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ABSTRACT: The SH-SYSY, neuroblastoma cell line, is a common in
vitro model used to study physiological neuronal function and the
neuronal response to different stimuli, including exposure to toxic
chemicals. These cells can be differentiated to neuron-like cells by
administration of various reagents, including retinoic acid or phorbol-
12-myristate-13-acetate. Despite their common use, there is an
incomplete understanding of the molecular changes that occur during
differentiation. Therefore, there is a critical need to fully understand
the molecular changes that occur during differentiation to properly
study neurotoxicity in response to various environmental exposures.
Previous studies have investigated the proteome and transcriptome
during differentiation; however, the regulation of the cellular lipidome
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in this process is unexplored. In this work, we conducted liquid chromatography—mass spectrometry (LC—MS)-based untargeted
lipidomics in undifferentiated and differentiated SH-SYSY cells, induced by retinoic acid. We show that there are global differences
between the cellular lipidomes of undifferentiated and differentiated cells. Out of thousands of features detected in positive and
negative electrospray ionization modes, 44 species were identified that showed significant differences (p-value <0.05, fold change
>2) in differentiated cells. Identification of these features combined with targeted lipidomics highlighted the accumulation of
phospholipids, sterols, and sphingolipids during differentiation while triacylglycerols were depleted. These results provide important
insights into lipid-related changes that occur during cellular differentiation of SH-SYSY cells and emphasize the need for the detailed
characterization of biochemical differences that occur during differentiation while using this in vitro model for assessing ecological

impacts of environmental pollutants.
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B INTRODUCTION

The increasing amount of neuroactive chemicals being released

8 s 9 .10
neurotrauma, neurotoxicity, neurodegeneratlon
vant neurodegenerative diseases.

and rele-
11,12

into the environment, combined with the susceptibility of the
nervous system to the deleterious effects of xenobiotics,"”
warrants the evaluation of effective methods to assess the
neurotoxicity of environmental contaminants. The brain is a
complex structural and functional network which undergoes
many changes upon exposure to neurotoxic chemicals. To
better understand response mechanisms and processes that
occur during these changes, various in vivo and in vitro models
have been developed. A limitation of in vivo models, which
primarily use rats, mice, zebrafish, and other nonmammalian
organisms, is that they might not recapitulate mechanisms
specific to humans due to differences in gene expression or
regulatory mechanisms that differ in these organisms.”* For
this reason, various in vitro models using human cell lines have
been pursued commonly. The human neuroblastoma cell line
SH-SYSY has been widely used as an in vitro model® to study
potential neurot0x1c effects of environmental contaminants and
xenobiotics”” and various neurological conditions such as
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Strong evidence exists that the developing brain is most
vulnerable to toxic chemical exposure when neuronal differ-
entiation occurs in the central nervous system, during which
mature neurons form along with an interconnected network of
cells capable of processing a conglomerate of information."* In
this regard, the use of SH-SYSY cells as an in vitro model to
assess the neurotoxic effects of xenobiotics is advantageous
because these cells can be cultured for an extended period and
can be differentiated into mature neuron-like cells on a need
basis. The differentiation can be achieved through treatment
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Figure 1. Timeline and reagents used in neuronal differentiation and i
reagents used in the differentiation of SH-SYSY cells. Undifferentia

Hoechst Overla

maging of differentiated and undifferentiated cells. (A) Timeline and table of
ted cells were plated in a complete growth medium containing 10% FBS

overnight. Cells were then incubated for 5 days using Stage I media which contained 10 M RA, followed by Stage II media containing 50 ng/mL
BDNF for an additional 5 days. (B) Phase contrast and fluorescence microscopy images of undifferentiated and differentiated SH-SYSY cells. Cells
were stained with anti -III tubulin and Hoechst (scale bar = 75 um).

with different chemicals such as retinoic acid (RA), phorbol
esters, and dibutyryl cyclic AMP, most commonly through the
use of RA."

The various mechanisms of differentiation can be used to
obtain specific neuron subtypes such as adrenergic, cholinergic,
and dopaminergic neurons."'® RA can inhibit cell growth and
promote cellular differentiation by activating the phosphatidy-
linositol 3-kinase/Akt signaling pathway and the upregulation
of the antiapoptotic Bcl-2 protein.'” RA also activates the
transcription of many genes, cell signaling molecules, structural
proteins, enzymes, and cell surface receptors such as nuclear
factor kB (NFxB), microtubule-associated protein 2 (MAP2),
and neurogenin 1, among others."® Morphologically, differ-
entiated cells vary from undifferentiated cells as differentiated
cells do not form clusters, have a pyramidal-shaped cell body
with extended neurite-like structures similar to dendrites and
axons, and can no longer proliferate.19 Several markers are
used to confirm differentiated SH-SYSY cells. These include /-
III tubulin, growth-associated protein 43 (GAP-43), and
Tau.”® S-III tubulin is one of the earliest neuron-associated
cytoskeletal marker proteins and is necessary for morphological
changes that occur during differentiation;*' ~** hence, it is
extensively used to study the differentiation process.

One challenge that can confound the interpretation of
results obtained from the SH-SYSY in vitro cell model is the
gap in knowledge on molecular changes that occur as cells are
differentiated into neuron-like cells. A complete categorization
of these changes is critical for the utilization of the SH-SYSY in
vitro cell model to study how neurons might be affected upon
exposure to toxic environmental contaminants. The SH-SYSY

cells have been used for environmental neurotoxicity experi-
ments where almost half of the studies used undifferentiated
neuroblastoma cells. In these studies, several end point
measurements have been used to assess the toxicity of
contaminants in these cell lines, including cell viability
readouts (e.g., cellular metabolic activities), cytotoxicity
readouts (e.g, lactate dehydrogenase release assay, annexin
V/propidium iodide staining and chromatin condensation)
and measurement of acetylcholine esterase activity (reviewed
in ref 6). As such, it is critical to fully understand the molecular
changes that occur during differentiation to properly study
neurotoxicity in response to various environmental exposures.

Even though brain development has been widely studied
anatomically, cellular and molecular differences that occur
during neuronal differentiation have not been fully established
in the SH-SYSY cell model.”* Several studies have reported
changes in gene expression,zs_28 proteome,zg and other
epigenetic changes™ during the differentiation of SH-SYSY
cells. Neuronal membranes are composed of various lipid
species such as glycerolipids, sterols, glycosphingolipids, and
sphingomyelin-.>" Sphingolipids and sterols have been known
to play critical roles in neuronal differentiation.’” L-Serine,
specifically, is an essential amino acid for the neurodevelop-
ment and survival of cultured neurons as a precursor in
sphingolipid biosynthesis.”> Along these lines, sphingolipids
and cholesterol can form distinct membrane macrodomains
called lipid rafts that are involved in cellular signaling processes
related to proper cellular development and neuronal
survival.”>** Compared to the undifferentiated state, differ-
entiation induces a decrease in proteins involved in fatty acid
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metabolism, phosphatidylserine (PS) aminotransferase, and
lipid raft linker gene 1. Differentiation also increases expression
levels of several proteins such as proteins involved in
cholesterol metabolism,”  lyso-phosphatidylglycerol acetyl-
transferase, glucoceramidase, and CDP-diacylglycerol inositol
phosphatidyltransferase and several genes including stearoyl-
CoA desaturase and acetyl-CoA synthase 1/2°° in SH-SYSY
cells. However, no study has comprehensively investigated the
changes in the cellular lipidome during neuronal differ-
entiation.

Given previous studies on the regulation of the lipidome
during different cell cycle stages™’’ and morphological
changes that occur during differentiation, we envisioned that
lipids might be tightly regulated during this process. Previous
studies have conducted lipidomics during cellular differ-
entiation of other cell types such as stem cells, among
others;*®*” however, changes in the cellular lipidome during
neuronal differentiation is understudied. In this work, we aim
to elucidate the changes in the cellular lipidome during the
differentiation of SH-SYSY neuroblastoma cells into neuron-
like cells achieved by RA treatment using untargeted and
targeted lipidomics. We show that there are global differences
between the cellular lipidome of undifferentiated and differ-
entiated SH-SYSY cells. Our results clearly demonstrate that
the cellular lipidome is regulated during differentiation,
highlighting changes in sterol, sphingolipid and triacylglycerol
species. We believe that these lipidomic changes establish an
important consideration while utilizing SH-SYSY cells as an in
vitro model to study neuronal toxicity of environmental
contaminants and obtain a better understanding of the lipid-
related changes that occur during differentiation.

B RESULTS AND DISCUSSION

SH-SY5Y Cell Line as a Model System to Study
Differentiation

The SH-SYSY neuroblastoma cell line is commonly used to
study neurological pathologies and has been a widely accepted
model used to study neuronal differentiation.”®'"** These
cells are clones derived from the parental neuroblastoma cell
line which was originally generated from a bone marrow
biopsy."' In this study, we investigated the changes in the
cellular lipidome during the differentiation of SH-SYSY cells
using targeted and untargeted lipidomics. We differentiated
these cells using previously published protocols.”* Briefly,
undifferentiated SH-SYSY cells were plated using a complete
growth medium containing 10% fetal bovine serum (FBS) and
were allowed to attach overnight. The cells were then treated
for S5 days with media containing reduced serum and 10 uM
RA (Stage I media, Figure 1A). RA was added to the cells in
order to induce cell cycle arrest to drive neuronal differ-
entiation.'* After 5 days of treatment with Stage I media, the
cells were grown in a neurobasal growth medium containing 50
ng/mL brain-derived neurotrophic factor (BDNF) for an
additional S days (Stage II media, Figure 1A). BDNF is
involved in the maintenance of cortical neurons and its
intracellular signaling is important for neuronal survival,
morphogenesis, and plasticity.*> This procedure results in
differentiated neuron-like cells which exhibit a cholinergic type.
Since differentiation is accompanied by drastic morphological
changes, cells were imaged using phase contrast and
fluorescence microscopy to study the morphological differ-
ences between undifferentiated and differentiated SH-SYSY
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cells (Figure 1B). Para-formaldehyde-fixed differentiated and
undifferentiated cells were stained with anti -III tubulin®* and
Hoescht (a nuclei stain). Similar to the observations in
previous publications,” undifferentiated cells tend to cluster
together and have very short projections (Figure 1B). On the
other hand, differentiated cells exhibited long and extensive
branched neurite-like structures (Figure 1B, marked with white
arrows), positive for S-1II tubulin. These results are consistent
with previous studies that show a marked increase in f-III
tubulin in neurite-like structures in differentiated cells.*>*°

Untargeted Lipidomics Highlights the Changes in the
Cellular Lipidome during the Differentiation of SH-SY5Y
Cells to Neuronal-Like Cells

For lipidomic analysis, differentiated and undifferentiated
samples (n = S) were prepared and analyzed using LC—MS
in positive and negative electrospray ionization mode (+ESI
and —ESI) as we previously described.”” Scheme 1 shows the
lipidomics workflow for both untargeted and targeted analysis.

Scheme 1. Scheme Describing Targeted (Red) and
Untargeted (Yellow) Workflow for Lipidomic Analysis in
Differentiated and Undifferentiated SH-SYSY Cells”
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“Samples (n = S replicates) were run in positive and negative mode
(+ESI and —ESI) twice in each mode to remove any false positives.
For targeted analysis, peak areas in extracted ion chromatograms
(EICs) were manually integrated. The fold changes and p-values were
calculated. For untargeted analysis, raw data obtained from LC—MS
analysis were imported into MassHunter Profinder (Agilent
Technologies), where unique features were extracted and peak
alignment was carried out based on m/z, retention time, isotopic ratio,
and grouping of different adducts. Data from Profinder were then
imported into MassHunter Mass Profiler Professional (MPP, Agilent
Technologies), where species were filtered based on the frequency
with which they were present in each sample. Species that were
present in both independent data sets were used for further analysis.
Statistical significance was determined using the student’s f-test and
features with p > 0.05 were eliminated and the fold change (FC) >2
of the remaining species were subsequently calculated as [Abundan-
Cedifferentiated]/[Abundanceundifferentiated] for each SPeCieS' To idenﬁfy
lipid candidates, m/z’s obtained were searched in LipidMaps.*
Known lipid standards or representative lipids were purchased for the
candidate lipids to confirm MS/MS fragmentation patterns.
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Figure 2. Hierarchal clustering of molecular extraction features obtained and lipid classes identified using untargeted lipidomics. (A) Hierarchal
clustering analysis of the lipidome during cellular differentiation was performed. The scaled abundances are represented as a heat map and
individual samples were grouped based on the abundance of detected ions found in the untargeted analysis. (B) Pie chart describing the amount of
MS/MS identifications separated via lipid class in terms of percentage of the total identified lipids along with a table of the m/z identified from each
class. Phospholipids and glycerolipids were the most abundant species identified via MS/MS which had statistically significant changes in
differentiated vs undifferentiated SH-SYSY cells. Sterols and sphingolipids were also identified via MS/MS. See Table 1 for the identifications of
each species along with the method of identification, m/z, fold changes (FC), and p-values. Table S1 contains the information shown in Table 1
along with some additional information such as the MS/MS fragments obtained and searched in the databases, and retention times (R,).

For untargeted analysis, raw data were imported into Profinder
(Agilent Technologies) software where peaks were aligned
based on their m/z, adducts, retention time, and isotopic ratio.
Data from Profinder were then analyzed in MassHunter Mass
Profiler Professional (MPP, Agilent Technologies). Using
these data, we first produced a heatmap by hierarchical
clustering (Figure 2A). Overall, we observed distinct clustering
of differentiated and undifferentiated cells without any prior
statistical analysis or filtering, suggesting that major composi-
tional differences in the lipidome occur during differentiation.
To identify lipid species that showed significant differences
between differentiated and undifferentiated cells, features
detected were first filtered based on the frequency they were
present in different samples. The features that were not present
in all biological replicates in two independent data sets were
excluded from further analysis. The fold change (FC) of the
resulting features was analyzed. The features that showed a
significant difference of FC > 2 (p-value <0.0S, student’s t-
test) in two independent profiling experiments were identified.
These species were selected for identification (Scheme 1).

A total of 44 species (37 in +ESI and 7 in —ESI) significantly
changed during differentiation (Table 1). To identify lipid
candidates, m/z values obtained were searched in LipidMaps.**
Subsequent lipid identifications were done using MS/MS, via
fragmentation match to representative lipid species and two
different databases (MyCompound ID* and Human Metab-
olome Database [HMDB]*) to search for fragments. Overall,
of the 44 statistically significant species that showed a FC > 2,
32 species were identified through a comparison of the
fragmentation of a representative lipid species or the database
searches. First, we conducted MS/MS experimenting between
the hits and a representative lipid from the predicted family
and compared fragmentation patterns. We identified 13 out of

the 44 species shown in green in Table 1 (for detailed
information see Supporting Information document and Table
S1 which reports retention times (R,), MS/MS fragments
identified using a representative lipid species along with MS/
MS fragments input in the databases). For the rest of the
species, MS/MS fragments were searched on each database by
inputting m/z of the fragments obtained, along with their
relative intensities, and allowed ppm error (+15 ppm). Based
on the information provided, MyCompound ID searches the
MS/MS fragments and intensities given against a library of
over 8,000 human metabolites from an MS/MS spectrum and
will give putative compounds along with a fit score out of
1.000. A fit score greater than 0.700 suggests an assignment
that is highly likely correct.”’ HMDB compares the MS/MS
fragments and intensities given against a library of over
220,000 metabolites and will provide possible identifications
along with the ppm error of each match. Using these two
databases, 19 additional species were identified (listed in red
for MyCompound ID, and blue for HMDB, respectively, Table
1). Figure 2B shows the different classes of lipids identified via
a percentage along with the m/z that belongs to each lipid
class. The majority of the species identified using untargeted
analysis belonged to the phospholipid family (ie., 41%) and
glycerolipids, predominantly triacylglycerols (TAGs) (i.e.,
31%). Sphingolipids and sterols were the other lipid families
identified using untargeted lipidomics workflow. In differ-
entiated cells, sterols, phosphatidylcholines (PCs), phosphati-
dylserines (PSs), phosphatidylglycerols (PGs), and phospha-
tidylethanolamines (PEs), a ceramide (Cer) and sphingomye-
lin (SM) showed accumulations ranging from 1.8 to 14.9-fold
as compared to their undifferentiated counterpart. We also
observed that some sphingolipids and TAGs are depleted
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Table 1. Identifications of Lipid Species Using MS/MS
Fragmentation or Database Searches”

m/z Identifications Fold Change p-value
343.2965 ST 24:1;02 3.0 E
381.2521 ST 22:1;05 25 .
400.3423 MG 20:2 22 =
409.2836 ST 24:1;02 24 *
413.2726 N/A 0.3
426.3586 ST 29:4;0 11.6
ST 29:2;02

429.3745 e 14.9
469.3671 N/A 1.5
504.4212 N/A 0.4 w
629.5534 N/A 23
630.5509 N/A 25 s
675.5458 SM 32:1 24
689.5604 N/A 0.1
_ 692.5263 PC 29:0 0.3
@ 697.5247 N/A 27
+ 702.5463 N/A 26 e

z PC 31:0
g 720.5594 e31:0 0.2 "
N 728.5634 SM d18:1/18:0 3.4 o
g 739.5731 PC 30:2 0.4 =

e PC 33:1
HSJ 746.5733 PG 33:1 0.2

PC 34:6
E 750.5140 PG 3406 1.8

= PC 37:2
= 800.6146 oG 37.2 0.2 "
2 806.5734 PC 38:6 03
816.5934 PC 40:6 0.1
820.6218 PC 22:4/P-18:1 0.1

PC 40:7
832.5885 PG 40.7 0.2
860.7655 TAG (51:3) 0.2
892.7413 TAG (54:8) 0.4
914.5174 N/A 238 *e
920.7733 TAG (56:8) 0.4
922.7898 TAG (56:7) 0.4
927.7468 TG 58:10 0.3
946.7814 TAG (58:9) 0.4
948.8016 TAG (58:8) 0.4 we
953.9045 N/A 0.4 we
970.7847 TAG (60:11) 0.3
998.8105 TAG (62:11) 0.2
W | 5925698  Cer (d18:1/20:0) 35
QW  |674.6479  Cer (d20:1/24:1) 0.4 =
Sz 7285268 PE (17:1,18:1) 4.1 we
0 Q  |747.5264 PG (16:0,18:1) 3.7 *x
S |7705369 N/A 4.0 we
M= |800.5471 N/A 29 we
Z0O (8225355 PS(19:1,20:4) 3.9

“Species were identified using two different methods: based on their
MS/MS fragmentation and comparing their fragments to known
fragments of a standard lipid of the representative class (labeled in
green) or searching their fragments and relative intensities obtained
using MS/MS in two different databases — MyCompound ID
(labeled in red) and Human Metabolome Database (HMDB, labeled
in blue). The table shows m/z, and color-coded identification, along
with their respective fold changes (FC) and p-values. *p-value <0.0S;
**p-value <0.01; ***p-value <0.001.

approximately 2-fold or more in differentiated cells (FC < 0.4)
compared to undifferentiated cells.

Sterols are an important class of lipids that are highly
abundant in brain tissue. A recent study on cholesterol
biosynthesis and the biosynthesis of other sterols in developing
neurons found that developing neurons have significantly
higher levels of both cholesterol and sterol derivatives per cell
compared to astrocytes,”” consistent with the accumulation of
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sterols that we observe in differentiated cells. This is likely
because cholesterol is necessary for the formation of synapses
and dendrites and axonal guidance.” It has been shown that
changes in sterol levels have occurred in response to the
exposure of various environmental contaminants, including
per- and polyfluorinated alkyl substances (PFAS),>* suggesting
these contaminants might affect the survival of differentiated
neurons via cholesterol metabolism-dependent mechanisms.

Since phospholipids are a major component of cellular
membranes, it has been suggested that they play an important
role in membrane biosynthesis that occurs during neuronal
differentiation.’” PCs, specifically, account for approximately
58% of all phospholipid species present in mammalian
membranes.”> For this reason, most studies on the changes
in phospholipids during neuronal differentiation have only
focused on PCs and not on the other phospholipid species
(such as PEs, PGs, and PSs). These studies have found that PC
biosynthesis is upregulated during neuronal differentiation®"*°
which differs from our results that show the depletion of long-
chained PCs in differentiated cells. It is possible that PCs are
used up for the biosynthesis of other phospholipid species
accumulate in differentiated cells, consistent with our data.

As we discussed earlier, since sphingolipids play an
important role in neuronal differentiation, it is expected that
some sphingolipid species such as ceramides can be
upregulated in differentiated cells, consistent with our
untargeted lipidomics results (Table 1). Sphingolipids, such
as ceramide and sphingomyelin, are involved in the process of
axonal projection and outgrowth.”” Studies have shown that
inhibition of ceramide synthesis will lead to a buildup of
ceramide precursors (i.e., sphingosine and sphinganine) which
causes a decrease in axonal growth during neuronal develop-
ment.”® Similarly, inhibition of serine palmitoyltransferase, the
first step in sphingolipid biosynthesis, inhibits dendritic
development and survival indicating the importance of de
novo sphingolipid biosynthesis.””

Lastly, no previous studies have investigated the levels of
glycerolipids during neuronal differentiation. We found that
TAGs are significantly depleted in differentiated cells (p <
0.05) with longer-chained TAGs and polyunsaturated ones
being prominent (Table 1). Studies have shown decreased
activity of A4 desaturase, in neuroblastoma cells®” which might
explain the lower levels of polyunsaturated TAGs in differ-
entiated cells relative to undifferentiated cells. A study
conducted on postnatal rats compared the levels of cholesterol
esters and TAGs in glial vs neurons and found that TAG levels
were much lower in neurons compared to the glial cells."
TAGs play lipid storage roles in neuronal lipid metabolism®*
similar to other tissues. Hence, it is possible that they are
depleted in differentiated cells due to the breakdown of TAGs
in order to synthesize more lipids, such as phospholipids or
sphingolipids, which are necessary for neuronal differentiation
and axonal projection. A study conducted in rat brains found
that TAG levels were the lowest in younger rats during central
nervous system development and increased to their highest
level in adults. The authors also looked at the metabolism of a
“C-labeled TAG and found that after 6 h it was metabolized
almost fully into the major phospholipids of the brain such as
PCs, PEs, PSs, and PIs.®
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Figure 3. Targeted lipidomics highlights the changes in phospholipids, sphingolipids, and glycerolipids during neuronal differentiation. Targeted
lipids include phosphatidylethanolamines (PEs), phosphatidylserines (PSs), phosphatidylinositols (PIs), phosphatidylglycerols (PGs),
phosphatidylcholines (PCs), phosphatidic acids (PAs), diacylglycerols (DAGs), triacylglycerols (TAGs), ceramides (Cers), dihydroceramides
(DiHCers), hexosylceramides (HexCers), deoxyceramides (DeoxyCers), sphingomyelins (SMs), and fatty acids (FAs). The red-to-green heat map
shows the log, relative abundances comparing undifferentiated to differentiated cells. All individual abundances of both undifferentiated and
differentiated species were normalized to the average abundance of the undifferentiated condition.

Targeted Lipidomics Supports the Accumulation of
Phospholipids and Sphingolipids and the Depletion of
Triacylglycerols during Differentiation

We next conducted a targeted analysis of various lipid classes
with different acyl chain lengths and degrees of unsaturation
based on the hits from the untargeted analysis. For this
analysis, the m/z values of each lipid species were extracted,
and the corresponding peaks were manually integrated (see
Figure 3 for a heatmap representation of the relative
abundances of the targeted lipid species for differentiated
and undifferentiated cells). Targeted lipid classes included fatty
acids (FAs), PEs, PSs, PIs, PGs, PCs, phosphatidic acids
(PAs), diacylglycerols (DAGs), TAGs, Cers, DiHCers,
HexCers, and SMs. Prior to calculating the relative abundances
of the targeted analytes at each condition, all raw abundances
were first corrected with an internal standard mix containing a
nonendogenous lipid species from each class.

Most of the phospholipid species (except PCs and PAs) had
significantly higher levels in differentiated cells compared to
the undifferentiated cells (p < 0.0S, Figure 3). Surprisingly,
even though we identified multiple PC species which had
decreased significantly in our untargeted analysis, we identified
three ether linked PC species (O_C36:2, O_36:1, O_32:1)
that were depleted in differentiated cells in our targeted
analysis (Table 1 and Figure 3). The medium chain PCs
modestly accumulated in differentiated cells, similar to our
observations in untargered analysis, which might be linked to
increased lipid demand of differentiated cells for morphological
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changes that occur during neuronal differentiation. The
downregulation of ether-linked PCs is intriguing in this
context and further studies are warranted to provide functional
links to differentiation.

For the glycerolipid species that were targeted, we did not
observe any significant changes in DAGs. However, TAGs
were significantly downregulated in differentiated cells (Figure
3), consistent with our untargeted hits (Table 1). As we
discussed earlier, the decrease in TAGs could be due to the
turnover of TAGs to provide additional phospholipids needed
for membrane remodeling for the morphological changes that
occur during differentiation, such as elongation and formation
of the axonal projections (Figure 1B). Since phospholipids are
the major component of cellular membranes, it is likely that
TAGs, which are primarily used for storing excess cellular
lipids,** are being broken down in order to synthesize
phospholipids needed during differentiation.

Lastly, we observed higher levels of all of Cer, HexCer,
DiHCer, DeoxyCer, and some SMs in differentiated cells.
Sphingolipids are essential to proper brain development and
critical for the nervous system’s integrity. This is because
sphingolipids play a key role in the regulation of axonal
growth.”> Further, Cer and sphingosine-1-phosphate (S1P) in
neural signaling and function by their ability to affect specific
signaling cascades.’® Perturbations in the sphingolipid
metabolism, such as the accumulation of the sphingolipid
precursors sphingosine and sphinganine in the brain have been
linked to various neurological diseases.”® It has also been
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shown that depletions of Cers, SMs, and HexCers significantly
reduce axonal projections, which are essential for the
development of neuronal networks.”” This is consistent with
our observations where Cers, HexCers, and some SM species
accumulated in differentiated cells. Various studies have also
shown that sphingolipid levels are affected in response to
exposure to various environmental contaminants such as
persistent organic pollutants®® and PFAS,” suggesting that
environmental contaminants might perturb neuronal differ-
entiation via their effect on sphingolipid metabolism.

B SUMMARY AND CONCLUSIONS

To complement information from epidemiological studies that
associate increased incidence of neurodevelopmental toxicities
with environmental exposure to chemical contaminants, there
is a need for reliable in vitro cell models that can provide
insights into the mechanisms of neurotoxicity of chemicals.
Currently, no study has been conducted to investigate the
specific changes in the cellular lipidome during neuronal
differentiation. Our results highlight the changes in the cellular
lipidome which occur during neuronal differentiation in vitro
using a model cell line, SH-SYSY, using both untargeted and
targeted lipidomics. We showed that TAGs are significantly
depleted in differentiated neuronal cells. We also showed that
phospholipids (specifically PGs, PEs, PIs, and PSs) and
sphingolipids are present in differentiated cells at significantly
higher levels compared to undifferentiated cells.

The significance of these results is 2-fold. First, the clear
differences in the cellular lipidome between differentiated and
undifferentiated SH-SYSY cells will pave the way for a better
understanding of the biochemical changes that occur in
neuronal differentiation and will enable a better understanding
of the molecular components of this process. In the future,
studies can be conducted to reveal the functional involvement
of specific lipid species that we have identified in this work for
neuronal differentiation which may be critical for uncovering
new targets responsible for neurological disorders. Second, we
believe that the changes in the lipidome reported in this work,
along with previous studies describing transcriptomic and
proteomic changes, highlight the large molecular differences
between differentiated and undifferentiated states. These
differences may impact how cells respond to different
perturbations and call for careful considerations while using
these different states for various research questions. These
changes may be linked to the morphological changes that
occur during differentiation which require additional lipid
production needed for increased membrane demand. We
believe that these changes could significantly impact the
biophysical properties of cellular membranes and can
potentially affect the uptake of xenobiotics and their
cytotoxicity.

B MATERIALS AND METHODS

Materials

Human neuroblastoma epithelium (SH-SYSY) was purchased from
American Type Culture Collection (Manassas, Virginia). Dulbecco’s
modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12), fetal
bovine serum (FBS), penicillin, streptomycin, and trypsin were
purchased from Corning (Corning, NY). All-trans retinoic acid (RA)
was purchased from Cayman Chemical Company (Ann Arbor, MI).
Gibco neurobasal medium, Gibco B-27 supplement, Hoechst 33342,
Alexa Fluor 488 antimouse, M-PER Mammalian Protein Extraction
Reagent, Pierce protease inhibitor mini tablets, EDTA-free and
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GlutaMAX supplement were purchased from Fisher Scientific
(Hampton, NH). Coomassie protein assay reagent and albumin
standard for the Bradford assay kit were purchased from Thermo
Fisher Scientific (Waltham, MA). Brain-derived neurotrophic factor
(BDNF) was purchased from Prospec (Ness-Ziona, Israel). KCl,
Tween 20, and 37% paraformaldehyde solution were obtained from
VWR International (Radnor, PA). Poly-p-lysine solution (1 mg/mL)
was purchased from MilliporeSigma (Burlington, MA). TritonX-100,
bovine serum albumin, and monoclonal anti-f-tubulin isotype III
were obtained from Sigma-Aldrich (St. Louis, MO). Prolong Gold
antifade reagent was purchased from Invitrogen (Waltham, MA).
C17:0 sphingomyelin, d° oleic acid, C17:0 ceramide, C39:0 TAG,
C12:0 deoxyceramide, and C18:0/C18:0 phosphatidylcholine-d”
were purchased from Avanti Polar Lipids (Alabaster, AL). Liquid
chromatography—mass spectrometry (LC—MS) columns and guard
columns were obtained from Phenomenex (Torrence, CA). Mass
Hunter Qualitative Analysis (version 06.00), MassHunter Profinder
(version B.06.00), and MassHunter Mass Profiler Professional
(version B12.6.1) were obtained from Agilent Technologies (Santa
Clara, CA). LC—MS grade methanol and HPLC grade isopropanol
were purchased from EMD Millipore (Charlotte, NC). HPLC-grade
chloroform was purchased from Honeywell (Charlotte, NC).

Preparation of Stock Solutions

A S mM stock of all-trans retinoic acid was prepared in 95% ethanol
and stored in an amber vial at 4 °C. It was freshly added at a 1:500
dilution into Stage I media prior to use. A 10 pg/mL stock of brain-
derived neurotrophic factor was prepared by in 1 mL of neurobasal
medium supplemented with B-27 supplement and stored at —80 °C.
It was added to Stage II media at a 1:200 dilution. A 1 M stock of KCI
was added to Stage II media at a 1:50 dilution.

0.1% TritonX solution in PBS was prepared by adding 50 uL of
20% TritonX (in PBS) to 10 mL of PBS and stored at room
temperature until used. 0.1% Tween 20 solution in PBS was prepared
by adding 10 yL of Tween 20 to 10 mL of PBS and stored at room
temperature until used. Hoechst solution was prepared in PBS and
stored at 4 °C. Immediately prior to use 1 uL of the solution was
added to 10 mL of PBS to make a 0.1 ug/mL solution (1:10,000).

Cell Culture

SH-SYSY cells were grown in Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 (DMEM/F-12) supplemented with L-glutamine
and 15 mM HEPES. The medium was supplemented with 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (P/
S). Cells were grown at 37 °C and in 5% CO,.

Differentiation of SH-SY5Y Cells

Undifferentiated cells were seeded in basic growth media to a ~80%
confluency (e.g, 1 X 10° cells per 10 cm Petri dish and ~50,000 cells
per well in a 24-well plate) and allowed to attach for 24 h (day 0). For
imaging, cells were plated onto glass cover slips placed in a 24-well
plate coated with poly-p-lysine according to the manufacturer’s
instructions. To induce differentiation, cells were treated using an
established protocol.5 After 24 h, the media were changed to Stage I
media which were composed of DMEM/F-12 supplemented with
2.5% FBS, 1% P/S, and 10 uM retinoic acid (RA) (day 1). RA was
added to the cells in order to induce cell cycle arrest to drive neuronal
differentiation.'* On day 4, the media were replaced with fresh Stage I
media. On day 6, the medium was changed to Stage II medium which
was composed of Neurobasal medium supplemented with 50 ng/mL
brain-derived neurotrophic factor (BDNF), 20 mM KCl, B-27
supplement, GlutaMAX, and 1% P/S. BDNF is important for
neuronal survival, morphogenesis, and plasticity, making it necessary
for cells to undergo neuronal differentiation in vitro.* This procedure
results in differentiated neuron-like cells which exhibit a cholinergic
type. On day 9, the media were replaced with fresh stage II media.
Cells were then ready for collection on day 11.

Immunofluorescence

SH-SYSY cells were fixed with 4% paraformaldehyde dissolved in PBS.
The solution was gently aspirated from the cover slips and
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subsequently washed with 200 L of PBS for 1 min. PBS was removed
and 100 uL of PBS-Triton (0.1%) for permeabilization was added and
incubated for 10 min at room temperature. The solution was
removed, and the cover slips were blocked with 2% bovine serum
albumin dissolved in 1% Triton X in PBS for 1 h at room temperature.
Cover slips were washed with 200 L of 0.1% Tween 20 in PBS for 5
min. The solution was removed and incubated with 100 uL of the
primary antibody (f-III tubulin, 1:400) diluted in 1% bovine serum
albumin dissolved in 0.1% TritonX in PBS overnight at 4 °C. The
cover slips were washed with 0.1% Tween 20 in PBS prior to 100 uL
secondary antibody (Alexa Fluor 488 antimouse, 1:1000) incubation
diluted in 1% bovine serum albumin dissolved in 0.1% TritonX in PBS
for 1 h at room temperature. The solution was removed, and cover
slips were washed with 0.1% Tween 20 in PBS. 100 uL of Hoechst
(1:10,000) diluted in PBS was added to each cover slip and incubated
for 10 min at room temperature protected by light. The solution was
removed, and cover slips were washed with 0.1% Tween 20 in PBS
prior to mounting using Prolong Gold Antifade Reagent.

Cell Collection and Lipid Extraction

Frozen cell pellets were resuspended in 1 mL of cold PBS, and a 30
pL aliquot of the cell suspension was then taken and mixed with an
equal volume of lysis buffer and incubated on ice for an hour. The
protein concentration of each sample was determined using a
Bradford assay. The cell pellet containing the remaining 970 uL
was transferred to a glass Dounce homogenizer along with 1 mL of
cold methanol and 2 mL of cold chloroform. Cells were homogenized
(30x) and subsequently centrifuged at 4 °C, 500g, for 10 min to
separate the aqueous and organic layers. The organic layer was then
carefully removed and transferred to a 1 dram glass vial. The
chloroform layer was then dried under N, gas. The dried lipid extracts
were stored in freezer until analysis. Prior to analysis, samples were
normalized based on their protein content and resuspended in spiked
chloroform >150 uL. C17:0 sphingomyelin, d° oleic acid, C17:0
ceramide, C39:0 TAG, C12:0 deoxyceramide, and C18:0 phospha-
tidylcholine-d”® were used as internal standards.

Total Protein Concentration and Sample Normalization

Cells were lysed in lysis buffer containing M-PER Mammalian Protein
Extraction Reagent supplemented with a protease inhibitor mini
tablet. Cells were lysed for an hour and the total protein
concentration of cell lysates was determined by mixing 20 uL of
the cell lysate and 1 mL Bradford solution. The solution was vortexed
and incubated at room temperature for 10—1S5 min. The protein
concentration was determined by an absorbance measurement at 595
nm. A calibration curve was prepared by using known concentrations
of bovine serum albumin. Cellular lipid extracts were then normalized
by resuspending the dried samples in calculated volumes of spiked
chloroform based on total protein content.

LC—MS Acquisition

LC—MS analyses were carried out using an Agilent 1260 HPLC in
tandem with an Agilent 6530 Jet Stream ESI-QToF-MS system.
Reversed-phase chromatography was used for separation prior to mass
analysis. A Gemini C18 reversed-phase column (S ym, 4.6 mm X SO
mm) with a C18 reversed-phase guard cartridge was used for negative
mode. A Luna CS reversed-phase column (5 ym, 4.6 mm X S0 mm)
with a CS reversed-phase guard cartridge was used for positive mode.
Mobile phase A was composed of 95:5 water:methanol (v/v) and
mobile phase B was composed of 60:35:5 isopropanol:methanol:water
(v/v) for both positive and negative modes. For improved negative
ion detection, mobile phases were supplemented with 0.1%
ammonium hydroxide (w/v). For improved positive ion detection,
mobile phases were supplemented with 0.1% formic acid (v/v) and §
mM ammonium formate. The flow rate was 0.1 mL/min for the first S
min followed by 0.5 mL/min for the remainder of the analysis. The
gradient began after S min from 0% B and increased to 100% B over
60 min. It was then held at 100% B for 7 min. The column was then
equilibrated at 0% B for 8 min. A DualJSI fitted electrospray
ionization (ESI) source was used. The capillary voltage was set to
3500 V and the fragmentor voltage was set to 175 V. The drying gas
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temperature was set to 350 °C with a flow rate of 12 L/min. All data
were collected using an m/z range of 50—1700 in an extended
dynamic range.

Targeted Lipidomics Data Analysis

Representative lipid species were targeted by extracting the
corresponding m/z for each ion in MassHunter Qualitative Analysis
software. Peak areas for each ion were integrated and represented as
abundance. Relative abundances used in heatmaps for the differ-
entiated samples (n = S) were normalized to the undifferentiated cells
by dividing the average abundance of a lipid species in the
undifferentiated cells by the individual abundances of undifferentiated
samples.

Untargeted Lipidomics Data Analysis

Five biological replicates of differentiated and undifferentiated cells
were used for an independent profiling experiment in positive and
negative electrospray ionization modes. Two independent profiling
experiments were performed. Raw data were imported into Mass-
Hunter Profinder, where unique features were extracted and peak
alignment was carried out based on m/z, retention time, isotopic ratio,
and grouping of different adducts. Data from Profinder were then
imported into MassHunter Mass Profiler Professional, where species
were filtered based on the frequency with which they appeared in each
sample. Statistical significance was determined using the student’s ¢-
test and features with p-value >0.05 were eliminated and the fold
changes of the remaining species were subsequently calculated as
[:Abundancedifferentiated]/[Abundanceundifferentiated] for each species.
Species that showed reproducible changes in the two independent
profiling experiments with an average fold change >2 and p-value
<0.05 were identified via MS/MS analysis.

Lipid Identifications

Lipid standards (or lipids belonging to the same lipid families) were
purchased for comparison of fragmentation patterns with the features
identified. MS/MS data were collected similarly to the LC—MS
Acquisition section, except data acquisition was in 4 GHz high-
resolution mode. Fragments were observed at collision energies of 15,
35, and SS eV. The MS/MS fragmentation patterns of the species of
interest and candidate lipids were compared. Fragments observed are
provided in the Supporting Information. Lipids that were not initially
identified by comparing fragmentation patterns were then identified
by comparing the suggested identification from LipidMaps and the
obtained MS/MS fragments, whether it was positive or negative ions,
along with their relative intensities, and ppm error desired (we chose
identifications with a ppm error <15) on 2 separate databases:
MyCompound ID* and Human Metabolome Database (HMDB).*"
Fragments that were searched on the databases are listed in the
Supporting Information (Table SI).

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/envhealth.3c00022.

Supplemental identification of species from untargeted
lipidomic profiling; table of statistically significant
species identified via MS/MS or database search along
with their corresponding m/z, retention time (R,), fold
change, and p-value (PDF)
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