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C\BSTRACT \

Gliomas are the largest category of primary malignant brain tumors in adults, and glioblastomas
account for nearly half of malignant gliomas. Glioblastomas are notoriously aggressive and drug-
resistant, with a very poor 5 year survival rate of about 5%. New approaches to treatment are thus
urgently needed. We previously identified an enzyme of fatty acid metabolism, very long-chain
acyl-CoA synthetase 3 (ACSVL3), as a potential therapeutic target in glioblastoma. Using the
glioblastoma cell line U87MG, we created a cell line with genomic deletion of ACSVL3 (U87-
KO) and investigated potential mechanisms to explain how this enzyme supports the malignant
properties of glioblastoma cells. Compared to U87MG cells, U87-KO cells grew slower and
assumed a more normal morphology. They produced fewer, and far smaller, subcutaneous
xenografts in nude mice. Acyl-CoA synthetases, including ACSVL3, convert fatty acids to their
acyl-CoA derivatives, allowing participation in diverse downstream lipid pathways. We examined
the effect of ACSVL3 depletion on several such pathways. Fatty acid degradation for energy
production was not affected in U87-KO cells. Fatty acid synthesis, and incorporation of de novo
synthesized fatty acids into membrane phospholipids needed for rapid tumor cell growth, was not
significantly affected by lack of ACSVL3. In contrast, U87-KO cells exhibited evidence of altered
sphingolipid metabolism. Levels of ceramides containing 18-22 carbon fatty acids were
significantly lower in U87-KO cells. This paralleled the fatty acid substrate specificity profile of
ACSVL3. The rate of incorporation of stearate, an 18-carbon saturated fatty acid, into ceramides
was reduced in U87-KO cells, and proteomics revealed lower abundance of ceramide synthesis
pathway enzymes. Sphingolipids, including gangliosides, are functional constituents of lipid rafts,
membrane microdomains thought to be organizing centers for receptor-mediated signaling. Both
raft morphology and ganglioside composition were altered by deficiency of ACSVL3. Finally,
levels of sphingosine-1-phosphate, a sphingolipid signaling molecule, were reduced in U87-KO
cells. We conclude that ACSVL3 supports the malignant behavior of U87MG cells, at least in
part, by altering cellular sphingolipid metabolism.

Keywords: Glioma; GBM; very long-chain acyl-CoA synthetase 3; sphingolipid metabolism;

U87MG cells /

1. Introduction

Glioblastoma (GBM; WHO grade 1V),

Gliomas are the largest category of s the most common and fatal type, accounting

primary central nervous system (CNS) tumors
in adults, accounting for ~80% of all primary
intrinsic malignant CNS tumors.! The World
Health Organization (WHO) grades gliomas
(Grades I-IV) by a combination of
histopathologic and molecular criteria that
predict clinical behavior. Low grade
infiltrative gliomas (WHO grade II) are well-
differentiated with typically indolent growth
patterns and better patient prognoses.
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for nearly half of primary malignant brain
tumors. Prognosis for patients with GBM
remains very poor (median survival 15-18
moths) despite aggressive standard-of-care
surgery, chemotherapy and radiation therapy
and there is no therapy proven to substantially
prolong survival after tumor recurrence.??
Therefore, new treatment strategies and new
therapeutic targets are needed.
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We previously found high levels of the
enzyme very long-chain acyl-CoA synthetase
3 (ACSVL3; SLC27A3) inall grades of glioma
histopathological specimens, including GBM.*
In support of our report, a query of The Cancer
Genome Atlas TCGA_GBM (HG-UG133A)
dataset using the GlioVis portal® revealed

significantly  higher ~ACSVL3 mRNA
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expression in GBM vs. non-tumor brain tissue
(Fig. 1A), and lower ACSVL3 expression was
correlated with longer survival (Fig. 1C). In
lower grade gliomas, other than anaplastic
oligodendrogliomas, ACSVL3 expression
levels were also lower and paralleled WHO
grading (Fig. 1B).
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Figure 1. ACSVL3/SLC27A3 mRNA expression in gliomas. Using the GlioVis portal, we queried The
Cancer Genome Atlas (TCGA) for expression of ACSVL3 in gliomas. In all cases, diagnosis was based on
histology. (A) ACSVL3 mRNA expression in GBM (n=528) vs. non-tumor brain tissue (n=10). The TCGA
dataset on the HG-U133A platform was used. (B) ACSVL3 mRNA expression in low-grade gliomas vs.
GBM. O, oligodendroglioma (n=93); A, astrocytoma (n=131); AO, anaplastic oligodendroglioma (n=58);
AA, anaplastic astrocytoma (n=120); GBM (n=225). The Chinese Glioma Genome Atlas dataset was used.
(C) Kaplan-Meier survival plot for GBM patients with low (blue line, n=131) vs. high (red line, n=394)
ACSVL3 mRNA expression. The cutoff was the lower quartile. Lower ACSVL3 expression was correlated
with longer survival (log-rank p value = 8e-04; Wilcoxon p value = 0.0237).
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Acyl-CoA synthetases (ACS) activate
fatty acids for downstream metabolism by
thioesterification to coenzyme A (CoA). The
human genome encodes 26 ACSs.° ACS
subfamilies include enzymes with a preference
for short-, medium-, long-, and very long-chain
fatty acids. ACSVL3 is one of six members of
the very long-chain family. U87MG cells,
originally isolated from a 44 year old
Caucasian male with GBM, and their tumor
xenografts were used to investigate the
mechanistic role of ACSVL3 in GBM.

We previously demonstrated that
knockdown of ACSVL3 levels by RNA
interference decreased the malignant behavior
of this GBM model.* Growth rates of
monolayer cultures were significantly reduced,
and fewer colonies were formed in suspension
cultures. ACSVL3 knockdown U87MG cells
produced fewer and  slower-growing
xenografts when implanted subcutaneously in
nude mice, and growth of orthotopic
intracranial xenografts was reduced by more
than 85%. However, the precise role of
ACSVL3 in fatty acid and lipid metabolism
has not been elucidated. In this paper, we
demonstrate that genomic knock-out of
ACSVL3 in UB7MG cells affects sphingolipid
metabolism, and provides mechanistic insight
into how this enzyme of fatty acid metabolism
may be affecting GBM malignancy.

2. Materials and Methods

2.1 Reagents and general methods. The
following [1-'*C]fatty acids were purchased
from Moravek, Inc.: acetic (MC125), palmitic
(MC121), stearic (MC172), behenic
(MC2202), and lignoceric (MC1315). Western
blotting was carried out as described
previously,” using polyclonal antibody to
ACSVL3 produced in rabbits and purified as
described previously*; the secondary antibody
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was goat anti-rabbit 1gG  horseradish
peroxidase conjugate from Santa Cruz
Biotechnology (sc2054). Lipid rafts were
visualized using the Vybrant Lipid Raft
Labeling kit (Molecular Probes) according to
the manufacturer’s instructions. Unless
otherwise noted, protein was measured by the
method of Lowry et al.® Results are presented
as mean + standard deviation. Except where
noted, statistical significance was determined
using Student’s t-test.

2.2 Production of ACSVL3 knockout cell
line and culture conditions. The U87 MG
wild type (U87MG) cell line was obtained
from American Type Culture Collection
(Manassas, VA). U87TMG cells were
authenticated within a year of study by the
Johns Hopkins Genetics Resources Core
Facility by short tandem repeat analysis using
the PowerPlex 16 HS kit (Promega). Unless
otherwise indicated, all cell culture
components were from Corning Cellgro. Cells
were cultured in MEM (minimum essential
medium, Eagle) containing 10% fetal bovine
serum (FBS; Gemini Bioproducts) and
supplemented with 10 mM Hepes, 1 mM
pyruvate, and nonessential amino acids. Cells
were incubated at 37°C in a humidified
incubator with 5% CO,. The U87MG
ACSVL3 knock out (U87-KO) cell line was
produced using the zinc finger nuclease (ZFN)
method, using reagents designed and supplied
by Sigma-Aldrich (CompoZr™ Knockout
Zinc Finger Nucleases). Two plasmids were
obtained; pZFN1 (5°-
TGTGCTTTCCCACCCTTCTA-3") targets
the forward genomic DNA strand just
upstream of exon 2, and pZFN2 (5°-
AGGTGAGGAGACTGGGGAGT-3") targets
the reverse strand just downstream of exon 2.
Plasmids were co-transfected into U87MG
cells using FUGENE (Promega). After 24
hours, cells were switched to culture medium
containing Hygromycin (Roche; 0.2 mg/ml) to
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select for candidate knockout clones. After 6
days, living cells were harvested by gentle
trypsinization and counted using a
hemocytometer. Cells were plated into 96-well
plates at an average density of 0.9 cells/well to
produce clones generated from single cells.
Clones were expanded and tested for ACSVL3
knockout by Western blot using affinity-
purified anti-rabbit polyclonal antibody as
previously described.® Both genomic DNA and
cDNA were prepared from clones and used for
polymerase chain reaction- (PCR-) mediated
amplification of the ZFN-targeted region. PCR
was performed ina T100 Thermal Cycler (Bio-
Rad). Samples amplified over 35 cycles using
Phusion High Fidelity Polymerase (New
England Biosciences). For each cycle the
following temperatures and times were used:
initial melting occurred at 98C for 30 sec;
melting 98C for 8 sec; primers annealed at 58C
for 20 sec; extension at 72C for 18 sec. Final
extension was at 72C for 8 min. ACSVL3 ZFN
deletion forward primer sequence; 5’-
CCTGCTGGAATTAGCGATT-3’. ACSVL3
ZFN deletion reverse primer sequence; 5’ —
TGCCAGAGGTGAAGATGTA-3". Cell
growth rates in monolayer culture were
assessed as previously described.*

2.3 Mouse xenografts. All animal protocols
were approved by the Johns Hopkins
University Animal Care and Use Committee
(ACUC). In vivo tumorigenesis of U87TMG
and U87-KO cells was assessed in 4- to 6-week
old female mice as previously described.®
NIH 1l Xid/Beige/Nude mice (National
Cancer Institute, Frederick, MD) were injected
with 4 x 10° cells in 0.1 ml of PBS in the dorsal
areas; both left and right flanks were injected.
Tumor size was measured using calipers, and
volume was estimated by the following
formula: volume = (length x width?) / 2. Mice
that were injected with U87MG cells were
sacrificed 15 days after injection for humane
considerations, and those that were injected
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with U87-KO cells were sacrificed on day 19.
The xenografts were excised and weighed.

2.4 Acyl-CoA synthetase and fatty acid B-
oxidation assays. Activation of [1-1*C]fatty
acids to their CoA derivatives was assayed as
previously described.” Briefly, 5 nmol labeled
fatty acid (~20,000 dpm/nmol) was solubilized
using a-cyclodextrin and was incubated in a
total volume of 0.25 ml with 40mM Tris, pH
7.5, 10mM ATP, 10mM MgClz, 0.2 mM CoA,
0.2 mM dithiothreitol, and cell protein (15-50
ug) for 20 min at 37 °C. Reactants (fatty acids)
and products (acyl-CoA) were separated by the
method of Dole,'! and the latter quantitated by
liquid scintillation counting.

To measure [-oxidation of [1-
14C]palmitic acid to water-soluble products,
cells were grown to confluence in triplicate
wells of a 6-well plate. A labeling mix was
prepared so that 0.75 ml contained 7.5 nmol
radiolabeled palmitic acid (solubilized using
a-cyclodextrin; ~20,000 dpm/nmol) and 2 mM
carnitine in serum-free MEM. Growth medium
was removed and the cells were washed with
serum-free MEM. For each cell line, 0.75 ml
labeling mix was added to duplicate wells; the
third well (for protein assay) received 0.75 ml
of MEM only. Cells were incubated in a CO;
incubator for 2 hr at 37°C, at which time 0.15
ml of 18% HCIOs was added to the label-
containing duplicate wells. Plates were placed
on ice for 1 hr. An aliquot (0.45 ml) of
radiolabeled cell medium was extracted by the
method of Folch et al.? to separate the water-
soluble products of B-oxidation from the 4C
fatty  acid substrate. Water-soluble
radioactivity was quantitated by liquid
scintillation counting. The wells that contained
MEM only were washed, and cells were
solubilized in 0.5 ml 1IN NaOH for protein
determination using the method of Lowry et
al.®
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2.5 Neutral lipid and phospholipid
synthesis. Cells were allowed to grow to
confluence in 10 cm dishes. [1-*CJacetate (2
uCi) was added to each plate and allowed to
incubate at 37°C in a 10% CO> environment
for 30 min. After incubation, the cells were
harvested using trypsin and were washed twice
with PBS. Portions of cell suspension
containing 400 ug protein were extracted with
chloroform:methanol (2:1) and subjected to
thin-layer chromatography and visualization as
described previously.’

2.6 Analysis of ceramides by LC-MS/MS.
Trypsinized cells were pelleted, washed,
resuspended in 200 ul of dH-O, and disrupted
using a three 5 second pulses with a probe
sonicator (Missonix). 600 ul of methanol
containing internal standard (C12:0 ceramide,
Avanti Polar Lipids) was added, mixed, and
then 800 ul of chloroform was then added.
Samples were thoroughly mixed and then
centrifuged at 14,000 rpm for 5 minutes to
separate organic and aqueous phases cleanly.
The separated lower organic phase was dried,
resuspended, transferred to a separate glass
vial and analyzed via LC-MS/MS.131%

2.7 Ceramide Synthesis Assay. For assay of
fatty acid incorporation into ceramides, 5 nmol
labeled fatty acid (~20,000 dpm/nmol) was
solubilized using a-cyclodextrin and was
incubated in a total volume of 0.25 ml with
40mM Tris, pH 8.0, 10mM ATP, 10mM
MgClz, 0.2 mM CoA, 0.2 mM dithiothreitol, 1
mM Serine, 0.2 mM NADPH, and cell protein
(250 ng) for 2 hr at 37°C with gentle shaking.
The reaction was stopped with 3.75 ml of 1:1
chloroform:methanol. Samples were extracted
by the method of Folch et al.,'? and the lower
(organic) phase was dried under Nz. The
resulting lipid pellet was resuspended in 50 pl
1:1 hexane:ethanol; 20 ul was spotted onto a
silica gel G thin-layer chromatography plate
that was developed with
chloroform:MeOH:glacial acetic acid (94:1:5).
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Labeled ceramides were detected using a Fuji-
Bas phosphorimager .

2.8 Sphingosine and  sphingosine-1-
phosphate (S1P) analysis. Cells were grown
to near confluence, harvested by scraping, and
extracted using a modification of the method
of Shaner et al.'® 400 pg cell protein was
extracted with 0.5 ml MeOH, 0.25 ml
chloroform, and the internal standard cocktail
for a total of 1 ng of each standard per sample
(C17:0 sphingosine 1-phosphate, C17:0
sphinganine  1-phosphate, and C17:0
sphingosine; Avanti Polar Lipids). Samples
were dispersed using a water bath sonicator
and incubated at 48°C overnight. After cooling
to room temperature, 75 pl of 1M KOH in
MeOH was added to each tube and, after brief
sonication, tubes were incubated for 2 hr at
37°C to cleave potentially interfering
glycerolipids.  After cooling to room
temperature and neutralization with glacial

acetic acid, tubes were centrifuged.
Supernatants were further clarified by
centrifugation through a Spin-X filter

(Corning) and analyzed by LC-MS/MS as
described.*"8

2.9 Ganglioside extraction and
visualization. U87MG and U87-KO cells
were grown to near confluence, washed with
phosphate-buffered saline, and harvested using
a cell scraper. Gangliosides were extracted and
separated by thin-layer chromatography as
described by Schnaar and Needham.!®
Gangliosides on thin-layer plates were
visualized with resorcinol (0.3% resorcinol,
.0031% CuSOs5H20, 30% HCI) spray.
Reagents and ganglioside standards were the
kind gift of Ronald Schnaar, Johns Hopkins
Department of Pharmacology and
Experimental Therapeutics.

2.10 Proteomic analysis. U87MG and U87-

KO cells were grown to near confluence.
Biological replicates were harvested by gentle
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trypsinization and processed for analysis by
LC-MS/MS as previously described.?02!
Briefly, cells were solubilized, reduced and
alkylated, and digested with trypsin. Digested
peptides were purified, lyophilized, and
subjected to tandem mass tag (TMT) labeling,
after which samples were pooled, vacuum
dried, and fractionated by high pH reversed-
phase liquid chromatography. Twenty-four
fractions were collected and were subjected to
LC-MS/MS analysis using an Orbitrap Elite
mass spectrometer (Thermo Electron, Bremen,

A
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Germany) interfaced with Easy-nLC I
nanoflow liquid chromatography system
(Thermo Scientific, Odense, Denmark). Raw
data was processed through the Proteome
Discoverer 2.1.0.81 software suite to generate
peak list files for the database searches. Data
was searched against the human Refseq 73
protein database. Combined Sequest and
Mascot search algorithms were used for the
peptide identification; peptide quantification
was carried out using reporter ion quantifier.
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Figure 2. Creation of a U87MG cell line with genomic deletion of ACSVL3 (U87-KO). (A) Zinc-finger
nuclease was used to delete a portion of ACSVL3 genomic DNA in U87MG cells. Sequencing of the U87-
KO cell line revealed an in-frame 210 bp deletion in both genomic DNA and mRNA. The deletion contained
most of Exon 2, and included a region encoding several amino acids of Motif I, a catalytically critical
domain. (B) PCR amplification using primers specific for the deletion region show that DNA is amplified
in the U7MG cells, and not the U87-KO line. (C) Western blotting shows a depletion of ACSVL3 in the

U87-KO cell line.

Copyright 2021 KEI Journals. All Rights Reserved

htttp://journals.ke-i.org/index.php/mra



Elizabeth A. Kolar, et al. Medical Research Archives vol 9 issue 5. May 2021

3 Results

3.1 Knockout of ACSVL3 decreases the
malignant behavior of GBM cells. We
previously reported that SiIRNA-mediated
knockdown of ACSVL3 in U87MG cells
reduced growth in both monolayer and

suspension  culture,  decreased  tumor
propagating potential and reduced tumor
xenograft growth rates.* To investigate

mechanisms underlying these observations, we
produced U87MG cells with homozygous
genomic KO of ACSVL3 using zinc-finger
nuclease technology. The resulting U87-KO
cells were found to have an in-frame 210 bp
deletion that included most of exon 2 (Fig.
2A). This deletion included part of Motif I, a
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catalytically critical region that forms part of
the AMP-binding domain found in all
ACSs.5222% The deletion was confirmed by
PCR (Fig. 2B) and Western blot (Fig. 2C).

When grown in monolayer culture,
morphologic differences between U87MG and
U87-KO cells were apparent. U87-KO cells
(Fig. 3A, right) displayed a larger, flatter, and
more contact-inhibited appearance than the
spindly U887TMG-WT cells (Fig. 3A, left)
lacking contact-inhibition. The growth rate of
U87-KO cells was significantly slower than
that of US7MG cells (Fig. 3B) as evidenced by
88% fewer U87-KO cells than US7MG cells
on post-inoculation day 11, a statistically
significant difference (p<0.005).
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Figure 3. ACSVL3 KO cells have an altered morphology and grow significantly slower than the US7MG
cells. (A) Morphology. Light microscopy reveals differences in morphology between the U87TMG cells
(left) and the U87-KO cells (right). The ACSVL3-deficient cells appear larger, flatter, take up more surface
area, and exhibit less overgrowth. (B) Growth rate in monolayer culture was assessed as described in
Methods. U87-KO cells (gray squares) grew significantly slower than U87MG cells (black diamonds).
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To verify that in vivo tumorigenesis  calipers every other day for width and length
was reduced by ACSVL3 KO, nude mice were  (Fig. 4C). In mice bearing U87MG xenografts,
subcutaneously implanted with U87MG or  tumors became quite large (Fig. 4A, B),
U87-KO cells, and formation of xenografts  necessitating sacrifice on day 15 for humane
was monitored. For each cell type, 5 mice were  reasons; mice injected with U87-KO cells were
injected in both flanks. After one week of  sacrificed on day 19.
growth, the tumors were measured with

900
800
700
600
500 us7-wt
400
300

200 ug7-Ko
100 T

*ohk

Tumor size (mm=)
Tumor weight (mg) O

5 10 15
Days

Figure 4. ACSVL3 depletion in UB7MG cells produces fewer, smaller subcutaneous tumors in nude
mice. Either U87MG or U87-KO cells were injected into both flanks of nude mice (5 mice per group; 4 X
10° cells/injection site). (A) By day 15 post-injection, large xenografts were apparent at all injection sites
in mice injected with U87MG cells (bottom row), and mice were humanely euthanized. Xenografts grown
from U87-KO cells (top row) were allowed to grow to day 19 and were observed to be smaller, and in some
cases, not readily detected. (B) After sacrifice on day 15 (U87MGO or day 19 (U87-KO), xenografts were
resected and weighed. Representative tumors produced from U87MG (left) and U87-KO cells (right) are
shown. (C) Tumor size was measured throughout the study using calipers. U87MG xenografts grew
significantly larger than U87-KO xenografts. Growth rates were significantly different (p<0.001) at all time
points. (D) After harvesting, the tumors were weighed. Xenografts failed to initiate at 3 out of 10 injection
sites for U87-KO cells, whereas tumors grew at all injection sites for U87MG cells. The U87MG tumors
(n=10) weighed about 6-fold more than the U87-KO tumors (n=7). The difference was statistically
significant (p<0.001).
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Xenografts formed at all 10 sites in
mice injected with U87MG cells. In contrast,
tumors failed to form at 3 out of 10 sites
injected with U87-KO cells. After sacrifice,
U87MG xenografts were found to weigh
significantly more than the U87-KO
xenografts (Fig. 4D). The results of both in
vitro and in vivo studies corroborate the results
that were obtained previously with ACSVL3
knockdown cell lines.

3.2 Fatty acid B-oxidation and de novo
membrane phospholipid synthesis are not
affected in U87MG cells lacking ACSVL3.
Several possible mechanisms including effects
on fatty acid p-oxidation and complex lipid
synthesis were considered to explain why
depleting U87MG cells of ACSVL3 inhibited
cell growth and tumorigenesis. Cancer cells
rely on glycolysis rather than fatty acid
catabolism for energy production, while fatty
acid synthesis is accelerated to provide
substrates for the synthesis of membrane
phospholipids needed by rapidly dividing
cancer cells.?

To determine whether lack of ACSVL3
affected mitochondrial [B-oxidation, we
measured the ability of intact U87MG and
U87-KO cells to degrade the 16-carbon
saturated fatty acid, palmitate. Cells with a less
malignant phenotype, such as U87-KO cells,
might be expected to have increased rates of 3-

Copyright 2021 KEI Journals. All Rights Reserved
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oxidation. However, U87-KO cells degraded
palmitate at a rate of 0.53+0.08 nmol/hr/mg
protein, which was slightly lower than that
measured in U87MG cells (0.65+0.10
nmol/hr/mg protein); this difference was not
statistically significant.

To sustain rapid proliferation, cancer
cells rely on a continuous supply of
phospholipids,  particularly  the  major
membrane lipids phosphatidylcholine (PC)
and phosphatidylethanolamine (PE). To
determine  whether ACSVL3 depletion
affected de novo phospholipid synthesis,
U87MG and U87-KO cells were incubated
with [1-*C]acetate. Lipids were extracted and
phospholipid species separated by thin-layer
chromatography.

As shown in Fig. 5, right, lack of
ACSVL3 did not decrease the synthesis of PC
or PE, as would be expected if this were the
mechanism of decreased cell growth. We did
note a slight decrease in synthesis of
phosphatidylinositol, and an increase in
phosphatidylserine  synthesis. We also
assessed [1-'*Clacetate incorporation into
neutral lipids (Fig 5, left). Although lack of
ACSVL3 in KO cells had little effect on
synthesis of cholesterol, free fatty acids, and
triacylglycerol, there was significantly
decreased synthesis of cholesterol esters.
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Figure 5. Lipid synthesis is not significantly affected by depletion of ACSVL3 in US7TMG cells. Lipids
from cells incubated with [1-'“CJacetate were separated using thin layer chromatography. Left, neutral
lipids. Chol, cholesterol; FFA, free fatty acids; TAG, triacylglycerol; ChE, cholesterol esters.
Diacylglycerols were observed as faint bands running between Chol and FFA. Right, phospholipids. PA,
phosphatidic acid; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PC, phosphatidylcholine; PS,
phosphatidylserine. There were no significant differences in de novo lipid synthesis in ACSVL3-deficient

KO cells when compared to US7MG cells.

3.3 UB7TMG cells lacking ACSVL3 have
decreased levels of ceramides. Our earlier
investigations of U87MG cells with RNAI-
mediated ACSVL3 knockdown revealed
aberrant receptor tyrosine kinase-Akt pathway
signaling.* Plasma membrane microdomains,
or lipid rafts, are thought to serve as platforms
for signal transduction receptors, including
receptor tyrosine Kkinases and G-protein
coupled receptors.?>?® These microdomains

Copyright 2021 KEI Journals. All Rights Reserved

are enriched in sphingolipids and cholesterol.?’
Ceramide, itself a sphingolipid, is a central
intermediate in the synthesis of more complex
sphingolipids such as glycosphingolipids and
sphingomyelin.

Therefore, we quantitated several
ceramide species in U87MG and U87-KO
cells. Ceramides contain two acyl chains. One,
in the sphingoid base, is most often C18:1 (or
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C18:0 in dihydroceramides). The other, more
variable, acyl group is amide-linked to the
sphingoid base. As shown in Fig. 6 and Table
1, ceramides were generally lower in U87-KO
cells, particularly those containing C18:0,

Medical Research Archives vol 9 issue 5. May 2021
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C20:0, and C22:0 fatty acyl chains. Most of
these changes were highly statistically
significant. Interestingly, the levels of more
abundant C16:0 and C24:0 ceramides were
less affected by lack of ACSVLS.
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Figure 6. Ceramide levels, particularly those with C18:0-C22:0 acyl chains , are decreased in U87-
KO cells. Ceramides were extracted from U87MG and U87-KO cells and quantitated by LC-MS/MS as
described in Methods. Analyte levels were normalized by the amount of internal standard (IS) recovered.
The amount of each ceramide species in U87-KO cells as a percentage of that in U87MG cells is shown.
(Numerical data and statistics are found in Table 2.) Ceramides contain 2 acyl chains. The first listed (e.g.
d18:1) is that in the sphingoid base, while the second listed (e.g. 16:0) is the amide-linked acyl group.
Ceramides containing amide-linked C18-C22 acyl chains were, in general, more dramatically lowered by
ACSVL3 KO than were C16, C24, and C26 acyl chains.
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Table 1. Ceramide levels in US7MG and U87-KO cells. Ceramides were extracted from quadruplicate
plates of U87MG and U87-KO cells and quantitated by LC-MS/MS as described in Methods. Analyte levels
were normalized by the amount of internal standard (IS) recovered. Mean + SD is shown. Levels of
ceramides were generally lower in the U87-KO cells, particularly in species containing 18-22 carbons in
their amide-linked acyl chain. The significance of these changes were assessed using two-tailed Student’s
t-test (*, p<0.05; ***, p<0.001). The percent changes as a result of ACSVL3 deficiency are shown in the
last column, and are illustrated graphically in Figure 5.

U87TMG u87-KO Signifi- U87-KO as
(analyte/IS) cance percent of
(mean + SD) U87TMG
Ceramides (saturated)
d18:1/16:0 1.90+0.10 1.38 +£0.08 wxx 73%
d18:1/18:0 0.37£0.03 0.094 +0.008 rrE 25%
d18:1/20:0 0.093 + 0.006 0.022 +0.002 wxx 24%
d18:1/22:0 0.52+0.04 0.20£0.01 e 38%
d18:1/24:0 3.06 £0.21 2.99+£0.08 98%
d18:1/26:0 0.55+0.10 0.39£0.03 * 71%
Ceramides (monounsaturated)
d18:1/16:1 0.008 + 0.001 0.004 +0.001 e 49%
d18:1/18:1 0.006 + 0.000 0.002 +0.001 e 39%
d18:1/20:1 0.009 £ 0.001 0.002 + 0.000 Fxx 22%
d18:1/22:1 0.052 + 0.005 0.012 +0.000 e 24%
d18:1/24:1 0.64 £0.04 0.31£0.02 e 49%
d18:1/26:1 0.14 £0.01 0.087 + 0.002 Fxx 63%
Dihydroceramides
d18:0/16:0 0.025 + 0.001 0.017 +£0.001 rxx 68%
d18:0/18:0 0.006 + 0.000 0.002 + 0.000 e 27%
d18:0/20:0 0.007 £ 0.001 0.002 + 0.000 rxx 25%
d18:0/22:0 0.011 +£0.001 0.004 +0.001 Fxx 34%
d18:0/24:0 0.067 + 0.006 0.065 + 0.003 98%
d18:0/26:0 0.001 + 0.000 0.001 + 0.000 132%

3.4 Substrate specificity of ACSVL3. The
results of ceramide assays prompted us to
investigate the ACS enzyme activity profile of
U87MG and U87-KO cells. We assessed the
ability of cell-derived proteins to activate
saturated [1-}*C]fatty acids containing 16, 18,
20, and 24 carbons. We found that lack of
ACSVL3 significantly (p<0.001) reduced

Copyright 2021 KEI Journals. All Rights Reserved

activation of 18- and 22-carbon fatty acids
(Fig. 7). A potential decreased activation of the
16- and 24-carbon fatty acids was also
observed, but the differences were not
statistically ~ significant.  The  dramatic
reduction in specificity for the 18- to 22-carbon
fatty acid substrates in U87-KO cells suggests
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that ACSVL3 may be activating these fatty
acids for sphingolipid synthesis.
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Figure 7. Total cellular activation of long- and very long-chain fatty acids is lower in ACSVL3 KO
cells. Cells were harvested and assayed for their ability to activate [1-**C]-labeled fatty acids. C16:0,
palmitic acid (A) and C18:0, stearic acid (B) are considered long-chain fatty acids, while C22:0, behenic
acid (C) and C24:0, lignoceric acid (D) are very long-chain fatty acids. Lack of ACSVL3 significantly
(p<0.001) lowered the ability of U87MG cells to activate the 18- and 22-carbon fatty acid substrates. While
activation of the 16- and 24-carbon fatty acid substrates trended lower in U87-KO cells, the decrease did

not reach statistical significance.

3.5 Ceramide synthesis in U87TMG cells
lacking ACSVL3. To explore further the
possibility that ACSVL3 may partially control
the acyl-chain profile of ceramides, we
measured ceramide synthesis. U87MG and
U87-KO cell-derived proteins were incubated
with saturated [1-}4C]fatty acids containing 16,

Copyright 2021 KEI Journals. All Rights Reserved

18, 20, and 24 carbons, and ceramides were
resolved by thin-layer chromatography.
Incorporation of the 18-carbon fatty acid into
ceramides was slightly decreased in U87-KO
cells; however, ceramide synthesis from 16-,
22-, and 24-carbon fatty acids was not
noticeably reduced (Fig. 8).
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Figure 8. Incorporation of radiolabeled C18:0 into ceramide is reduced in U87TMG cells lacking
ACSVL3. To assess ceramide synthesis, U87MG and U87-KO cells were incubated with [1-*C]-labeled
fatty acids. Ceramides were extracted from the cells, and duplicate samples (a, b) were resolved by thin-
layer chromatography. Decreased ceramide synthesis was observed with the 18-carbon fatty acid substrate,
but not with the 16-, 22-, or 24-carbon fatty acid substrates.

3.6 Reduced levels of ceramide synthesis  expression levels of all three were reduced in
enzymes in U87-KO cells. Synthesis of  U87-KO cells (Table 2). SPTLC catalyzes the
ceramide requires four enzymatic steps, first, and rate-limiting, step of ceramide
catalyzed by serine palmitoyltransferase synthesis. Three of the 6 known CERS
(SPTLO), 3-ketosphingosine  reductase isoforms, CERS2, CERS5, and CERS6, were
(KDSR), ceramide synthase (CERS), and detected in U87MG cells and found at reduced
dihydroceramide desaturase (DEGS). levels in U87-KO cells. Levels of KDSR and
Proteomic analysis was carried out to DEGS were unchanged in U87-KO cells.
determine whether lack of ACSLV3 affected  These findings support our conclusion that
expression of these enzymes. AIll three  ceramide synthesis is reduced in GBM cells
isoforms of SPTLC (SPTLC1, SPTLC2, and lacking ACSVL3.

SPTLC3) were present in U87MG cells, and

Table 2. Enzymes involved in ceramide synthesis are decreased in U87-KO cells. Proteomic analysis
revealed the presence of several enzymes involved in ceramide synthesis in U87MG and U87-KO cells.
Three serine palmitoyltransferases (SPTLC1-3), catalyzing the first and regulated step of the pathway were
detected, and the levels of all three were all decreased in cells lacking ACSVL3. Three of six known
ceramide synthase isoforms (CERSZ2, 5, and 6), catalyzing the third step of ceramide synthesis, were present
in the data set and all were decreased in U87-KO cells. Levels of the second (3-ketodihydrosphingosine
reductase; KDSR) and fourth (dihydroceramide-A4-desaturase 1; DEGS1) enzymes of the pathway were
unchanged.

Protein U87-KO/UB7TMG

SPTLC1 0.8
SPTLC2 0.7
SPTLC3 0.6
KDSR 1
CERS2 0.6
CERS5 0.9
CERS6 0.5
DEGS1 1
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3.7 Lipid rafts and gangliosides are altered
by ACSVL3 depletion. Because our
biochemical data and prior results suggested
that lipid raft composition may be changed by
ACSVL3 KO, we asked if lipid raft structural
alterations were evident. Ganglioside GM1 has
been proposed as a molecular marker for
rafts.?® Fluorescently labeled cholera toxin B-
subunit binds GM1 avidly, and was used to
visualize rafts in US7MG and U87-KO cells.
We predicted that KO cells would have less
raft fluorescence than U87MG cells, reflective
of the changes in RTK signaling. In contrast,
we found the opposite (Fig. 9A and 9B), as

A B
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more raft-associated fluorescence was detected
in KO cells.

To investigate this further, we
extracted gangliosides from U87MG and U87-
KO cells and separated ganglioside species by
thin-layer chromatography. We found a
striking change in ganglioside composition
when ACSVL3 was depleted (Fig. 9C).
Overall ganglioside levels were lower in KO
cells. GM3, a less-complex ganglioside was
the predominant species in U87MG cells, and
levels were lower in KO cells.

ACSVL3 KO

U

US7MG

ACSVL3 KO

Figure 9. Lipid raft staining and ganglioside composition of U87MG and U87-KO cells. (A,B) Raft
visualization. Rafts in U87MG cells (A) and U87-KO cells (B) were detected by virtue of staining for the
raft marker, ganglioside GM1. GM1 avidly binds cholera toxin B-subunit containing the fluorescent dye,
alexa fluor 555. Increased raft staining was observed in U87-KO cells (B) relative to U87MG cells (A)
suggesting that lack of ACSVLS3 altered the cells’ ganglioside composition. C. Gangliosides were extracted
and separated by thin-layer chromatography. The overall ganglioside level was decreased by ACSVL3 KO.
In agreement with fluorescent labeling, levels of ganglioside GM1 were higher in KO cells, whereas levels
of GM3 were higher in US7TMG cells. Levels of GM2 (heavier band between GM1 and GM3) were

relatively unchanged.
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In contrast, GM1 (which contains
additional galactose and N-acetyl
galactosamine residues compared to GM3)
was nearly undetectable in U87MG cells, but
was found at higher levels in KO cells. This is
in agreement with the fluorescent raft staining
pattern (Fig. 8A and 8B). Levels of GM2 (Fig.
8C, band between GM1 and GM3) were
relatively unchanged by ACSVL3 depletion.
These observations support our contention that
ACSVL3 significantly affects sphingolipid
metabolism  and plasma  membrane
gangliosides in UB7MG cells.

uM Sphingosine
—

0.5

B vs7mG
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3.8 Levels of sphingosine and sphingosine-1-
phosphate (S1P) are reduced in U87-KO
cells. In addition to their structural roles in
lipid rafts, sphingolipids can themselves be
signaling molecules. The ceramide metabolite,
sphingosine, and its phosphorylated derivative,
S1P, fall into this category. Ceramidase
releases the nitrogen-bound fatty acid from
ceramide, producing sphingosine; sphingosine
kinases catalyze the phosphorylation of
sphingosine to form S1P. We therefore
measured these metabolites in U87TMG and
U87-KO cells. As shown in Fig. 10, there was
a strong trend toward lower sphingosine levels
in cells lacking ACSVL3 (p=0.06). S1P levels
were significantly lower in U87-KO cells
(p<0.05).

B

2.5

B AcsvL3KO

Figure 10. Sphingosine and S1P levels are decreased in ACSVL3-depleted U87MG cells. Cells grown
to near confluence were harvested, extracted, and sphingosine and S1P levels were quantified using LC-
MS/MS as described in Methods. (A) U87-KO cells had lower levels of sphingosine than US7MG cells,
but the decrease did not reach statistical significance (p = 0.06). (B) S1P levels in U87-KO cells were

significant lower than in U87 MG cells (p<0.05).
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Figure 11. Lack of ACSVL3 abrogates malignant properties of U87TMG cells via disruption of
sphingolipid metabolism. In this model, decreased activation of fatty acids containing 18-22 carbons (e.g.
C18:0, lower left) in U87-KO cells leads to a decrease in synthesis of ceramides containing these fatty
acids. This leads to decreased sphingolipid levels and altered ganglioside composition of lipid rafts, which
are platforms for growth factor (GF) signaling through receptor tyrosine kinases (RTK). Decreased
ceramide synthesis also reduces levels of the signaling sphingolipid, S1P. The combination of low S1P and
aberrant GF/RTK signaling diminishes Akt-mediated malignant properties of U87MG cells, such as

growth, lipid synthesis, and proliferation.

Taken together, results presented here
suggest that ACSVL3 maintains the malignant
phenotype of UB7MG cells, at least in part, by
modulating sphingolipid metabolism.

4 Discussion

GBM remains the most deadly CNS
malignancy, and continues to present
significant therapeutic challenges.® New drug
targets representing novel mechanistic
approaches could eventually improve this dire
situation. There is a longstanding interest in the
aberrant metabolism associated with malignant
brain tumors exemplified by studies involving
glycolytic metabolism and the Warburg
effect?® and the more recent identification of
IDH mutations causing excessive production

Copyright 2021 KEI Journals. All Rights Reserved

of the onco-metabolite 4-hydroxybutyrate in
low-intermediate grade glioma.33!

We previously used an RNAi-mediated
knockdown approach to show that reducing
expression of ACSVL3 reduced both the in
vitro and in vivo malignant behavior of
US7MG cells.* We have now produced a
U87MG cell line with genomic knockout of
ACSVL3 and confirmed the previous results
suggesting that this fatty acid metabolism
enzyme may be a novel therapeutic target in
GBM.

Knockout of ACSVL3, a member of
the very long-chain acyl-CoA synthetase
family, significantly reduced growth rates and
tumorigenicity of U87MG cells. Elucidating
the mechanisms underlying these beneficial
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effects is needed both for understanding the
pathophysiologic consequences of high levels
of ACSVL3 expression in GBM, and for
uncovering additional druggable metabolic
pathways.

The functional role of ACSVL3 in
overall cellular fatty acid metabolism is
relatively unknown. Dissecting the role of an
individual ACS in a given cell type is
complicated by many factors. One such factor
is that multiple ACSs are usually present in any
given cell type. Our proteomic analysis
revealed that U87MG cells express at least
seven distinct long- (ACSL1, ACSL3, ACSL4,
and ACSL5) and very-long chain
(ACSVL3/SLC27A3, ACSVL4/SLC27A4,
and ACSVL5/SLC27A1) ACSs.

When we probed The Cancer Genome
Atlas (TCGA_GBM, HG-UG133A) dataset,
no significant elevation of mMRNA encoding
ACSL1, ACSL3, ACSL4, and ACSL5 was
found. While mean ACSVL3 mRNA
expression was 27% higher in GBM vs. non-
tumor tissue, levels of three ACSL enzymes
were only marginally higher (ACSL1, 2%;
ACSL4, 1%; ACSL5, 2%), and ACSL3
expression was 8% lower. SLC27Al1 and
SLC27A3 were not available in the HG-
UG133A dataset.

All ACSs catalyze the ATP-dependent
thioesterification of fatty acids to coenzyme
A% and all can utilize a range of fatty acid
chain lengths, and not a single fatty acid, as
substrate. We previously tested only two fatty
acid substrates — the 16-carbon saturated fatty
acid (palmitic, a representative long-chain
fatty acid) and the 24-carbon saturated fatty
acid (lignoceric, a representative very long-
chain fatty acid) — and found both to be
activated by ACSVL3.° The present study
confirms this, and also finds that the 18- and
22-carbon saturated fatty acids (stearic and
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behenic, respectively) may be more preferred
ACSVL3 substrates.

Although ACSs are categorized
structurally by fatty acid substrate chain length
preference (e.g. long- or very long-chain
families), there is significant inter- as well as
intra-family variability regarding substrate
preference.® Further complicating the picture
are differing, and sometimes uncertain,
subcellular locations of the various ACSs. For
ACSVL3, previous studies indicated that the
endogenous enzyme is found in small
punctuate vesicles that partially colocalize
with mitochondria.®®

Once “activated” by an ACS, fatty
acids can participate in numerous downstream
pathways, such as degradation for energy
production, incorporation into various species

of complex lipids (triacylglycerol,
phospholipids,  sphingolipids, cholesteryl
esters,  plasmalogens), and  covalent

modification of proteins. In this work, several
of these pathways were examined to determine
if any were affected by lack of ACSVL3.
Effects of ACSVL3 depletion on energy
homeostasis, such as a fuel utilization switch
from glucose to fatty acid catabolism, was one
possibility. This would result from an
increased rate of degradation of fatty acids.
However, mitochondrial fatty acid $-oxidation
rates were found to be slightly lower, rather
than elevated, in U87-KO cells.

Fatty acid synthesis, on the other hand,
is accelerated in most cancers, including
GBM.?4*%  This is consistent with a
continuous need for membrane biosynthesis by
rapidly dividing tumor cells. Fatty acid
synthesis, as well as the downstream synthesis
of both phospholipids and neutral complex
lipids, can be assessed using radiolabeled
acetate. Acetate is readily taken up by cells and
converted to acetyl-CoA (via a short-chain
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ACS), the fundamental building block used for
fatty acid synthesis.

We expected that knockout of
ACSVL3, which dramatically slows the
growth rate of U87MG cells, would
substantially decrease the rate of fatty acid
synthesis. Labeled fatty acids would then be
incorporated into bulk membrane
phospholipids  (phosphatidylcholine  and
phosphatidylethanolamine) at lower levels.
Neither of these predictions proved to be true,
suggesting that ACSVL3 has a more subtle
effect on lipid metabolism.

Signaling through receptor tyrosine
kinases such as hepatocyte growth factor and
epidermal growth factor receptor are known to
drive the malignant behaviors of US7MG cells,
at least in part, via downstream Akt
signaling.**®3" We previously showed that
RNAi-mediated knockdown of ACSVL3
disrupted RTK-Akt signaling.* Lipid rafts —
plasma membrane microdomains that are
enriched in sphingolipids and cholesterol — are
thought to be organizing centers or platforms
for signaling receptors.?>2

Ceramide, itself a sphingolipid, is a
requisite common intermediate in the synthesis
of complex sphingolipids  such as
sphingomyelins  and  glycosphingolipids.
Several lines of evidence presented here
support the notion that lack of ACSVL3
disrupts ceramide synthesis in U87MG cells.
Ceramides containing 18-22 carbon fatty acids
were significantly less abundant in U87-KO
cells. This fatty acid range parallels the
substrate fatty acid chain length we observed
for ACSVL3. When the 18-carbon fatty acid
was used as substrate, ceramide synthesis was
decreased. Proteomic analysis revealed
reduced levels of key enzymes in ceramide
synthesis in U87-KO cells. Overall, these
results suggest that there is a decrease in
ceramide synthesis machinery, resulting in
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lower levels of specific ceramide species,
when ACSVL3 is depleted in US7MG cells.

Levels of the ceramide-derived
signaling molecule, S1P, was also lower when
ACSVL3 was depleted. S1P has been reported
to mediate growth, survival, invasion,
migration, and angiogenesis in glioblastoma,
and is associated with poor survival.3®4° Both
the enzyme that synthesizes S1P (sphingosine
kinase) and S1P receptors have been proposed
as therapeutic targets for glioblastoma.*1#2
Interestingly, S1P receptors are G protein-
coupled receptors that have been found in lipid
rafts.*® S1P was found to be a potent mitogenic
factor for several glioblastoma cell lines,
stimulating proliferation in U373MG cells
through a G-coupled receptor and activating
several different signaling pathways.**

Evidence suggests that S1P and its
receptors are central players that regulate
glioblastoma growth, migration, and invasion,
and exogenously added S1P promotes glioma
growth and enhances invasiveness.384445 S1p
was found to promote signaling through the
growth factor receptor tyrosine
kinase/phosphoinositide-3-kinase/ Akt
pathway, and inhibition of sphingosine kinase
inhibited growth factor-stimulated Akt
phosphorylation.** This is consistent with our
observations that ACSVL3 depletion reduces
both S1P levels (this work) and Akt
phosphorylation* in US7TMG cells. We were
unable to show any changes in expression of
enzymes involved in the synthesis of
sphingosine (alkaline ceramidase) and S1P
(sphingosine kinase), as they were below the
level of detection in our proteomic analysis.

Because of the putative role of lipid
rafts in oncogenic signal transduction, we also
asked whether lack of ACSVL3 affected raft
structure. A sphingolipid — ganglioside GM1 —
is a widely-used marker for lipid rafts, and we
expected that lack of ACSVL3 in U87-KO
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cells might reduce the number of rafts. Instead,
there was significantly more raft staining in
U87-KO cells, suggesting an increase rather
than a decrease of GM1. Subsequent analysis
of gangliosides in U87MG and U87-KO cells
confirmed that GM1 was very low in U87MG
cells, while GM3 levels were high.

GM3 and GM2 are intermediates in the
synthesis of GM1, which is a more complex
ganglioside. Addition of N-acetylglucosamine
to GM3 vyields GM2; further addition of a
galactose moiety then produces GM1. The
switch from GM3 in U87MG cells to GML1 in
U87-KO cells is consistent with the more
differentiated morphology of the latter cells.
As was the situation for sphingosine and S1P,
levels of enzymes of ganglioside synthesis
were below the level of detection by proteomic
analysis.

Our previous and present studies
indicate that ACSVL3 is important to glioma
cell proliferation, signaling, and the ability for
the cells to form subcutaneous and orthotopic
xenografts in nude mice.* The malignancy-
promoting effects of ACSVL3 are not limited
to glioblastoma, as we also demonstrated high
ACSVL3 levels in multiple types of lung
tumor33; furthermore, knockdown of ACSVL3
reduced growth rates in both monolayer and
suspension cultures of multiple lung cancer
cell lines.®

We ask this fundamental question:
Why is this specific ACS — an enzyme whose
only known function is to synthesize acyl-
CoAs — critical to maintaining the malignant
properties of UB7MG and other cancer cells?
Here, we report that decreased availability of
specific fatty acyl-CoA substrates, synthesized

Copyright 2021 KEI Journals. All Rights Reserved

Page 21 of 25

by ACSLV3, for sphingolipid synthesis
affords one possible explanation. Figure 11
depicts our working model, which incorporates
the main findings of this work, and provides a
framework for guiding future research.
Additional studies will be needed to
thoroughly understand the role of ACSVL3 in
sphingolipid metabolism and oncogenesis.

5 Conclusions

Knockout of the fatty acid metabolism
enzyme, ACSVL3, in US7MG cells abrogated
malignant properties of this GBM cell line,
both in vitro and in mouse xenografts. Lack of
ACSVL3 in U87-KO cells did not appreciably
affect fatty acid degradation or synthesis, but
rather had significant effects on ceramide and
sphingolipid metabolism. Altered oncogenic
signaling through membrane receptors in U87-
KO cells likely results from changes in the
sphingolipid and ganglioside composition of
lipid rafts. Although additional research is
needed to understand more fully the role of
ACSVL3 in sphingolipid metabolism, this
work reiterates our previous conclusion that
ACSVL3 is a promising therapeutic target in
GBM, and perhaps other cancers.
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