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ARTICLE INFO ABSTRACT

Keywords: Aims: Medulloblastoma (MB) is one of the most common malignant central nervous system tumors of childhood.
Df’cosahexaen”i_c ac'{d Despite intensive treatments that often leads to severe neurological sequelae, the risk for resistant relapses re-
Eicosapentaenoic acid mains significant. In this study we have evaluated the effects of the w3-long chain polyunsaturated fatty acids

Docosapentaenoic acid

Dihomo-y-linolenic acid
. xenograft model.
Prostacyclin

Thromboxane Main methods: Effects of ®3-LCPUFA treatment of MB cells were assessed using the following: WST-1 assay, cell

Pediatric cancer death probes, clonogenic assay, ELISA and western blot. MB cells were implanted into nude mice and the mice

CRYAB were randomized to DHA, or a combination of DHA and EPA treatment, or to control group. Treatment effects in
tumor tissues were evaluated with: LC-MS/MS, RNA-sequencing and immunohistochemistry, and tumors,
erythrocytes and brain tissues were analyzed with gas chromatography.
Key findings: ®3-LCPUFA decreased prostaglandin E2 (PGEy) secretion from MB cells, and impaired MB cell
viability and colony forming ability and increased apoptosis in a dose-dependent manner. DHA reduced tumor
growth in vivo, and both PGE; and prostacyclin were significantly decreased in tumor tissue from treated mice
compared to control animals. All ®3-LCPUFA and dihomo-y-linolenic acid increased in tumors from treated mice.
RNA-sequencing revealed 10 downregulated genes in common among ®3-LCPUFA treated tumors. CRYAB was
the most significantly altered gene and the downregulation was confirmed by immunohistochemistry.
Significance: Our findings suggest that addition of DHA and EPA to the standard MB treatment regimen might be a
novel approach to target inflammation in the tumor microenvironment.

(w3-LCPUFA) docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) on MB cell lines and in a MB

1. Introduction therapy, including surgery, craniospinal radiotherapy and chemo-
therapy, which has considerably improved survival [1,2]. Unfortu-

Medulloblastoma (MB) is one of the most common malignant tumors nately, this intense treatment regimen during childhood often results in

in the central nervous system (CNS) in childhood and arises in or near significant long-term neurological morbidity that increases with age [3].
the cerebellum. Most children with MB undergo intensive multimodal In addition, the risk of relapse is significant [4]. In recent years,

Abbreviations: AA, arachidonic acid; CNS, central nervous system; COX, cyclooxygenase; DGLA, dihomo-y-linolenic acid; DHA, docosahexaenoic acid; DPA, ®3-
docosapentaenoic acid; EPA, eicosapentaenoic acid; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; FO, fish oil; GC, gas chromatography;
6kPGF,,, 6-keto-prostacyclin Fy,; LC-MS/MS, liquid chromatography with tandem mass spectrometry; MB, medulloblastoma; MBgyy, sonic Hedgehog group; MBywne,
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prostaglandinE2; RBC, red blood cells; SHH, sonic hedgehog; SEM, standard error of the mean; SD, standard deviation; TxA,, thromboxane A,; TxB,, thromboxane Bo;
TME, tumor microenvironment; WST-1, water soluble tetrazolium salts.
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molecular characterization has led to the identification of four major,
clinically relevant, MB subclasses based on their gene expression pro-
files: the wingless group (MByy,), the Sonic Hedgehog group (MBgyp),
group 3 and group 4 [5,6]. The groups differ in regard to oncogenic
drivers, clinical characteristics and outcome, and should be considered
as different disease entities, although, some have described group 3 and
group 4 as a mixed subgroup of patients. Furthermore, single cell RNA-
sequencing recognized undifferentiated and differentiated neuronal-like
malignant populations across the MB subgroups [7,8]. Despite extensive
characterization, effective subgroup-specific therapies have yet to
emerge emphasizing the need for a deeper understanding of MB. Single
cell RNA-sequencing indicates that MBgpy has the most distinct immune
signature with significantly higher proportions of myeloid cell pop-
ulations [9]. Furthermore, syngeneic MBgyy animal models demon-
strated a more pronounced infiltration of myeloid cells and lymphocytes
into the tumor compared to MBgroup3 [10].

Inflammation plays an important role in initiating anti-tumorigenic
immune responses, however, dysregulated inflammation in the tumor
microenvironment (TME) can suppress the anti-tumor immune re-
sponses, promote angiogenesis and facilitate invasion and metastasis
[11,12]. Prostaglandin E2 (PGEj) is a potent pro-inflammatory and
immunosuppressive lipid mediator synthesized from the w6-fatty acid
arachidonic acid (AA) by the key enzymes cyclooxygenase (COX) -1 and
-2, and the terminal enzyme microsomal prostaglandin E synthase-1
(mPGES-1) [13]. It is well-established that the COX/mPGES-1/PGE,
pathway is upregulated in several cancers including colorectal cancer,
non-small cell lung cancer, breast cancer, MB and neuroblastoma
[14-18]. PGEy drives immune evasion by modulating the microenvi-
ronment into a more tolerant state and suppressing immune responses in
both the innate and adaptive immune compartments [19-21]. Further-
more, PGE; contributes to the formation of micrometastases during
early tumor development [22]. Consequently, inhibition of PGE; pro-
duction has emerged as a promising therapeutic approach in brain tu-
mors such as glioblastoma and MB [18,23]. Pharmacological inhibition
of PGE; production or signaling reduced MB growth both in vitro and in
vivo and tumors from MB patients displayed high expression of COX-2,
mPGES1 and all four PGE, receptors [18]. Additionally, PGE; has
been detected in plasma of pediatric patients with brain tumors at the
time of surgery, and in supernatants from primary MB cultures [24].
Inhibition of COX-2, by celecoxib in MB-derived cell cultures enhanced
the response to high-dose radiation in vitro and in vivo in immunocom-
promised mice [25]. Furthermore, dying cancer cells elevate PGE; levels
in the TME following chemotherapy [26] and increased levels of PGE,,
caused by chemotherapy, have shown to generate chemoresistance by
stimulating cancer stem cells to repopulate the tumor [27]. Overall,
limiting PGE, production is an attractive treatment approach for cancer
in general and MB in particular.

A potential therapeutic approach to decrease PGE; in cancer tissues
is an increased intake of omega-3 long chain polyunsaturated fatty acids
(w3-LCPUFA), for example docosahexaenoic acid (DHA). This has pre-
viously been demonstrated in neuroblastoma [28]. Additionally, DHA
and the ®3-LCPUFA eicosapentaenoic acid (EPA) have demonstrated
anti-proliferative properties in cancer cells, both when given separately
and together, by affecting survival and death signals, specifically by
inducing apoptotic signaling and increasing oxidative stress [29-31].
Moreover, a recent meta-analysis has shown that high concentrations of
®3-LCPUFA are associated with lower cancer-related mortality [32] and
clinical trials have demonstrated that m3-supplementation ameliorates
cancer-related symptoms including neuropathy and inflammation with
overall improvement in the quality of life [33]. The w3-LCPUFA are of
particularly interest in the context of brain cancers as they can easily
cross the blood-brain barrier and have been reported to reduce tumor
growth, angiogenesis and metastases in glioma and brain metastases
models of melanoma, whereas treatment with PGE, displayed the
opposite effect [34]. Notably, DHA has also been shown to sensitize MB
cells to chemotherapeutic agents [35]. These studies indicate that ©3-

Life Sciences 295 (2022) 120394

LCPUFA may be a possible novel treatment option for MB patients that
could serve as a complement to the current protocols. Thus, we set out to
investigate the potential of DHA and EPA for the treatment of MB and
their effect on prostaglandin production in vitro and in vivo. Here, we
report that treatment with ®3-LCPUFA suppressed MB growth and
induced cell death. In addition, we also observed an altered fatty acid
composition and reduced levels of PGE,, accompanied by a decreased
expression of CRYAB in the tumors after ®3-LCPUFA treatment.

2. Material and methods
2.1. Cell lines

Six human MB cell lines derived from different MB subgroups were
used in this study; SHH: DAOY and UW228-3, Group 3: Med8a, D425,
D458 and Group 3/4: D283 (Table S1). DAOY and D283 were purchased
from ATCC (ATCC-LGC Standards, Middlesex, UK) and D425, D458 and
Med8a were kindly provided by Dr. M. Nistér (Karolinska Institutet).
The cells were cultured as follow: Minimal essential Media (MEM) for
DAOY and D283, Dulbecco's modified Eagle's medium (DMEM) for
Med8a, improved MEM with zinc/DMEM for D425 and D458 and
DMEM/F12 for UW228-3 [36]. Media was supplemented with 2 mM t-
glutamine, 100 IU/mL penicillin G, 100 pg/mL streptomycin and 10%
(or 15% Med-8a, D425, D458) heat-inactivated fetal bovine serum
(FBS). The cells were grown at 37 °C in a humidified 5% CO, atmo-
sphere. Media and supplements were purchased from Gibco (Life
Technologies, Thermo Fisher Scientific Inc). Cells were authenticated
using short tandem repeat analysis AmpFISTR® IdentifilerTM PCR
Amplification Kit (Applied Biosystems, Thermo Fisher Scientific) and
routinely tested for mycoplasma (EZ-PCR Mycoplasma Test Kit, Bio-
logical industries).

2.2. EPA and DHA in vitro

For the assessment of EPA and DHA efficacy in vitro, different con-
centrations of EPA and DHA (0.625, 1.25, 2.50, 5.00, 10.0, 20.0, 40.0,
80.0, 160 pM) were added to RPMI medium containing 10% FBS. DHA
and EPA were purchased from Nu-ChekPrep (Elysian) and arachidonic
acid (AA) was bought from Sigma-Aldrich. The fatty acids were dis-
solved in 99.5% ethanol.

2.3. Cell viability assay

Cell viability of cells grown in monolayer or suspension was assessed
using the colorimetric, formazan-based WST-1 assay (Roche, Sigma-
Aldrich). Cells were seeded in 96-well plates (5000-15,000 cells/well)
and adherent cells were left to attach for 24 h prior to treatment with
DHA or EPA (0.625-80.0 pM) for 72 h. The assay was repeated at least
three times with all concentrations being tested in triplicates. Analyses
were performed according to manufacturer instructions and absorbance
was measured at 450 nm and with a reference measurement at 650 nm
using a VersaMax reader (Molecular Devices). Results are presented,
with blank subtracted, as percent relative to untreated control + stan-
dard error of the mean (SEM).

2.4. Tumor spheroid culture, cell death and viability assays

For 3D tumor spheroids cells DAOY and UW228-3 were dissociated
into single cell suspension and seeded into ultra-low attachment round
bottom 96-well plate (Corning # 4515) at a density of 500 and 1500
cells/well, respectively, in 100 pL neurosphere medium (Advanced
DMEM/F-12), 2% B-27 supplement, 1% N-2 supplement, 2 pg/mL
Heparin, 20 ng/mL Epidermal Growth Factor, and 10 ng/mL basic
Fibroblast Growth Factor (Thermo Fisher Scientific) as described in
[37]. After 24 h when tumor spheroids had formed, two-fold concen-
tration of DHA, EPA or vehicle (ethanol) in a in 100 pL neurosphere
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media were added to each well (final concentration of 10-160 pM). After
72 h a second cycle of treatment was added, replenishing 100 pL of the
media with vehicle or DHA and EPA. Cell viability was analyzed using
CellTiter-Glo® 3D Cell Viability Assay (Promega) according to the
manufacturer's protocol 6 days after the first treatment. Luminescence
was measured using the Varioskan™ LUX plate reader (Thermo Fisher
Scientific). Cell death in 3D tumor spheroids was assessed by SYTOX™
Green Nucleic Acid Stain (Thermo Fisher Scientific) that was added to
the tumor spheroids during treatment at a final concentration of 12.5
nM. The nucleic acid stain enters cells with compromised membranes
and emits fluorescence when binding to DNA, as a measurement of dying
cells. Green fluorescence intensity was assessed and tumor spheroid
growth was monitored using using the Incucyte® S3 Live-Cell Analysis
Instrument (Sartorius). The experiment was repeated three times with
five replicates at each concentration.

2.5. Colony formation assay

Single-cell suspensions of DAOY or UW228-3 cells were seeded in 6-
well plates (Cell+, Sarstedt) at a density of 150-175 cells/well. Cells
were allowed to attach for 24 h and treated in triplicates with three
concentrations of DHA (DAOY: 10, 20 and 40 uM and UW228-3: 40, 80
and 160 pM) for 72 h. Afterwards, media was replaced with drug-free
medium and the cells were grown for approximately 7 days [38].
When the colonies reached a size of >50 cells the plates were washed
with PBS (Thermo Fisher Scientific), fixed in 3.7-4.0% formaldehyde
(PanReac AppliChem) and stained with Giemsa (Sigma-Aldrich). Clones
containing >50 cells were counted, and the experiment was repeated
two times. Data from three independent experiments is presented as % of
control (mean 4+ SEM).

2.6. Assessment of protein expression using Western blot

DAOY cells were seeded in 6-well plates (TPP Techno Plastic Prod-
ucts AG) in 1 mL cell culture media at a density of 75,000 cells/well and
30,000 cells/well for 24 h and 48 h treatments, respectively. Cell were
allowed to attach overnight and treated with DHA, EPA or vehicle (final
concentration DHA and EPA 10, 20, 40, 80, 160 uM). After 24 or 48 h
incubation cells were washed briefly with PBS and harvested in RIPA
buffer containing Halt™ Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific). Samples were sonicated for 3 cycles (30s on/
off) and cellular debris was removed by centrifugation at 14,000 xg for
10 min at 4 °C. Protein concentrations were determined using the DC
Protein Assay (Bio-Rad) according to the user manual. The protein ly-
sates were supplemented with Pierce™ Lane Marker Reducing Sample
Buffer (Thermo Fisher Scientific) and incubated for 10 min at 70 °C.
Equal amounts of protein were separated on NuPAGE™ 4 to 12%, Bis-
Tris gels (Thermo Fisher Scientific) and transferred onto a Immobilon-
P Membrane, PVDF, 0.45 pym (Merck Millipore). The membranes were
blocked in TBS-T (Tris-buffered saline (TBS) with 0.1% Tween-20;
Sigma-Aldrich) containing 5% (w/v) Nonfat Dry Milk (Cell Signaling
Technology, CST). The membranes were incubated with the primary
antibodies (anti-PARP, #9542, CST; anti-vinculin, #ab129002, Abcam)
in blocking buffer overnight at 4 °C (anti-PARP) or for 1 h at room
temperature (anti-vinculin). Following washes in TBS-T, the membranes
were incubated with the secondary antibody (anti-rabbit IgG, HRP-
linked) for 1 h. Detection and visualization were performed using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific) and iBright FL1000 Imaging System (Thermo Fisher
Scientific). Precision Plus Protein Dual Color Standard (Bio-Rad) and
MagicMark™ XP (Thermo Fisher Scientific) were used to estimate the
molecular mass of the detected proteins. Stripping was performed ac-
cording to the manufacturer's instructions using Restore™ PLUS West-
ern Blot Stripping Buffer (Thermo Fisher).
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2.7. Measurement of PGEz production in MB cell supernatants

Two human medulloblastoma cell lines DAOY and D283 were seeded
in 96-well plates and cultivated in RPMI medium containing 10% FBS.
After 24 h the cells were incubated with 80 uM arachidonic acid (Sigma-
Aldrich) for 24 h at 37 °C. After centrifugation, 5 min 1500 RPM at room
temperature, the medium was exchanged to RPMI with 10% FBS con-
taining increasing concentrations of DHA (5, 10 or 20 pM) and the cells
were incubated for 24 h at 37 °C. Cell supernatants were collected and
PGE; levels in the cell supernatant were assessed using a PGE, Enzyme-
linked immunosorbent assay (ELISA) kit (Cayman Chemicals) according
to the manufacturer's instructions. Optical density was assessed at a
wavelength of 415 nm using a VersaMax plate reader (Molecular
Devices).

2.8. Medulloblastoma xenograft studies

The animal experiment was approved by the regional ethics com-
mittee for animal research (approval ID: N391/11) appointed under the
control of the Swedish Board of Agriculture and the Swedish Court and
conducted in accordance with the national regulations (SFS 1988:534,
SFS 1988:539 and SFS 2009:1464) and the ARRIVE guidelines. Immu-
nodeficient female nude mice (5-6-week-old NMRI nu/nu purchased
from Scanbur) were left to acclimatize one week prior to subcutaneous
injection on the flank with 7.5 x 10° DAOY cells under general anes-
thesia (average body weight 22 g, range 21-24 g). Tumor volumes (V =
width? x length x 0.44) [39] were measured using a caliper and recorded
every other day. When the tumor reached a volume of 150 mm?® (mean
160 mm?, range 150-190 mm?), the mice were randomized into two
treatment groups and one control group (groupcrrr, n = 9). The treat-
ment groups received either DHASCO oil (DSM) (groupppa, n = 8)
containing 44.5% DHA (Table S2) given daily orally through gastric
feeding or fish oil (FO) enriched fruit juice (Smartfish AS) (groupgo, n =
8) (Table S3). FO enriched fruit juice was changed daily and the bottles
were weighed to estimate how much the mice drank. Mice in all groups
ate normal chow (R36, R70 from Lantmannen). The dosing was chosen
based on previous experience in our group [40] and mice in both
treatment groups received a dose of approximately 1500 mg/kg (cor-
responding to a human equivalent dose of about 122 mg/kg [41]) daily
for 30 days. The mice were continuously monitored for weight loss and
signs of toxicity continuous. After 30 days, the mice were euthanized
using carbon dioxide (CO3) in accordance to the EU regulation 2010/
63/EU and after sacrifice blood was drawn from the heart. Brains and
tumors were resected and weighed, the tissues were divided into pieces
to be snap frozen and stored at —80 °C or fixed in 4% formaldehyde for
histological analysis.

2.8.1. Fatty acid analyses with gas chromatography (GC)

Fatty acid concentrations in red blood cells (RBC), plasma, tumors,
and brain tissue from the in vivo study were analyzed with gas chro-
matography (GC). Blood drawn at time of sacrifice was centrifuged at
4500 rpm (1000g) for 5 min and separated into cells and plasma and
lipid extraction was performed from fresh material as previously
described [42]. Tissue samples from brain and tumor were snap frozen
after dissection and stored in —80 °C until analysis. Lipids from the
tissues (100-250 mg tissue pieces) were extracted according to Hara and
Radin [43]. In brief, tissue samples were homogenized manually in a
glass homogenizer and lipids were extracted using 3 x 1 mL of hex-
ane-isopropanol (3:2), rinsing twice with 2 x 3 mL of the solvent. After
homogenization, 5 mL solvent was used for rinsing the vessel, 5 mL
aqueous NaySO4 (6.67%) was added, and the tubes were manually
shaken. After centrifugation, the upper layer was removed and dried
under nitrogen and the lipids were dissolved in hexane and stored at
—20 °C until further analysis. Total lipids were weighed on a micro-
balance (UMT2, Mettler Toledo), and total lipid content was deter-
mined. Internal fatty acid methyl ester standard was used (17:1,
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Larodan) [44].

2.8.2. Prostanoid profiling in tumor tissue

Working on ice, snap frozen tumor tissue (25-50 mg) were spiked
with 75 pL of deuterated internal standards of 6-keto-PGF4-d4, PGFgq-
d4, PGE,-d4, PGD-d4, TxBy-d4, and 15-deoxy-A'2>1*PGJ,-d4 (Cayman
Chemical) in ethanol, 20 ul of methanol, and made acidic with 125 pL of
0.1% formic acid in milli-Q water. The tumors were homogenized by
mechanical force with a pellet pestle (Kontes) and liquid extraction was
performed by addition of 600 pL of methanol, vortexing for 5 min, fol-
lowed by centrifugation at 4000 xg for 5 min (4 °C) and collection of
supernatants. The liquid extraction was repeated once. The extracted
supernatants were evaporated under vacuum until <50 pL remained and
diluted in 1 mL 0.05% formic acid, 10% methanol in milli-Q water.
Solid-phase extraction (SPE) was performed by loading samples on Oasis
HLB 1cm® 30 mg cartridges (Waters) that had been preconditioned with
100% methanol and 0.05% formic acid in milli-Q water. The SPE col-
umns were washed once with 10% methanol in milli-Q water followed
by elution in 1 mL of 100% methanol. The samples were evaporated to
dryness under vacuum and stored at —20 °C until reconstituted in 50 pL
of 7% acetonitrile, vortexed, centrifuged at 2500g for 2 min, and
transferred to glass vials for analysis with liquid chromatography tan-
dem mass spectrometry (LC-MS/MS). The injection volume was 20 pL
and analytes of interest were quantified using a triple quadrupole mass
spectrometer (Acquity TQ detector, Waters) equipped with a 2795
Alliance HPLC (Waters). Separation was performed on a Synergi™ 2.5
pm Hydro-RP 100 A, 100 x 2 mm column (Phenomenex) with a 45 min
stepwise linear gradient (10-90%) at flow rate 0.2 mL/min with 0.05%
formic acid in acetonitrile as mobile phase B and 0.05% formic acid in
milli-Q water as mobile phase A. The column temperature was 55 °C.
Individual prostanoids were measured in negative mode with multiple
reaction monitoring method [45] Data were analyzed using MassLynx
software, version 4.1, with internal standard calibration and quantifi-
cation to external standard curves.

2.8.3. RNA-sequencing of tumor tissue

Bulk RNA-sequencing for the assessment of transcriptional changes
in the tumor tissue was performed on a selection of tumors. The tumors
were snap frozen and stored at 80 °C until analysis. The tissue was ho-
mogenized in 350-600 pL RLT buffer (Qiagen) using a TissueLyser
(Qiagen) with settings 2 x 2 min/25.0. RNA was extracted from the
lysate using the Qiagen RNeasy mini kit (Qiagen) according to the
manufacturer's instruction. Library preparation was performed as fol-
lows: total RNA was subjected to quality and quantity control using
Agilent Tapestation and Nanodrop. To construct libraries suitable for
[lumina sequencing the Illumina TruSeq Stranded mRNA sample
preparation protocol was used, which includes mRNA isolation, cDNA
synthesis, ligation of adapters and amplification of indexed libraries.
The yield and quality of the amplified libraries was analyzed using Qubit
by Thermo Fisher and the Agilent Tapestation. The indexed c¢DNA li-
braries were normalized and combined, and the pools were sequenced
on the Illumina Nextseq 550 for a 75-cycle v2 sequencing run generating
75 bp single-end reads. Basecalling and demultiplexing was performed
using BCL2fastq v2.20 software with default settings generating Fastq
files for further downstream mapping and analysis.

Further analysis was performed on tumors presenting high quality
RNA and RNA Integrity Number (RIN) >8, resulting in groupcrr, n = 3,
groupro n = 4, and grouppya n = 3. On average, a total of 11.8 million
reads (range: 8.5-14.2 million) were obtained per sample. All samples
had a mean Phred quality score of >30 across the entire read length.
Raw sequencing .fastq files were aligned to the GRCh38 human refer-
ence genome applying the STAR 2-pass approach [46]. Aligned reads
were quantified using htseq-count [47]. On average, 53% of unique,
non-ambiguous assigned reads per sample (range: 46-60%) were used in
gene expression quantification analyses. Differential gene expression
was determined using DEseq2 [48]. After DESeq2 analysis, genes were
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ranked by the sign of the log fold change and adjusted p value, an
adjusted P value < 0.05 was considered significant.

2.8.4. Immunohistochemistry (IHC)

Following resection, tumor tissue was fixed in formaldehyde
(3.7-4.0% w/v, (PanReac AppliChem)) for 24 h. Fixed tissues were
processed in an automated tissue processor (LOGOS, Milestone),
embedded in paraffin and 4 pm FFPE sections (formalin-fixed, paraffin-
embedded) were mounted on glass slides (Superfrost+, Thermo Scien-
tific) and heated for 3 h at 56 °C. Following de-paraffinization in xylene
and rehydration in series of graded alcohols, heat induced epitope
retrieval (HIER) was performed in citrate buffer (pH 6, Sigma C-9999)
using a Decloaking Chamber (Biocare Medical) set to 5 min at 110 °C.
For quenching of endogenous peroxidase activity, tissues were incu-
bated in 0.15% hydrogen peroxidase for 30 min at room temperature
followed by a 30 min blocking step using 1% bovine serum albumin
(BSA). Tissues were incubated with anti-Alpha B Crystallin (CRYAB)
antibody (#ab226839, Abcam, diluted 1:400 in 1% BSA) in a humid
chamber overnight at 4 °C. The secondary antibody, biotinylated anti-
rabbit IgG (BA-1000, Vector Laboratories) was diluted 1:200 in TBS
containing 0.02% Tween 20 and incubated for 30 min at room tem-
perature. This was followed by a 30 min incubation with avidin-biotin
enzyme complex (Vectastain ELITE ABC kit (HRP), Vector Labora-
tories). For visualization, slides were incubated with DAB substrate
(ImmPACT DAB, SK-4105, Vector Laboratories) for 3 min. The sections
were counterstained in Mayer's hematoxylin for 1 min followed by
dehydration with graded alcohols and xylene and the slides were
mounted with Mountex.

Sections were scanned at 40x using the Axio Scan.Z1 Digital Slide
Scanner (ZEISS). Image analysis was performed using QuPath v0.2.3
[49]. The positive cell detection function of QuPath was used to identify
CRYAB-positive cells. Four hotspot areas were with comparable cell
numbers were identified per tumor and the mean % of positive cells was
calculated (mean 1290 cells/hotspot, standard deviation (SD) 130).

2.9. Statistical analyses

GraphPad Prism version 9.3.1 for Mac, GraphPad Software, San
Diego, California USA, www.graphpad.com was used for statistical an-
alyses and graphs. ICsy (inhibitory concentration 50%) values were
calculated using non-linear regression on concentration-effect curves
(model: Y =100/(1 + (IC50/X) " HillSlope)). Unpaired t-test was used to
test for statistical significance of ICsp for DHA and EPA in individual cell
lines, gene expression and IHC studies. For comparison for DHA and EPA
in all cell lines simultaneously paired t-test was used on log ICsg. The
statistics analyzing clonogenic capacity were performed on raw data
values. For comparison between two or more treatment groups/con-
centration levels to the control one-way ANOVA with Dunnett's multiple
comparisons (MC) post-test was used. To identify outliers ROUT test was
performed (Q = 1%). P < 0.05 was considered statistically significant
(*P < 0.05. **P < 0.01, ***P < 0.001 and, ****P < 0.0001).

3. Results

3.1. w3-LCPUFA reduces cell viability and induces cell death in MB cell
lines and DHA decreases MB cell clonogenicity and reduces PGEj levels in
MB cell supernatants

The effect of increasing concentration of DHA or EPA on MB cell
growth was assessed using the WST-1 cell viability assay in a panel of six
human MB cell lines. The used concentrations have previously been
established as non-toxic to non-cancerous cells [29]. The data revealed a
decrease in cell viability in a concentration-dependent manner after
incubation with EPA and DHA for 72 h (Fig. 1A, B). The calculated ICsq
values ranged from 3.83-74.3 pM for EPA and 1.93-40.3 pM for DHA in
the six different cell lines (Fig. 1C). DHA yielded a lower ICs5o comparing
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all cell lines (paired t-test on log ICsg, P = 0.0005). However, when
comparing ICsg values for EPA and DHA in each cell line, the difference
was only significant in three cell lines (DAOY, D283 and D458, t-test on
ICs5p P < 0.05, Fig 1C).

(caption on next page)

To validate the effect on cell death, cleavage of poly (ADP)-ribose
polymerase (PARP), a downstream substrate of Caspase-3, was assessed
after DHA and EPA treatment using Western blot. Cleaved PARP was
detected in DAOY cell lysates following DHA or EPA treatment at 40 pM
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Fig. 1. EPA and DHA reduce cell viability, clonogenicity and PGE; secretion in MB cell lines.

Concentration-effect curves from assessment of cell viability in six MB cell lines after 72 h incubation with increasing concentrations of (A) EPA or (B) DHA
(0.625-80.0 pM). Data is presented as mean + SEM. (C) ICso + SEM from data shown in A-B. In addition, P values for comparison of DHA and EPA in each cell line are
provided. # SEM for ICso could not be determined. Viability was assessed by WST-1. Each concertation was tested in triplicate and the experiment was performed at
least three times (A-C). (D) Protein expression of full-length PARP (upper band, 116 kDa) and cleaved PARP (lower band, 89 kDa) in DAQY cells after 24 h treatment
with 40-160 pM of EPA or DHA. Vinculin was used as loading control (124 kDa). Protein expression was determined by Western blot analysis. (E) DHA reduced the
clonogenicity of DAOY and UW-228-3 cells, presented as % of control. Each concentration was tested in triplicate and mean + SEM from three independent ex-
periments is displayed. DAOY; ANOVA ***, Dunnett's MC test CTRL vs DHA; 10 pM *, 20 uM **, 40 pM **, UW228-3; ANOVA **, Dunnett's MC test CTRL vs DHA;
160 pM **. (F) PGE, concentrations in the supernatant from MB cell lines (DAOY, D283) treated with DHA. The cells were pre-incubated with AA for 24 h and
thereafter treated for 24 h with DHA (5, 10 or 20 uM). We observed lower PGE, concentrations in the supernatant of DHA-treated cells compared to untreated control
cells. PGE, was measured with ELISA and data is presented as mean + SD, ANOVA and Dunnett's MC test; DAOY **, CTRL vs DHA; 5 pM **, 10 pM **, 20 pM **,
D283 **, CTRL vs DHA; 5 pM **, 10 pM **, 20 pM **. Data from one representative experiment is shown and repeated with similar result. (*P < 0.05, **P < 0.01). NS

not significant.

or higher concentrations after 24 h and to a lesser extent after 48 h,
although it should be noted that after 48 h only few living cells remained
after treatment with 80 and 160 pM DHA and EPA (Fig. 1D, Fig. S1,
original blots Fig. S2). Moreover, DHA decreased the colony forming
ability of adherent MB cells, DAOY and UW228-3, in a concentration-
dependent manner (Fig. 1E, Fig. S3).

To investigate the possible effects on PGE, production after ®3-
LCPUFA exposure in MB we treated MB cells with DHA after pre-
exposure to AA and analyzed PGE; levels with ELISA. We observed
lower PGE; concentrations in the supernatant of DHA-treated MB cells
compared to control cells (Fig. 1F).

>

The effect of DHA and EPA was also assessed in a 3D MB spheroid
model where increasing concentrations resulted in significant cell death,
visualized by SYTOX™ Green Nucleic Acid Stain and the Incucyte® S3
Live-Cell Analysis instrument (Fig. 2A-C). Cell viability measurements in
MB spheroids using CellTiter-Glo® 3D Cell Viability Assay confirmed a
decrease in viability following DHA or EPA treatment that was, how-
ever, only evident at the highest concentrations (Fig. S4).

3.2. DHA impairs tumor growth in a MB xenograft model

To investigate the therapeutic effect of DHA on MB growth in vivo,
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Fig. 2. EPA and DHA induce cell death in 3D MB spheroid model.

3D tumor spheroids of (A) DAOY and (B) UW228-3 cells were incubated with increasing concentrations of EPA or DHA (10-160 pM) for 2 cycles of 72 h and cell death
was thereafter assessed using SYTOX™ Green. Here presented as average green fluorescence intensity (GCU: Green calibrated Unit), % of control, mean + SEM from
three independent experiments where each concentration was tested in five replicates. ANOVA and Dunnett's MC test; DAOY **** CTRL vs DHA 80 pM ** and 160 pM
wikk EPA 80 pM ** and 160 pM **** respectively, UW228-3 **** CTRL vs DHA 160 pM **** EPA 160 uM ***. (C) Images on tumor spheroids from A and B, from
bright field (BF) and green fluorescence (GF) channels taken with the Incucyte® S3 using the 10x objective. Green intensity representing dying cells. (**P < 0.001,
**%P < 0.001 and ****P < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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nude mice carrying DAOY xenografts were treated with either DHASCO
oil (groupppa) daily orally (by gastric feeding), FO enriched fruit juice
(groupgp) or no treatment (groupcrgry). Tumor growth, measured as
tumor volume, was significantly decreased in the grouppya at day 30
(Fig. 3A). However, no significant change was seen in the tumor volume
in the groupgo compared to the groupcrry (Fig. 3A). One tumor in
groupppa regressed and was not palpable at day 28. Tumor weights at
sacrifice displayed no significant differences (Fig. S5). There was no
toxicity, assessed as general health and body weight, recorded in any of
the three groups during the study (body weight development during the
study Fig. S6). However, one mouse was sacrificed in the groupcrgy, at
day 22 due to poor health, in accordance with pre-established humane
endpoints.

3.3. w3-LCPUFA treatment reduces prostanoid concentrations in MB
xenografts

To further study the effect from DHA on prostaglandins we analyzed
prostanoids in the tumor tissue. We observed significantly lower PGE,
levels (pmol/mg) in both treatment groups (Fig. 3B) compared to the
control group. 6-keto-prostacyclin F;, (6kPGF1,), a stable metabolite of
prostacyclin (PGIy), was significantly decreased in both treatment
groups. Thromboxane By (TxB5), a stable metabolite of thromboxane A,
(TxAy), was only significantly decreased in the groupgo. Of note, one
outlier was identified in the DHA oil group and excluded from these
analyses (ROUT test, Q = 1%). PGD5 was not detected in controls or
treated tumors.

The ratios between AA, the precursor of PGEj, and w3-docosa-
pentaenoic acid (DPA), the major intermediate of EPA and DHA, and
AA/DHA demonstrated a positive Pearson correlation to PGE; AA/DPA
(P = 0.033, r 0.46) and AA/DHA (P = 0.014, r 0.52) (data not shown).

3.4. RNA-seq on tumor tissue reveals CRYAB as a new target of ©3-
LCPUFA

RNA-sequencing on tumor tissue from the xenograft study described
above was performed to identify genes and pathways involved in the
effect of DHA and FO treatment on MB. Twenty-three genes were
downregulated and two genes were upregulated in the groupgp and 19
genes were downregulated and one gene was upregulated in the
grouppya (Table S4). Gene set enrichment analysis using hallmarks,
kegg, reactome, cgp and, gobp gene sets were performed but yielded no
significant results at <25% FDR (data not shown).

The two treatment groups presented 10 downregulated genes in
common. The most significantly downregulated gene in both groups was
the CRYAB gene (Fig. 3C, Table S4). CRYAB encodes alpha beta crys-
tallin, a heat shock protein previously identified as a prognostic factor in
several cancer models [50]. Notably, CRYAB has been shown to act as a
pro-survival factor in the brain tumor glioblastoma [51]. This finding on
RNA level was confirmed on protein level by immunohistochemistry
demonstrating a significant decrease of CRYAB in the ®w3-LCPUFA
treated tumors compared to the control group (Fig. 3D, E). Another gene
that was downregulated in both treatment groups was the apolipopro-
tein B mRNA editing enzyme catalytic polypeptide 2, APOBEC2. The
family of apolipoprotein B mRNA-editing enzyme catalytic subunit
(APOBEC) is considered to have important functions in the mutagenesis
of genes and thus play a role in several cancers [52-54]. Furthermore,
among significantly downregulated genes, ALOX5AP (Arachidonate 5-
Lipoxygenase Activating Protein), coding for the enzyme FLAP (5-lip-
oxygenase-activating protein) was identified in the grouppga.

3.5. The fatty acid profile in tumor, RBC and brain tissue of w3-treated
mice demonstrates differences compared to control animals

Finally, we investigated how the intake of w3-fatty acids in the
treatment groups affected the fatty acid composition of phospholipids in
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RBC, tumor, brain and plasma phospholipids (Fig. 4A, B and Table S5).

Analysis of tumor tissue demonstrated a significant increase in EPA
and DHA in both treatment groups compared to the controls. In addition,
DPA, the major intermediate of EPA and DHA, was increased in both
treatment groups compared to the control group, despite small amounts
of DPA being present in the supplements. In RBC and plasma, DHA was
significantly increased in both treatment groups, whereas EPA increased
in the groupgp only. DPA increased only in the groupgo in RBC, an in-
crease not seen in plasma. (Table S5). The w3-index, the sum of EPA and
DHA percentage of total fatty acids, and the EDD-index, the sum of EPA,
DPA and DHA percentage of total fatty acids, were significantly higher
in both treatment groups compared to the control in tumors, brain, RBC
and plasma phospholipids (Fig. 4B, Table S5).

Dihomo-y-linolenic acid (DGLA), the precursor of AA, increased in
tumor tissue from both treatment groups compared to the groupcrry
(Fig. 4A) but was unaffected in RBC (Table S5). Furthermore, the pro-
portion of DGLA in tumor tissue was strongly positively correlated to the
proportion of DHA (Pearson correlation: P < 0.0001, r 0.92). In addition,
AA was significantly lower in RBC from both treatment groups
compared to the controls, but not affected in tumor tissues (Table S5).
The balance between w6 and w3-fatty acids was illustrated by the ratios
of AA/EPA, AA/DHA and Xw6/Z®3. These ratios were significantly
decreased in tumor and RBC from both treatment groups compared to
the controls (Fig. 4B, Table S5). Two control tumors were excluded from
the AA/EPA analysis in tumor and RBC due to undetectable levels of
EPA. Overall, we also observed similar but less pronounced changes in
the fatty acids of brain tissue with respect to those seen in tumor
(Table S5).

4. Discussion

In this study, we present a novel approach to impair growth of MB
cells and lower the levels of oncogenic PGE; using treatment with the
®3-LCPUFA, DHA and EPA. Our results show that ®3-LCPUFA treatment
decreases PGE; both in vitro and in vivo at concentrations that are non-
toxic to the mice and convertible to children [42]. Interestingly, the
heat shock protein alpha-beta crystallin, CRYAB, was downregulated in
the tumor tissue of ®3-LCPUFA treated mice, an effect that has not been
described previously.

The potential of using dietary supplementation to lower PGE; in
tumor tissue, thereby alleviating immune suppression, is of great in-
terest. Beneficial effects have previously been demonstrated for COX
inhibitors in combination with both immunotherapy and/or chemo-
therapy [55,56]. To date, only few clinical trials have explored the po-
tential of lowering PGE; by w3-supplementation in cancer patients.
However, one study in patients with varied solid tumors receiving ra-
diation and concomitantly ®w3-enriched nutrition for seven days,
demonstrated significant reduction in serum PGE; levels compared to
the controls [57]. Children with MB receive both chemo- and radio-
therapy, treatments that have been shown to increase PGE; production
in glioblastoma, thereby contributing to immunosuppression. Conse-
quently, inhibition of PGE; has been shown to mitigate the immune
suppression [58]. Of particular interest in the pediatric brain tumor
patient cohort is that targeting the PGE,/EP2 axis may reverse cognitive
decline and attenuate the inflammatory state of the brain [59]. Inhibi-
tion of PGEy-production or PGEy-signaling reduces MB growth [18], and
the selective COX-2 inhibitor celecoxib has already been included into a
treatment protocol for recurrent or progressive MB (clinicaltrails.gov
NCT01356290).

Our study demonstrates that treatment of MB cell lines with DHA and
EPA clearly reduced cell viability and induced cell death in vitro, both
when grown in a 2D setting and as 3D spheroids (Figs. 1, 2). DAOY, the
MB cell line used in our in vitro and in vivo experiments, is well-
characterized and has been proposed to belong to the MBgyy [36], the
group that is associated with an inflammatory profile [10]. Moreover,
MB tumors and cell lines have previously been shown to express COX-2,
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mPGES1 and the EP receptors [18]. Furthermore, DHA impaired tumor
clone formation at concentrations that are physiologically relevant [60]
and non-toxic to normal cells [29]. While the effect was not as pro-
nounced in vivo, a significant effect of DHA on tumor growth was
observed. Of note, the mice used in this study were immunocompro-
mised, without functional T cells, and an immunocompetent model

II -2
treatment N

group

annotation

Life Sciences 295 (2022) 120394

ns

w

® PGE,
® TxB,
® 6kPGF1a

o
w
]

pmol/mg tissue
(=]
N
1

©
-
1

|.| 1 1 1 1
RN Qb’((o D

ONIR S
& ¢ &

N
o
1
|
|

N
o
1

-1

CRYAB - IHC (% pos cells)
°

o

no
o oW

yes R il SR b ’ ot e
’ > 4

CTRL
FO
DHA-oll

DHA-oil_up
DHA-oil_down
FO_up
FO_down
both_down

A
/,

R
(R

(caption on next page)

would be required to evaluate the full potential of alleviating immu-
nosuppression. The DHA-oil was gavage fed, resulting in daily bolus
doses, while the FO resulted in a continuous intake as it replaced the
drinking water. The oxidative stress that can be caused by a surplus of
®3-LCPUFA has been suggested to be of importance for their mode of
action [30]. While a bolus might cause a significantly high surplus of ©3-
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Fig. 3. »3-LCPUFA treatment decreases tumor growth and alters gene expression in MB xenografts.

(A) DHA significantly reduced tumor volume of established MB xenografts (DAOY cells engrafted subcutaneously in NMRI nu/nu mice), comparing CTRL to ®3-
treatment (DHA and fish oil (FO) respectively) presented as mean + SD. One-way ANOVA (at day 30) and Dunnett's MC test, P = 0.042, CTRL vs. DHA: P < 0.05,
CTRL vs FO: P = 0.175. At established tumor (volume exceeding 150 mm®) mice were randomized to one of three treatments groups. Mice were treated for 30 days
with DHA oil given daily orally through gastric feeding, FO enriched fruit juice administrated in the drinking bottles ad libitum, or left untreated. (B) Prostanoids
(PGE,, TxB, and 6kPGF1la) in DAOY xenograft tumor tissue from w3-treated and control mice, measured by LC-MS/MS. A decrease in the concentration of pros-
tanoids was detected in tumors tissue from w3-treated mice compared to tumors from control mice, ANOVA and Dunnett's MC test: PGE, **, groupcrry, VS. §roUpgo *,
groupcrrr. VS grouppua *. TxBs ¥, groupcrry, VS F groupro *, groupcrr Vs grouppua ns P = 0.0668. 6kPGF1 **, groupcrry, VS §roupro *, §roupcrry VS §rouppya *.
Outlier marked with a circle. The asterisks represent statistical significance compared to control (*P < 0.05, **P < 0.01 and ***P < 0.001). Data presented as mean +
SD. (C) Heatmap of up- and down regulated genes assessed by RNA-sequencing, comparing tumors from groupcrry, Vs grouppua and groupro, presenting upregulated
gene expression (red color) and downregulated gene expression (blue color). The expression of the most significantly downregulated gene, CRYAB decreased in
tumors from groupppya (adjusted P value = 1.59E-10) and groupFO (adjusted P value = 2.42E-05), assessed as deviation from average across all samples (highlighted
with a red frame). (D, E) CRYAB protein expression in tumors from o3-treated and control mice. The number of positive cells was significantly decreased in tumors
from pooled w3-treated mice compared to groupcrrr, unpaired t-test P = 0.024. CRYAB was detected using IHC and the number of CRYAB-positive cells in hotspots
was determined using QuPath-0.2.3. Mean + SD is presented in (D) and representative images of CRYAB protein hotspots in groupcrg;, tumors and w3-treated tumors
iAn (E). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. w3-treatment changes fatty acid composition in MB xenograft tumors.

w3-treatment resulted in comparable changes in fatty acid composition in tumors from both treatment groups compared to control tumors. (A) The DGLA-w6 and all
®3-LCPUFA (EPA, DPA, DHA) and (B) w3- and EDD-index increased significantly in tumors from both the DHA and FO treated group when compared with tumors
from control mice. Data presented as proportion of total fatty acids (mol%). Ratios illustrating the balance of w6 and w3-fatty acids decreased in tumor tissue of w3-
treated mice. One-way ANOVA with Dunnett's MC test comparing tumor tissues from treated mice to tumor tissue from the control, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Data is presented as mean =+ SD.

LCPUFA, small amounts over time, as will be achieved by the FO, might
be manageable for the tumor redox system [40] and also contained a
different composition of fatty acids, namely the precursors of LCPUFA.
Nevertheless, we demonstrate an increase in all three ®3-LCPUFA and a

decrease in PGE; in the tumor tissue from w3-treated mice independent
of the treatment strategy. PGE;, has diverse targets and many down-
stream effects, both on tumor cells and on other cells in the TME [27,61].
Several effects of PGE; inhibition are overlapping with those associated
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with ®3-LCPUFA treatment e.g. effects on NFkB and Wnt/f-catenin
signaling [30,61,62]. It is probable that the effect on cell viability we
observe is multifactorial and complex. We conclude that treatment with
®3-LCPUFA reduced PGE; levels in our MB models in agreement with
previous report [28]; however, if the observed inhibitory effects on
tumor growth are dependent or independent of PGE; suppression has yet
to be explored.

In line with lower levels of PGE5, we observed lower concentrations
of the prostacyclin metabolite 6kPGFla in both treatment groups,
whereas the thromboxane metabolite TxB, was lowered in the groupgo
only. This decrease of the three major prostanoids quantified in this
study suggests a general inhibition of prostanoid production in the
tumor tissue. The mechanisms underlying the observed decrease of
prostanoids in the tumor tissue following treatment are likely multi-
faceted and can be attributed to several ®3-LCPUFA-related mecha-
nisms. For example, it is well-established that DHA competes with AA
for incorporation into cell membranes and that w3-LCPUFA affect the
activity of key enzymes in the essential fatty acid transformation and in
the AA/COX pathway. In line with this, we observed no impact on the
gene expression of enzymes involved in the PGE; production pathway.
Although DHA is not a substrate for the COX enzymes, it can inhibit
COX-mediated AA conversion [63]. It has been demonstrated that the
number of double bonds in the ®3-LCPUFA, e.g. DHA, correlates to in-
hibition of COX-2 activity but not to a reduction in enzyme levels [64].
The incorporation of the PGE, substrate AA was significantly lower in
both treatment groups in RBC but this effect was not observed in the
tumor tissues. The balance of ®6 and 3 is of importance as a higher AA/
EPA ratio, indicating more pro-inflammatory features, has previously
been demonstrated in tumor tissue from patients with metastatic disease
compared to tumors from patients without metastatic spread [65,66].
Additionally, a lower AA/EPA ratio can dampen the PGE; production in
vitro [67]. In our study, the ratio of AA/DHA and AA/EPA decreased in
tumor tissue from both treatment groups (Fig. 3B) and AA/DHA corre-
lated to the PGE, levels measured in the tumors.

While both treatments aimed to achieve a comparable intake of total
®3-LCPUFA, the DHA-o0il contained DHA only, whereas the FO con-
tained both EPA, DHA and small amount of other w3-fatty acids like
DPA. Interestingly, despite the difference in ®3-LCPUFA composition in
the supplements, both EPA and DPA increased significantly in the tumor
tissue but not in RBC. Only DHA demonstrated an increase in all tissues
to the same extent in both treatment groups, suggesting a level of
saturation of DHA in the tissue. Although EPA and DPA were absent in
the DHA-oil, their increase in the tissues following treatment could be
attributed to retroconversion of DHA to EPA and further conversion to
DPA [68], The interest in DPA, the major intermediate of EPA and DHA,
in the context of cancer has increased in recent years as it sensitizes
tumor cells to chemotherapy [69] and has been associated with a lower
risk of cancer-related mortality [32]. In addition, the proposed role of
DPA to act as a reservoir for both EPA and DHA [70] motivates the use of
the EDD-index, which includes all three 3-LCPUFA, distinguishing it
from the w3-index, including only DHA and EPA, when assessing effect
of ®3-LCPUFA supplementation [42]. Of note, the increase of EPA and
DPA observed in both tumor and brain tissue from the treatment groups
was not seen in the RBC or plasma phospholipids of the groupppya.
However, the grouppo presented an increase of EPA and DPA in RBC
whereas EPA, but not DPA, increased in plasma phospholipids. This
emphasizes the importance of assessing the target tissue for the evalu-
ation of effect.

Interestingly, the w6-fatty acid DGLA increased significantly in
tumor tissues from treated mice. DGLA and its metabolites are consid-
ered to exert potent anti-inflammatory properties [71] competing with
AA and EPA for the COX enzymes and, importantly, DGLA is the pre-
cursor of prostaglandin E1 (PGE;), for which opposing effects to PGE;
has been proposed [72]. Recent studies demonstrate that DGLA impairs
tumor growth in different cancer models including pancreatic, colon and
breast cancer [73-75], and that exogenous addition of DGLA to cancer
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cells can result in ferroptosis [76]. Furthermore, PGE; has been
demonstrated to inhibit MB growth through inhibition of the glioma-
associated oncogene, GLI2 activation in the SHH pathway, thereby
overcoming drug resistance mechanisms and impeding tumor growth
[77].

RNA-sequencing data demonstrated that the expression of relatively
few genes were affected by the treatments and a large portion of the
downregulated genes were identified in tumors from both treatment
groups. CRYAB, a protein with multiple functions in tumorigenesis,
emerged as a novel target of ®3-LCPUFA. It was downregulated on both
RNA and protein level in the tumor tissue of ®3-LCPUFA-treated mice.
CRYAB is reported to have anti-apoptotic effects with cytoprotective
abilities as well as pro-angiogenic and pro-metastatic properties
[78,79]. Furthermore, CRYAB has been identified as a prognostic factor
in several cancer models and a meta-analysis showed that increased
CRYAB expression could serve as a biomarker for poor survival in pa-
tients with different solid tumors [50,80]. In glioblastoma, CRYAB has
been shown to function as a pro-survival factor [50,51] and promote
invasion and metastasis [81]. However, contradicting reports indicate
that CRYAB also could function as a tumor suppressor in some cancers
[82,83]. Despite the potential tumor promoting effects of CRYAB in
cancer, the underlaying mechanisms are poorly understood. A lung
cancer study suggested an interaction with tumor associated macro-
phages (TAM) [84]. When co-cultured with tumor cells, TAMs promoted
invasion by upregulating the CRYAB expression in the tumor cells and
activated the ERK signaling pathway [84]. Which role CRYAB has in MB
and potential connections to tumor inflammation remains to be studied.
Moreover, APOBEC2, a nucleic acid editor, was downregulated in both
treatment groups and has been implicated in the development of lung
and liver cancer and is induced by pro-inflammatory cytokine stimula-
tion and activation of nuclear factor kB [53,54]. RNA-sequencing of
tumor tissue did not reveal a downregulation in genes connected to
enzymes in the w6- or w3-metabolizing pathway, except for ALOX5AP,
which was only seen in the DHA-oil group. ALOX5AP encodes the FLAP
enzyme and is required for AA conversion to leukotrienes by 5-lipoxyge-
nase. ALOX5AP has been suggested to be a negative prognostic marker
in low-grade glioma [85].

This study has several limitations. Established cell lines cannot fully
represent primary MB tumors and lack interaction with the TME.
Furthermore, using subcutaneously engrafted xenografts in immuno-
compromised mice as an in vivo model for a brain tumor has disadvan-
tages. The function of the unique immune environment in the CNS is
lacking, and a potential effect alleviating immunosuppression cannot be
fully evaluated in an immunodeficient strain lacking T-cells. Of note,
PGE; is known to counteract effector T cells [55,86]. The potential
benefit of alleviating immunosuppression and restoring the cancer im-
munity cycle may be lost thereby potentially mitigating the overall ef-
fect of the fatty acids. Follow-up studies in immunocompetent mice,
preferable an orthotopically engrafted or transgenic MB model, would
be relevant to further investigate the effects of ®3-supplementation on
the TME and immune responses in MB.

In conclusion, our studies demonstrate that ®3-LCPUFA exerted
cytotoxic effects on MB cells in vitro and that DHA-oil reduced tumor
growth in a MB xenograft model. Moreover, ®3-LCPUFA decreased PGE;
both in vitro and in vivo at concentrations that were non-toxic to the
mice. Our data suggests that changes in the balance of AA and ®3-
LCPUFA affect the availability of substrates and increase competition of
the substrates for PGE; production via the COX/mPGES-1 axis. Addi-
tionally, tumors from ®3-LCPUFA-treated mice demonstrated a
decreased expression of CRYAB, an effect that has not previously been
described. Collectively, our findings suggest that w3-LCPUFA could
support MB therapies as they may inhibit immune-suppressing inflam-
mation. Follow-up studies are needed to further elucidate these results
and to translate our finding into a clinical setting.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1fs.2022.120394.
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