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Abstract

The cell cycle is a sequential multi-step process essential for growth and proliferation of cells comprising multicellular
organisms. Although a number of proteins are known to modulate the cell cycle, the role of lipids in regulation of cell cycle
is still emerging. In our previous work, we monitored the role of cholesterol in cell cycle progression in CHO-K1 cells. Since
sphingolipids enjoy a functionally synergistic relationship with membrane cholesterol, in this work, we explored whether
sphingolipids could modulate the eukaryotic cell cycle using CHO-K1 cells. Sphingolipids are essential components of
eukaryotic cell membranes and are involved in a number of important cellular functions. To comprehensively monitor the
role of sphingolipids on cell cycle progression, we carried out metabolic depletion of sphingolipids in CHO-K1 cells using
inhibitors (fumonisin B,, myriocin, and PDMP) that block specific steps of the sphingolipid biosynthetic pathway and
examined their effect on individual cell cycle phases. Our results show that metabolic inhibitors led to significant reduction
in specific sphingolipids, yet such inhibition in sphingolipid biosynthesis did not show any effect on cell cycle progres-
sion in CHO-K1 cells. We speculate that any role of sphingolipids on cell cycle progression could be context and cell-type
dependent, and cancer cells could be a better choice for monitoring such regulation, since sphingolipids are differentially
modulated in these cells.
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membrane lipids (Holthuis et al. 2001). They play a crucial
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signaling, proliferation, and senescence, and are involved in
the pathophysiology of neurological disorders (Zeidan and
Hannun 2007; van Echten-Deckert and Walter 2012; Son-
nino and Prinetti 2016; Hannun and Obeid 2018; Hussain
et al. 2019). It has been proposed that sphingolipids along
with cholesterol form ordered lipid domains, often referred
as ‘lipid rafts’ which are laterally segregated from the bulk
membrane (Simons and Ikonen 1997). These microdomains
facilitate the interaction of signaling partners, thereby lead-
ing to efficient signal transduction in processes such as pro-
tein sorting and pathogen entry into cells (Simons and van
Meer 1988; Simons and Toomre 2000; Ramstedt and Slotte
2006; Riethmiiller et al. 2006; Klemm et al. 2009; Viswa-
nathan et al. 2018). Importantly, sphingolipids have been
shown to modulate the function of important membrane
proteins such as G protein-coupled receptors (GPCRs) and
ion channels (Sabbadini et al. 1999; Mahfoud et al. 2002;
Fantini 2003; Fantini and Barrantes 2009; Dart 2010; Paila
et al. 2010; Rosenhouse-Dantsker et al. 2012; Singh et al.

2012; Jafurulla and Chattopadhyay 2015; Jafurulla et al.
2017; Olsen and Fergeman 2017).

The abundance of sphingolipids in the plasma membrane
is higher relative to intracellular membranes (Lange et al.
1989). Sphingolipid production and abundance has been
shown to be tightly regulated by several metabolic enzymes,
whose altered activity could lead to modulation in signal-
ing processes, especially in cancer (Ogretmen 2018). The
sphingolipid biosynthetic pathway (see Fig. 1) is initiated
by the condensation of L-serine with palmitoyl-CoA, which
is catalyzed by the enzyme serine palmitoyltransferase at
the cytoplasmic face of the endoplasmic reticulum. This
eventually leads to formation of sphinganine which acts
as the building block of sphingolipids. Subsequently,
ceramide is synthesized by acylation of sphinganine or
sphingosine catalyzed by the enzyme ceramide synthase
(N-acetyltransferase). Ceramide is then translocated from
ER to the Golgi apparatus (Fukasawa et al. 1999; Baier and
Barrantes 2007) and is either converted to sphingomyelin
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Fig.1 Metabolic pathway for sphingolipid biosynthesis and com-
monly used inhibitors in various stages of the pathway. The role of
sphingolipids in cellular processes has been explored using specific
inhibitors that target enzymes catalyzing key steps in the biosynthetic
pathway. Representative enzymes which could be targeted in the bio-
synthetic pathway and specific inhibitors that act on these enzymes
are highlighted. The rate-limiting step in the de novo biosynthetic
pathway of sphingolipids is catalyzed by the enzyme serine palmi-
toyltransferase in the endoplasmic reticulum. Subsequent reactions in
the pathway lead to synthesis of ceramides, which are converted into
complex sphingolipids (majorly in the Golgi), including glycosphin-
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golipids and sphingomyelin. Myriocin is a fungal metabolite which
acts as a competitive inhibitor of the rate-limiting enzyme serine pal-
mitoyltransferase that leads to the synthesis of 3-ketosphinganine.
Fumonisin B, (FB,), a naturally occurring mycotoxin produced by
several Fusarium species, is a competitive inhibitor of the enzyme
ceramide synthase (N-acetyltransferase) which catalyzes the acylation
of either sphinganine or sphingosine, thereby inhibiting the synthe-
sis of ceramide and other complex sphingolipids. On the other hand,
PDMP is a synthetic analog of ceramide and a competitive inhibitor
of the enzyme glucosylceramide synthase which is the first enzyme in
the biosynthesis of glycosphingolipids. See text for more details
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by the enzyme sphingomyelin synthase on the luminal face
of the Golgi, or to glucosylceramide by the enzyme gluco-
sylceramide synthase, on the cytosolic surface of the Golgi
apparatus. Further, glucosylceramide is converted to com-
plex glycosphingolipids upon translocation into the Golgi
lumen (van Meer and Lisman 2002). Sphingolipids exhibit
enormous structural diversity in terms of different types of
fatty acids (of varying chain length, extent of saturation, and
hydroxylation) attached to the sphingoid base and the polar
headgroups connected to ceramide (Fantini and Barrantes
20009; Jafurulla and Chattopadhyay 2015).

Cell cycle is an organized series of events which occurs
continuously in living cells of multicellular organisms and
results in multiplication of cells for growth as well as tissue
repair (Schafer 1998; Harper and Brooks 2005). The eukary-
otic cell cycle is comprised of four discrete phases which are
the G1 (gap 1) phase, S (synthesis) phase, G2 (gap 2) phase,
and M (mitosis) phase. The different phases of cell cycle in
a population of cells can be distinguished depending on the
alteration in cellular DNA content using flow cytometry (see
Fig. 2). The transition from one phase of the cell cycle to the
next is tightly regulated by several checkpoints at specific
intervals in the cell cycle. The proper maintenance of these
checkpoints is essential for cell survival, since it guarantees
that a cell has satisfied all the necessary requirements for
transitioning into successive cell cycle stages (Barnum and
O’Connell 2014). An imbalance in the cell division process
due to various mutations in the protein machinery that regu-
lates the checkpoints in cell cycle leads to cancer.

A large number of proteins in the cytoplasm and nucleus
are known to be involved in cell cycle regulation (Barnum
and O’Connell 2014), whereas the role of membrane lipids
in cell cycle regulation is not explored well. In this context,
we previously utilized distal and proximal inhibitors of cho-
lesterol biosynthetic pathway and showed that the require-
ment of cholesterol for G1 to S transition is absolute, and
even immediate biosynthetic precursors of cholesterol, dif-
fering with cholesterol merely in a double bond, could not
replace cholesterol for reversing the cell cycle arrest (Singh
et al. 2013). In addition, we showed that cholesterol content
is modulated across various stages of the cell cycle in a cell-
type specific manner (Singh et al. 2013; Sarkar et al. 2020).
However, the role of sphingolipids in cell cycle progression
has not been explored in detail. Since sphingolipids enjoy a
synergistic relationship with membrane cholesterol (Slotte
and Bierman 1988; Slotte et al. 1990; Garcia-Arribas et
al. 2016; Rog et al. 2016; Slotte 2016), in this work, we
explored whether sphingolipids could modulate the eukary-
otic cell cycle. For this, we carried out metabolic depletion
of sphingolipids in Chinese hamster ovary (CHO-K1) cells
using inhibitors that act in specific steps of the sphingolipid
biosynthesis pathway and monitored the effect on individual
cell cycle phases.
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Fig.2 Flow cytometric analysis of asynchronous CHO-K1 cells. a
Pulse width analysis of CHO-K1 cells labeled with propidium iodide
was performed to distinguish singlet cells from multiplet popula-
tion of cells. b Representative flow cytometric profile of asynchro-
nous CHO-K1 cells obtained after labeling with propidium iodide.
The histogram represents cell distribution in G1 (blue), S (red), and
G2/M (green) phases of the cell cycle. Inset shows a schematic repre-
sentation of the cell cycle phases according to the time spent in each
phase. See text and Materials and Methods for more details

Materials and Methods
Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT), dimethyl sulfoxide (DMSO), EDTA, fumonisin
B, (FB,), gentamicin sulfate, myriocin, oleic acid-albumin
complex, (+)-threo-1-phenyl-2-decanoylamino-3-mor-
pholino-1-propanol (PDMP), penicillin, propidium iodide,
sodium bicarbonate, streptomycin, and Tris were obtained
from Sigma Chemical Co. (St. Louis, MO). RNase A was
obtained from Calbiochem (San Diego, CA). Nutridoma-
SP was from Roche Applied Science (Mannheim, Ger-
many). Porcine brain sphingomyelin was purchased from
Avanti Polar Lipids (Alabaster, AL) and neutral glycosphin-
golipid mixture was from Matreya LLC (State College, PA).
DMEM/F-12 [Dulbecco’s modified Eagle’s medium/nutri-
ent mixture F-12 (Ham) (1:1)] and fetal calf serum (FCS)
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were from Invitrogen/Life Technologies (Grand Island, NY).
Bicinchoninic acid (BCA) reagent for protein estimation was
from Pierce (Rockford, IL). Precoated silica gel 60 thin layer
chromatography plates were from Millipore (Bedford, MA).
All other chemicals and solvents used were of the highest
available purity. Water was purified through a Millipore
(Bedford, MA) Milli-Q system and used throughout.

Cell Culture

CHO-K1 cells were maintained in DMEM/F-12 (1:1)
medium supplemented with 2.4 g/l of sodium bicarbonate,
10% (v/v) FCS, 60 pg/ml penicillin, 50 pg/ml streptomycin,
and 50 pg/ml gentamicin sulfate (complete DMEM/F-12
medium) in a humidified atmosphere with 5% CO, at 37 °C.

Treatment of CHO-K1 Cells with Metabolic Inhibitors
of Sphingolipid Biosynthesis

CHO-K1 cells were grown in complete DMEM/F-12
medium for ~24 h followed by treatment with increas-
ing concentrations of FB; or myriocin for ~60-66 h in
DMEM/F-12 medium containing 5% (v/v) FCS in a
humidified atmosphere with 5% CO, at 37 °C. In case of
PDMP treatment, cells were subjected to 48 h treatment
with increasing concentrations of PDMP in lipid-deficient
Nutridoma-BO medium [DMEM/F-12 medium containing
1% (v/v) Nutridoma-SP, 0.33 mg/ml oleic acid-albumin
complex, and 0.1% (v/v) FCS] in a humidified atmosphere
with 5% CO, at 37 °C. Stock solutions of FB; and PDMP
were prepared in water, whereas stock solution of myriocin
was prepared in DMSO.

Cell Viability Assay

The viability of CHO-K1 cells upon treatment with meta-
bolic inhibitors of sphingolipid biosynthesis was assessed
using MTT assay as described previously (Rao et al. 2021).
Briefly, cells were plated in 96-well plates and treated with
increasing concentrations of FB;, myriocin, or PDMP. Cells
were subsequently incubated with MTT dissolved in serum-
free DMEM/F-12 medium at a final concentration of 0.4 mg/
ml at 37 °C for 1 h. Reduction of MTT salt by mitochondrial
enzymes in cells (Vistica et al. 1991) led to formation of
formazan crystals which were dissolved in DMSO and the
color obtained was measured by absorbance at 540 nm in a
Multiskan Spectrum Plate Reader (Thermo Fisher Scientific,
Rochester, NY).

Cell Lysate Preparation

After treatment with various inhibitors, cells were harvested
using 0.1% (w/v) trypsin/EDTA and resuspended in PBS.
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Cells were subsequently sonicated using VCX 500 Vibra-
cell sonics (Newtown, CT) sonicator for 5 min using 10 s on
and 10 s off cycles at an amplitude of ~20%. Total protein
concentration of cell lysates was determined using the BCA
assay reagent (Smith et al. 1985).

Estimation of Lipid Content by Thin Layer
Chromatography (TLC)

Total lipid extraction from cell lysates obtained from control
and cells treated with metabolic inhibitors was performed
according to the Bligh and Dyer method (Bligh and Dyer
1959). Lipid extracts from 0.5 mg (for FB, and myriocin-
treated cells) or 3 mg (for PDMP-treated cells) protein were
dried under a stream of nitrogen at ~45 °C, and the dried
lipids were subsequently dissolved in chloroform/metha-
nol (1:1, v/v). The extracted lipids were separated by TLC
on precoated silica TLC plate using chloroform/metha-
n01/0.22% (w/v) aqueous CaCl, (60:35:8, v/v/v) as a solvent
system (Dragusin et al. 2003). A sphingomyelin standard
was run to identify the sphingomyelin band in lipid extracts
obtained from FB, and myriocin-treated cells. Neutral gly-
cosphingolipid mixture was used as a standard to identify
the glycosphingolipid bands in PDMP-treated cells. The
separated lipids were visualized by charring with a solution
containing cupric sulfate (10%, w/v) and phosphoric acid
(8%, v/v) at~150 °C (Baron and Coburn 1984). The TLC
plates were scanned and lipid band intensities were quanti-
fied based on densitometric analysis using Adobe Photoshop
(version 10.0, Adobe Systems, San Jose, CA). Intensities of
the sphingomyelin and glycosphingolipid bands in sphin-
golipid-depleted cells were normalized to the intensity of
the respective bands from control cells.

Flow Cytometric Analysis of CHO-K1 Cells

Following treatment with metabolic inhibitors of sphin-
golipid biosynthesis, cells were harvested using 0.1% (w/v)
trypsin/EDTA, suspended in PBS, and spun down for 3 min
at 600xg. Cells were fixed with ice-cold 70% (v/v) ethanol
for 10 min and subsequently spun down for 3 min at 600xg.
Fixed cells were washed twice with PBS and labeled with
50 pg/ml propidium iodide for 15 min at ~4 °C in the pres-
ence of 200 ug/ml RNase A in PBS containing 2% (v/v)
FCS. Propidium iodide is a popular DNA binding fluo-
rescent dye used for quantitating cellular DNA content in
fixed cells. After labeling, cells were spun down for 3 min
at 600xg and pelleted cells were washed and resuspended
in PBS containing 2% (v/v) FCS. Distribution of cells in
different phases of the cell cycle was monitored in a Gallios
(Beckman Coulter, Brea, CA) [or BD LSRFortessa (Franklin
Lakes, NJ)] flow cytometer using propidium iodide fluores-
cence. To distinguish single cells from multiplets of cells, we
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used a ‘pulse processing’ protocol where fluorescence from
multiplets of cells was excluded using fluorescence pulse
width and fluorescence pulse area display (see Fig. 2a) and
10,000 events were recorded for each experiment. Propidium
iodide was excited with 488 nm (or 561 nm) laser and its
fluorescence was collected using 620/30 nm (or 585/15 nm)
bandpass filter. A representative flow cytometry histogram
of fixed CHO-K1 cells upon propidium iodide labeling with
a schematic of sequential phases of cell cycle as an inset is
shown in Fig. 2b. Kaluza analysis software (version 1.5a,
Beckman Coulter, Brea, CA) [or BD FACSDiva software
(version 8.0.2, Franklin Lakes, NJ)] was used to acquire data
and Kaluza analysis software (version 1.5a, Beckman Coul-
ter, Brea, CA) was used to analyze data.

Statistical Analysis

Significance levels were calculated using two-tailed unpaired
t-test with 95% confidence interval using GraphPad Prism
software (version 4.0, San Diego, CA). All plots were gener-
ated using Microcal Origin (version 9.7, OriginLab, North-
ampton, MA).

Results

We used three metabolic inhibitors (myriocin, FB; and
PDMP) which induce a block at precise steps in the sphin-
golipid biosynthetic pathway (Delgado et al. 2006) for meta-
bolically depleting sphingolipids from CHO-K1 cells. Myri-
ocin, also known as ISP-1 or thermozymocidin, is a fungal
metabolite that acts as a competitive inhibitor of the enzyme
serine palmitoyltransferase which is responsible for the syn-
thesis of 3-ketosphinganine (Lee et al. 2012). FB, is a potent
fungal mycotoxin obtained from Fusarium species (Stock-
mann-Juvala and Savolainen 2008). FB, exhibits structural
similarity with sphingoid bases and acts as a competitive
inhibitor of the enzyme ceramide synthase (N-acetyltrans-
ferase), which catalyzes the acylation of sphinganine in de
novo sphingolipid biosynthesis and reutilization of sphingo-
sine obtained from sphingolipid turnover (Wang et al. 1991;
Voss and Riley 2013). PDMP is a synthetic analog of cera-
mide which acts as a competitive inhibitor of the enzyme
glucosylceramide synthase (Inokuchi and Radin 1987).

Metabolic Depletion by FB, Does Not Alter Cell Cycle
Progression

In order to explore the role of sphingolipids in cell cycle
progression, we first treated CHO-K1 cells with FB, to
metabolically deplete cellular sphingolipids. FB, is the
most abundant among the family of fumonisins (Marasas
1995; Stockmann-Juvala and Savolainen 2008), a group of

fungal mycotoxins which act as a competitive inhibitor of
the enzyme ceramide synthase that catalyzes the acylation
of either sphinganine or sphingosine (Wang et al. 1991; Voss
and Riley 2013). Treatment with FB, could induce oxidative
stress and cytotoxicity at high concentrations (Fornelli et al.
2004; Kouadio et al. 2005). We therefore carefully chose
the concentration range of FB, to ensure that cell viabil-
ity was not compromised in our experiments. For this, we
used MTT assay to assess the viability of CHO-K1 cells
treated with increasing concentrations of FB, (see Fig. 3a).
We observed that the highest concentration of FB, at which
cells remained viable was 40 uM (Fig. 3a). The concen-
tration of FB used in this work therefore never exceeded
40 pM. Next, we estimated sphingolipid content of cells
from total lipids extracted from cell lysates of control and
FB,-treated cells and separated using thin layer chromatog-
raphy. Since sphingomyelin represents the major fraction
of total cellular sphingolipids (Gault et al. 2010; van Meer
and de Kroon 2011), we quantitated cellular sphingomyelin
content as a representative indicator of total sphingolipids.
A representative thin layer chromatogram showing sphin-
gomyelin content in control and FB -treated cells is shown
in Fig. 3b. The sphingomyelin band intensities were ana-
lyzed using densitometric analysis of the chromatogram
as described in Materials and Methods and are shown in
Fig. 3c. We chose two representative concentrations [i.e., the
lowest (10 pM) and highest (40 pM)] of FB, for quantify-
ing reduction of cellular sphingomyelin under FB-treated
conditions. As shown in Fig. 3b, upon treatment of cells with
10 and 40 pM of FB,, we observed a dose-dependent reduc-
tion in membrane sphingomyelin content which is quantified
and shown in Fig. 3c. Treatment of cells with 10 uM FB,
resulted in a reduction in membrane sphingomyelin content
by ~53% relative to control (untreated) cells. At the highest
concentration (40 uM) of FB,, we observed ~ 65% reduction
in sphingomyelin content.

Following this, we monitored the effect of sphingolipid
depletion by FB, treatment upon cell cycle progression uti-
lizing flow cytometry. The phases of cell cycle could be
identified on the basis of changes in cellular DNA content
in a population of cells using flow cytometry. Figure 2b
shows a typical flow cytometry histogram for asynchronous
CHO-K1 cells acquired upon propidium iodide labeling. The
histogram depicts the distribution of cells in G1 (blue), S
(red), and G2/M (green) phases of the cell cycle. In order
to estimate the effect of FB, in a concentration-dependent
manner, we determined distribution of cells (i.e., number of
cells in G1, S, and G2/M phases) with increasing concentra-
tions of FB, and plotted in Fig. 3d. The figure shows that
the distribution of control cells in G1, S, and G2/M phases
was ~54, ~24, and ~20%, respectively. Interestingly, there
is no significant change in the distribution of cell numbers
across G1, S, and G2/M phases of the cell cycle even upon
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Fig.3 Effect of FB, treatment on sphingolipid content and cell cycle
progression in CHO-K1 cells. a The viability of CHO-K1 cells was
assessed by MTT assay upon treatment with increasing concentra-
tions of FB,, ranging from 10 to 50 pM. Values are expressed as
percentages of cell viability normalized to control cells (without
FB, treatment). Data represent means+SE from three independent
experiments (**corresponds to significant difference (p<0.01) in
cell viability in 50 pM FB-treated cells relative to untreated cells).
b A representative thin layer chromatogram showing lipids extracted
from cell lysates of control and FB,-treated cells. Lane 2 shows
lipids extracted from control cells, whereas lanes 3 and 4 show lipids
extracted from cells treated with 10 and 40 pM FB,, respectively. The

treatment with 40 uM FB, (Fig. 3d). Our results therefore
suggest that metabolic depletion of sphingolipids by FB,
does not modulate cell cycle progression in CHO-K1 cells.

Myriocin Treatment Does Not Change Cell Cycle
Progression

In order to further explore the effect of metabolic inhi-

bition of sphingolipids on cell cycle progression, we
utilized a proximal inhibitor (myriocin) of sphingolipid
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position of the sphingomyelin (SM) bands were identified by using a
standard in lane 1 (shown with an arrow). ¢ Sphingomyelin content
quantitated by densitometric analysis of the chromatogram. Values
are expressed as percentages of sphingomyelin content normalized
to control cells. Data represent means+SE from three independent
experiments (***corresponds to significant (p <0.001) difference in
sphingomyelin content in 10 and 40 uM FB,-treated cells relative
to control cells). d Distribution of cells in various cell cycle phases
upon FB, treatment. Number of cells in G1 (blue), S (red), and G2/M
(green) phases of the cell cycle in control cells and cells treated with
10, 20, 30, and 40 pM FB, are shown. See Materials and methods for
more details

biosynthetic pathway. Myriocin is a fungal metabolite that
acts as a competitive inhibitor of the enzyme serine pal-
mitoyltransferase, which catalyzes the rate-limiting step in
the sphingolipid biosynthetic pathway and leads to synthe-
sis of 3-ketosphinganine that is converted to sphinganine
(Lee et al. 2012). To determine the viability of CHO-K1
cells upon myriocin treatment, we performed MTT viabil-
ity assay and observed that cells remained viable upon
treatment with up to 1 uM myriocin (Fig. 4a). To esti-
mate the sphingolipid content under these conditions, we
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thin layer chromatogram showing lipids extracted from cell lysates
of control and myriocin-treated cells. Lane 2 shows lipids extracted
from control cells, whereas lanes 3 and 4 show lipids extracted from
cells treated with 0.5 and 1 pM myriocin, respectively. The position
of the sphingomyelin (SM) bands were identified by using a stand-

quantitated cellular sphingomyelin content as described
earlier. A representative thin layer chromatogram show-
ing sphingomyelin content in control and myriocin-treated
cells is shown in Fig. 4b. As shown in the figure, treatment
with increasing concentrations of myriocin led to concen-
tration-dependent reduction in membrane sphingomyelin
content. Sphingomyelin band intensities were analyzed
from the chromatogram and the sphingomyelin content
upon myriocin treatment is shown in Fig. 4c. Treatment
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ent experiments (**and *** correspond to significant (»p <0.01 and
p<0.001) difference in sphingomyelin content in cells treated with
0.5 and 1 pM myriocin, respectively, relative to control cells). d Dis-
tribution of cells in various cell cycle phases upon treatment with
myriocin. Number of cells in G1 (blue), S (red), and G2/M (green)
phases of the cell cycle in control cells and cells treated with 0.5
and 1 pM myriocin are shown. See Materials and methods for other
details

of cells with 0.5 and 1 pM myriocin resulted in a sig-
nificant reduction in membrane sphingomyelin content by
~42% and ~51% relative to control (untreated) cells. We
subsequently explored the effect of sphingolipid depletion
by myriocin on distribution of cells in various cell cycle
phases. Our results showed no significant change in the
number of cells across the G1, S, and G2/M phases of the
cell cycle upon treatment with increasing concentrations of
myriocin (Fig. 4d). This suggests that metabolic depletion
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of sphingolipids, even at the first step in its biosynthetic
pathway, did not lead to changes in cell cycle progression.

Treatment with PDMP Does Not Alter Cell Cycle
Progression

Subsequent to observing no change in cell cycle progres-

sion upon treatment with FB; and myriocin, we explored
the effect of metabolic depletion of sphingolipids in a distal

(a)

step of the biosynthetic pathway. For this, we used PDMP, a
synthetic analog of ceramide which leads to inhibition in the
production of glucosylceramide and complex glycosphin-
golipids (Inokuchi and Radin 1987). We determined the
viability of CHO-K1 cells upon treatment with increasing
concentrations of PDMP and observed that cells remained
viable upon treatment with up to 15 pM PDMP (Fig. 5a).
To estimate the sphingolipid content under these conditions,
we quantitated cellular glycosphingolipid content by TLC
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Fig.5 Effect of PDMP treatment on glycosphingolipid content and
cell cycle progression in CHO-K1 cells. a Viability of CHO-K1 cells
was determined by MTT assay upon treatment with increasing con-
centrations of PDMP. Values are expressed as percentages of cell
viability normalized to control cells (without PDMP treatment). Data
represent means + SE from three independent experiments (***corre-
sponds to significant difference (p <0.001) in cell viability in 20 pM
PDMP-treated cells relative to untreated cells). b A representative
thin layer chromatogram showing lipids extracted from cell lysates of
control and PDMP-treated cells. Lane 2 shows lipids extracted from
control cells, whereas lanes 3 and 4 show lipids extracted from cells
treated with 5 and 15 pM PDMP, respectively. The position of the
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glycosphingolipid band was identified by using a standard in lane 1
(shown with an arrow). ¢ Glycosphingolipid content was quantified
by densitometric analysis of the chromatogram. Values are expressed
as percentages of glycosphingolipid content normalized to control
cells. Data represent means + SE from three independent experiments
(***corresponds to significant (p <0.001) difference in glycosphin-
golipid content in cells treated with 5 and 15 pM PDMP relative to
control cells). d Distribution of cells in various cell cycle phases upon
treatment with PDMP. Number of cells in G1 (blue), S (red), and
G2/M (green) phases of the cell cycle in control cells and cells treated
with 5, 10, and 15 pM PDMP are shown. See Materials and methods
for more details
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using two representative concentrations of PDMP (5 and
15 pM) from the concentration range determined by MTT
assay (Fig. 5b). For identifying glycosphingolipids in lipids
isolated from control and PDMP-treated cells, we used a
standard containing neutral glycosphingolipid mixture and
observed a prominent dose-dependent reduction of a gly-
cosphingolipid band identified using the standard in lane 1
(see Fig. 5b). The glycosphingolipid band intensities were
quantified from the chromatogram and are shown in Fig. Sc.
Treatment of cells with 5 and 15 uM PDMP resulted in a sig-
nificant reduction in the glycosphingolipid content by ~61%
and ~ 78% relative to control (untreated) cells. Following
this, we monitored the effect of sphingolipid depletion by
PDMP upon distribution of cells in various cell cycle phases.
Our results showed that the distribution in number of cells
across G1, S, and G2/M phases of the cell cycle remained
invariant upon treatment with PDMP, even at the highest
concentration (Fig. 5d). These results indicate that depletion
of cellular glycosphingolipids using PDMP does not induce
changes in cell cycle progression in CHO-K1 cells.

Discussion

Sphingomyelin is the major sphingolipid in eukaryotes
which acts as a reservoir for bioactive molecules such as
ceramide, sphingosine, and sphingosine-1-phosphate (Bar-
tke and Hannun 2009). Bioactive sphingolipids play an
essential role in regulating key physiological processes
which includes cell growth, migration, inflammation, intra-
cellular trafficking, and cancer pathogenesis (Jayadev et al.
1995; Hannun 1996; Ogretmen and Hannun 2004; Acha-
rya et al. 2008; Gangoiti et al. 2008; Hannun and Obeid
2008; Morad and Cabot 2013; Adada et al. 2014). One of the
mechanisms by which sphingolipids orchestrate the regula-
tion of diverse signaling pathways is through formation of
membrane microdomains (Aureli et al. 2015; Grassi et al.
2020). Importantly, sphingolipids and cholesterol have been
proposed to cluster together to form membrane domains
which function as platforms for lateral segregation of pro-
teins during their trafficking in cells and in the process of
signal transduction (Brown 1998). Cholesterol has been sug-
gested to modulate the fluidity of sphingolipid domains and
help in their segregation for proper function. The interac-
tion of cholesterol with sphingolipids depends on molecular
properties of the specific sphingolipid, with small headgroup
size of the sphingolipid exerting a destabilizing effect on
cholesterol-sphingolipid interaction (Ramstedt and Slotte
2006). Sphingomyelin levels were shown to affect choles-
terol dynamics (Slotte and Bierman 1988) and play a key
role in cholesterol retention in plasma membranes during
cholesterol depletion using cyclodextrin-type carriers (Fuka-
sawa et al. 2000). Sphingomyelinase-induced disruption of

liquid-ordered phase membranes leads to displacement of
cholesterol from liquid-ordered to the fluid phase (Tanigu-
chi et al. 2006). In addition, cholesterol can be displaced by
ceramide in liquid-ordered phase membranes which could
regulate the formation of membrane domains (Alanko et al.
2005; Goiii and Alonso 2009).

Such an interplay between sphingolipids and cholesterol
could affect not only membrane domain formation but could
also have consequences on other crucial physiological pro-
cesses such as cell division. We have previously shown that
cholesterol content could vary across cell cycle stages (Singh
et al. 2013; Sarkar et al. 2020) and inhibition of cholesterol
biosynthesis leads to cell cycle arrest in the G1 phase (Singh
et al. 2013). Considering the close functional association
of sphingolipids with cholesterol and the crucial role of
sphingolipid metabolism in cell division processes (Frid-
berg et al. 2008; Epstein et al. 2012; Castro et al. 2013)
as well as cancer (Ogretmen and Hannun 2004; Gangoiti
et al. 2008; Ogretmen 2018; Medatwal et al. 2020; Pani
et al. 2021), we explored the effect of metabolic depletion
of sphingolipids on cell distribution in specific cell cycle
phases. Our results show that although metabolic inhibitors
resulted in considerable reduction in specific sphingolipids,
such inhibition in sphingolipid biosynthesis did not lead to
significant modulation in cell cycle progression in CHO-
K1 cells. It should be noted that the sphingolipid content
in CHO cells is relatively low compared to other cell types
(Hooghwinkel et al. 1969; Warnock et al. 1993). In addition,
a recent study has reported that the content and diversity of
sphingolipids in ovary is less relative to other cell types from
murine tissues (Muralidharan et al. 2021). It is possible that
cell cycle progression could depend on sphingolipid content
specific to individual cell types and adequate caution may be
exercised while interpreting experimental results in relation
to cell types.

Previous reports have shown the modulation in cell cycle
progression in normal and cancer cells upon treatment with
FB, (Ciacci-Zanella et al. 1998; Mobio et al. 2000; Marin
et al. 2007; Wang et al. 2014), myriocin (Lee et al. 2011),
and PDMP (Rani et al. 1995; Dijkhuis et al. 2006). Since
bioactive sphingolipids are either upregulated or downregu-
lated in cancer cells (Ogretmen 2006; Ryland et al. 2011;
Hannun and Obeid 2018), it is challenging to determine the
various factors implicated in multiple functions mediated by
sphingolipids in each cell type. Such fine-tuned interplay of
sphingolipid metabolism could be involved in the modula-
tion of cell cycle progression in specific cell types, with
cancer cells being more susceptible to loss in cellular home-
ostasis upon disruption in sphingolipid metabolism. Inter-
estingly, sphingolipids (Saddoughi et al. 2008; Shaw et al.
2018) and membrane domains (Codini et al. 2021) could act
as attractive targets for developing innovative therapeutic
strategies for cancer. We envision that future studies using
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cancer cells could augment our understanding on the role of
sphingolipids in cell cycle progression and provide better
insight into lipid-dependent cell cycle associated processes.
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