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Abstract

The aberrant biology of polyploid giant cancer cells (PGCC) includes dysregulation of the cell
cycle, induction of stress responses, and dedifferentiation, all of which are likely accompanied
by adaptations in biophysical properties and metabolic activity. Sphingolipids are the second
largest class of membrane lipids and play important roles in many aspects of cell biology

that are potentially relevant to polyploidy. We have recently shown that the function of the
sphingolipid enzyme acid ceramidase (ASAH1) is critical for the ability of PGCC to generate
progeny by depolyploidization but mechanisms by which sphingolipids contribute to polyploidy
and generation of offspring with stem-like properties remain elusive. This review discusses the
role of sphingolipids during embryonic development, cell cycle regulation, and stem cells in an
effort to highlight parallels to polyploidy.
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1. Introduction

When the German pathologist Johann L.W. Thudichum discovered a new substance

during his chemical analysis of the brain in the late 19t century, he may have named

it “sphingosin” because its enigmatic nature reminded him of the riddles asked by the
mythological creature known as the Sphinx [1]. Today, we recognize that sphingolipids

are the second largest class of membrane lipids and play important roles in many aspects
of cell biology, including but not limited to cell death or survival, membrane integrity,
regulation of metabolism, and stress adaptation. These lipids are defined by their fatty acid
being linked to a sphingoid base. The simplest sphingolipid ceramide serves as a metabolic
hub, since it is the building block for a vast array of complex sphingolipids (Fig. 1).
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Sphingolipids exert their function either through lipid-lipid interaction to affect membrane
properties or through lipid-protein interaction to modulate the function of target proteins.
Consequently, sphingolipids play important roles in signal transduction and gene regulation
with aberrations contributing to various pathologies.

The 1993 discovery that ceramide induces programmed cell death spawned significant
interest in sphingolipid research similar to the attention that polyploid giant cancer cells
(PGCC) have gained in recent years [2]. In 2018 my laboratory made a fortuitous discovery
that linked sphingolipid metabolism to PGCC [3]. We were examining the mechanism by
which inhibition of the sphingolipid enzyme acid ceramidase (ASAH1) prevented radiation
therapy failure. Cheng at al. had shown that enzymatic inhibition of ASAH1 in combination
with radiation resulted in durable cures in a preclinical model of prostate cancer [4].
ASAH1 catalyzes the removal of the fatty acid from ceramide to generate sphingosine, a
molecule that is a substrate for sphingosine kinases, which generate the bioactive molecule
sphingosine-1-phosphate (S1P) to promote survival and proliferation. Thus the prevailing
thought was that inhibition of ASAH1 would facilitate cell death either by increasing levels
of ceramide and/or by decreasing the availability of S1P. Unable to generate data in support
of this hypothesis in short-term assays, we extended our endpoints and did observe that

a significantly lower amount of cellular material remained when ASAH1 was inhibited.
However, careful visual analysis revealed that the reduction in viable cells under ASAH1-
deficient conditions was due to the absence of small cells that in cultures treated with
radiation (or chemotherapy) alone surrounded large multinuclear cells. We had seen these
bizarre polyploid cells previously but discounted their significance, since their morphology
suggested they were destined to die.

A literature search led us to seminal papers that described the phenomenon we observed
[5, 6]. Interestingly, PGCC have been documented in cancer specimen since the invention
of the microscope and the field of PGCC research was initiated about 20 years ago

when polyploidy was first described as a survival mechanism in cells with mutant p53

[7, 8]. PGCC form through fusion or endoreplication with resulting cells warehouse as
many as 32 (or more) copies of the genome often in multiple nuclei [9]. PGCC assume

a morphology resembling senescence, remain metabolically active, and are capable of
undergoing a primitive, asymmetric cleavage-like form of cell division to release stored
genetic material into smaller progeny. It is this step that is dependent on ASAH1,
although the mechanism currently remains elusive. Reversible polyploidy has been called
neosis or depolyploidization with offspring referred to as Raju or escape cells [6, 10].
The clinical significance of polyploidy and reversible senescence was not immediately
recognized but more than 10 years later PGCCs were declared as critical drug targets in
the war on cancer [11, 12]. Several independent groups have now shown that PGCC form
in response to stress and these cells are capable to generate progeny with self-renewal
features, but the topic has not gained widespread recognition [5, 6, 13, 14]. PGCC

have been described as the “evil roots of cancer” and the “keystone species” within the
tumor microenvironment without which the remainder of the tumor would collapse [14,
15]. The process of stress-induced transition through the PGCC state involves significant
plasticity and genetic instability. Consequently, when PGCC progeny resume mitosis some
offspring exhibit a more aggressive, therapy resistant phenotype than the parental cancer
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cell. Resistance together with stem-like and metastatic properties of offspring suggests

that PGCCs are drivers of tumor relapse and recurrence. Hopefully, adaptation of a more
unified nomenclature, identification of markers, and insights into PGCC biology will lead to
multidisciplinary efforts to bring about innovative clinical trials that improve cancer therapy
outcomes by preventing reversible senescence.

The therapeutic aspects of PGCC formation, tumor dormancy and relapse have been
reviewed in an excellent paper by Mirzayans et al. [16]. The study of polyploidy and
reversible senescence requires significantly longer time frames than most cancer researchers
are accustomed to. Formation of PGCC /n vitro varies between models but always exceeds
the short time frame typically used to assess cytotoxic effects: In colon cancer cells treated
with cisplatin PGCC were observed within 5-7 days [10]; in MDA-MB-231 breast cancer
cells the peak of PGCC within the population following chemotherapy was reached on day
8-9 [17]; and in radiation treated Burkitts lymphoma cells PGCC peaked after one week
[7]. In our experience formation of PGCC is a function of stress intensity and time. For
example, the same percentage of PGCC can be obtained on day 5 after either fractionated
(2Gy/day for 4 days) or single dose (8Gy once) radiation [3]. When using a range of 1-5nM
docetaxel, PGCC formation occurs earlier at the 5nM dose but was also achieved at 1nM
over a longer time frame (White-Gilbertson, unpublished observations). Once PGCC have
developed, additional time is required to monitor cultures for progeny formation. Zhang et
al quantified the appearance of PGCC progeny through cell counting found they emerged
after day 8 Erenpreisa et al. also detected evidence of depolyploidization in week 2 [7]. Puig
et al monitored the long-term evolution of tumors treated with cisplatin in a syngeneic rat
model of colon cancer and /n vitro modeling showed that formation of colonies from PGCC
required a 2-week time frame [10]. In their /7 vivo model, tumors significantly regressed

10 days after cisplatin treatment but growth resumed one month later at approximately

day 40. Similar /n vivo kinetics were observed in a preclinical model of prostate cancer
where tumors treated with fractionated radiation also continued to regress upon treatment
cessation but recurred after day 40 [4]. We hypothesized that the relapse in the PPC1
prostate cancer model following radiation was due to PGCC and progeny formation via
reversible senescence, which was confirmed and extended to other cell models [3, 18]. /n
vivo drug concentrations will vary across the tissue gradient. Lin et al. modeled this using
an “evolution accelerator” and demonstrated that PC3 prostate cancer cells that continue to
proliferate in a low docetaxel environment can migrate to a high dose environment, where
they convert to PGCC. The authors suggest that the ability of cells to migrate across a
spatially-varying stress landscape could significantly benefit their survival [19].

Nuclear events in polyploidy and reversible senescence have been studied extensively but
little is known about the mechanisms by which lipids contribute to polyploidy or enable
PGCC to produce progeny [13, 20, 21]. The sphingolipid ceramide is a second messenger of
the stress response but the connection between sphingolipids and PGCC only emerged with
our fortuitous discovery that the generation of PGCC progeny is highly dependent on acid
ceramidase [3]. | will therefore focus this review on commonalities between sphingolipids
and polyploidy in cancer, since novel insights into the mechanistic aspects of polyploidy
may be gained from the sphingolipid field. First, because PGCC have been hypothesized

to be the somatic equivalent of blastomeres | will review the role of sphinpolipids during
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embryonic development [15, 22, 23]. Second, since multinuclear polyploidy in cancer cells
results from defective cell division, | will elaborate on the roles of sphingolipids during cell
cycle progression with a focus on mitosis and cytokinesis. Finally, as the formation of PGCC
involves significant dedifferentiation, | will discuss the role of sphingolipids in pluripotency
and stem cells [15, 22, 23].

2. Sphingolipid Metabolism

De novo synthesis of sphingolipids involves a highly conserved 4-step process that is
initiated when serine palmitoyl-CoA transferase (SPT) catalyzes the condensation of

the amino acid serine and the acyl-CoA thioester palmitoyl-CoA in the endoplasmic
reticulum (Fig. 1). The product 3-dehydro-D-sphinganine is converted to sphinganine
(dihydrosphingosine/dhSph), which serves as the substrate for a family of six ceramide
synthases (CerS). CerS have differential substrate preferences and conjugate fatty acids
with side chains ranging from 14-30 carbons to dhSph, which results in a range of
dihyroceramides (dhCer) that are then desaturated to produce multiple ceramide species.
Thus the basic structure of ceramide is a long-chain sphingoid base linked to a fatty

acid via an amide bond. Following de novo synthesis in the endoplasmic reticulum,
ceramide is then transported to the Golgi by ceramide transferase (CERT), where the
terminal primary hydroxyl group can be modified to generate complex sphingolipids.
Conjugation to phosphocholine generates sphingomyelin (SM), which is an abundant
component of membranes. Sphingomyelinases (SMase) catalyze the reverse reaction and
are able to regenerate ceramide in membranes. Conjugation of ceramide to glucose by
glucosylceramide synthase (GCS) is the initial step in the synthesis of glycosphingolipids,
which are embedded into outer the leaflet of the membrane. Glycosphingolipids can be
further modified with sialic acids to generate gangliosides that play important roles in signal
transduction. Phosphorylation of ceramide results in the bioactive molecule ceramide-1-
phosphate (C1P) that has a range of physiological functions in metabolic and pathologic
processes [24]. Ceramide can also be hydrolyzed by acid (ASAH1), neutral (ASAH2), or
alkaline ceramidases (ACER1-3) to produce sphingosine, which due to the removal of the
fatty acid is much less hydrophobic than ceramide. Sphingosine plays a central role in
sphingolipid metabolism because it serves as a substrate for two groups of enzymes that
generate bioactive sphingolipids with opposing functions (Fig 1). CerS utilize sphingosine
to regenerate ceramide, which is generally associated with anti-proliferative roles, while
the addition of a phosphate group by sphingosine kinases (SphK) produces pro-survival
sphingosine-1-phosphate (S1P). The degradation of S1P by S1P lyase constitutes the exit of
sphingolipid metabolism.

While de novo synthesis of ceramides involves 4 simple steps, sphingolipid metabolism
is overall complex due to the variety of molecules, reversibility of reactions, and
compartmentalization. The array of fatty acids used by CerS generates several dozens of
ceramide species all of which can be further modified yielding a highly complex pool

of sphingolipids. Currently, more than 1600 structures of sphingolipids have been curated
in the LIPID MAPS® database (www.lipidmaps.org). Many sphingolipid enzymes have
multiple isoforms that differ in substrate specificity or pH optima and the majority of
enzymatic reactions in the sphingolipid pathway are reversible. Ceramide itself can be
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produced de rovo in the endoplasmic reticulum, through hydrolysis of sphingomyelin at
membranes, and via the salvage pathway by CerS. Multiple modes of ceramide generation
allow cells to produce a hydrophobic molecule “on demand” in various subcellular locations
or cellular domains. In combination with the reversibility of most enzymatic reactions in
sphingolipid metabolism, this facilitates a rapid flux of metabolites in response to a cellular
stimulus that can occur in distinct subcellular compartments or domains under acidic, neutral
or alkaline conditions.

3. Sphingolipids in Embryonic Development

PGCC are believed to be somatic equivalents of blastomeres and we have shown that

the enzyme acid ceramidase is required for the generation of PGCC offspring [3, 23].
Therefore, our knowledge of sphingolipids in embryonic development might provide insight
into the roles of sphingolipids in PGCC and their progeny. Given that sphingolipids play
important structural roles and participate in cellular signaling it is not surprising that loss

of key enzymes results in an embryonic lethal phenotype. Serine palmitoyl-CoA transferase
(SPT) is a multimeric protein responsible for the initial rate-limiting step of sphingolipid
synthesis. Homozygous loss of either the Sptlcl or the Sptlc2 subunit is embryonic

lethal and even a heterozygous loss significantly impacts ceramide and S1P levels [25].
Loss of glucosylceramide synthase, which catalyzes the initial step in the synthesis of
glycosphingolipids, causes an embryonic lethal phenotype during gastrulation characterized
by intense apoptosis in the ectodermal layer [26]. Lack of BAGALTS5, which uses
glucosylceramide (GlcCer) to generate lactosylceramide (LacCer), resulted in embryonic
death on day E10.5. Hemorrhage and hematomas were observed at the anti-mesometrial pole
of extra-embryonic tissue surrounded by trophoblast giant cells that normally accumulate
at the mesometrial pole, which suggested defective extra-embryonic development was
disturbed [27]. Another mutant mouse phenotype that is embryonic lethal was CERT. CERT
transfers ceramide from the ER to the Golgi for further metabolism. Loss of CERT did

not affect total ceramide levels but altered subcellular distribution. Ceramide was low in

the plasma membrane but high in the endoplasmic reticulum, which enhanced stress and
impacted mitochondria. It is noteworthy that no defects were observed in E3.5 blastocysts
when grown in vitro for 3 days. The inner cell mass and outgrowth of the polyploid
trophoectoderm were indistinguishable from controls and gross examination of mutant
embryos did not reveal developmental defects, except for the heart [28]. Unfortunately,

S1P was not analyzed in these mice but can be predicted to be low since AKT signaling
was impaired. Thus these mice may have died due to lack of S1P and defects in blood
vessel development (see below). These developmental defects not only demonstrate that
sphingolipids are required but that proper subcellular distribution is crucial as well. Many
other sphingolipid enzymes have multiple isoforms or family members that catalyze the
same biochemical function. Loss of one isoform is often permissive for embryonic survival
but transgenic models have still elucidated key roles during development.

3.1 Ceramidases

All ceramidases hydrolyze ceramide to produce sphingosine. Since neither loss of neutral
(ASAH2) nor alkaline ceramidases (Acer1-3) is embryonic lethal, | will focus on the
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lysosomal enzyme acid ceramidase (ASAHL) that plays a role in fertility and embryonic
development [29-31] The Schuchman laboratory, which cloned and characterized ASAH1,
found that enzyme levels are high during the early stages of the ovarian cycle, when the
developing follicle becomes surrounded by the theca, a layer of connective tissue and
associated blood vessels [32, 33]. During progression to secondary follicle development, the
granulosa cells surrounding the single oocyte proliferate and together with the thecal cells
secrete antral fluid that nourishes the maturing ovum. Loss of ASAH1 results in defective
transition of the follicle from the secondary to antral stage (Fig. 2). In ovaries without
ASAH1 levels of ceramide were elevated, which was accompanied by increases in Bax and
PARP as well as decreases in Bcl-2 and SOX9, a transcription factor for anti-Muellerian
hormone that serves as a marker of ovarian reserve [34]. In conditional ASAH1 knockout
mice only homozygous knockout females lacked ASAH1 expression and activity in ovaries
compared to wild type, heterozygous, and conditional knock controls and experienced a
significant decrease in infertility. On day 17 only 4/13 conditional ASAH1 knockout females
(compared to 10/12 in control) were pregnant after being mated to wild type males and
resulted in only one pup that died shortly after birth. This loss of fertility is consistent

with a role of ASAHL1 in oocyte protection. Thus ASAH1 appears to play an important
anti-apoptotic, protective function during oocyte and follicle development.

In addition to protection of the ovary and a role in fertility, ASAH1 expression in human
cumulus cells and follicular fluid also sustains embryo survival. A study investigating the
effect of C,-ceramide in bovine embryos showed that 2-cell stage but not 5 day embryos are
resistant to apoptosis [35]. A positive correlation was observed between levels of ASAH1
and the quality of human embryos formed /in vitro. In bovine oocytes the addition of
recombinant ASAH1 resulted in a significant increase in morphologically intact embryos
(20% to 70%). Similarly in the mouse, supplementation of the culture medium with
recombinant ASAH1 approximately doubled the formation of embryos (from 40% to 88%)
upon /n vitro fertilization and increased healthy births by about 5-fold [36].

The ovum is an asymmetric cell with one pole developing into future ecto- and mesoderm
and the other developing into endoderm. It is covered in a protective layer called the

zona pellucida, which a sperm penetrates to create a zygote. The zygote undergoes several
cleavage divisions with no significant growth as cell size progressively decreases while the
nuclear to cytoplasmic ratio increases. The blastomeres in the 16-cell morula are compactly
arranged and are all derived by cleavage division. In the absence of ASAH1, embryos are
unable to survive beyond the 2-cell stage due to apoptotic cell death (Fig 2). The 2-cell stage
coincides with the ability of the embryo to expression ASAH1 mRNA, which suggests the
possibility that high levels of ASAHL1 protein present prior to fertilization provide sufficient
protection for the zygote until it acquires the ability to initiate its own ASAH1 expression
[31]. While all ceramidases catalyze the same reaction - the hydrolysis of ceramide to
sphingosine - the embryonic lethal phenotype in total ASAH1 knockout mice indicates

that neutral and alkaline ceramidases are unable to compensate for ASAH1 activity in the
lysosome.

At the 16-32 cell stage embryonic transcription factors of the zygotic genome begin
to function. The cell mass dedifferentiates into trophoblast (future ectoderm) and an
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inner cell mass consisting of small epiblasts, myoblasts and primitive endoderm. The
process of syncytialization during trophaoblast differentiation is accompanied by changes in
sphingolipids. Trophoblasts are sensitive to apoptosis induced by exogenous Cqg-ceramide
or acid (but not neutral) sphingomyelinase and apoptosis was inhibited by the addition

of EGF in an ASAH1-dependent manner [37]. The Keelan laboratory studied the role

of sphingolipids in human cytotrophoblasts syncytialized over 7 days in culture [38].
Intracellular Cq6-ceramide levels increased modestly after 3 days in culture but then
declined. Secreted S1P concentrations also dropped steeply on day 3 but then recovered

to basal concentrations. Changes in ceramide and S1P are likely a function of ASAH1
expression which increased 5-fold by day 7 in culture. Inhibition of ASAH1 reduced fusion
as reflected by lower multinuclear to total nuclei ratios. Therefore, ASAH1 is also involved
in the functional differentiation of polyploid trophoblasts.

3.2 Sphingosine kinases

Two sphingosine kinases that reside in different subcellular compartments phosphorylate
the ASAH1 product sphingosine to generate S1P. SphK1 is found in the cytoplasm and
translocates to the plasma membrane upon stimulation, whereas SphK2 has been detected
in the nucleus and some other organelles [39]. As stated in section 2 and shown Fig.1, S1P
and ceramide play opposing roles with regard to cell fate, which led to the hypothesis of

an “sphingolipid rheostat”. According to the rheostat, high levels of ceramide favor cell
death while high level of S1P favor survival and proliferation. Although the “sphingolipid
rheostat” model has fallen out of favor, as the complexity of sphingolipid metabolism is
unraveling, exogenous S1P was sufficient to allow ASAH1-deficient embryos to progress
from the 2-cell to the 4-8 cell stage [31]. S1P also protected 5-day bovine embryos from
ceramide-induced apoptosis [35]. We have not yet tested whether exogenous S1P can
overcome the defect in PGCC progeny formation caused by ablation of ASAH1 activity
but hypothesize that similar to the ASAH1 defect in embryos, rescue might be possible.
However, since S1P itself does not become critical for embryonic survival until day 11.5
(see below), it is the activity of ASAH1, not sphingosine kinases, that is required for survival
of the pre-implantation embryo. The requirement of ASAH1 for embryonic survival during
the polyploid, pre-implantation stage dovetails well with the hypothesis that PGCC are the
somatic equivalent of blastomeres.

After the blastocyst hatches out of the zona pellucida, the implantation process within

the uterus begins. Embryonic implantation is a complex series of events during which
maternal and embryonic tissues cooperate to initiate intricate steps for uterine preparation.
Endometrial stromal cells undergo proliferation and differentiation into decidual cells that
will surround the implanting blastocysts. The formation of the primary decidual zone, a
dense avascular layer, occurs next to the implanting blastocyst. Next to the primary decidual
zone formation of a secondary decidual zone occurs, which is characterized by terminally
differentiated decidual polyploidy with acquisition of large mono- or binucleated cells [40].
The decidua functions as a barrier to uncontrolled trophoblast proliferation and provides

a vascular network for nutrient and gas exchange prior to establishment of a functional
placenta. The outgrowth of some trophoblasts into the decidualized uterus is important for
physical attachment of the embryo to the mother but also alters the uterine vasculature to
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allow the development of an adequate blood supply to support the growing fetus without
fluctuations that could cause damage. Sphingosine kinases and S1P are critical during this
stage (Fig. 2) [41].

Neither loss of SphK1 nor SphK2 alone impacts embryonic lethality, fertility, longevity,

or causes obvious abnormalities in major organs [42]. In fact, S1P levels in organs of

mice lacking either SphK1 or SphK2 were comparable to wild type mice, although loss

of SphK1 (but not SphK?2) resulted in a significant decrease in serum S1P levels [43]. In
contrast, a complete knockout of both SphK1 and SphK2 was 100% embryonic lethal by
day 13.5. Embryos were grossly normal until day 9.5 but showed evidence of hemorrhaging
by day 11.5. The SphK substrate sphingosine did not accumulate but the product S1P

was undetectable. S1P exerts its function in survival and proliferation through 5 G-protein
coupled receptors (S1P1-S1Ps). While expression of S1P receptors was not changed, the
SphK double knockout phenotype was reminiscent of that observed in S1P; null mice,
which also succumb due to defective vascular development. Since sphingosine, which can
promote cell death, did not accumulate, death of the embryos must have resulted from lack
of S1P and downstream signaling to its receptors. These studies substantiated that S1P is
crucial for angiogenesis at least in part via S1P;.

Further analysis of SphK-deficient animal models led to the interesting observation of a
gender-specific defect in mice lacking both SphK1 alleles and only one of the SphK2
alleles [44]. While males had normal fertility, females were infertile, which could not

be attributed to differences in the number of ovulated or fertilized eggs on day 1.5 post-
coitus or to defective implantation of day 5.5 post-coitus. When female Sph1~~SphK2~/*
mice were mated to wild type males, 27% of embryos in mutant females were smaller
compared to wild type females on day 7.5 post-coitus. By day 8.5 post-coitus nearly 80%
of embryos were absorbed leaving only traces of yolk sac without placenta formation.
Further examination showed that although embryos were viable on day 6.5 post-coitus,
uteri of mutant mice displayed hemorrhage and invasion of multinucleated neutrophils
into areas surrounding the embryo. Cell death in the decidual zone was detected as early
as day 5.5 post-coitus and increased by day 7.5 post-coitus. Death did not result from
increased invasion of trophoblast giant cells but was attributed to defects in decidual cells
and decidual blood vessels. To understand the role of sphingolipid metabolism, enzyme
activity and mRNA levels were quantified in wild type mice. An increase in SphK
activity coincided with a 9.3-fold increase in SphK1 mRNA while SphK2 mRNA remained
unchanged. Increases in other sphingolipid pathway genes, such as SPT, S1P lyase, S1P
phosphatase, and acid sphingomyelinase, suggested increased in de novo synthesis and
flux in sphingolipids revolving primarily around synthesis and degradation of S1P with
SphK1 playing a more predominant role that SphK2. Among the CerS only CerS5 and
CerS6, which preferentially generate Cqg-ceramide, were slightly increased (1.4 and 2.8
fold, respectively). In mutant mice SphK substrates dhSph and sphingosine increased while
ceramide levels did not significantly change, which is supportive of the mRNA analysis
performed in wild type mice. In summary, these studies indicate that SphK isoforms can
compensate for each other’s loss to some extent. However when S1P levels drop below a
critical threshold, i.e. loss of the second SphK2 allele in addition to SphK1 or loss of all
alleles, a decrease in female fertility results due to maternal defects.
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Parallels can be drawn between the role of SphK1 in embryonic development, where
maternal S1P is crucial for establishing the connection to the embryo, and in cancer, where
host S1P regulates tumor cell colonization. To date, we have been unable to establish a role
for SphK1 or S1P in PGCC themselves [45]. Similarly, loss of SphK1 in MB49 bladder
cancer cells did not impair their ability to colonize the lung [46]. Thus at least for some
aspects in cancer signaling SphK1/S1P within the tumor cells themselves seems dispensable.
In contrast, the ability MB49 cells to colonize the lung was significantly impaired when the
host was SphK1 deficient [46]. Thus it appears that maternal or host S1P is important for the
embryo or tumor, respectively.

Another potentially highly relevant role of S1P in PGCC biology is its function in red
blood cells. In adults, plasma S1P is derived from both the endothelium and red blood
cells. However, a specific deletion of both SphK1 and SphK2 in red blood cells was
embryonic lethal whereas loss of these enzyme in the endothelium was dispensable for
embryonic development [47]. The defect was not due to reduced erythropoietic capacity

of hematopoietic stem cells but due to vascular development regulated by S1P receptors.
PGCC have the capacity for vascular mimicry and PGCC-derived erythrocytes express
fetal and embryonic hemoglobins [48, 49]. This suggests the possibility that PGCC-derived
erythrocytes supply the S1P required for tumor survival. Further analysis of SphK, S1P and
S1P receptors is needed to determine whether PGCC offspring generate S1P during vascular
mimicry.

3.3 Ceramide Synthases

Expression of the six members of the CerS family varies in a tissue-dependent manner with
aberrant expression linked to a number of pathologies [50, 51]. CerS are responsible for
generating diverse ceramide species, which are then further metabolized to sphingomyelin
and glycosphingolipids. Since the ceramide moieties in complex sphingolipids change
during embryonic development, the Merrill laboratory hypothesized that differences in CerS
are contributing factors and therefore investigated changes in specific ceramide species

and CerS mRNA levels using mouse embryonic stem cells (MESC) and embryoid bodies
(EB) [52]. EBs are widely used as a developmental model in which aggregates of cells
derived from mESC are thought to recapitulate the early stages of development. Compared
to mESC, EB had higher expression of CerS1 and CerS3, which preferentially generate Cqg-
ceramide or Cyy/4- and ultralong ceramides, respectively. The increase in CerS1/3 mRNA
expression was accompanied with an increase in the corresponding ceramide species. CerS5
and CerS6 mRNA were inversely changed but the overall percentage of C1g-ceramide

was lower in EB compared to mESC, suggesting that the decrease in CerS5 outpaced

the increase in CerS6. While future studies are needed to better understand the functional
significance of changes in CerS and ceramide species, this study elucidated two interesting
facts with potential relevance to early embryonic development.

First, C16-ceramides represented about 50% of total ceramide in mESC and approximately
40% in EB. Cqg-ceramide has been associated with apoptosis and high levels might
indicate that mMESC and EB are poised to undergo programmed cell death. The first major
developmental event that requires apoptosis is formation of the pro-amniotic cavity in a
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process called cavitation. Second, the content of dhCer increased from 8% in mESC to 19%
in EB without changing total ceramides (sum of dhCer and ceramide). This shift coincided
with a decrease in desaturase (DES1) mRNA, suggesting the increase of dhCer is due

to substrate accumulation. DhCer were initially thought to be inert sphingolipids because
unlike ceramide, dhCer does not induce apoptosis. However, dhCer are important mediators
of autophagy, a process required for the removal of dead cells during cavitation [53-55].
Thus both high levels of Cqg-ceramide and a shift towards increased dhCer maybe required
as part of early embryonic development (Fig. 2).

Mice deficient in any one CerS family member have been developed and all are viable,
which suggests sufficient compensatory mechanisms exist to allow for development to
birth. Several CerS knock out models have shown that the loss of specific ceramides

is compensated so that at least in young animals total levels of ceramide and complex
sphingolipids are unchanged. The altered composition in CerS-null mice has provided
insights into the functions of specific CerS family members.

CerS1 preferentially generates Cqg-ceramide. CerS1 null mice have decreased Cig-
sphingolipids and maintained total sphingolipid levels at 6 weeks but not 18 months,
suggesting that compensatory mechanisms were not sustainable throughout life span.
Even at 6 weeks, when total sphingolipid levels were maintained, ganglioside GD1 was
specifically decreased by 50% in the forebrain and cerebellum, which led to progressive
shrinkage of the cerebellum and functional deficits in exploration, locomotion and motor
coordination [56]. An accumulation of dhSph and sphingosine, which can promote cell
death, may have contributed to this neurodegeneration [57].

CerS2 null mice are essentially devoid of all sphingolipids with C»2/Cy4 acyl chains [58,
59]. In these mice, Cqg-ceramide compensates for the lack of very long chain ceramides
thereby maintaining total ceramide levels as observed in CerS1 null mice. However, in
hepatocytes the increase in C1g-ceramide led to apoptosis forcing proliferative repair, which
may have contributed to the development of hepatocellular carcinoma. Although CerS2
expression levels are comparable between liver and kidney, loss of CerS2 did not affect
renal function or pathology. A subsequent study showed that C;g-ceramide and dhSph

were elevated in the liver mitochondrial fraction, which was associated with an increase in
reactive oxygen species due to impaired complex 1V activity. Despite depletion of Coy/Cys-
sphingolipids, these changes were not observed in cardiomyocytes, where C1g-ceramides
did not significantly increase [60]. Since C1g-ceramide has been associated with cell death
in multiple models, it is likely that the increase in C1g-ceramide rather than lack of Coy/
Ca4-sphingolipids was responsible for cell death observed in CerS2 null mice, although why
the effect is liver-specific remains to be further elucidated.

CerS3-deficient mice die shortly after birth as a consequence of trans-epidermal water
loss due skin barrier function dysfunction [61]. CerS3 also plays a role in male germ

line development [61]. Spermatogenesis is dependent on glycosphingolipids and loss of
GalNAc transferase renders male mice sterile because haploid round spermatids aggregate
in multinuclear giant cells. The Sandhoff group demonstrated that very long-chain

fatty acid-containing sphingolipids are restricted to germ cells and are expressed in a
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differentiation stage-specific manner. CerS3 expression was increased more than 700-fold
during juvenile testicular maturation, which coincided with the increase in very long chain
glycosphingolipids that are required for completion of meiosis in male germ cells [62].
Spermatogenic midbodies form intracellular bridges that connect clonal daughter cells into
a syncytium. The ultra-long polyunsaturated anchors, which can only be provided through
CerS3 activity, are required for stability of the intracellular bridges. Therefore, loss of the
anchors resulted in apoptosis during meiosis, formation of multinuclear giant cells, and
spermatogenic arrest [62].

CerS4 is expressed in the suprabasal epidermal layer and sebaceous glands. Its lack of
expression results in altered sebum composition and progressive hair loss due to physical
blockage of the hair canal [63]. CerS4 is also ubiquitously expressed in all retinal neurons
and Maller cells. Loss of CerS4 expression decreased sphingolipids with Cyg-Coy-acyl chain
in favor of an increase in Cqg-containing species, which affected retinal signaling [64].

The loss of either CerS5 or CerS6, which both generate C1g-ceramide, did not result any
obvious defects at birth perhaps, because like SphK, their enzymatic products allow for
compensation. Although mice appear normal at birth, lack of CerS5 or CerS6 has pointed to
roles of these enzymes in metabolism and immune function [65-69].

Among the CerS, only CerS3 has been linked to polyploidy due to defective meiosis

during sperm development [61, 62]. Loss of very long chain ceramides (>Cyg-Cer) results
in compensation by Cqg-ceramide in both Cer2 and CerS4 null mice [58, 59, 63]. It is
interesting that the liver, which is the largest polyploid organ in humans, appears highly
susceptible to Cqg-ceramide-induced apoptosis compared to other organs [70]. Therefore, it
will be important to further investigate the differential tissue-specific effects of CerS with
regard to polyploidy.

4. Sphingolipids in Cell Cycle Progression

The cell cycle consists of a long interphase divided into G1, S, and G2 followed by a short
period of mitosis and cytokinesis (Fig. 3). During G1 the cell increases synthesis to generate
more protein and organelles. Once the cyclin regulated G1/S checkpoint is passed, the cell
continues into S-phase to synthesize DNA. During S-phase RNA and protein synthesis,
with the exception of histones, is reduced while the cell replicates each chromosome into
two sister chromatids. Protein synthesis resumes in the G2 phase to prepare the cell for
mitosis. Preparation involves an increase in cyclin B to activate cyclin-dependent kinase

1 (Cdk1/CDC?2). Cdk1 is positively regulated by the phosphatase Cdc25 and negatively
regulated by weel. PIk1 additionally interferes with weel to ensure entry into M-phase.
Entry into mitosis in controlled by the G2/M checkpoint and requires coordination between
Cdk1, CDC25 and PIk1 with the accumulation of cyclin B activating the cyclin B-Cdk1
complex. M-phase is relatively short and is divided into 5 phases: prophase, prometaphase,
metaphase, anaphase and telophase. During prophase the centrosomes are associated with
the nuclear membrane but once the nuclear membrane breaks down, the centrosomes interact
with the chromosomes to build the mitotic spindle. Sister chromatids are pulled apart

by microtubules into two identical nuclei on opposite sides of the cell. Once nuclei are
separated the cell undergoes cytokinesis to divide other cell components such as organelles
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and cytoplasm in half before the plasma membrane encloses the newly generated equal-sized
daughter cells.

Lipids have not been studied as extensively as proteins or nucleic acids during the cell
cycle but clearly have important functions. Lipid and protein dynamics shape nuclear
envelope identity and play a role in oncogene-induced senescence [71, 72]. Although de
novo sphingolipid synthesis occurs in the endoplasmic reticulum, which is continuous
with the outer nuclear envelope, the majority of newly synthesized ceramide is trafficked
to the Golgi apparatus via CERT for further modification [73]. Sphingolipids are more
abundant in the plasma membrane than in internal membranes and early studies using

a fluorescent precursor to show that transport of sphingomyelin and glucosylceramide

to the plasma membrane is inhibited during mitosis but not during interphase [74-76].
Although the majority of sphingomyelin is transported to the plasma membrane, it

is still the most abundant among nuclear sphingolipids. Sphingomyelin is detected in

the nuclear matrix and also directly associates with chromatin for DNA stabilization.
During S phase sphingomyelin levels decrease to allow DNA replication (reviewed in

[72]. Synthesis of sphingomyelin also appears to be decreased during M phase, since
studies with radioactive tracers showed that transfer of phosphocholine and galactose to
ceramide and glucosylceramide, respectively, decreased significantly during this stage of
the cell cycle [77]. Sphingomyelinases are activated in response to stress to hydrolyze
sphingomyelin forming phosphorylcholine and ceramide. A recent study found that neutral
sphingomyelinase 3 is localized to the nuclear pore complex, where it could potentially

be involved in localize release of ceramide but the relevance of this finding is not yet

clear [78]. One possibility is regulation of crosstalk between sphingolipid metabolism

and PKC. When sphingomyelin synthase conjugates ceramide with phosphatidylcholine,

it produces not only sphingomyelin but also DAG, thereby establishing a link between
PKC signaling and sphingolipid metabolism. Accumulation of nuclear diacylglycerol (DAG)
stimulates nuclear translocation of PKC to drive gene expression and proliferation [79].

It is therefore conceivable that stress results in the opposite reaction, i.e. the hydrolysis

of sphingomyelin to generate ceramide, which has anti-proliferative properties such as
induction of senescence. It has been demonstrated that replicative and accelerated cellular
senescence causes nuclear lamin dysfunction involving phosphatidylserine but how this
intertwines with sphingolipid metabolism is not yet known [80, 81]. S1P, generated by
nuclear localized sphingosine kinase 2, also participates in cell cycle regulation through its
impact on HDAC activity [82—84]. Thus lipid signaling and especially sphingolipids are
important regulators of nuclear signaling and in the subsequent sections, | will more closely
focus on the roles of sphingolipids in senescence, G2/M, mitosis, and cytokinesis [72, 85].

4.1. Cell cycle checkpoints and senescence

The retinoblastoma protein (Rb) and p53 are two main tumor suppressors that as part

of cell cycle checkpoints ensure that DNA replication is carefully controlled to preserve
integrity of cell division. The activity of both proteins is influenced by ceramide. Aged
human fibroblasts contain higher levels of ceramide than “young” cultures (<30 passages),
which correlated with increased activity of neutral sphingomyelinase [86]. Ceramide causes
hypophosphorylation of Rb, which arrests cells at the G1 checkpoint leading to senescence
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[87]. Ceramide also increases in A375 melanoma cells when ASAH1 expression is ablated,
which cells blocks cell cycle progression at G1, accelerates cellular senescence, induces
apoptosis, and prevents self-renewal [88]. Activation of Rb interferes with the activity of
E2F and therefore cells fail to progress through G1 and S phases. In order to proceed to
mitosis, the cell has to pass the G2/M checkpoint. Detection of DNA damage triggers ATR
and ATM to activate Chk1 and Chk2, respectively. Chk1 and Chk2 phosphorylate Cdc25 (to
promote its inactivation and degradation) and stimulate p53 and weel resulting in inhibition
of the cyclin B-Cdk1 complex to allow for DNA repair before proceeding to mitosis. As

a central tumor suppressor p53 orchestrates the DNA damage response by pausing the cell
cycle to allow for repair thereby guarding the integrity the genome. If the damage is too
severe, p53 may also initiate apoptosis. It has recently been shown that p53 enhances the
synthesis of pro-apoptotic Cqg-ceramide by directly binding to the CerS6 promoter and that
Cqg-ceramide in turn stabilizes the p53 by binding within its DNA-binding domain [89-91].

During M-phase, the spindle assembly checkpoint ensures that mitosis (or meiosis)
progresses from anaphase to telophase only once the duplicated chromosomes are properly
attached to the spindle. When cells exit mitosis without proper chromosome segregation,
mitotic slippage results in polyploidy. Whether polyploid cells are mono- or multi-nucleated
depends on whether mitosis is arrested in metaphase or anaphase. In mononucleated PGCC
the subnuclei remain arranged at the metaphase plate and are separated by folds of the
nuclear envelope [92]. In either type of PGCC, DNA forms a radial pattern linked to a
single microtubule organizing center with the potential to resume mitosis at the stage of
interruption. Cancer cells that dedifferentiate to the blastomere or even germ cell stage can
undergo reduction divisions, which is associated with the expression of meiotic genes such
as Mos [92-95]. Expression of meiotic genes has been observed in treatment resistant tumor
cells [95, 96]. Since ASAHL1 has been detected at the meiotic spindle in human oocytes, it
is possible that this enzyme participates in reduction divisions, but this remains to be further
investigated [34]. In a zebrafish model, SPT affects mitosis via the actin skeleton, which
during metaphase is organized into Rho-dependent F-actin caps. F-actin binds to Anthrax
AZ2 to recruit the Anthrax receptor to the cap with actin then torqueing the mitotic spindles.
SPT activity was found to be crucial for the palmitoylation state of the Anthrax receptor,
which is required for positioning the mitotic spindle during cell division [97]. This finding
exemplifies how the modulation of proteins by sphingolipids can impact cellular processes.

Modulation of CERT expression was unexpectedly found to play a role in polyploidy.
Mitotic arrest was studied in the context of paclitaxel, which stabilizes microtubules and
prevents cells from achieving the metaphase spindle configuration. This prolongs activation
of the spindle assembly complex and blocks progression of mitosis ultimately triggering
apoptosis. Under “CERT low” conditions, ceramide accumulated in the endoplasmic
reticulum, leading to stress and apoptosis. However under “CERT high” conditions,
ceramide is efficiently moved out of the endoplasmic reticulum and further metabolized,
which led to mitotic slippage and polyploidy [98, 99].
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SphK1 plays a similar role in mitotic arrest and mitotic slippage. Knockout of SphK1
resulted in accumulation of sphingosine, inhibition of PKC and reduced colony formation.
Loss of SphK1 prolonged mitosis in a spindle assembly-dependent manner resulting in more
than 50% of cells containing a 4N and about 40% having an 8N genome within 24 hours,
which was followed by apoptosis at later time points [100]. Mechanistically loss of SphK1
activity reduced Cdk1 activity and Chk1 expression, which could compromise the spindle
assembly complex during transition from metaphase to anaphase [101]. Pharmacological
inhibition of SphK1 also affects Cdk1 activation and prolonged mitosis, which led to
apoptosis. Interestingly, the decrease in S1P following SphK1 inhibition did not causes
accumulation of the substrate. Instead sphingosine was decreased and ceramide was not only
increased but also exhibited a shifted profile from very long chain ceramides (Cog/24) to
long ceramides (C1g/1g) [102]. This suggests that sphingosine, if not utilized by SphK1, will
be utilized by CerS that through re-acylation alter the overall ceramide profile (and likely
complex sphingolipid composition) of the cells

In contrast, overexpression of SphK1 accelerates mitosis by promoting degradation of cyclin
B. Treatment with S1P facilitated mitosis even in cells that were chemically arrested in
pro-metaphase (nocodazole) or metaphase (taxol), which pointed to a role for S1P in
relaxation of the spindle assembly complex. Mitosis driven by excess S1P increased the
percentage of cells with lagging chromosomes and anaphase-bridges [100]. Gillies et al.
detected S1P5 along with SphK1 and SphK2 at the centrosome and suggested a dynamic
endocytic shuttling mechanism that is controlled by ligand occupancy of the cell surface
receptor, since the addition of S1P trafficked S1P5 to the centrosome [103]. Andrieu et al.
subsequently demonstrated that S1P was first exported from the cells via Spns2 before it
signaled via surface S1Pg [104, 105]. Mechanistically the pro-mitotic effect of S1P was
mediated by PI13K/Akt driven phosphorylation of Ser99 on Plk1, which is required for
progression from metaphase to anaphase as opposed to phosphorylation on Thr210, which
has been implicated in mitotic entry [106, 107].

Emerging evidence also suggests a possible role for CerK and C1P during cell cycle
progression. CerK is primarily located in the Golgi but has a putative nuclear localization
signal and has been detected in other cell compartments including the perinuclear region
[108]. CerK is the kinase responsible for phosphorylation of ceramide and promotes
migration and proliferation in cancer cells via activation of the Akt pathway [109]. Whether
activation of Akt also signals via Plk1 as observed for S1P has not yet been evaluated.

In breast cancer, CerK expression is higher in estrogen receptor negative than in estrogen
positive patients and patients in the estrogen receptor negative group whose tumors express
the highest levels of CerK have the worst prognosis and shortest survival [110]. CerK
expression has also been associated with cancer recurrence [109]. Inhibition of CerK
resulted in accumulation at G2/M accompanied by elevated histone-H3 phosphorylation,
indicative of an increase in mitotic index. CerK inhibition sensitized NCI-H358 cells to
apoptosis but a significant increase in in DNA fragmentation was not observed in the more
polyploid MCF-7 cells [111]. This lack of response in MCF-7 cells may need to be further
investigated especially in the context of polyploidy and breast cancer recurrence.
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4.3 Cytokinesis

Cytokinesis is the final step in cell division, which involves the equal sorting of cellular
components into daughter cells and subsequent membrane ingression for separation. This
process relies heavily on membrane components and properties and is inhibited if lipid
metabolism is disrupted. For example, the bacterium Chlamydia trachomatis interferes with
cytokinesis by intercepting Golgi-derived lipids which results in polyploidy in host cells
[112]. In the sea urchin egg model the parental membrane increases by 28% in order to
divide into equal size daughter cells [113]. The failure to complete cytokinesis will result
in multinuclear polyploidy. From the sea urchin egg model, we know that microtubules and
actin promote the formation of unique membrane domains at sites of the future cleavage
furrow. Additionally anchoring for the contractile actin-based ring that serves as a site for
new membrane addition is required. The formation of the equatorial membrane domain is
dependent on anaphase and involves plasma membrane signaling domains that are enriched
in the ganglioside GM1 and cholesterol along with activated tyrosine kinases and PLC-y
[114]. Interestingly, the majority of newly added membrane lacks GM1 and is therefore
distinct from the pre-mitotic membrane [113].

With regard to sphingolipids, several studies confirmed the initial observation by Rani

et al. that inhibition of GCS interferes with the cell cycle [115]. As discussed above,

GCS is the first enzyme in glycosphingolipid synthesis that adds glucose to ceramide.
Glucosylceramide (GlcCer) is then converted to lactosylceramide (LacCer), which serves
as substrate for gangliosides GM3, GM2, and GML1 that are synthesized sequentially.

One group studied polyploidy in response to psychosine, a naturally occurring lipid that
inhibits cytokinesis. Polyploidy could be decreased by knockout of B3GALT4 or the

GCS inhibitor PDMP, both of which reduced GM1, whereas overexpression of GCS
increased the number of polyploid cells [116]. To get a better understanding of lipid
involvement in cytokinesis, Atilla-Gokcumen et al. used a mass spectrometry-based global
lipid profiling approach. Inhibition of GCS by PPMP permitted the assembly of the
cleavage furrow but not completion of cytokinesis. Lipidomics analysis revealed a specific
accumulation in Cqg-ceramide (8-fold) and C,,-ceramide (10-fold). In an RNAI approach,
GCS knockdown deleted C14- and Co4-glucosyl-ceramide as well as some more highly
glycosylated derivatives but accumulation of ceramide was not detected as it was likely
metabolized by other pathways. However, the exogenous addition of Cqo- or C14-ceramides
also recapitulated cytokinesis failure [117]. The group subsequently studied in more detail
how lipid composition changes during cytokinesis and found that dhCyg-24-ceramides,
Cyy_p4-ceramides, and Cqg-hexosylceramide accumulated. In the midbody, a transient
structure formed towards the end of cytokinesis in mammalian cells, Co4-hexosyl-ceramide
was specifically increased. An RNAI screen identified 23 genes responsible for cytokinesis
failure of which 11 were sphingolipid genes, including CerS2/4 and several genes predicted
to process glycosphingolipids (GLB1, STEGALNACS, and ST8SIAS). Of note is that GM1
is one of GLB1’s substrates and both STEGGALNAC6 and ST8SIA5 process GD1a, which
is a direct derivative of GM1 [118]. In summary, these studies supported a role for GM1
enriched domains during cytokinesis and suggest that very long chain Cy4-hexosyl-ceramide
may serve as anchor during cytokinesis.
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The role of sphingomyelin during cytokinesis has also been investigated. When
sphingomyelin is reduced the cleavage furrow forms but regresses prior to midbody
formation [119]. Similarly, overexpression of neutral sphingomyelinase 2, which decreased
surface sphingomyelin by 10%, promoted polyploidy in psychosine-stressed cells [116].

In this model polyploidy could be attenuated by exogenous treatment with sphingomyelin
and enhanced by bacterial sphingomyelinase, an enzyme that hydrolyzes sphingomyelin

to liberate ceramide. Overexpression of GCS and neutral sphingomyelinase 2 exerted

an additive effect on polyploidy in psychosine-stressed cells [116]. Since cholesterol
accumulates at the cleavage furrow in sea urchin eggs [114], the connection between
sphingomyelin and cholesterol was also investigated. In mammalian cells depletion

of cholesterol resulted in regression of the cleavage furrow but the accumulation of
cholesterol in the outer leaflet of the cleavage furrow did not require sphingomyelin.
Instead, sphingomyelin-rich domains in the outer leaflet of the membrane were required
for enrichment of PIP in the inner leaflet of the membrane to recruit RhoA to the
contractile ring for cytokinesis [119]. Studies in the psychosine model supported that
defects in cytokinesis by sphingolipid modulation in stressed cells was due to disruption of
sphingomyelin clustering on the outer leaflet of the plasma membrane and reduced staining
of PIP, at the cleavage furrow. The loss of cells with a long cleavage furrow typical of the
telomeric stage of M-phase suggested a defect in anaphase [116].

A key difference between human blastomeres and PGCC is that the former are generated by
full cleavage while the latter are multinuclear cells in one cytoplasm, which might explain
why the formation of PGCC can occur in an ASAH1-independent manner [3]. In contrast,
the formation of PGCC progeny, which is ASAHI-dependent, is an asymmetric division
followed by cellularization involving the interaction of the cytoskeleton, primarily actin,
with the cytoplasmic membrane [3]. Both of these events observed in PGCC correspond

to embryonic development in Drosphophila, where cells undergo a superficial cleavage that
produces multiple nuclei within one cytoplasm until gastrulation stage when cellularized
mitotically dividing blastomeres are released [120, 121]. Indeed, Drosophila may be an
excellent model to study sphingolipid metabolism as ceramidosomes that form in response
to stress in lung cancer cells are also observed in the plasma membrane of germ line stem
cells in Drosophila ovaries during the early stages of development [122].

Ceramide is trafficked in a complex with RIPK1 in a NM-2A-dependent manner, which

in FTY720-stressed cancer cells led to pore formation and necroptotic cell death. NM-2
isoforms are required for the contractile activity during cytokinesis, migration, cell-cell

or cell-matrix junctions as well as regulation of the survival threshold of embryonic

stem cells [123, 124]. Interestingly, their dysfunction has been associated with the

onset and progression of cancer [125]. Mutual sliding of actin and NM-2 filaments
generates the pulling forces that drive contraction during cytokinesis. C1g-ceramide impairs
actin polymerization through increased RhoA/Rho kinase signaling [126]. Therefore, the
reduction of ceramide by ASAH1 may enable actin fiber formation and contractile

activity during cytokinesis. It will be important to further explore the connection between
sphingolipids and NM-2 mediated cellular trafficking due to overarching themes that link
PGCC hiology to embryonic development, stemness, and evolutionary conserved concepts.
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In summary, ceramide regulates cell cycle progression at both G1 and G2 checkpoints
through hypophosphorylation and activation of Rb at G1 and stabilization of p53 at G2.
SphK and S1P regulate the M-phase checkpoint. Cytokinesis requires the localization of
multiple sphingolipids, including GM1 and sphingomyelin, to specific signaling domains
that may be required for the contractile function of the actin skeleton.

5. Sphingolipids in pluripotency and stemness

PGCC and/or their offspring exhibit stem-like properties. Their pluripotency is evidenced

by the ability to differentiate into adipose tissue, cartilage, bone [127], endothelial or
erythroid cells [128]. In fact, PGCC progeny contain a mixture of epithelial, mesenchymal,
and neuronal cells [23]. Sphingolipids are important regulators of stem cell survival and
differentiation and therefore likely play a role in the plasticity of PGCC. Sphingolipids
involved in regulation of stem cells either during embryonic or postnatal development have
also been dubbed “morphogenic lipids”. Therefore, the sphingolipid literature offers some
insight into factors that could govern the pluripotency and stem-like characteristics of PGCC
and their progeny.

5.1 Differentiation status and sphingolipid susceptibility

Differences in responses to sphingolipids have been observed in a stem cell-derived multi-
stage breast carcinogenesis model that includes undifferentiated Oct4* “Type I” cells,
differentiated, non-transformed “Type 11” cells, and a range of immortalized and transformed
cells to represent stages of tumor progression [129]. Exposure to 8 pM sphingosine inhibited
proliferation in Type I and transformed cells but not Type |1 cells. PGCC can also express
Oct4 and may therefore share similarities with the undifferentiated Type | cells [23,

130]. Transformed cells in the breast cancer model consist of a series of cells that were
sequentially transformed by expression of the SV40 large T antigen, radiation, and the Neu
oncogene. Given that expression of the SV40 large T antigen, which interferes with p53
function, was combined with radiation stress as part of transformation, these cells should be
prone to polyploidy. Thus this model might be ideal for the investigation of polyploidy in
cancer. In addition to sphingosine, the effect of C,-ceramide was also examined in the model
and yielded differential responses. However, interpretation of the results is difficult because
changes in sphingolipid metabolism were neither examined by lipidomic analysis nor by
expression of sphingolipid enzymes. The expression of CerS members will influence how
the non-natural C,-ceramide are metabolized into endogenous ceramides. In addition, the
relative expression of CerS and SphK (and S1P receptor expression) will determine whether
exogenous sphingosine is preferentially metabolized to pro-death ceramide or pro-survival
S1P. Therefore, understanding sphingolipid flux will be important in understanding cell fate
in response to exogenous ceramide or sphingosine.

An excellent example of how sphingolipids can be manipulated in favor of therapeutic
outcome can be gleaned from the literature on the development of neuronal progenitors. An
issue that had plagued the field of neuronal stem cell transplantation was the presence of
residual pluripotent stem cells (<1 per million) with the capacity to develop into teratomas,
which can be life threatening. In the laboratory, both mouse and human embryonic stem
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cells are maintained in the presence of S1P to drive the expression of SSEAL and Oct4.
When pluripotent stem cells differentiate, Oct4 expression is lost and nestin, which commits
cells to neuronal precursors, becomes expressed. However, a small fraction of cells, known
as residual pluripotent stem cells, apparently fail to downregulate Oct4 thereby creating a
setting that is permissive for teratoma development. Bieberich et al. found that expression
of PAR4, an endogenous inhibitor of atypical PKC, mediates ceramide-induced apoptosis

in proliferating EB-driven stem cells and that PAR4 expression along with susceptibility

to ceramide is lost as cells differentiate towards neural progenitors that express nestin and
S1P, [131, 132]. This differential expression could therefore be exploited therapeutically by
treating cultures with ceramide (or its analog S18) to eliminate PAR4*/Oct4*/S1P;" residual
pluripotent stem cells responsible for teratoma formation while S1P (or FTY720) promoted
differentiation of PAR4/Oct4/S1P,* neuronal progenitors [133, 134]. It will be important
to decipher such differences in PGCC, so that their plasticity can be manipulated in favor of
benign differentiation instead of promoting development of aggressive offspring responsible
for tumor recurrence.

5.2 Expression of stem cell markers YAP and CD133

In addition to Oct4, PGCC can express YAP [135]. A recent study identified a novel
mechanism that dictates the development of embryonic stem cell lineages. As part of the
study YAP was found to preferentially co-localize with super-enhanced markers such as
Nanog, SOX2, Oct4 and H3K27ac in embryonic stem cells [136]. Another recent study
linked YAP to ASAHL1 in the context of liver fibrosis. Pharmacological or genetic inhibition
of ASAH1 in the mouse liver inhibited YAP activity by potentiation of phosphorylation-
mediated protein degradation via the ubiquitin ligase adaptor protein B-TrCP [137]. We
demonstrated that pharmacological or genetic inhibition of ASAH1 in PGCC inhibited
progeny formation [3]. Evidence that YAP has been associated with stem cell markers that
are also detected in PGCC and association between YAP and ASAH1, which is required for
PGCC progeny formation, now begs the question of possible mechanisms involving YAP in
PGCC or progeny development.

CD133 expression has also been detected on PGCC [135]. CD133 belongs to the pentaspan
transmembrane glycoprotein group that specifically localize to cellular protrusions.

While the physiological function of CD133 remains to be elucidated, the protein is

widely considered to be a universal surface marker of cancer stem cells. However, in
nasopharyngeal cancer cells, the majority of CD133 positive cells were small (i.e. not
PGCC) but co-existed with a subpopulation of large polynuclear cells [138]. Similarly,

we have been unable to detect CD133 expression in PPC1 prostate cancer cells [3]. Thus
CD133 expression, which is being questioned as a universal CSC marker, may reflect
disease progression [139]. A significant increase in CD133 has also been observed in liver
tumors of fro/fro mice, which lack the expression of nSMase2 and have therefore a marked
increase in sphingomyelin [140]. In neural progenitors, inhibition of nSMase2 promotes
translocation of atypical PKC from the membrane to the cytosol, where is phosphorylates
Aurora kinase A. Exogenous C24:1 ceramide re-establishes the membrane pool of atypical
PKC and accelerates neural process formation [141]. Thus the absence of nSMase2 activity
can lead to increased CD133, increased sphingomyelin, and translocation of atypical PKC
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from the membrane to the cytosol, where it activates Aurora kinase A, which plays multiple
roles in cell cycle regulation. On the other hand, stimulation of nSMase2 by sublethal doses
of chemotherapy generated a significant increase in C1g-ceramide at the plasma membrane
that acutely affected pathways associated with cell adhesion and migration in cancer cells
[142]. Additional studies are needed to determine how modulation of nSMase2 impacts
sphingolipid pools and CD133 expression in the context of PGCC and their progeny.

5.3 Glycosphingolipids

Glycosphingolipids such as the globo-series stage-specific embryonic antigen 3 (SSEA-3),
SSEA-4, and Globo-H, are specifically expressed on pluripotent stem cells and cancer cells,
and are known to be associated with various biological processes such as cell recognition,
cell adhesion, and signal transduction [143]. Analysis of glycosphingolipids is technically
challenging but the use of matrix-assisted laser desorption/ionization MS (MALDI-MS) and
MS/MS analyses identified not only the well-known ESC-specific markers, SSEA-3 and
SSEA-4, but also several previously undisclosed globo- and lacto-series glycosphingolipids,
including Gb4cCer, Lc4Cer, fucosyl Lc4Cer, Globo H, and disialyl Gb5Cer that were
present in undifferentiated human ESC and induced pluripotent stem cells [144]. During
differentiation changes in core structures of glycosphingolipids were observed from globo-
and lacto- to gangliosides in a lineage-specific manner [144]. In breast cancer stem cells
both GD2 (GD2/GM2 synthase) and GD3 (GD3S) maintain the stem cell phenotype but

a subsequent study found that GD3S alone was sufficient to sustain properties of cancer
stem cells and promote malignancy due to association of GD3 with the EGF receptor [145].
GD3S is also increased in glioblastoma multiforme and suppression of the enzyme reduced
stemness properties in this malignancy [146].

Glycosphingolipid metabolism is regulated as part of the mitotic cell cycle with ceramide
and glucosylceramide (GlcCer), the building block for all glycosphingolipids increasing
prior to transition from G1 to S-phase. It has been hypothesized that the number of

neuronal stem cells during embryonic development is regulated through “asymmetric
inheritance” of PAR4 [147]. Since PAR4 acts synergistically with ceramide to induce
apoptosis, the daughter cell inheriting PAR4 undergoes ceramide-mediated apoptosis

while the other daughter cell protects itself by converting ceramide to GlcCer to initiate
glycosphingolipid synthesis. Expression of GlcCer synthase has been associated with
maintenance of cancer stem cell properties, which are mediated by altered composition of
glycosphingolipid-enriched domains such as globotriaosylceramide (Gb3), which activates
Akt, and GlcCer, which activates ERK1/2, to drive expression of multidrug resistance
protein 1 and apoptotic genes [148]. In melanoma a more aggressive phenotype is associated
with expression of BAGALNT1 and GM2/GD2 due to induction of angiogenesis, anchorage-
independent growth and cell motility, which may be mediated through periostin [149].

In epithelial cancer cells, depletion of globosides through targeting A4GALT induces

EMT, enhances chemoresistance, and increases CD24!0%W/CD44Migh cells [150]. In summary,
these studies highlight essential roles for glycosphingolipids in stemness and pluripotency.
The development of fluorescent analogs of GM1, GM3, SSEA3, SSEA4 and Globo-H

can now be employed to study the structure and roles of glycosphingolipid-enriched
domains during differentiation and malignancy [143]. Tumors often express high levels
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of glycosphingolipids, which interfere with the anti-tumor immune response but this also
provide novel opportunities for cancer immunotherapy using antibodies or CAR T cells
[146, 151]. Thus understanding dysregulation of glycosphingolipids in PGCC will open up
avenues for novel therapeutic approaches.

6. Concluding Remarks and Future Prospects

Sphingolipids have structural and signaling functions that influence membrane properties.
This provides a broad mechanism by which these unique lipids modulate the behavior

of other molecules, including proteins and DNA, thus exerting pleiotropic effects on
signaling pathways. Figure 4 highlights parallel roles of sphingolipids in cancer and
embryonic development. Mammalian cells typically have a diploid genome and proliferate
via mitosis. In humans polyploidy is limited to the early, pre-implantation stages of
embryonic development and highly differentiated tissues such as the heart, liver, or muscle.
Gene profiling of normal adult polyploid cells revealed a shift toward the gastrulation
(post-implantation) embryo. In contrast, PGCC are equivalent to the pre-implantation stages
of embryonic development, which has been described as chaotic due to significant genomic
instability [22]. Dedifferentiation to an early embryonic stage, especially in the absence of
functional p53, creates an error prone environment in which malignant cells are provided
with an opportunity to function as an independent organism.

The sphingolipid literature has established the dual nature of ceramide that on the one hand
drives cell death but on the other hand inhibits cytokinesis thereby promoting polyploidy.
The advancement of sphingolipid measurements from steady-state “snap shots” to analysis
of flux and compartmental signaling will help researchers to more fully understand how
these lipids contribute to polyploidy and cancer recurrence. The requirement of ASAH1
for survival of the pre-implantation embryo dovetails well with the hypothesis that PGCC
are the somatic equivalent of blastomeres. In contrast, sphingosine kinases are not required
during the pre-implantation stage of development and we have not been able to establish

a requirement for these enzymes in PGCC. Since the sphingosine kinase product S1P
promotes mitosis, a step in the cell cycle that is skipped to achieve polyploidy, it is

logical that sphingosine kinase activity and intracellular S1P is largely dispensable in
PGCC. However, similar to embryonic development where S1P is crucial for establishing
the connection between embryo and mother, one can envision that extracellular S1P plays
an important role in supporting PGCC progeny, which resume mitosis and metastasize to
distant sites. An important avenue to pursue from a therapeutic standpoint is to prevent
PGCC progeny or to explore the pluripotency of PGCC to prevent offspring from assuming
more aggressive characteristics than the primary tumor and instead drive them to benign
phenotype.
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Abbreviations:
Acerl-3

ASAH1
ASAH2

ATR

ATM
B4GALTS
B3GALT4
Cdk1/CDC2
CDC25
CerK
CerS
CERT
Chk1/Chk2
C1P

DES
dhCer
dhSph
EB

EGF
EGFR
ERK1/2
ESC

GCS
GD3S
GLB1
GlcCer

LacCer

alkaline ceramidases
acid ceramidase

neutral ceramidase

ataxia telangiectasia and Rad3-related protein (protein

kinase)

ataxia-telangiectasia mutated (protein kinase)
Beta-1,4-Galactosyltransferase 5

Beta-1,3-Galactosyltransferase 4

Cyclin Dependent Kinase 1

cell division cycle 25, dual-specificity phosphatase

ceramide kinase

ceramide synthase
ceramide transferase
checkpoint kinase 1 or 2
ceramide-1-phosphate
dihydroceramide desaturase
dihydroceramide
dihydrosphingosine
embryoid body

epidermal growth factor

epidermal growth factor receptor

extracellular signal-regulated protein kinase)

embryonic stem cell
glucosylceramide synthase
ganglioside GD3 synthase
beta-galactosidase
glucosylceramide

lactosylceramide
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mESC murine embryonic stem cell

nSMase2 neutral sphingomyelinase 2

PARP Poly (ADP-ribose) polymerase

PDMP D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol

PGCC polyploid giant cancer cell

PLCg phospholipase C gamma

Plk1 polo-like kinase 1

S1P sphingosine-1-phosphate

S1p1->5 sphingosine-1-phosphate receptors 1-5

SM sphingomyelin

SMase sphingomyelinase

SphK sphingosine kinase

SPT serine palmitoyl CoA transferase

SSEA stage-specific embryonic antigen

ST6GALNACS6 sialyltransferase

ST8SIA5 sialytransferase
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Figure 1. An overview of sphingolipid metabolism.

(plasma membrane)

For details please refer to the text. Enzymes are indicated in red font in the diagram.
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Figure 2. Roles of sphingolipid metabolism during early embryonic development.
ASAHL1 is important for oocyte and follicle development, survival of pre-implantation

embryo and trophoblast differentiation. Maternal S1P is required during implantation of

the embryo.
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G2/M
P53/CerS6/
C,¢c-ceramide

g Prophase —chromosomes doubled;
Prometaphase - nucleus dissolves,
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o /

4 N
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two identical daughter cells

Figure 3. Roles of sphingolipid metabolism during cell cycle regulation.
The tumor suppressor p53 is important for regulation of the G2/M checkpoint, where

extensive DNA damage can trigger apoptosis. The absence of wild type p53 appears

to be a key factor to permit polyploidy. If aberrant cells cannot be eliminated through
pro-apoptotic Cqg-ceramide generated by CerS6, the number of cells escaping cell cycle
regulation may be increased. As discussed in the text, SPT is important for regulation of the
actin skeleton during metaphase, increased CERT, SphK1 or S1P promote mitotic slippage
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during transition from anaphase to telophase, and altered activity of GCS and/or nSMase2 as
well as increased ceramide or decreased sphingomyelin inhibit cytokinesis.
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Figure 4. Overview of sphingolipids in development and polyploidy.
Key points are: Primitive cleavage during blastomere stage or depolyploidization is ASAH1-

dependent; Mitosis, implantation, and angiogenesis in the embryo or PGCC-derived progeny
is dependent on S1P, likely generated by Sphingosine kinase 1; Polyploidy is associated
with activation of epithelial mesenchymal transition (EMT); Normal polyploid cells
dedifferentiate to the gastrulation (post-implantation) stage and are irreversibly senescent.
PGCC dedifferentiate to the pre-implantation stage and are capable of reversing senescence
with progeny restarting S1P-dependent processes of mitosis, implantation, and angiogenesis.
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