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HIGHLIGHTS
e Gamma-linolenic acid alters glioblastoma multiforme cell behavior
e Gamma-linolenic acid shows to inhibit GBM cells (human and rat) proliferation
and migration.
e Gamma-linolenic acid increased apoptosis in GBM cells (human and rat).
e Gamma-linolenic acid has promising therapeutic potential in GBM altering PGE

synthesis.

ABSTRACT

Glioblastoma multiforme (GBM) is the most malignant astrocytoma, the main
treatments consist of surgical resection followed by radiotherapy and chemotherapy.
Patients, after diagnosed, have a survival rate of one year. GBM cells have an invasive,
proliferative and migratory characteristic, also they do not respond properly for usual
cancer treatment (radiotherapy, chemotherapy). Fatty acids have been studied as an

adjuvant cancer treatment in breast, colorectal and GBM. The fatty acid can alter



tumoural cell metabolism causing a modification of eicosanoids production. This study
has observed some cellular aspects modified by fatty acid treatment in vitro, using
GBM cells (human and rat). Modifications in cell behaviour were analyzed like cell
proliferation, apoptosis, migration and invasion cell capacity after treatment with fatty
acid (gamma-linolenic acid). The treatment suggested in this study showed an increased
number of apoptotic cells and a decreased number of proliferative and migratory cells.
These data recognize that gamma-linolenic acid could be used as an alternative
treatment for glioblastoma.

ABBREVIATION

AA- arachidonic acid

BSA- Bovine serum albumin

COX-2- ciclooxigenase-2

CYP- cytochrome P450

ECM- Extracellular Matrix

GBM- glioblastoma multiforme

GLA- gamma-linolenic acid

LOX- lipoxygenase

MMP- Metalloproteinase

PG- prostaglandin

PGE2-prostaglandin E2

P13K- phosphatidylinositol 3-kinase

PUFA- polyunsaturated fatty acid

Key-words: Glioblastoma multiforme; Gamma-linolenic acid; Prostaglandin;

Apoptosis; Migration.

1. INTRODUCTION
Glioblastoma multiforme (GBM) is the most malignant astrocytoma, the treatment
consists of surgical resection followed by radiotherapy and chemotherapy. However,

despite of multimodal therapies, the average survival of patients with GBM is between



9-12 months after surgical resection, due to post-surgical reincidence of the tumour of
almost 100% [1,2]. The main characteristics of GBMs are high rates of cell
proliferation; ability to migrate and to invade the surrounding cerebral structures
(mainly along vessels and myelinated fibres); areas of necrosis and accentuated
angiogenesis (which is reflected by an increased endothelial cell proliferation). Glioma
cell invasiveness maybe is one cause of reincidence tumour. These cells not eradicated
after surgery, proliferate and raise a tumour again [3].

Polyunsaturated fatty acids (PUFAS), including gamma-linolenic acid (GLA-®-6), have
been reported to exert anti-tumour effects in several tumour types [4,5]. Nowadays,
some studies revealing how GLA acts in GBM cells [6]. GLA alters cyclooxygenase
metabolism, stimulates reactive oxygen species and caspases activation, cytochrome ¢
liberation and finally, apoptosis [7]. Also, GLA acts in C6 energetic metabolism [8],
angiogenesis and cell cycle [9]. But the mechanisms of how this fatty acid act in an anti-
migratory pattern is unclear.

Cells that absorb increased amounts of GLA, incorporate this fatty acid in the
phospholipid membrane, later this fatty acid will be metabolized by phospholipase A,
which turns fatty acid in eicosanoids by enzyme cyclooxygenase-2 (COX-2). COX-2
form prostaglandins (PG), leukotrienes and prostacyclins. Unremarkable COX-2
metabolizes arachidonic acid (AA) and produces eicosanoids from series 2 (e.g. PGE2).
The free AA is metabolized into prostaglandins, hydroperoxy eicosatetraenoic acids,
and epoxy eicosatrienoic acids through the action of cyclooxygenases (COX),
lipoxygenases (LOX) and cytochrome P450 (CYP) epoxygenases, respectively [10].
PUFAs compete with AA and when COX-2 metabolizes PUFAs the eicosanoid
produced is from series 3 (e.g. PGEs), which has lower effects than PGEz, also is not
mitogenic and decrease phospholipase A and COX-2 action. Because of these effects,
GLA can modify the production of the eicosanoids in the cell [11], and these lipids have
lower inflammatory and aggressive characteristics than PGE2. Omega-6 (»-6) might be
involved in other cellular mechanisms like signal transduction and gene expression
[10,12].

The migratory process occurs when (I) cell develops directional polarity forming a
protrusion of the cell’s leading edge, (1) these protrusions (pseudopodia, filopodia, or
lamellipodia) adhere the surface anchoring on Extracellular Matrix (ECM) and (111)
body cell is tracked and the process is repeated. All these steps have cytoskeleton

involvement [13,14]. Moreover, the invasiveness of tumoural cells was observed when



the cell synthesizes some enzymes that degrade ECM. Metalloproteinases (MMP) is an
enzyme family that is very focused on cancer because many different types of tumoural
cells use this enzyme to degrade ECM and facilitating them migratory process [15]. It
was observed in C6 in vivo and ex-vivo GBM model treated with GLA, the migratory
pattern of tumoural cells was reduced after the treatment, compared with the control.
This work aims to elucidate the mechanisms on how acts GLA to reduce the migration

of the tumoural cells.

2. MATERIAL AND METHODS

2.1. Cell culture

C6 cells (rat glioma) and T98G (human glioma) were purchased from the American
Type Culture Collection (Rockville, MD). Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS), 50U/ml
penicillin, and 50pg/ml streptomycin. Cells in the exponential phase of growth were
used, growing in 75cm? flasks in a humidified atmosphere of 5% CO2, 95% air at 37°C.
After growth to the desired density, cells were washed with PBS and trypsinized
(trypsin 0.025%/ EDTA 0.02%) for subsequent plating. All experiments used cells
grown in DMEM with FCS and antibiotics as stated above.

2.2. Migration assay

The cell migration assay was performed using a 24-well Boyden chamber plate with 8
um pore size polycarbonate membrane filters. C6 cells were placed in the upper part of
the Boyden chamber containing DMEM and 10% FCS, the lower chamber also
contained DMEM and 10% FCS.

After a cell adhesion period (12h) the medium was changed and treatment GLA
(100uM) was added. The concentrations of the treatments were previously established
in our laboratory. The culture media with GLA treatment was changed daily for 48h.
After incubation, the cells on the membrane filter were fixed with methanol and stained
with 0.05% crystal violet for 30min. The cells on the upper surface of the filter were
removed with a cotton swab. The membranes were then rinsed in PBS until the excess
stain was removed. The membranes were then air-dried for 20min. The migratory cells

were determined by counting the cells that migrated to the lower side of the filter by



bright field microscopy at 200x magnification. Five random fields were counted for

each filter, and each treatment was assayed in triplicate.

2.3. Spheroids and brain slice (ex vivo)

When the C6 cell cultured flask reached 80% of confluence, they were scraped and
counted in the Neubauer chain. Cells were cultured in Petri dishes with 5 in 5 x 104
cells/10ul medium, like a drop. After 24h in the incubator, the weight of the cells
formed a round shape cluster cells (spheroids). Wistar rats (180-200g) were
anaesthetized with ketamine:xylazine (10mg:1,5mg/100g) intraperitoneal, the brain was
removed and sliced from a dorsum-ventral direction in air flux to avoid contamination.
These slices were cultured on a millicell membrane of 0,4pum 30mm in a 6-well plate
with Iml medium. After 1 hour the spheroids were added on the brain slice. After 24
hours the medium was changed for GLA enriched medium (150uM) or BSA (10%) as a
control. Two days after the treatment the brain slices were fixated with formaldehyde
4% P(K) 0,1M (pH 7,2) overnight, dehydrated and embedded in paraffin. Slices were
made in Leica (RM2145) and stained with hematoxylin-eosin (H&E). Slices were
analyzed in light microscope Nikon Optiphot-2, images were collected randomly and
mitoses were counted. Also, the distance between the cells on the borderline from the
spheroids migrating to the brain tissue was analyzed. This procedure was approved by
the Ethical Commission for Animal Experimentation of the Biomedical Institute

(University of Sdo Paulo) — protocol number 190/02.

2.4. Hematoxylin-Eosin Stain (H&E)

Slices were immersed in xylol for 30 min 60°C, and 20 min RT to remove paraffin.
Slices were hydrated in an ethanol gradient, stained for 2min in hematoxylin, washed in
water for 2min. and in an alcohol-acid solution. Washed 5min in water and stained in
eosin for 2min more. Slices were washed in absolute ethanol 3x after in xylol for 3x and

mounted with Permount.

2.5. TUNEL assay
TUNEL assay kit by Calbiochem TdT-fragEL DNA fragmentation detection. We used
slices from ex-vivo with C6 spheroids, removed paraffin (as H&E stain). Histones were

digested in proteinase K 20ug/ml Tris buffer 10mM for 20min. Endogenous peroxidase



blocked in H202 3%: methanol (1:10) for 5min. Washed in TBS and incubated with
TdT+enzyme for 90min 37°C. Washed and conjugated with streptavidin-HRP and
revealed with DAB and H202/urea 10min and counter-stained with methyl green,
dehydrated and mounted with permount. Slices were analyzed and counted the number
of apoptotic cells in Nikon Optiphot-2 light microscopy.

2.6. ELISA PGE2 (enzyme-linked immunosorbent assay)

ELISA assay kit by Cayman Biochemicals PGE2 monoclonal. We used medium from
C6 cells (2x10* cells 25cm? flasks) with 10%BSA (control), treated medium with GLA
(75um and 150um) and one group added 1um calcium ionophore (a23187). Calcium
can stimulate phospholipase activity and consequently prostaglandin production. This
assay is based on competition of PGE: acetylcholinesterase (AchE) conjugated. PGE:
compete with AchE to link with anti-PGE.. After rinsing the medium, in the wells were
added the Ellman solution (AchE substrate). The colourimetric reaction is measured by
absorbance. We can determine the PGE2 concentration according to a standard curve.

2.7. Statistical analysis

All data are presented as the mean + SEM. Statistical analysis was carried out with the
GraphPad InStat software. Statistical analyses were conducted by Student's unpaired t-
test for independent samples. The difference at the level of p < 0.05 was considered to

be significant.

3. RESULTS

3.1. Migration assay

Control has a migration average distance of 147,56um from the spheroid edge. Cells
treated with GLA have an average distance of 100,4um. There was a 32% p<0,001
reductions between Control (BSA) and treated cells (Figure 1-A). The number of
migratory cells was equivalent with no significance (BSA 63,6 +11; GLA 55,8 + 4,4).



3.2. Proliferation assay

H&E stained slices were analyzed to count the number of mitotic cells, we considered
mitotic cells all the mitosis stages (prophase, metaphase, anaphase, and telophase).
Results were: Control (BSA 16,4 cell + 0,6) and GLA (9,9 cell = 0,5) there was a 39,5%
p< 0,0005 reduction in number of mitotic cells after treatment (Figure 1-B).

3.3. Apoptosis assay
TUNEL reaction was analyzed in microscopy and counted stained cells. Control cells
(BSA 104 cells £1,1) and GLA (151 cells £2,1) results showed a 44,7% p=0,001

increasing apoptotic cells after treatment (Figure 1-C).

3.4. Transwell assay
As shown in Figure 1-D, migration capacity was reduced by 68% p< 0,0001 in cells C6.
Control cells (BSA 23,6 £2,01) and treated with 100 uM GLA (GLA 16,1 + 1,91).

3.5. ELISA PGE2

ELISA PGE:assay detected PGE: in all groups, so C6 cells can produce this
prostaglandin. Control cells (BSA 1,9pg/ul+0,34), treated group GLA 75um
(18,95pg/ul+0,29) and 150um (35,15pg/ul+0,70). Group calcium ionophore
(20,51pg/ul£1,19) of PGE2. According to these data, GLA increased PGE production
after treatment with 75um and 150um, but this kit has a cross-reactivity. This kit did not
distinguish PGE1, PGE2 or PGEs.

4. DISCUSSION

This study showed that GLA modifies some cellular characteristics involved in fatty
acid metabolization. GLA is incorporated by glioma cell and change the phospholipids
pattern and composition in the cell membrane (including organelles). We observed
changes in cell behaviour after treatment with GLA in vitro and using ex vivo model,
these modifications were related to diminished migration/invasion cells and increased
apoptotic cells. Similar results were observed in previous studies [9] in the group. When
GLA is incorporated by glioma cells, this fatty acid might be metabolized and
incorporated by the cells. GLA can modify the production of eicosanoids in glioma

cells, including prostanoids. PGE: is the most abundant prostaglandin found in various



human malignancies cancer like breast, colon [5,16] and glioma [17]. PGE: has been
shown to be a possible mediator of cell migration and might be involved in other
cellular mechanisms. Recently treatments with exogenous PGE2 have demonstrated
significantly increased migration in the T98G human glioma cell line [17] and increased
production of PGE: related to high-grade glioma in human samples [18].

One of the hypotheses for the possible influence of PGE2 on migration is through the
EP2 and EP4 receptors. The receptors EP2 and EP4 are coupled with G-stimulatory
(Gs), stimulating adenylate cyclase (AC) followed by PKA activity; EP4, unlike EP2,
can also activate an additional phosphatidylinositol 3-kinase (P13K) pathway leading to
Akt activation [19,20]. Following the activation of the PI3K/Akt pathway, —catenin
translocated into the nucleus and triggered COX-2-promoting proteins, LEF-1 and TCF-
4 [16], this mechanism increased COX-2 expression and PGE:2 production subsequently.
Singh et al [21], observed that PGE:2 acting via EP4 receptors stimulated the migration
of human melanoma cells. In colorectal carcinoma human cells, PGE2 stimulated
spreading, migration, and invasion of these cells and acts predominantly through the
EP4 receptor [22]. The activation of these pathways, PKA and PI3K/Akt play an
important role in the migratory and survival signalling pathway.

In breast cancer, PGE2 stimulated cell migration via EP4 receptors linked to PKA and
Akt signalling [23]. In another study, HeLa or NIH3T3 cells were allowed to adhere to
ECM and it was observed that elevations in COX and PKA stimulated the formation of
actin bundles that contain myosin |1, associated with small focal adhesions and
increased cell motility [24]. In murine mammary carcinoma cells treated with
exogenous PGEz, a selective inhibitor of PKA (Rp-cAMPS) reduced migration [25].
Recently, Tai et al [26], showed that using celecoxib (COX-2 inhibitor) in
hepatocellular cells caused an up-regulation of E-cadherin via inhibition of COX-2-
PGE2-EP2-p-Akt/p-ERK expression pathway. Increased expression of E-cadherin
caused inhibition of migration and invasion of these cells because cells cannot be
detached from each other.

Studies in gliomas demonstrated that PI3K/Akt signalling pathway inhibits glioma
invasion by reducing the migratory activity of glioma cells by inactivating Rho
GTPases [11]. Another study showed that the pathway RhoA-ROCK pathway
contributes to COX-2 expression. Increased COX-2 expression is correlated with
increased production of PGE2, and COX-2/PGE: signaling contributes to cancer cell

migration [27].



COX-2 and PGE: are related to increased MMP expression. This enzyme is responsible
for extracellular matrix degradation compounds, allowing cells to migrate and invade
through the matrix and normal tissue. MMP-2 is related to the invasiveness phenotype
in tumoural cells [9,28]. Studies using pancreatic cancer cells were observed a relation
between expression of MMP, COX-2, and PGEz. Using COX-2 inhibitor, Bu et al, [29]
detected decreased PGE: levels, reduced MMP production, and inhibited cell
invasiveness. Treatment with »-3 (docosahexaenoic acid), suppressing MMP-2 and
MMP-9 secretion through inhibition of NFkB and Cox-2 signalling pathway in breast
cancer cells [30].

High GLA concentration in the cell causes modification on the mitochondrial
membrane, modifying the mitochondrial membrane potential. Studies showed that
modification in mitochondria caused by GLA increased cytochrome-c releasing and

caspase-3 activation, both involved in the apoptotic process [7,31-32].

5. CONCLUSION
In conclusion, our findings demonstrate evidence that PGE: is involved in the regulation
of cell migration, invasion, and apoptosis in glioma cells. Further exploration of the

PGE: signalling pathway may provide new targets for glioma prognosis or therapeutics.
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Figure 1- (A) Migration distance of C6 cells: BSA (control) 147,56um, GLA (Cells
treated) 100,4um (p<0,001). (B) Number of mitotic cells per spheroid: BSA (control)
16,4 cells, GLA (Cells treated) 9,9 cells ( p< 0,0005). (C) Number of apoptotic cells:
BSA (control) 104 cells, GLA (Cells treated) 151 cells (p=0,001) Stained cells. (D)
Number of migratory cells in Transwell assay: BSA (control) 23,6um GLA (Cells
treated) 16,1um (p<0,0001).
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Figure 2- Number of mitotic cells per spheroid: BSA (control)16,4 cells, GLA (Cells
treated) 9,9 cells ( p< 0,0005).
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Figure 3- Number of apoptotic cells: BSA (control) 104 cells, GLA (Cells treated) 151
cells (p=0,001) Stained cells.
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Figure 4- Number of migratory cells in Transwell assay: BSA (control) 23,60Jm GLA
(Cells treated) 16,10m (p<0,0001).



