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A B S T R A C T

Objectives: To define ultrastructural features accompanying to antitumor effects of gemcitabine, vinorelbine and
cyclooxygenase inhibitors in C6 glioma cells in vitro. Vinorelbine is a semisynthetic vinca alkaloid and recent
studies showed its antitumor activity in pediatric optic and pontine gliomas. Vinorelbine infusion induces a
severe tumor site-pain in systemic cancers, but it is unknown whether algesia and inflammation contribute to its
antitumor effects. Gemcitabine is a nucleoside-chemotherapeutic which was recently shown to act as a radio-
sensitizer in high-grade glioma. Some studies showed synergism of anti-inflammatory cyclooxygenase-inhibitors
with microtubule inhibitors and gemcitabine. DMSO is a solvent and blocks both cylooxygenase and ribonu-
cleotide reductase, another target of gemcitabine. Rofecoxib is withdrawn from the market, yet we used it for
investigational purposes, since it blocks cylooxygenase-2 1000-times more potently than cylooxygenase -1 and is
also a selective inhibitor of crinophagy.
Methods: Plating efficacy, 3D-spheroid S-phase analysis with BrdU labelling and transmission electron micro-
scopical analyses were performed.
Results: Vinorelbine induced frequent mitotic slippage/apoptosis and autophagy. Despite both DMSO and ro-
fecoxib induced autophagy alone and in synergy, they reduced mitotic catastrophe and autophagy triggered by
vinorelbine, which was also reflected by reduced inhibition of spheroid S-phase. Gemcitabine induced karyolysis
and margination of coarse chromatin towards the nuclear membrane, abundant autophagy, gutta adipis for-
mation and decrease in mitochondria, which were enhanced by DMSO and rofecoxib.
Conclusions: Detailed ultrastructural analysis of the effects of chemotherapeutic drugs may provide a broader
insight about their actions and pave to develop better strategies in treatment of glioblastoma.

1. Introduction

In glioblastoma, maximum surgical resection, radiotherapy, and
adjuvant temozolomide is the golden standard of care, yet it could only
provide a median survival around 15 months (Altinoz et al., 2016). This
is a an untolerable rate of mortality; hence, development of further
chemotherapy protocols is a priority for the physicians and basic sci-
entists. Since the beginning of the 21th century, huge amounts of new
data emerge about cancer’s metabolomic responses against therapeutic
modalities thanks to the techniques such as microarrays, next-genera-
tion sequencing methods and improved mass spectrometric analyses.
Nonetheless, the obtained data is immense and even the data of a single
paper need to be explained by many other papers. We believe that the
detailed fine structural analysis of cancer cell responses against various

treatments may provide a broader view to understand the action me-
chanisms of antineoplastic drugs and complement molecular data. In
this study, we focused on the effects of vinorelbine, gemcitabine and
cyclooxygenase inhibitors on the fine structure of C6 glioma cells due to
the facts that: (i) vinorelbine and gemcitabine were recently shown to
have activity in highly fatal glial tumors; (ii) cyclooxygenase inhibitors
were shown to synergy with temozolomide in glioblastoma cells; (iii)
lack of studies which analyzed fine structural responses of cancer cells
to vinorelbine, gemcitabine and cyclooxygenase inhibitors especially in
glial tumors. We have previously published a short description of the
ultrastructural changes induced by the mentioned agents (Tuna et al.,
2009). “Materials and Methods” described below were mostly described
in our previous article; and 3 of the 52 different electron microscopical
pictures which we submit with our current article (Fig. 2B, Fig. 10C,
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Fig. 13D) are the same of our previous publication (Fig. 4A, C and D of
Reference-2), which we also mentioned in Figure Legends. Our inten-
tion in this study is to intensely focus on the effects of chemotherapeutic
agents on the fine structure of glioma cells. Hence, cell kinetic data
were given to strengthen our proposals in regard to action mechanisms
of chemotherapy agents and cyclooxygenase inhibitors.

2. Materials and methods

As mentioned above, “Materials and Methods” were mostly de-
scribed in our previous article.

2.1. Monolayer culture, plating efficacy and drug treatments

C6 cells established from the American Type Culture Collection
(ATCC) were maintained in Dulbecco’s modified Eagle’s Medium (DMEM,
containing 100 U/ml penicillin and 100 μg/ml streptomycin) (Biological
Industries, Haemek, Israel) supplemented with 10% heat inactivated
foetal bovine serum (FBS) (Biological Industries, Haemek, Israel). The
flasks were kept in an incubator with a humidified atmosphere of 5% CO2
at 37 °C. Cells were transferred using Ca2+ and Mg2+ free Hanks’ basic
salt solution and 0.25% trypsin- and ethylendiamine tetraacetic acid
(EDTA) (Biological Industries, Haemek, Israel). We used early passages
(4–7 t h) of C6 cells after obtaining the cell line. Vinorelbine tartrate
(Navelbine®, Pierre Fabre Medicament), Gemcitabine (Gemzar®, Lilly),
rofecoxib (Merck Sharp & Dohme) and DMSO (D2650, Sigma) were dis-
solved in bidistilled water and added into cell culture in equal volumes.
To obtain the dose-response curves of vinorelbine tartrate, gemcitabine
and rofecoxib, increasing concentrations of 1, 10 and 100 μg/ml were
applied for each drugs, respectively; and cells were counted on a Thoma
chamber following 24, 48, 72 and 96 h after treatment. Vinorelbine tar-
trate concentrations of 1, 10 and 100 μg/ml corresponded to 0.927, 9.27
and 92.7 μM, respectively. Gemcitabine concentrations of 1, 10 and
100 μg/ml corresponded to 3.78, 37.8 and 378 μM, respectively; and ro-
fecoxib concentrations of 1, 10 and 100 μg/ml corresponded to 3.18, 31.8
and 318 μM, respectively. Except the dose-response experiments, all
chemotherapy agents including gemcitabine, vinorelbine and rofecoxib
were applied at a dosage of 10 μg/ml to the cell cultures. DMSO con-
centration was constant for all experiments (cell counts, spheroid BrdU
labeling, electron microscopy) which was 20 μl/ml.

2.2. D-spheroid culture

Spheroids were obtained by inoculating 106 cells into 10ml of 10%
DMEM-FBS in petri dishes on a thin layer of agar (10ml of a 0.75% (w/
v) solution of agar in DMEM-FBS 10%). Spheroids (approximately
2000–4000 cells per spheroid) were harvested by gentle transfer of
individual spheroids into the wells of a 24-well culture plate using a
micropipette.

Multicellular Tumour Spheroids (MTS) were then individually
placed into the wells of a 24-well culture plate containing 1ml of
DMEM-FBS 10% on a layer of 1ml of 0.75% (w/v) agar in the same
medium. Every 7 days, 0.5 ml of DMEM medium was gently removed
from each well and the wells were then filled with the some amount of
fresh medium.

2.3. Bromodeoxyuridine-labelling index (BrdU-LI) in spheroid culture

BrdU (5-bromo-2-deoxyuridine (2 μM, 1:200 dilution) was added to
the spheroids medium with subsequent incubation for 1 h. Thereafter,
spheroids were gently removed from the surface of the solidified agar
and transferred into phosphate buffer saline (PBS, pH 7.4). Spheroids
were fixed in 4% paraformaldehyde (Sigma Chemical Co., St. Louis,
Missouri, USA) in PBS for 24 h at 4 °C and then again transferred into
pure phosphate-buffered saline (PBS). Following fixation, the spheroids
were dehydrated through graded ethanol series, cleared in xylene,

embedded in paraffin and 5 μm coronal sections were cut on microtome
(Leica MR 2145, Heerbrugg, Switzerland). Sections were dewaxed in
xylene for 30min. After soaking in decreasing series of ethanol, sections
were washed with distilled water and PBS for 10min and then treated
with 2% trypsin in 50mM Tris buffer (pH 7.5) at 37 °C for 15min and
washed with PBS. Sections were incubated in a solution of 3% H2O2 for
15min, then washed with PBS and incubated with primary mouse anti-
BrdU antibody (1:250 dilution, LabVision, UK). Next, the sections were
incubated with biotinylated IgG followed by streptavidin- peroxidase
conjugate (LabVision, UK). The sections were then washed and in-
cubated with the AEC chromogen substrate system and counterstained
with Mayer’s haematoxylin. The immunostained slides were observed
under light microscopy at magnifications of x 40. BrdU-labelled cells
were evaluated by the same person. BrdU-positive cell were defined by
observing dark red AEC nuclear staining. Unlabelled nuclei with only
blue haematoxylin staining and pale brownish nuclei were considered
to be negative. Ten adjacent sections and at last 3000 cells were eval-
uated for each group.

2.4. Transmission electron microscopical analysis

The harvested spheroids were fixed with 2% glutaraldehyde in
0.1 mol/L sodium cacodylate (pH 7.4) for 1 h at 4 °C. Samples were then
washed twice for 10min with sodium cacodylate with a pH value of
7.4. They were then fixed with 2% osmium tetraoxide in 0.1M sodium
cacodylate for 1 h at room temperature. Samples were then washed 3
times for 5min each with the same buffer. Cells were exposed to 1%
uranyl acetate for 1 h and washed again 3 times for 10min each with
the same buffer. Samples were dehydrated via graded ethanol series.
After embedding in Epon-812 (SPI Chem., Pensylvania, USA), samples
were sectioned to a thicknesses of 700–800 A° on a Richert
Ultramicrotom (OMS, Austria). Sections were post-stained with 5%
uranyl acetate for 30min, followed by Reynolds lead citrate incubation.
Samples were then examined with a Jeol 1011 transmission electron
microscope.

2.5. Statistical analysis

All data were expressed as the mean ± SEM. Statistical analysis
was performed by the 2-tailed Student t-test The accepted level of sig-
nificance was set at P> 0.05.

3. Results

3.1. Fine structural findings

3.1.1. Control group
The morphology of C6 glioblastoma cells in the control group is

shown in Fig. 1 and Fig. 2. Abundant filopodia and gap junctional cell-
to-cell adhesions were observed. The cell nuclei had evenly dispersed
heterochromatin sometimes with well developed nucleoli with dis-
cernible granulary and fibrillary components (Fig. 1a). Peculiarly, some
cells exhibited nuclei which only contain euchromatin in absence of any
signs of cell death likely indicating prominent gene transcription
(Fig. 1b). The cytoplasm contained abundant and easily discernible
rough ER (Fig. 1b). Abundant mitochondria were witnessed in some
cells which seemed to be more in cells with more filopodia (Fig. 1c,
Fig. 2a, 2b). Normal metaphase figures with proper chromosal aligne-
ment and polar microtubules were seen in which cellular cytoplasm
contained abundant mitochondria mostly in tubular form (Fig. 2c, 2d).
In a minority of cells, few autophagosomes and autophagolysosomes
were seen. In few cells, glycogen accumulations can be discerned.

3.1.2. DMSO
The morphology of C6 glioblastoma cells in the DMSO group is

shown in Fig. 3. Filopodia were lost and cell became more rounded with
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slight enhancement of cells with Type-1 apoptotic morphology. Mi-
tochondrial numbers decreased and their morphology shifted more to
spherical forms. Autophagosomes and autophagolysosomes increased
and their contents contrasted similar to the cytoplasm. Desmosomal
junctions developed. Occasional formations of gutta adipis (lipid dro-
plets) were seen.

3.1.3. Rofecoxib
The morphology of C6 glioblastoma cells in the rofecoxib group is

shown in Fig. 4 and Fig. 5. Filopodia were lost. Most nuclei lost their

smooth oval contour and indentations became more frequent. In some
cell nuclei, nucleoli became larger and more electron dense and dis-
sociation of fibrillary and granular components were also noticed. In-
terestingly, some nuclei contained meiotic synaptonemal complex,
which will be explained in discussion. Occasional pyknotic nuclei were
seen in the absence of cytoplasmic blebbing. Mitochondrial numbers
decreased and crista damage and swelling were witnessed in some
mitochondria. Autophagosome and lysosome fusions and enhanced
autophagolysosomes can be discerned in some cells. Lysosomal myeli-
nosis suggestive of phospholipid accumulation and autophagic process

Fig. 1. Morphology of C6 glioblastoma cells in
the control group. a) The cell nuclei (n) had
evenly dispersed heterochromatin sometimes
including well developed nucleoli (nu) with
discernible granulary and fibrillary compo-
nents (x20000m). b) Some cells exhibited nu-
clei which only contain complete euchromatin
(ce) in absence of any signs of cell death.
Mitochondria (mt) were healthy with no dar-
kening/condensation (x7500m). c) Gap junc-
tional cell-to-cell adhesions were observed
(black arrow). Abundant healthy mitochondria
(mt) in tubular form were witnessed
(x20000m). d) Mitochondria juxtaposing the
cell nucleus and easily discernible membranes
of the endoplasmic reticulum (white arrows)
were seen. Pinocytosis vesicles (p) were wit-
nessed on the tip of the cytoplasm (x20000m).
m: magnification.

Fig. 2. Morphology of C6 glioblastoma cells in
the control group. a) Note the complete eu-
chromatin (ce), healthy mitochondria (mt) and
abundant filopodia (fi) (x15000m). b)
Mitochondria and cytoplasmic organelle con-
tent seemed to be more abundant in cells with
higher numbers of filopodia (fi). Nucleolar (nu)
fibrillary and granular components can be dif-
ferentiated in some cells (x7500m). c) Normal
metaphase (me) figures were seen in which
cellular cytoplasm contained abundant mi-
tochondria mostly in tubular form (x7500m).
d) Microtubules originating from spindle poles
were discernible (thin black arrows)
(x10000m). m: magnification – Figure 2b was
taken from the publication of Tuna et al. (2009)
with permission (corresponding to the Figure
4a in the aforementioned manuscript).
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were also observed. Occasional enwidening of ER cisternae was noticed.

3.1.4. Rofecoxib+DMSO
The morphology of C6 glioblastoma cells in the rofecoxib+DMSO

group is shown in Fig. 6. Mitotic catastrophe, karyorrhexis/nuclear
fragmentation and micronuclei formation were observed. Increased
numbers of mitochondria with condensed matrix were seen. Micro-
tubule aggregates were discernible in some cells.

3.1.5. Gemcitabine
The morphology of C6 glioblastoma cells in the gemcitabine group

is shown in Fig. 7. Filopodia were lost. Karyolysis of the central het-
erochromatin and margination of electron-dense coarse chromatin to-
wards the nuclear membrane was seen. Abundant autophagy and gutta
adipis (lipid droplet) formation prevailed. Mitochondria were either
lost and/or shrunken with more electron-dense matrix impairing their
distinguishment from cytoplasm. In some cells, ER whorls surrounded
pyknotic nuclei.

Fig. 3. Morphology of C6 glioblastoma cells in
the DMSO-treated group. a) Filopodia were lost
and cell became more rounded with slight en-
hancement of cells with apoptotic morphology
(a). Some apoptotic cells were engulfed by
neighbouring cells (x5000m). b) Damage to
mitochondrial cristae (mt) and endoplasmic
reticulum whorls (white arrows) were wit-
nessed. Occasional formations of gutta adipis
(lipid droplets) were seen (x5000m). c) A
cluster of mitochondria juxtaposing a pycnotic
cell nucleus (pn) (x12000m). d)
Autophagosomes and autophagolysosomes in-
creased and their contents contrasted similar to
the cytoplasm. Desmosomal junctions (white
arrow) developed. Mitochondria lost their
cristae (white arrowheads) (x12000m). m:
magnification.

Fig. 4. Morphology of C6 glioblastoma cells in
the rofecoxib-treated group. In general, filo-
podia were lost and most nuclei lost their
smooth oval contour and indentations became
more frequent. a) Fragmented and shortened
filopodia (fi) on the cell surface and a sy-
naptonemal complex (sc) in the nucleus
(x10000m). b) Darker and shorter mitochon-
dria juxtaposing an indented cell nucleus (black
arrow) were observed. Autophagosomes ex-
isted in in the cell periphery (white arrows)
(x12000m). c) A round enlarged nucleolus
with dissociation of fibrillary and granular
components (nu) and nuclear indentation
(white arrow) (x12000m). d) Occasional py-
knotic nuclei (pn) were seen in the absence of
cytoplasmic blebbing (x12000m). m: magnifi-
cation.
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3.1.6. Gemcitabine+DMSO
The morphology of C6 glioblastoma cells in the

gemcitabine+DMSO group is shown in Fig. 8. Filopodia were lost.
Endosomes with irregular electron luscent material prevailed. Autop-
hagolysosomes were also abundant and gutta adipis formations juxta-
posed cell membranes. Mitochondria were either lost and/or shrunken
with more electron-dense matrix impairing their distinguishment from
cytoplasm. Cisternal enlargement of ER membranes and formations of
stacks were seen. In some cells, ER membranes formed whorls, which
did not surround other organelles rather collapsed within themselves.

Interestingly, meiotic synaptonemal complexes were witnessed in some
nuclei.

3.1.7. Gemcitabine+Rofecoxib
The morphology of C6 glioblastoma cells in the gemcitabine+ ro-

fecoxib group is shown in Figs. 9 and Fig. 10. Filopodia were lost.
Autophagolysosomes enhanced and coalesced into clusters which oc-
casionally filled almost the whole cytoplasm. Gutta adipis formations
enhanced further. Pyknotic nuclei became more frequent.

Fig. 5. Morphology of C6 glioblastoma cells in
the rofecoxib-treated group. a) A damaged mi-
tochondrion with fragmented cristae (mt) jux-
taposing cell nucleus. Lysosome-autophago-
some fusion in the cell periphery (white arrow)
(x10000m). b) Autophagosomes and autopha-
golysosomes in the cell periphery. Curved lines
surrounds whorled and enlarged cisternae of
the endoplasmic reticulum. Nuclear indenta-
tions (white arrows) and autophagic vacuoles
(av) are discernible (x10000m). c) Abundant
autophagic vacuoles (av) in the cytoplasm.
Blebbing (b) of the nuclear membranes and
autophagolysosomes (white arrow) were dis-
cernible (x12000m). d) Curved lines surround
shrunken dark mitochondria beneath some
larger mitochondria with crista damage. A
myelinated lysosome (ml) is seen beneath the
nucleus at the right lower side of the picture
(x12000m). m: magnification.

Fig. 6. Morphology of C6 glioblastoma cells in
the DMSO+ rofecoxib-treated group. Note the
rounding of cells and nuclear fragmentation as
a general feature. a) Nuclear fragmentation,
condensed mitochondria (between white
curved lines) surrounding cell nucleus at the
upper right side of the picture (x5000m). b) A
higher magnification of the same area. A large
cell containing abundant autophagic vacuoles
(av) seemed to engulf neighbouring apoptotic
cells. Apoptotic nuclei are engulfed by neigh-
bouring cells (white arrows) (x7500m). c)
Nuclear fragmentation/micronuclei formation,
condensed dark mitochondria (between curved
white lines) and microtubule aggregates (white
arrow) were witnessed (x4000m). d) A cell
undergoing mitotic apoptosis (ma) with lipid
droplets / gutta adipis formations (x7500m).
m: magnification.
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3.1.8. Vinorelbine
The morphology of C6 glioblastoma cells in the vinorelbine group is

shown in Figs. 11 and 12 . Strong and widespread autophagy prevailed
with discernible endosomal / autophagosomal fusions. Chromatin
precipitation into clumps, karyolysis and karyorrhexis/nuclear segre-
gations were frequent. Frequent morphological signs of mitotic apop-
tosis/catastrophe were noticed, which simultaneously exhibited drastic
autophagy. Prominent enlargement of ER cisternae were observed.

3.1.9. Vinorelbine+Rofecoxib
The morphology of C6 glioblastoma cells in the vinor-

elbine+ rofecoxib group is shown in Fig. 13. Filopodia were lost yet
nuclear contours became similar to controls and indentations were seen
less frequently. Mitotic catastrophe figures were less frequent than
single vinorelbine. Karyolysis and karyorrhexis patterns became rarer.
Occasional normal mitosis patterns were observed. Cisternal enlarge-
ment of ER membranes were less severe and less frequent than seen
with single vinorelbine treatment. Autophagic changes were similar to
vinorelbine group with lesser formation of gutta adipis. Cell cytoplasm

Fig. 7. Morphology of C6 glioblastoma cells in
the gemcitabine-treated group. Filopodia were
lost. a) Shrunken dark mitochondria juxtapose
a dark nucleus. Autophagic vacuoles (av) and
lipid droplets exist in the cell periphery of a
relatively healthy and pycnotic (pn) nucleus
(x6000m). b) A glioma cell with dark cyto-
plasm. A nucleus with indentation and con-
densed coarse chromatin (white arrow) sur-
rounds giant autophagic vacuoles (gav)
(x7500m). c) Cytoplasm is almost full with
lipid droplets and autophagic vacuoles.
Mitochondria with crista damage exist near the
lipid droplet cluster (between white curves)
(x7500m). d) ER whorls surround a pyknotic
nucleus (white surrounding curve). Giant au-
tophagic vacuoles (gav) in the cell periphery
(x5000m). m: magnification.

Fig. 8. Morphology of C6 glioblastoma cells in
the gemcitabine+DMSO-treated group.
Filopodia were lost. a) Endosomes with irre-
gular electron luscent material exist in the cell
periphery. Endoplasmic reticulum cisternae
were enwidened (white curves) and occasio-
naly formed large stacks (surrounded by white
curves) encasing some organelle material
(x10000m). b) Lipid droplet clusters in the cell
periphery. Reduced number of condensed,
darkened mitochondria (surrounded by white
curves) which were difficult to discern within
the cytoplasm (x 5000m). Enwidened cisternae
of endoplasmic reticulum (ER) and autophagic
vacuoles (av) c) Synaptonemal complex (sc)
within a cell nucleus (x 12000m). d)
Endoplasmic reticulum whorls (ERw), which
did not surround other organelles rather col-
lapsed within themselves (surrounded with
black arrows). The cytoplasm contained
shrunken mitochondria (surrounded with black
curves) and abundant lipid droplets/gutta
adipis (ld) (x 7500m). m: magnification.

İ. Elmaci, et al. Tissue and Cell 59 (2019) xxx–xxx

6



had lesser organelles. In some cells, ER cisternae surrounded mi-
tochondria.

3.1.10. Vinorelbine+DMSO
Findings were quite similar to the Vinorelbine+ rofecoxib combi-

nation (data not shown).

3.2. Plating efficacy in monolayer growth: dose response studies and drug
combinations

Dose dependent effects of rofecoxib, gemcitabine and vinorelbine on
monolayer growth of C6 glioblastoma cells were shown in Fig. 14.
Fig. 15 depicts combined effects of same agents on monolayer growth of
C6 glioblastoma cells. Vinorelbine reduced the cell numbers at all time
points in comparison to control (p > 0.05 for the 24th hour, p < 0.01
for the 48th, 72th and 96th hours, respectively). There was no differ-
ence between 1 and 10 μg/ml (0.927 and 9.27 μM) in eliciting

Fig. 9. Morphology of C6 glioblastoma cells in
the gemcitabine+ rofecoxib-treated group.
Filopodia were lost. In general, autophagoly-
sosomes enhanced further than the single
gemcitabine-treated group and coalesced into
clusters. a) Cells with pycnotic nuclei (pn) or
complete autophagy (Auto) (x 5000m). b) A
large dense nucleolus (nu) and synaptonemal
complex (sc) within a tumor cell nucleus (x
6000m). c) Lipid droplets (ld) and pycnotic
nucleus (pn) (x 5000m). d) Cluster of lipid
droplets (ld) and giant autophagic vacuoles (x
5000m). m: magnification.

Fig. 10. Morphology of C6 glioblastoma cells
in the gemcitabine+ rofecoxib-treated group.
a) A pycnotic nucleus. Juxtaposing giant au-
tophagosomes (gav) (x 7500m). b) Blebbing
(bl) of the cytoplasmic membrane (black ar-
rows) (x 7500m). c) Autophagic vacuoles (x
5000m). d) Lipid droplets (ld) juxtaposing dark
condensed mitochondria (surrounded by white
curves) (x 5000m). m: magnification. Figure
2b was taken from the publication of Tuna
et al. (2009) with permission (corresponding to
the Figure 4c in the aforementioned manu-
script).
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proliferation-inhibition (p > 0.05). Further, the activities of 1 and
10 μg/ml doses of vinorelbine to suppress cell growth did not increase
further at the 72th and 96th hours (p > 0.05). On the other hand,
vinorelbine at 100 μg/ml (92.7 μM) suppressed cell growth more potent
than 1 and 10 μg/ml at the 48th hour (p < 0.05) with a progressive
decline at the 72th and 96th hour. At the 96th hour, there were almost
no surviving cells among cells treated with vinorelbine at 100 μg/ml
(p < 0.01 in comparison to 1 and 10 μg/ml and p < 0.0001 in com-
parison to control, respectively). Gemcitabine was capable to reduce
plating efficacy at the earliest time point (24 h), which slightly

decreased at the 48th hour, yet became progressively effective there-
after (72 and 96 h). There was no difference between 1–100 μg/ml
(3.78–378 μM) of gemcitabine in reducing monolayer cell growth
(p < 0.05 at all time points). Rofecoxib insignificantly reduced cell
numbers in comparison to control and until the 72th hour and there
was no difference between its different doses (3.18–318 μM) to alleviate
growth. Furthermore, the slight growth-inhibitory effects of rofecoxib
decreased at the 96th hour. DMSO reduced cell numbers by14,67% at
the 24th hour, which was statistically significant (p > 0.05). But later,
it did not reduce cell numbers (Fig. 15). The combination groups

Fig. 11. Morphology of C6 glioblastoma cells
in the vinorelbine-treated group. a) A pycnotic
nucleus (pn). Mitochondria with crista damage
(surrounded by white curves). b) Autophagic
vacuoles (av) at the cell periphery (x10000m).
c) Autophagic vacuolization (auto) and cis-
ternal enlargement of endoplasmic reticulum
was so intense that cytoplasm was almost
fragmented (x6000m). d) Condensed mi-
tochondria (between black arrows) were barely
discernible. Giant autophagic vacuoles (gav)
(x7500m).

Fig. 12. Morphology of C6 glioblastoma cells
in the vinorelbine-treated group. a) A mitotic
apoptosis (ma) with accompanying prominent
autophagy (av) (x75000m). b) Another figure
of mitotic apoptosis (ma) (x75000m). c) A cell
containing a nucleus with karyolysis and
chromatin precipitation surrounds autophagic
debris (auto) of a neighbouring cell
(x15000m). d) Karyorrhexis-multinuclei for-
mation (mN) and prominent cytoplasmic au-
tophagy (x7500m).
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rofecoxib+ vinorelbine and rofecoxib+DMSO significantly reduced
the cell number in comparison to the control at all times (p > 0.05 for
the 24th hour, p < 0.01 for the 48th, 72th and 96th hours, respec-
tively). But these combinations were not superior to single vinorelbine
treatment. The rofecoxib+ gemcitabine combination also significantly
reduced the cell number in comparison to the control at all times, but
these reductions were also not superior to single gemcitabine treatment
(p > 0.05 for all time points). When DMSO was combined with gem-
citabine, growth inhibition reached to 85,51% at the 96th hour. This
combination significantly reduced plating efficacies at all time points in
comparison to control (p < 0.05, p < 0.05, p < 0.01 and p < 0.01
for 24, 48, 72 and 96th hours, respectively). But DMSO+gemcitabine
combination was also not superior to single gemcitabine in reducing
plating efficacy (p > 0.05 for all time points).

3.3. S-phase fraction as assessed with Brd-U labelling

Fig. 16 depicts the effects of DMSO (dimethylsulfoxide), rofecoxib
(rofecox), vinorelbine (vin), gemcitabine (gem) and their combinations
on the S-phase of C6 glioblastoma cell spheroid cultures. BrdU positive
cells were observed both in the spheroid periphery and the centre of the
controls. The labelling index of the control group was 18,2%. In the
rofecoxib group, BrdU+ cells were observed at the periphery of the

spheroids and the BrdU-LI was determined as 8,5%, statistically lesser
(p < 0.01) than the control group. The labelling index of the DMSO
group was 9,1% and this was also significantly lesser in comparison to
the control (p < 0.01). Gemcitabine drastically reduced the labelling
of spheroids to 1,3%, which was significant in comparison to the con-
trol (p < 0.01). The labelling indices of the gemcitabine+ rofecoxib
and the gemcitabine+DMSO groups decreased to 1,5% and 1,6%
which were significantly lesser than the control (p < 0.01 for both,
respectively) but not different than the single gemcitabine (p > 0.05).
Although vinorelbine decreased the BrdU-labelling of spheroids, this
effect was heterogeneous because some spheroids exhibited high and
some of them low labelling; yet the average labelling index following
vinorelbine treatment was 7,3%, which was significantly lesser than
control (p < 0.01). The average labelling of the vinorelbine+DMSO
group was 10,6%, which was statistically significantly lesser than the
control yet higher than the vinorelbine groups (p < 0.05 for both re-
spectively). The average labelling of the vinorelbine+ rofecoxib group
was 14,8%, which was statistically significantly lesser than the control
(p < 0.01) yet again higher than the single vinorelbine treatment
(p < 0.01). Rofecoxib and DMSO significantly decreased the S-phase-
inhibitory effect of vinorelbine.

Fig. 13. Morphology of C6 glioblastoma cells
in the vinorelbine+ rofecoxib-treated group.
In general, nuclear contours became similar to
controls and indentations were seen less fre-
quently. Mitotic catastrophe figures were less
frequent than single vinorelbine. Karyolysis
and karyorrhexis patterns became rarer.
Cisternal enlargement of ER membranes much
less frequent than seen with single vinorelbine
treatment. Autophagic changes and formation
of gutta adipis were much lower. a) A cell with
normal nuclear (N) and cytoplasmic config-
uration and discernible membranes of en-
doplasmic reticulum (white arrows). b) Cell
contained almost normal mitochondria (mt and
white arrows). c) Mitochondria (m) were en-
wrapped with membranes of endoplasmic re-
ticulum (white arrows). d) A tumor cell un-
dergoing a fairly normal division (mito). Figure
13d was taken from the publication of Tuna
et al. (2009) with permission (corresponding to
the Figure 4d in the aforementioned manu-
script).

Fig. 14. Dose dependent effects of rofecoxib, gemcitabine and vinorelbine on monolayer growth of C6 glioblastoma cells. x axis represents time periods of cell
counting and y axis represents cell numbers.

İ. Elmaci, et al. Tissue and Cell 59 (2019) xxx–xxx

9



Fig. 15. Effects of DMSO (dimethylsulfoxide), rofecoxib (rofe), vinorelbine (vin), gemcitabine (gem) and their combinations on monolayer growth of C6 glioblastoma
cells. x axis defines different drug applications and y axis represent cell counts. In each bar, different colours represent different time points which were explained at
the right side of the figure with matching colours.

Fig. 16. Effects of DMSO (dimethylsulfoxide), rofecoxib (rofecox), vinorelbine (vin), gemcitabine (gem) and their combinations on the S-phase of C6 glioblastoma
cell spheroid cultures. x axis represents different drug groups and y axis represents the percentage BrdU-labeling (suggesting the S-phase fraction) in spheroids
following 72 hours after drug treatment (i.e. in the control group spheroids, 18,2% percent of cells were actively replicating their DNA, which reduced to 1,3%
percent in gemcitabine-treated spheroids.).
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4. Discussion

4.1. Potentials of vinorelbine, gemcitabine and cyclooxygenase inhibitors in
glioblastoma

Vinorelbine arrests tumor cells in G2 and metaphase by blocking
tubulin depolymerization and mitotic spindle formation (Hanley et al.,
1998). Substitution of the catharanthine instead of the vindole moiety
enhances lipophilicity, allowing enhanced diffusion of vinorelbine into
cancer cells (Sato et al., 2007). First in 1998, vinorelbine was shown to
block a number of human glioma cells inoculated into athymic nude
mice (Hanley et al., 1998). Between 2008 and 2015, subsequent studies
showed that vinorelbine may induce significant clinical responses in
pontine and treatment-refractory progressive optic pathway gliomas,
which have a fast and fatal course (Biassoni et al., 2006; Kuttesch et al.,
2009; Massimino et al., 2008; Cappellano et al., 2011; Massimino et al.,
2014; Cappellano et al., 2015).Gemcitabine (2′,2′-difluoro-2′-deox-
ycytidine) is a deoxycytidine analog and is an essential component of
the chemotherapy protocols in a wide range of malignancies. The
therapeuticity of gemcitabine starts with the intracellular triple phos-
phorylation by deoxycytidine kinase (dCK) to an active triphosphate
form (dFdCTP) which competes with dCTP (deoxyCytidine Phosphate)
for incorporation into DNA (Kudgus et al., 2013). 2016, it was reported
that gemcitabine concurrent with radiotherapy was well-tolerated and
yielded encouraging results in patients with high grade malignant
glioma (Kim et al., 2016).

Increased COX-2 expression in human pancreatic cancers, as well as
the growth-inhibitory effect of nonsteroidal anti-inflammatory drugs
(NSAIDs) in vitro, led combinatory treatments of pancreatic cancer cells
with gemcitabine and COX-inhibitors (Yip-Schneider et al., 2001).
Phase-II clinical trials showed activity of gemcitabine, irinotecan and
celecoxib in pancreatic cancer (Lipton et al., 2010). However, there
exist no study which investigated whether gemcitabine efficacy could
be augmented with COX-inhibitors in glioblastoma. Hence, we de-
termined the actions of cyclooxygenase (COX) inhibitors alone and with
chemotherapy on cell kinetics and ultrastructure of glioblastoma cells.
As COX-inhibitors, we selected the non-selective cyclooxygenase in-
hibitor DMSO (dimethylsulphoxide) and COX-2 specific inhibitor rofe-
coxib. DMSO suppresses both prostaglandin formation and M2 subunit
of ribonucleotide reductase (RR) (Bilir et al., 2004). The iron dependent
RR enzyme catalyzes the formation of deoxyribonucleotides from nu-
cleotides (Elledge et al., 1992) and it catalyzes a reaction that proceeds
via a free radical mechanism of action (Eklund et al., 1997). Since
gemcitabine also blocks M1 subunit of RR (Jordheim et al., 2011), we
have anticipated a synergistic interaction with DMSO. Further, glio-
blastomas express higher levels of COX-2 and temozolomide treatment-
potency is increased with celecoxib in orthotopic rat C6 glioblastoma
model (Kang et al., 2006). Rofecoxib is withdrawn from the market due
to its cardiovascular side effects (James et al., 2007); yet we employed
it in this study due to its superselectivity on COX-2 (1000-times more
inhibitory on COX-1 in comparison to COX-1) (Everts et al., 2000).
Further, rofecoxib is a selective inhibitor of crinophagy, the disposal of
excess secretory granules by lysosomes (Sandberg and Borg, 2006). To
the best of our knowledge, our current study is the most detailed fine
structural study, which investigated effects of gemcitabine, vinorelbine
and cyclooxygenase inhibitors on glial tumor cells.

4.2. Are the selected in vitro dosages of vinorelbine and gemcitabine
achievable in vivo?

Concentrations between 100 nM and 1 μM are peak plasma levels of
vinorelbine in the conventional intravenous chemotherapy protocol
(Biziota et al., 2016). But higher levels of vinorelbine may accumulate
within tumor tissues due to its lipophilicity. Further, as will be also
discussed below, Rabbani-Chadegani investigated effects of vinorelbine
on normal bone marrow cells at concentrations similar to our cell

culture conditions (10–160 μg/ml) (Rabbani-Chadegani et al., 2015).
When they looked at PARP cleavage (a sign of apoptosis), they observed
a dose-dependent increase; but a very faint band was seen at 10 μg/ml
of vinorelbine. Hence, normal marrow cells are fairly tolerable to do-
sages around 10 μg/ml, which highly significantly suppressed pro-
liferation of C6 glioblastoma cells. Our findings suggested that there
was no difference between 1 to 100 μg/ml (3.78 to 378 μM) of gemci-
tabine in reducing monolayer cell growth. This may be explained with
the fact that maximal inhibition of DNA synthesis and of many other
metabolic pathways (which will be explained below) were already
achieved at 1 μg/ml/3.78 μM. Indeed, some groups suggest that very
low (IC50: 26 nM) dosages of gemcitabine block growth of pancreatic
cancer, but other groups used dose ranges in pancreatic cancer cells,
which were very similar to our dosages (Papademetrio et al., 2014).
Apparaju et al. evaluated the gemcitabine concentrations in brain ex-
tracellular fluid (ECF) in normal rats and in ECF obtained from glioma-
bearing rats (Apparaju et al., 2008). Studies on C6 glioma-bearing rats
revealed that following an intravenous dose of 25mg/kg, the AUC va-
lues in the tumor-free and tumor-brain regions were 4.52 ± 2.4, and
9.82 ± 3.3 μg h/ml, respectively (Apparaju et al., 2008). These results
showed that we have applied achievable dosages and doses between 4
to 10 μM are proper to perform further experiments on gemcitabine in
glioblastoma cells.

4.3. COX-inhibitor’s effects on cell kinetics. Monolayer versus spheroid
dichotomy

COX inhibitors did not influence monolayer growth of glioblastoma,
but reduced S-phase in C6 glioblastoma spheroids. Here, it shall be
noted that rofecoxib induced desmosomes between C6 glioma cells,
indicating that antitumor efficacy of COX inhibitors may require 3-di-
mensional cell-to-cell contacts. In a bladder outlet obstruction model,
which creates cellular stress on bladder epithelia, COX-2 inhibitors
protect all types of cell-cell adhesions including zonula adherens, zo-
nula occludens and gap junctions (Celik-Ozenci et al., 2006). Aspirin (a
COX-1 and COX-2 inhibitor) is capable to augment expression of con-
nexin-43, a component of gap junction in C6 glioblastoma cells (Qin
et al., 2016). These data is compatible with our findings that COX-in-
hibitors did not modify monolayer growth yet blocked S-phase of
spheroid cultures likely via enhanced cell-to-cell contacts.

4.4. DMSO induction of autophagy, mitochondrial changes and apoptosis

Dimethylsulphoxide (DMSO) was shown to both stabilise the lyso-
somal membranes and to trigger lysosomal activity (Misch and Misch,
1967). These differences may relate with its different different dosages
and actions on different cells. In Paramecium cells, DMSO blocks cell
proliferation at a concentration of 2% (same dosage that we have ap-
plied on C6 glioma cells) and above this concentration, it acted cyto-
toxic (Fok and Valin, 1983). In same cells, DMSO exerted a dose- and
time-dependent inhibitory effect on the rate and size of digestive vesicle
formation (Fok and Valin, 1983).Nonetheless, in Drosophila, DMSO acts
as a chemical stressor to induce autophagy (Braden and Neufeld, 2016).
DMSO effects on mitochondria are also dichotomous. A low dose of
DMSO (0.1%) protects U937 lymphoma cells against 7β-hydro-
xycholesterol-induced cell death by preventing lysosomal and mi-
tochondrial membrane permeabilization and reactive oxygen species
(ROS) production (Laskar et al., 2010). On the other hand, a higher
dose of DMSO (2.5%) could directly trigger mitochondria-driven
apoptosis in EL-4 lymphoma cells via reducing bcl-2, collapse of mi-
tochondrial membrane potential, and release of cytochrome C (Liu
et al., 2001). In our study, DMSO (2%) triggered morphological hall-
marks of apoptosis and autophagy, reduced the number and enhances
the electron-density of mitochondria. Mitochondrial condensation, but
not swelling is an earlier sign of apoptosis (Altinoz et al., 2007a), which
was frequent amont DMSO-treated glioma cells.
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4.5. Rofexocib induced mitochondrial injury, autophagy and lysosomal
phospholipidosis. Still any role in future management of glioblastoma?

In our study, we revealed mitochondrial damage, ER stress, en-
hanced autophagy and myelinosis (whorl formations suggesting lyso-
somal phospholipidosis) in rofecoxib-exposed C6 glioblastoma spher-
oids. In adrenal tissues of rofecoxib treated rats, greater number of
vacuoles and large lipid droplets containing cholesterol and other lipids
were witnessed (Matysiak and Jodłowska-Jedrych, 2010). Prominent
ER cisternae accompanied to large droplets and mitochondrial injury
were also noticed. These findings are very similar to our results. Coxibs,
such as rofecoxib, celecoxib, and valdecoxib raise levels of arachidonic
acid, which then inhibit mitochondrial oxidative phosphorylation
(OXPHOS) and increase ROS (Fosslien, 2005). But there exist also cel-
lular injury mechanisms peculiar to rofecoxib (Mason et al., 2006).
Experimental findings indicate that the cardiotoxic effects of rofecoxib
may not be a class effect but because of its intrinsic chemical properties.
Independently of COX-2 inhibition, rofecoxib increases oxidation of
cellular membrane lipids, promotes the nonenzymatic formation of
isoprostanes and reactive aldehydes (Mason et al., 2006). Cationic
amphiphilic drugs such as tricyclic antidepressants are toxic to both
cardiac and glioblastoma cells and induce significant myelinosis
(Altinoz et al., 2007b). A relatively recent study showed that rofecoxib
strongly sensitized glioblastoma stem cells to the oncolytic virotherapy
by myxoma virus (McKenzie et al., 2015); which may be harnessed in
future treatment strategies.

4.6. Synaptonemal complex formation in tumor cell nuclei. What could this
mean?

Synaptonemal complex is a zipper-like intranuclear structure which
forms between homologous chromosomes during meiosis mediating
chromosome synapsis. Until now, they were only described in germ
cells. It is well established that cancer cells regain stem cell phenotypes
and could activate early embryonic genes. But could they express even
genes of germ cells and form meiotic material? One of the cancer-testis
antigens, which is expressed on cancer cells and testicular tissue is sy-
naptonemal complex protein 1 (SCP-1) (Türeci et al., 1998); and
strikingly, its frequent expression occurs is recently shown in malignant
gliomas (Seo et al., 2016). We encountered these structures in treat-
ment groups and it would be tempting to investigate whether antitumor
drugs may trigger an aberrant meiotic process.

4.7. COX-inhibitors reduced vinorelbine-triggered mitotic slippage, but their
combination induced mitotic slippage. How?

Mitotic slippage is the incapability of cells to remain in a mitotic
arrested state for prolonged periods and replicating their DNA without
cytokinesis causing enhanced aneuploidy and subsequent induction of a
specific cell death described as “mitotic apoptosis” or “mitotic cata-
strophe”. In our study, COX-inhibitors blocked vinorelbine-induced
mitotic catastrophe, yet combination of DMSO with rofecoxib induced
mitotic apoptosis. CUGBP2 (CUG triplet repeat-binding protein 2) is a
ubiquitously expressed protein that interacts with CUG repeats and
regulates versatile RNA pathways (Ramalingam et al., 2008). CUGBP2
induces the stability of COX-2 mRNA but it may also inhibit translation
of COX-2 mRNA. CUGBP2 variant 1 causes cells to undergo mitotic
catastrophe following radiotherapy (Ramalingam et al., 2008). Here,
there might be a context-dependent difference between CUGBP2 in-
duction and modification of COX-2. COX-2 activation may reduce mi-
totic apoptosis in response to various conditions (eg. microtubule poi-
sons) but its combined blockage with COX-1 may trigger mitotic
apoptosis.

4.8. COX-inhibitors do not influence gemcitabine effects on C6 glioblastoma
cell kinetics

Since glioblastomas express higher levels of COX-2 and since te-
mozolomide treatment-potency was shown to be increased with cel-
ecoxib in orthotopic rat C6 glioblastoma model (Kang et al., 2006), we
also tried combinations with gemcitabine and inhibitors. We did not
reveal any synergism with COX-inhibitors and gemcitabine neither in
monolayer nor in spheroid S-phase indices. Nonetheless, since ultra-
structural damage of tumor cells increased with combinations of gem-
citabine and cyclooxygenase inhibitors, in vivo tumor responses may
still be different.

4.9. Vinorelbine induction of mitotic apoptosis. Particular relevance for
glioblastoma

Inhibition of microtubule dynamics by Vinca alkaloids involves in
their efficacy to block mitosis. Vinorelbine treatment of human NSCLC
PC-9 cells induced cell cycle arrest in the G2/M-phase, and when these
cells were subsequently irradiated at a dose of 8 Gy, G2/M accumula-
tion, hyperploidization and micronuclei formation occured (Fukuoka
et al., 2001). Micro- and multinuclei formations are important signs of
mitotic slippage/apoptosis induced by microtubule poisons (Nakayama
and Inoue, 2016). Furthermore, post-slippage multinucleation induces
further DNA damage and apoptosis and contributes to the cytotoxicity
of microtubule inhibitors (Zhu et al., 2014). Nocodazole inhibits mi-
crotubule polymerization and induces arrest at mitosis and subse-
quently, it induces mitotic slippage of human U251 glioblastoma cells
resulting in hyperploidization (Tsuiki et al., 2001). Glioblastoma cells
seem to be particulary vulnerable to mitotic slippage/apoptosis. Oka-
daic acid (OA), a polyether fatty acid inhibits protein phosphatase 2A
(PP2A) – responsible to repress the M-phase promoting factor – induces
apoptosis of glioblastoma cells at very low concentrations below 5 nM
(Castigli et al., 2006). Integrin linked kinase (ILK) provides organisation
of centrosomal protein complexes; its blockage leads cancer cells to
undergo multipolar anaphases and death in mitosis (Lanvin et al.,
2013). Silencing ILK enhanced radiation-induced centrosome over-
duplication and mitotic apoptosis of glioma and overcame its intrinsic
radioresistance (Lanvin et al., 2013). As mitotic death involves in
radiotherapy efficacy, it would be plausible to test whether vinorelbine
enhances efficacy of radiotherapy in glioblastoma.

4.10. Attenuation of vinorelbine-antineoplasticity with COX inhibitors.
Inflammation may contribute to the tumoricidal activity of vinorelbine

We observed that COX-inhibitors significantly reduced vinorelbine
efficacy to reduce the S-phase and to trigger mitotic apoptosis and
autophagy. We think that these findings are concordant with unique
effects of vinorelbine. Vinorelbine may induce an intense pain in cancer
patients which is at the tumor site and unrelated to vinca neurotoxicity
(Gebbia et al., 1994). Some authors suggested that patients with highly
vascularized, oedematous and necrotic tumors are particularly vulner-
able to this severe pain (De Marco et al., 1999). Enhanced COX activity
and inflammation may positively contribute to the antitumor efficacy of
vinorelbine. Vinorelbine’s tumoricidal actions may also involve autop-
hagy and ER stress. Application of autophagy inhibitors before vinor-
elbine treatment reduces its cytocidal activity, but their application
subsequent to vinorelbine enhanced cell death of human lung cancer
cells (Fu et al., 2008). In lung cancer cells, vinorelbine and SMAC
(second mitocondrial activator of caspases)-mimetic exerted cytocidal
synergism which involved enhanced ER-stress (Greer et al., 2011). Si-
milarly, vinorelbine potentiates bortezomib-efficacy on myeloma cells
accompanied by enhanced ER stress (Miyahara et al., 2016).

COX-inhibitors DMSO and rofecoxib induced mild autophagy alone,
but reduced vinorelbine induced autophagy and ER stress. The reason
behind this phenomenon may associate with the intensity of
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prostaglandin synthesis. Skin cancer cells express enhanced levels of
COX-2 which leads synthesis of J-series of prostaglandins (prostamides)
at basal levels, yet if COX-2 activity is further increased, prostamides
trigger ER-stress and cell death (Soliman et al., 2016). Edelfosine (ET-
18-O-CH(3), a synthetic alkyl-lysophospolipid) induces apoptosis and
COX-2 activation in ras-oncogene transfected breast cancer cells and
COX-2 inhibitor celecoxib attenuated its apoptotic activity (Na and
Surh, 2002). Hence, in certain conditions, COX-2 activation may con-
tribute to antitumor efficacy of certain antineoplastic drugs and its in-
hibition may alleviate tumoricidal activity. In our study, rofecoxib was
slightly more potent than DMSO to alleviate vinorelbine’s antitumor
efficacy. This may be due to rofecoxib’s selective inhibition of crino-
phagy (Sandberg and Borg, 2006), the disposal of excess secretory
granules by lysosomes. Cancer cells exposed to spindle poisons may
require the material in the secretory granules to salvage cellular
building blocks.

4.11. Gemcitabine treatment and changes in nuclear chromatin material

Prominent karyolysis of the central heterochromatin and margina-
tion of coarse chromatin towards the nuclear membrane was seen in
gemcitabine-treated cells. Wrapping of nuclear histone proteins around
DNA is important for resistance to gemcitabine, as histone deacetylase
inhibitors sensitize cancer cells against gemcitabine (Fuino et al.,
2003). Hence, transcriptional repression seems as an important pro-
tective response of tumor cells against gemcitabine, which is strongly
supported by signs of endoplasmic stress (cisternal enlargement) and
ER-whorl formation, which will be explained below. Gemcitabine also
shortens telomeres (Su et al., 2012) and decreases the number of double
minute chromosomes in cells at a 7500-times lower concentration than
the chemotherapeutic hydroxyurea (Yu et al., 2013). Double minute
chromosomes, including amplified oncogenes and drug-resistance
genes, frequently exist in cancer cells and their elimination effectively
decreases the malignancy of cancer (Yu et al., 2013).

4.12. Gemcitabine induction of autophagy. Friend or foe?

Abundant autophagy and gutta adipis (lipid droplet) formation
prevailed in gemcitabine-treated C6 glioblastoma cells. In combinations
of gemcitabine with DMSO or rofecoxib, these structures enhanced and
coalesced into clusters. In 2013, Papademetrio et al. claimed that au-
tophagy is responsible for the resistance of pancreatic tumors to gem-
citabine (Papademetrio et al., 2014). Their selected dosages in vitro
were high (0.001, 0.1, 1, 10, 100 μg/ml); and similar to our results on
72 h after treatment, there was not much difference between dosages of
0.01 to 10 μg/ml, but a significant rise of cell death occured when the
dosage increased from 10 μg/ml to 100 μg/ml (Papademetrio et al.,
2014). On the other hand, Fiorini et al. showed that Onconase® (ONC, a
member of the RNase super-family that is secreted in oocytes) induced
autophagy and sensitized pancreatic cancer cells to gemcitabine
(Fiorini et al., 2015). In vivo studies are necessary, whether autophagy
augmented with COX-inhibitors would increase tumoricidal activity of
gemcitabine in glioblastoma.

4.13. Gemcitabine induction of mitochondrial changes and formation of
gutta adipis/lipid droplets

In our study mitochondria were either shrunken or lost in gemci-
tabine and gemcitabine+COX inhibitor treated cells. Gemcitabine
could directly block mtDNA synthesis by inhibiting mitochondrial DNA
polymerase holoenzyme (DNA polymerase-γ) (Di Cresce et al., 2015).
Triggering ROS-production is one of the major tumoricidal mechanisms
of gemcitabine as pancreatic cancer cells with lower basal ROS-levels
are more resistant to gemcitabine (Di Cresce et al., 2015). Gemcitabine-
activation of acid sphingomyelinase also triggers insertion of proa-
poptotic bax protein into the mitochondrial membrane and strongly

induces death of glioma cells. All these data are compatible with our
findings showing damage and reduction of mitochondria with gemci-
tabine treatment in C6 cells. We observed formation of lipid droplets /
gutta adipis with gemcitabine, which was enhanced with COX-in-
hibitors. Lipid droplets are not stagnant depot sites, instead they are
dynamic metabolic organelles and their accumulation is determined
with metabolic state of cells (Kory et al., 2016).

Within the skeletal myocytes, lipid droplets act as fuel depots for
mitochondrial fat oxidation and usually juxtapose mitochondria to
allow fast transport (Stephens et al., 2011). With ageing, the numbers of
lipid droplets increase yet their association with mitochondria are dis-
rupted (Stephens et al., 2011). Gamma-linolenic acid (GLA) inhibits
Walker 256 tumor growth in vivo and doubles the triacylglycerol and
lipid droplet-content within the tumor cells (Colquhoun, 2002). Si-
multaneously, the surface density of mitochondrial cristae reduces,
along with reductions in contact sites and matrix granules. Enhance-
ment of lipid droplets were also defined in cancer cells exposed to
biological antitumor agents or antitumor microRNA. In renal carcinoma
cells, miR-494 expression markedly increased multilamellar bodies and
lipid droplets and reduced cell viability accompanied by increased
cleaved PARP and autophagic LC3B protein (Dutta et al., 2016). Besides
autophagy, LC3B involves in the formation of lipid droplets; and its
conjugated form LC3-II associates with the phosphatidylethanolamine
of the lipid droplet-membrane (Dutta et al., 2016). Formation of lipid
droplets accompanies mitochondrial changes including their short-
ening, fragmentation and becoming more electron-dense (Dutta et al.,
2016), which are exactly parallel to our findings in gemcitabine-treated
C6 cells. In cells exerting simultaneous enhancement of autophagy and
lipid droplets, a recycling process may occur which involves concurrent
lipid accumulation and utilization, as lipid droplet digestion occurs via
autophagy (Zhao et al., 2014).

4.14. Gemcitabine-induced enlargement of ER cisternae and formation of
ER whorls. Collapsed ER whorls with gemcitabine+DMSO treatment

In our study, ER whorls surrounded pyknotic nuclei in gemcitabine
treated C6 glioma cells. In gemcitabine+DMSO co-treated groups,
cisternal enlargement of ER membranes and formations of stacks were
seen; while in some cells, ER membranes formed whorls which col-
lapsed within themselves. ER is the major site of protein synthesis,
folding and modification. Noxious events including oxidative stress and
glucose deprivation can damage the ER which causes accumulation of
disrupted and misfolded proteins in the ER lumen, which leads to ER
stress. Studies in 14 pancreatic cancer cells revealed that various IRE1-
inhibitors (inositol-requiring enzyme-1, which blocks ER-stress re-
sponse) induced apoptosis and sensitized to gemcitabine (Chien et al.,
2014).

ER whorls which collapse within themselves develop in several
conditions: 1- Nutritional starvation, hormonal starvation and blockage
of anabolic metabolism (Price et al., 1977; Taira et al., 1981; Walsh
et al., 1982; Kubasik-Juraniec et al., 2009), cellular stress (Dabholkar
and Carmichael, 1987; Garthwaite et al., 1992), 2- Inhibition of protein
or cholesterol synthesis (Lum and Wright, 1995), 3- Disruption of ER
transport and Golgi Systems causing accumulation of large lipid dro-
plets (Sanguinetti et al., 1995; Zhou et al., 2011), 4- Carcinogenesis (De
Nicola et al., 1978; Wessely et al., 1982; Muakkassah-Kelly et al., 1988;
Morroni and Barbatelli, 2001); 5- Germ cell development (Gremigni
and Nigro, 1983; Kallenbach, 1984). ER whorls occur in pancreatic cells
during fasting and demonstrated as inactive RER lamellae. Fasting in-
duces ER-whorls in Mosqiuto intestinal epithelia whereas feeding with
blood and subsequent aminoacid supply causes robutst unwinding of
ER. Loss of ER protein Yip1A, providing proper ER/golgi membrane
networks, or decrease of alpha-COPI coatomer protein induced collapse
of ER structures into whorls. Cancer cells may not prefer to synthesize
new proteins under stress conditions; instead they shunt aminoacids
into pathways to provide energetic fuel. Indeed, polyribosomal

İ. Elmaci, et al. Tissue and Cell 59 (2019) xxx–xxx

13



profiling in pancreatic cancer cells showed that gemcitabine induced
pan- suppression of translation (Palam et al., 2015). Prominent induc-
tion of ER-whorls in C6 cells with gemcitabine and gemcita-
bine+DMSO treatments strongly suggest that these agents induced
shortage of essential cellular molecules.

5. Conclusions

Comprehensive ultrastructural analysis of cancer cell responses
against antitumor treatments may provide a deeper view on the action
mechanisms of antineoplastic drugs. A best approach would be com-
bining old and new methods, in which gene expression data are inter-
preted in the context of electron microscopical ultrastructural findings.
In our future studies, we will repeat these studies in human glioma cells
and interpret these findings with simultaneously applied microarray
data. Gemcitabine and vinorelbine induced both overlapping and dis-
tinct fine structural actions within C6 glioblastoma tumor cells and
understanding these mechanisms may help to develop better combi-
natorial strategies not just for glioma treatment but also for other types
of malignancies, where their clinical efficacies are proven.
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