrial ROS production and amplify oxidative
stress within the cell [34]. Ceramide accumulation has also been linked to altered mito-
chondrial dynamics, including enhanced mitochondrial fission and impaired mitophagy,

https:/ /doi.org/10.3390/dna6030040


https://doi.org/10.3390/dna6030040

DNA 2026, 6, 40

11 of 27

processes that contribute to the accumulation of dysfunctional mitochondria capable of
producing sustained oxidative stress [73]. Through these mechanisms, ceramide-mediated
mitochondrial dysfunction provides a metabolic route through which altered sphingolipid
homeostasis can increase endogenous DNA damage burden [74,75].

This sustained stress is propagated through lysosome-ER-mitochondria crosstalk.
Lysosomes are central to sphingolipid degradation, and defects in lysosomal lipid
metabolism impair autophagic turnover of damaged mitochondria, allowing ROS-
producing organelles to accumulate [13,76]. In parallel, sphingolipid imbalance can activate
ER stress pathways and the unfolded protein response (UPR), further contributing to ox-
idative stress and metabolic dysfunction [77,78]. Experimental studies have demonstrated
that ceramide accumulation perturbs ER homeostasis and activates ER stress signaling
pathways that coordinate cellular responses to metabolic and proteostatic stress [77]. ER
stress signaling is closely coupled to mitochondrial function through ER-mitochondrial
contact sites that regulate calcium flux, lipid exchange, and apoptotic signaling, creating a
bidirectional communication axis between these organelles [9,22,79]. Disruption of sphin-
golipid homeostasis can therefore propagate stress signaling across ER and mitochondrial
networks, reinforcing oxidative stress and metabolic dysfunction that increase the burden
of endogenous DNA damage. These interconnected organelle stress responses reinforce a
metabolic environment that promotes DNA damage through elevated ROS production and
impaired cellular homeostasis.

Importantly, ceramide is not a single uniform signaling entity but exists as acyl-chain-
defined molecular species generated by distinct ceramide synthases (CerS) isoforms, which
can influence the intensity and nature of ER stress signaling. Ceramide acyl-chain compo-
sition can influence ER stress responses, with long-chain and very-long-chain ceramide
species producing distinct effects depending on cellular context. Mechanistically, ceramide
synthase 6-derived C16-ceramide modulates the ATF6 arm of the unfolded protein response,
affecting ER stress sensitivity and apoptotic responses through disruption of ER calcium
homeostasis [80]. In contrast, C24-ceramide species generated by CerS2 counterbalance
these effects by reducing ER stress markers such as PERK phosphorylation and CHOP ex-
pression, although this relationship remains context-dependent [28]. C18-ceramide species
derived from CerS1 have been linked to pro-apoptotic signaling in several stress contexts,
suggesting that there is a chain-length-dependent switch between apoptotic and protective
signaling. Although the direct effects of ceramide acyl-chain length on DNA damage
remain underexplored, ER stress can promote oxidative stress through disrupted ER re-
dox homeostasis and Ca?*-dependent mitochondrial ROS production, thereby increasing
conditions that favor DNA damage and p53 activation [78].

A particularly important contributor to metabolic stress is the accumulation of atypical
sphingolipids generated through altered substrate utilization by serine palmitoyltrans-
ferase (SPT). When SPT incorporates alanine or glycine rather than serine, it produces 1-
deoxysphingoid bases that lack the C1 hydroxyl group required for canonical sphingolipid
metabolism (Figure 1) [43]. Because these molecules cannot be converted into complex
sphingolipids or efficiently degraded, they accumulate within cellular membranes and dis-
rupt organelle function [43]. Experimental studies demonstrate that 1-deoxysphingolipids
impair mitochondrial respiration, disrupt intracellular trafficking pathways, and promote
oxidative stress in multiple cellular models [17,81]. The connection to DNA damage is
therefore indirect but mechanistically plausible: impaired respiration and trafficking in-
crease mitochondrial and lysosomal stress, which can elevate ROS production and increase
the burden of oxidative DNA lesions requiring repair [21,36,37].

Recent studies further demonstrate that chain-length—-dependent toxicity is an im-
portant determinant of atypical sphingolipid pathogenicity (Figure 4). Long-chain 1-

https:/ /doi.org/10.3390/dna6030040


https://doi.org/10.3390/dna6030040

DNA 2026, 6, 40

12 of 27

Lysosome

€ 3

O

Impaired
© Mitophagy

Mitochondria

€

deoxysphingolipid species, including C24 derivatives, accumulate in metabolic and neuro-
pathic disease models and strongly impair mitochondrial bioenergetics [82]. Work from
the Hornemann laboratory has shown that these lipids alter mitochondrial morphology,
suppress respiratory chain activity, and induce metabolic reprogramming consistent with
mitochondrial stress [21,82]. Because mitochondrial metabolism represents a major en-
dogenous source of ROS, disruption of mitochondrial bioenergetics can elevate cellular
oxidative stress and increase the burden of oxidative DNA lesions encountered by nuclear
DDR pathways [34,37].
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Figure 4. Mechanistic consequences of atypical sphingolipid accumulation. This schematic shows
how the accumulation of specific ceramide species and 1-deoxysphingolipids drive cellular toxicity
and genomic instability. VLCdeoxyCer, very-long-chain 1-deoxyceramide; Cer, ceramide; ROS,
reactive oxygen species; CaZ*, calcium ion; ER, endoplasmic reticulum; UPR, unfolded protein
response; ATF6, activating transcription factor 6; P-PERK, phosphorylated protein kinase RNA-
like endoplasmic reticulum kinase; CHOP, CCA AT-enhancer-binding protein homologous protein;
P53, tumor protein p53; C16-Ceramide, ceramide with a 16-carbon fatty acid chain; C24-Ceramide,
ceramide with a 24-carbon fatty acid chain.

Taken together, these observations define a metabolic-stress route by which sphin-
golipid imbalance may promote genome instability through mitochondrial dysfunction,
organelle stress, and chronic oxidative damage. In contrast to the rapid signaling responses
described in the stress signaling axis or the chromatin-based regulatory mechanisms me-
diated by nuclear S1P, metabolic stress pathways reflect the cumulative consequences
of persistent lipid dysregulation on cellular bioenergetics and redox homeostasis [9,29].
Importantly, these axes are not independent pathways but instead represent distinct regula-
tory layers that operate across different spatial and temporal points. This approach would
suggest that sphingolipid metabolism functions as an integrated regulatory network that
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coordinates rapid signaling and regulatory mechanisms with sustained changes in cellular
physiology. Together with the stress signaling and chromatin regulatory mechanisms de-
scribed above, these metabolic-stress mechanisms distinguish direct sphingolipid signaling
from lipid-imbalance-driven stress that increases endogenous DNA damage burden.

5. Translational and Disease Implications

The mechanistic relationships outlined above indicate that sphingolipid metabolism is
not simply a passive feature of cellular homeostasis, but an active regulator of stress adap-
tation with broad relevance to human disease. Across neurodegeneration and lysosomal
lipid-storage disorders, disruption of sphingolipid balance can promote lysosomal dysfunc-
tion, impaired organelle quality control, mitochondrial stress, and oxidative DNA damage,
creating conditions that increase genomic vulnerability [13,32,35,36]. In cancer, altered
ceramide-S1P metabolism can shift the balance between apoptosis and survival following
radiation or chemotherapy, while treatment-induced changes in sphingolipid metabolism
may also contribute to normal-tissue toxicity [10,11,52,83,84]. These disease contexts pro-
vide clinically relevant settings in which apoptotic signaling, chromatin-associated regu-
lation, and metabolic stress converge on cell fate decisions under conditions of chronic
metabolic or genotoxic stress. Together, these examples highlight the translational signif-
icance of sphingolipid metabolism as a regulatory interface between lipid homeostasis,
cellular stress responses, genome-maintenance outcomes, and disease progression.

5.1. Neurodegeneration and Lysosomal Lipid Stress

Neurodegenerative and lysosomal lipid-stress disorders provide clinically relevant
settings in which sphingolipid imbalance intersects with genotoxic stress and genome-
maintenance pathways (Figure 5). The strength of this connection varies by disease con-
text. ALS provides direct evidence that DNA damage accumulates and DDR-associated
responses are engaged in vulnerable neurons [85]. In contrast, atypical sphingolipid neu-
ropathies, NPC, and Gaucher disease primarily support an indirect model in which lipid
dysregulation promotes lysosomal dysfunction, mitochondrial stress, ROS production, and
oxidative DNA lesion burden. This section therefore distinguishes direct evidence of DDR
engagement from disease contexts in which sphingolipid dysregulation creates conditions
expected to increase endogenous genotoxic pressure [36,37].

Amyotrophic lateral sclerosis (ALS) provides the clearest neurodegenerative example
linking neuronal vulnerability to genotoxic stress and DDR engagement. ALS pathol-
ogy is characterized by mitochondrial dysfunction, oxidative stress, impaired autophagic
clearance, and motor-neuron degeneration, processes that overlap with the lysosome-
mitochondria stress axis described above [86,87]. Importantly, DNA damage accumulation
and engagement of DDR-associated effectors have been reported in human ALS brain
and spinal motor neurons, and DNA repair capacity is activatable in iPSC-derived motor
neurons carrying SOD1 mutations [85]. Lipidomic studies have also reported alterations in
ceramide and sphingomyelin metabolism in ALS patient samples and experimental models,
suggesting that dysregulated sphingolipid homeostasis may converge with established
mitochondrial and genotoxic-stress pathways in this disease [88,89]. Thus, ALS should be
presented as a convergence model: it does not establish sphingolipid metabolism as the
primary cause of DDR activation, but it provides a disease context in which sphingolipid re-
modeling overlaps with independently documented DNA damage and DDR engagement.

Atypical sphingolipid-associated neuropathies provide the strongest lipid-specific
route to endogenous genotoxic pressure. Mutations in serine palmitoyltransferase subunits
that alter substrate specificity promote formation of 1-deoxysphingoid bases, which accu-
mulate in peripheral neurons and disrupt mitochondrial function [21,43,90]. These atypical
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sphingolipids impair mitochondrial respiration and promote cellular stress, providing a
mechanistic explanation for neuronal degeneration observed in hereditary sensory and
autonomic neuropathy type 1 and related disorders [21,90]. The DDR connection remains
inferential rather than direct: mitochondrial respiratory dysfunction is expected to increase
ROS-linked oxidative DNA damage pressure, thereby increasing reliance on DNA repair
and other genome-maintenance pathways [37].
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Figure 5. Lysosomal lipid stress as a convergent driver of mitochondrial dysfunction in GBA1
associated Parkinson’s disease, Niemann-Pick type C1 (NPC1), and amyotrophic lateral sclerosis
(ALS). Lysosomal lipid stress acts as a convergent upstream driver of mitochondrial dysfunction
across three neurodegenerative diseases. In GBA1 associated Parkinson’s disease (red), lysosomal
GlcCer/GlcSph storage and impaired « synuclein clearance converge on mitochondrial damage
(complex I}, mitophagy/). In NPC1 disease (green), lysosomal cholesterol and sphingolipid accu-
mulation drive mitochondrial cholesterol loading and enhanced ROS generation. In ALS (purple),
dysregulated sphingolipid metabolism and TDP 43 aggregates impair lysosomal function and elevate
mitochondrial Ca?*, reducing complex I/1V activity. Across all three disorders, these insults propa-
gate mitochondrial dysfunction, including increased ROS production and decreased mitochondrial
membrane potential (Alm), and promote programmed cell death.

Niemann-Pick disease type C (NPC) provides a lysosomal lipid-trafficking example
in which sphingolipid and sterol accumulation can propagate oxidative and mitochon-
drial stress. NPC arises from mutations in NPC1 or NPC2, producing accumulation of
cholesterol and multiple sphingolipid species within late endosomal and lysosomal com-
partments [91,92]. Pharmacologic inhibition of NPC1 using U18666A similarly induces
early accumulation of sphingolipids, including glycosphingolipids and sphingomyelin,
highlighting the broader role of NPC1 in lysosomal lipid trafficking [13,93]. Recent work
using lysosome-targeted lipid probes further demonstrated that NPC1 interacts with sph-
ingosine and that NPC1 deficiency leads to lysosomal sphingosine accumulation, sup-
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porting a role for NPC1 in sphingosine export from lysosomes [94]. NPC models and
patient studies also show oxidative stress and mitochondrial dysfunction, strengthening
the disease-specific bridge from lysosomal lipid dysregulation to endogenous genotoxic
pressure [95,96]. In this context, NPC is best framed as an indirect DDR-relevant disorder:
lysosomal lipid-trafficking failure promotes oxidative and mitochondrial stress, which
can increase oxidative DNA lesion burden and genome-maintenance demand without
necessarily serving as a direct sphingolipid-mediated checkpoint trigger.

Gaucher disease represents a related but more inferential example of lysosomal sphin-
golipid stress intersecting with genome-maintenance biology. Loss-of-function mutations
in GBA1 impair glucosylceramide degradation and promote accumulation of sphingolipid
metabolites within lysosomes [13,97]. Beyond Gaucher disease, heterozygous GBA1 vari-
ants are among the strongest genetic risk factors for Parkinson’s disease, linking impaired
lysosomal sphingolipid metabolism to synucleinopathy and neurodegeneration [98]. Mech-
anistic studies indicate that GBA1 deficiency disrupts lysosomal proteostasis, impairs au-
tophagic clearance of x-synuclein, and compromises mitochondrial quality control [99-101].
Compared with ALS, the DDR connection is less direct. The most defensible interpretation
is that GBAl-associated lysosomal and mitochondrial dysfunction may increase oxida-
tive stress and endogenous DNA damage pressure in vulnerable neurons, placing addi-
tional demand on genome-maintenance pathways rather than directly engaging canonical
ATM/ATR signaling.

Taken together, these examples establish an evidence hierarchy for connecting neu-
rodegenerative sphingolipid stress to genotoxic stress and DDR. As outlined above, ALS
provides the clearest example of direct DNA damage and DDR engagement in vulnerable
neurons. Atypical sphingolipid neuropathies provide the strongest lipid-specific mecha-
nism linking sphingolipid imbalance to mitochondrial dysfunction [21,43,90]. NPC and
Gaucher disease provide lysosomal lipid-stress models in which impaired trafficking, au-
tophagy, and mitochondrial quality control plausibly increase oxidative lesion burden.
Thus, the relevance of these disorders to DDR lies primarily in chronic lesion generation
and genome-maintenance demand, not in direct sphingolipid-mediated checkpoint acti-
vation [36,37]. This framework connects neurodegenerative sphingolipid disorders to the
broader argument of this review: sphingolipid metabolism can influence genome stability
both through signaling pathways that regulate cell fate and through chronic organelle stress
that increases endogenous DNA damage pressure.

5.2. Cancer and Therapeutic Targeting

Sphingolipid metabolism plays an important role in shaping cellular responses to
genotoxic stress and has long been recognized as a determinant of tumor cell survival
following exposure to radiation or chemotherapeutic agents (Figure 6). Ionizing radiation
can trigger rapid sphingomyelin hydrolysis and ceramide generation at cellular mem-
branes, identifying ceramide production as an early lipid-mediated stress signal during
radiation responses [52]. Genetic loss of acid sphingomyelinase impairs radiation-induced
apoptosis, further demonstrating that ceramide generation is required for efficient stress
signaling following genotoxic injury [102]. Subsequent work established that sphingolipid
signaling contributes to radiation responses in both tumor and endothelial compartments,
influencing tissue injury and tumor sensitivity to radiation therapy [10]. Beyond these
initial responses, the cellular outcome following genotoxic stress is critically dependent on
the dynamic balance between pro-apoptotic and pro-survival sphingolipid species. While
radiation typically promotes ceramide accumulation and sphingosine generation to drive
apoptotic signaling, this response is frequently altered in resistant cancer phenotypes. For
example, radiation-resistant prostate cancer cells fail to increase ceramide and maintain
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sphingosine kinase activity following irradiation, thereby favoring a pro-survival sphin-
golipid balance and resistance to apoptosis [103]. In contrast, the downstream metabolite
S1P promotes cell survival and proliferation, and dysregulation of the balance between
ceramide-mediated stress signaling and S1P-driven survival pathways has been implicated
in tumor progression and therapeutic resistance [11]. Moreover, tumor cells can actively
reprogram sphingolipid metabolism in response to genotoxic stress. Ceramide-induced
upregulation of acid ceramidase through c-Jun/AP-1 signaling enhances the conversion
of pro-apoptotic ceramide into pro-survival sphingolipids, thereby suppressing apoptosis
and promoting resistance to radiation [104]. Collectively, these findings highlight that the
regulation of sphingolipid metabolic flux, rather than ceramide generation alone, is a key
determinant of cancer cell fate under genotoxic stress conditions.
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Figure 6. Ceramide-S1P signaling as a regulator of cancer cell responses to genotoxic and therapeutic
stress. Genotoxic stress induced by radiation and chemotherapy triggers DNA damage and activates
sphingolipid signaling pathways that influence cellular fate decisions. Increased ceramide (Cer)
generation promotes the formation of ceramide-enriched membrane domains, facilitating activa-
tion of pro-apoptotic receptors (Fas/TNF), Bax-dependent mitochondrial permeabilization, caspase
activation, and apoptosis. Ceramide can also enhance c-Jun/AP-1 signaling, further reinforcing
stress-induce cell death pathways. In contrast, phosphorylation of sphingosine by the sphingosine
kinases (SPHK1/2) generates sphingosine-1-phosphate (S1P), a bioactive lipid that promotes survival,
proliferation, and therapeutic resistance. Beyond its cytoplasmic signaling functions, nuclear S1P reg-
ulates transcriptional responses through inhibition of HDAC1/2 and modulation of stress-responsive
gene expression. Together, these pathways establish a dynamic ceramide-S1P balance that serves
as a critical determinant of tumor cell response to genotoxic stress. Metabolic reprogramming in
cancer frequently shifts this balance toward S1P-dependent survival signaling, thereby enhancing
resistance to therapy. Therapeutic inhibition of SPHK1 decreases S1P levels and sensitizes tumor
cells to treatment, while systemic alterations in sphingolipid metabolism may also contribute to
treatment-associated toxicities, including chemotherapy-induced peripheral neuropathy.
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Building on the critical role of sphingolipid metabolic balance in determining cell fate
under genotoxic stress, ceramide emerges as a central mediator of apoptosis following
DNA damage. Ceramide generated after DNA damage can initiate apoptosis through
several complementary mechanisms. Formation of ceramide-enriched membrane plat-
forms promotes clustering of death receptors such as Fas and TNF receptors, facilitating
activation of downstream apoptotic signaling cascades [105]. Ceramide can also directly
influence mitochondrial integrity by promoting Bax-dependent mitochondrial outer mem-
brane permeabilization, thereby amplifying apoptotic responses to cellular stress [106].
These mechanisms position ceramide as a key effector linking membrane signaling to
mitochondrial apoptosis, reinforcing its role as a determinant of genotoxic stress sensitivity.
Conversely, increased sphingosine kinase activity elevates intracellular S1P levels and
activates pro-survival signaling pathways that counteract apoptosis and enhance resistance
of tumor cells to genotoxic therapies [107,108]. Thus, shifts in sphingolipid metabolism
that reduce ceramide accumulation or enhance its conversion to S1P can reduce apoptotic
signaling and promote therapeutic resistance. Consistent with these findings, sphingo-
sine kinase activity has been linked directly to oncogenic growth and survival signaling,
reinforcing its role as a pro-survival node in transformed cells [109].

In addition to membrane and mitochondrial apoptosis, nuclear sphingolipid metabolism
may influence how cancer cells adapt to DNA-damaging therapy. Because the SPHK2/S1P/
HDAC mechanism was discussed above, the key point here is its therapeutic relevance:
nuclear S1P can alter histone acetylation and stress-responsive transcription through inhibi-
tion of HDAC1 and HDAC?2 [23]. In breast cancer cells, endogenous SPHK2 is required
for doxorubicin-induced, p53-independent induction of p21, linking nuclear sphingolipid
metabolism to checkpoint-relevant transcriptional responses during genotoxic stress [67].
Thus, nuclear sphingolipid signaling may contribute to therapy-associated cytostasis, sur-
vival, or stress- and repair-associated transcriptional programs without requiring this
section to repeat the full chromatin regulatory axis [66,110].

Extending beyond tumor cell survival and resistance mechanisms, sphingolipid
metabolism is increasingly recognized as a determinant of therapeutic response at the sys-
temic level, linking treatment efficacy with treatment-associated toxicities. Chemotherapy-
induced peripheral neuropathy is a major dose-limiting complication of several widely
used agents, and recent studies suggest that atypical sphingolipid production may con-
tribute to this process. These findings highlight that genotoxic therapies not only target
tumor cells but also induce widespread alterations in sphingolipid metabolism, reflecting
a broader metabolic response to therapeutic stress. Experimental and clinical work indi-
cates that paclitaxel can increase neurotoxic 1-deoxysphingolipid species through altered
SPT-dependent metabolism, and elevated plasma very-long-chain 1-deoxyceramides have
been associated with the incidence and severity of neuropathy in patients receiving pa-
clitaxel [83]. Importantly, the accumulation of these atypical sphingolipids represents a
shift in sphingolipid metabolic flux, further supporting the concept that dysregulation of
ceramide-related pathways extends beyond classical apoptotic signaling and contributes to
altered cellular stress responses. Complementing these observations, studies in docetaxel-
treated models demonstrated accumulation of 1-deoxysphingolipids in dorsal root ganglia
and implicated these atypical lipids in taxane-induced neurotoxicity [84]. Collectively,
these data reinforce the idea that therapeutic modulation of sphingolipid metabolism must
be carefully balanced, as alterations that influence ceramide and related lipid species can
impact both tumor cell sensitivity and normal tissue toxicity. This dual role positions
sphingolipid metabolism as a promising yet complex target for cancer therapy, where
precise regulation may enhance treatment efficacy while minimizing adverse effects.
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Atypical sphingolipid production has also been demonstrated in cancer-cell and tu-
mor models. Paclitaxel treatment increased 1-deoxyceramides and 1-deoxysphingosine
in U87 astroglioma cells, as determined by LC-MS/MS [83]. Serine restriction or inhibi-
tion of phosphoglycerate dehydrogenase promoted 1-deoxysphingolipid accumulation in
HCT116 colorectal, MCF7 breast, and A549 lung cancer spheroids and in HCT116 xenograft
tumors [111]. Induction of endogenous 1-deoxysphingolipid synthesis also impaired
anchorage-independent growth and plasma-membrane endocytosis in A549 and HCT116
cancer cells [45]. These findings demonstrate that atypical sphingolipid metabolism can
be engaged in cancer cells, although whether basal 1-deoxysphingolipid abundance is
consistently altered across human tumor types remains unresolved.

Canonical ceramide remodeling is similarly dependent on cancer type and molecular
species. In human head-and-neck squamous cell carcinoma, C18:0 ceramide was reduced
relative to matched nonmalignant tissue, whereas C16:0, C24:0, and C24:1 ceramides
were increased [112]. Species-resolved lipidomic studies have also identified distinct
ceramide alterations in high-grade serous ovarian carcinoma [113] and oral squamous
cell carcinoma [114]. These observations indicate that therapeutic interpretation requires
molecular-species-resolved lipidomics rather than measurement of total ceramide alone.

Recognition that sphingolipid signaling influences tumor cell responses to DNA dam-
age has stimulated interest in therapeutic strategies targeting sphingolipid metabolism.
Pharmacologic inhibition of sphingosine kinase 1 with a potent and selective small-molecule
inhibitor lowers cellular S1P levels and provides a direct strategy to blunt pro-survival
sphingolipid signaling [115]. Conversely, strategies that elevate intracellular ceramide
levels can promote tumor cell death and enhance sensitivity to cytotoxic chemotherapy
or radiation [22]. Liposomal delivery of short-chain ceramide enhances apoptosis in
breast cancer cells and suppresses tumor growth in vivo, providing proof of principle that
ceramide-centered therapeutics can be deployed experimentally to induce tumor cell death
or suppress tumor growth [116,117]. Building on the central role of ceramide-S1P balance
in determining cell fate under genotoxic stress, these approaches highlight sphingolipid
metabolism as a functionally targetable axis in cancer therapy. Collectively, these studies
indicate that sphingolipid metabolism represents a critical metabolic regulator of tumor
cell responses to genotoxic stress [57]. Ceramide-dependent membrane and mitochondrial
apoptosis pathways influence whether damaged cells are eliminated after radiation or
chemotherapy, while nuclear sphingolipid signaling can alter chromatin- and checkpoint-
associated transcriptional responses to DNA damage [57,118]. Importantly, these inter-
connected pathways demonstrate that sphingolipid metabolism operates as an integrated
signaling network, coordinating apoptotic, transcriptional, and metabolic responses to
therapeutic stress. Therapeutic manipulation of sphingolipid metabolism therefore remains
attractive because it intersects directly with apoptotic signaling, chromatin regulation, and
metabolic stress pathways that shape cancer cell responses to genotoxic therapy [115].
However, the complexity of sphingolipid metabolic flux and the context-dependent roles of
individual lipid species require more precise and targeted approaches to effectively exploit
this pathway for cancer treatment.

5.3. Emerging Questions and Future Directions

Despite increasing recognition that sphingolipid metabolism intersects with cellular
responses to genotoxic stress, the mechanistic links between lipid metabolism and DNA
damage signaling remain incompletely understood. One unresolved question concerns
whether sphingolipid signaling functions upstream of DNA damage responses or instead
acts primarily to amplify stress signals generated by other cellular insults. Ceramide accu-
mulation can occur rapidly following exposure to ionizing radiation and chemotherapeutic
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agents, indicating that lipid-mediated signaling may represent an early component of the
cellular stress response [52]. At the same time, mitochondrial dysfunction and oxidative
stress can generate DNA lesions capable of activating checkpoint pathways, raising the
possibility that sphingolipid signaling also acts downstream of broader stress-induced
damage [34]. Defining the temporal relationship between lipid signaling and canonical
DNA damage response pathways such as ATM- and ATR-mediated checkpoint activation
therefore remains an important experimental challenge [2,3].

A second emerging question concerns the spatial organization of sphingolipid signal-
ing during cellular stress. Bioactive sphingolipids can be generated within multiple cellular
compartments, including the plasma membrane, mitochondria, lysosomes, and nucleus,
each of which contains distinct enzymatic pathways capable of generating signaling-active
metabolites [8]. Nuclear sphingosine-1-phosphate produced by sphingosine kinase 2 di-
rectly regulates histone acetylation through inhibition of HDAC1 and HDAC2, linking
sphingolipid metabolism to chromatin-dependent transcriptional responses [23]. Simi-
larly, mitochondrial ceramide generation can promote Bax-dependent mitochondrial outer
membrane permeabilization and apoptosis signaling [106]. Understanding how compart-
mentalized sphingolipid metabolism coordinates signaling between organelles therefore
represents an important challenge for future work [9].

Another unresolved question concerns the extent to which sphingolipid-mediated
regulation of genomic stability is determined by acyl chain lengths in sphingolipids rather
than the total sphingolipid metabolite abundance. While total ceramide accumulation has
been linked to apoptosis, DNA damage signaling, and ER stress, it remains unclear whether
long-chain and very long-chain ceramides differentially regulate DNA damage response
pathways, chromatin organization, or transcriptional activity [28]. Given that acyl chain
length influences lipid packing and membrane microdomains, different N-acyl ceramide
species may selectively modulate DNA responses, which represents an important question
on how the structural compositions of sphingolipids influences genomic stability.

A further unresolved issue concerns the contribution of atypical sphingolipids to
genome stability. 1-deoxysphingolipids generated through substrate promiscuity of serine
palmitoyltransferase accumulate in several metabolic disorders and are known to disrupt
mitochondrial function and intracellular trafficking [21]. Experimental studies demon-
strate that these lipids localize to mitochondria and impair respiratory function, leading to
increased cellular stress and reduced viability [21]. Additional work has shown that accu-
mulation of 1-deoxysphingolipids induces mitochondrial fragmentation and bioenergetic
defects that amplify cellular stress responses [17]. Because mitochondrial dysfunction and
oxidative stress represent major endogenous sources of DNA damage, accumulation of
atypical sphingolipids could represent a previously underappreciated metabolic mecha-
nism contributing to genome instability [34]. An additional challenge is the absence of a
selective strategy for eliminating accumulated 1-deoxysphingolipids. Their production
can be reduced experimentally through inhibition of SPT or manipulation of serine avail-
ability, while CYP4F-dependent w-hydroxylation provides a noncanonical route for their
metabolism [111,119]. However, these approaches do not selectively remove pre-existing
atypical sphingolipids, highlighting the need for strategies that specifically enhance their
clearance.

Advances in lipidomics technologies are also likely to accelerate progress in un-
derstanding how sphingolipid metabolism influences genome stability. Modern mass
spectrometry approaches allow quantitative profiling of hundreds of lipid species with
high sensitivity, enabling detection of both canonical and atypical sphingolipids in com-
plex biological samples [120]. Comprehensive lipidomic profiling has revealed substantial
remodeling of sphingolipid composition during cellular stress and disease states [121,122].
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Integration of lipidomics with functional genetic approaches therefore provides a pow-
erful strategy for identifying lipid metabolic pathways that influence cellular stress re-
sponses [123].

Several specific mechanistic questions are likely to guide future research in this area.
Direct activation of ATM or ATR following selective accumulation of 1-deoxysphingolipids
has not been demonstrated. Published studies have documented mitochondrial dysfunc-
tion and impaired bioenergetics following atypical sphingolipid accumulation [21,82],
autophagosome and lysosome accumulation [81], and altered plasma-membrane endocy-
tosis and impaired anchorage-independent growth in cancer cells [45]. However, these
studies did not report Western blot analysis of phosphorylated ATM or ATR under these
conditions. It therefore remains unresolved whether atypical sphingolipids activate canon-
ical checkpoint kinases or increase DNA-damage-response signaling indirectly through
persistent mitochondrial and oxidative stress. Similarly, the extent to which sphingolipid
metabolism contributes to replication stress and genome instability remains poorly defined.
Emerging evidence linking chromatin regulation to nuclear sphingolipid signaling raises
the possibility that lipid metabolism may influence DNA repair pathway choice through
modulation of chromatin accessibility [23,124].

Together, these emerging questions highlight the need to integrate metabolic and
genome stability research. Lipid signaling pathways involving ceramide and sphingosine-
1-phosphate are now recognized as central regulators of cellular stress responses [8,9].
Increasing evidence also suggests that metabolic stress pathways can influence genome
stability through regulation of oxidative stress and mitochondrial function [34]. Elucidating
how sphingolipid metabolic networks intersect with canonical DNA damage response
pathways will therefore be critical for understanding how metabolic stress influences
genome maintenance and may ultimately reveal new therapeutic vulnerabilities in diseases
characterized by genome instability.

6. Conclusions

Sphingolipid metabolism has emerged as an important regulatory system linking
cellular metabolism with stress signaling pathways that influence genome stability. Canon-
ical sphingolipid metabolites such as ceramide and sphingosine-1-phosphate function as
signaling molecules capable of regulating apoptosis, transcriptional responses, and cellular
adaptation to environmental stress [8]. Ceramide generation can be triggered rapidly by
ionizing radiation and other genotoxic stresses, establishing sphingolipid metabolism as an
early component of cellular stress signaling [52]. Conversely, sphingosine-1-phosphate pro-
motes cell survival and proliferation through activation of growth and survival signaling
pathways [9]. The balance between these opposing signaling activities therefore represents
an important metabolic determinant of how cells respond to genotoxic injury [11].

Collectively, this supports a model in which sphingolipid metabolism influences DNA
damage responses through multiple mechanistic pathways and points to several important
directions for future investigation [7]. Recent work continues to support a role for ceramide-
centered signaling in mitochondrial injury, mitophagy, and apoptosis pathways that shape
tumor cell responses to stress and therapy [125]. At the same time, newer studies reinforce
the view that nuclear SPHK2/S1P signaling can regulate acetylation-dependent stress
responses, extending the conceptual link between sphingolipid metabolism, chromatin
regulation, and genome-directed signaling programs [126]. Together, these advances
strengthen the case that sphingolipid metabolic networks intersect with canonical stress-
response pathways at both mitochondrial and nuclear levels, and they suggest that defining
these connections more precisely may reveal therapeutically actionable vulnerabilities in
cancer and other diseases marked by persistent cellular stress [7,11].

https:/ /doi.org/10.3390/dna6030040


https://doi.org/10.3390/dna6030040

DNA 2026, 6, 40

21 of 27

References

The discovery of atypical sphingolipids generated through substrate promiscuity
of SPT has expanded this framework further. 1-deoxysphingolipids accumulate when
alanine or glycine is utilized instead of serine during sphingolipid biosynthesis, producing
metabolites that cannot be converted into complex sphingolipids [43]. Experimental studies
demonstrate that these atypical lipids disrupt mitochondrial function and induce cellu-
lar stress responses that impair cell viability [17,21]. Because mitochondrial dysfunction
and oxidative stress represent major endogenous sources of DNA damage, accumula-
tion of atypical sphingolipids may represent an additional metabolic pathway capable of
influencing genome stability [127].

These mechanistic connections have important implications for human disease. Dys-
regulation of sphingolipid metabolism occurs in cancer, lysosomal storage disorders, and
neurodegenerative diseases, conditions in which chronic metabolic stress and mitochon-
drial dysfunction can alter cellular responses to DNA damage [27]. In cancer, sphingolipid
signaling pathways influence tumor responses to radiation and chemotherapy, suggesting
that manipulation of sphingolipid metabolism may enhance therapeutic sensitivity to geno-
toxic treatments [115]. In lysosomal disorders such as Niemann-Pick disease, disruption of
lipid trafficking leads to accumulation of sphingolipids that perturb organelle homeostasis
and activate cellular stress pathways [92]. Emerging evidence also connects sphingolipid
dysregulation to neurodegenerative disorders characterized by mitochondrial dysfunction
and oxidative stress [15,128].

Future progress in this field will require integration of lipid biology with genome
stability research. Advances in lipidomics allow comprehensive profiling of sphingolipid
species during cellular stress responses [129]. At the same time, genetic approaches such
as CRISPR-based editing enable systematic interrogation of lipid metabolic enzymes and
their contributions to cellular stress pathways [123]. Integration of these experimental ap-
proaches with mechanistic analyses of DNA repair pathways will be essential for defining
how sphingolipid metabolic networks influence genome maintenance [130]. Altogether,
understanding how metabolic stress interfaces with genome stability pathways may ulti-
mately reveal new therapeutic vulnerabilities in diseases characterized by chronic cellular
stress and DNA damage signaling.
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