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Abstract
Purpose Glioblastomas (GBM) comprise 17% of all primary
brain tumors. These tumors are extremely aggressive due to
their infiltrative capacity and chemoresistance, with glial-to-
mesenchymal transition (GMT) proteins playing a prominent
role in tumor invasion. One compound that has recently been
used to reduce the expression of these proteins is shikonin
(SHK), a naphthoquinone with anti-tumor properties.
Temozolomide (TMZ), the most commonly used chemother-
apeutic agent in GBM treatment, has so far not been studied in
combination with SHK. Here, we investigated the combined
effects of these two drugs on the proliferation and motility of
GBM-derived cells.
Methods The cytotoxic and proliferative effects of SHK
and TMZ on human GBM-derived cells were tested
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide (MTT), Ki67 staining and BrdU incorpora-
tion assays. The migration capacities of these cells were

evaluated using a scratch wound assay. The expression
levels of β3 integrin, metalloproteinases (MMPs) and
GMT-associated proteins were determined by Western
blotting and immunocytochemistry.
Results We found that GBM-derived cells treated with a com-
bination of SHK and TMZ showed decreases in their prolif-
eration and migration capacities. These decreases were
followed by the suppression of GMT through a reduction of
β3 integrin, MMP-2, MMP-9, Slug and vimentin expression
via inactivation of PI3K/AKT signaling.
Conclusion From our results we conclude that dual treatment
with SHK and TMZ may constitute a powerful new tool for
GBM treatment by reducing therapy resistance and tumor
recurrence.

Keywords Glioblastoma . Shikonin . Temozolomide .

Migration . Glial-to-mesenchymal transition

Electronic supplementary material The online version of this article
(doi:10.1007/s13402-017-0320-1) contains supplementary material,
which is available to authorized users.

* Vivaldo Moura-Neto
vivaldomouraneto@gmail.com

1 Brain’s Biomedicine Laboratory, Paulo Niemeyer State Brain
Institute, Secretaria de Estado de Saúde do Rio de Janeiro, Rua do
Resende 156, Rio de Janeiro 20231-092, Rio de Janeiro, Brazil

2 Institute of Biomedical Sciences at Federal University of Rio de
Janeiro (ICB/UFRJ), Rio de Janeiro 21941-902, Brazil

3 Center for Neuroscience and Cell Biology and Institute for
Biomedical Imaging and Life Sciences (CNC.IBILI), Rua Larga
Faculdade de Medicina, Pólo I, 1° andar,
3004-504 Coimbra, Portugal

4 Faculty of Medicine at University of Coimbra (FMUC), Pólo III -
Pólo das Ciências da Saúde, Azinhaga de Santa Comba,
3000-354 Coimbra, Portugal

5 Hospital Center and University of Coimbra (CHUC), Praceta Prof.
Mota Pinto, 3000-075 Coimbra, Portugal

6 Paulo de Góes Institute of Microbiology, Federal University of Rio
de Janeiro, Rio de Janeiro 21941-902, Brazil

7 Faculty of Pharmacy at University of Coimbra, Pólo das Ciências da
Saúde, Azinhaga de Santa Comba, 3000-548 Coimbra, Portugal

Cell Oncol. (2017) 40:247–261
DOI 10.1007/s13402-017-0320-1

http://dx.doi.org/10.1007/s13402-017-0320-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s13402-017-0320-1&domain=pdf


1 Introduction

Glioblastomas (GBM) represent the most common malignant
primary brain tumors [1, 2]. First-line treatment of GBM com-
prises surgical resection, followed by radiotherapy with con-
comitant and adjuvant chemotherapy using temozolomide
(TMZ). However, even with treatment, patients survive for
only 12 to 15 months after diagnosis [3]. Previous studies
have indicated that the limited success of GBM therapy is
related to the resistance of glioblastoma cells to TMZ, a
DNA alkylating drug [4], as well as to genetic abnormalities
and alterations in the signaling pathways responsible for cell
proliferation, survival and motility [5, 6].

During invasion and migration, tumor cells alter their phe-
notype. These alterations involve changes in cell-cell adhesion
and polarity in a process called epithelial-mesenchymal tran-
sition (EMT), wherein proteins typical of epithelial cells be-
come down-regulated and mesenchymal marker proteins, for
instance N-cadherin and vimentin, become up-regulated [7].
Degradation of the extracellular matrix (ECM) by metallopro-
teinases (MMPs) is essential for the invasiveness of tumor
cells, and is also important for the EMT of tumor cells. One
of the most important deregulated signaling pathways in
GBM is the integrin pathway, which is also involved in cell
adhesion, cytoskeletal organization, cell proliferation, survival
and invasion [8]. Evidence indicates that integrins have a role
in EMT [9]. Overexpression of integrins in tumor cells leads
to a reduction in E-cadherin levels and to increases in the
levels of vimentin and the transcription factor Slug [10].
Cooperation between integrins and MMPs is essential for
the invasiveness of tumor cells [11]. Previous studies have
reported that the overexpression of integrin αvβ3 plays an
important role in GBM cell migration as well as in MMP-2
regulation, both of which are associated with the high inva-
siveness of these tumors [12]. Because current drug treatments
for GBM are not effective, new molecular compounds have
been tested, either alone, combined with flavonoids [13, 14],
or as a dual treatment with TMZ [4, 15].

Shikonin (SHK) is an active naphthoquinone isolated
from Zicao, more specifically from the root of
Lithospermum erythrorhizon, which is used in Chinese
herbal medicine [16] and in the experimental treatment
of cancer [17, 18], including GBM [19]. SHK is a rela-
tively lipophilic compound, and its molecular structure al-
lows it to cross the blood-brain barrier (BBB). Previous
studies have reported that SHK may reduce the expression
of β1 integrin in non-small-cell lung cancer cells and
decrease the expression of MMP-2 and MMP-9 in prostate
cancer cells [17, 18]. The combination of SHK and the
topoisomerase I inhibitor topotecan (TPT) has been found
to promote cell cycle arrest and apoptosis in GBM cells
and in glioblastoma stem-like cells (GSCs) through activa-
tion of the caspase-9/3-dependent pathway [20]. Moreover,

SHK has been found to reduce the migration and invasion
of breast cancer cells by inhibiting EMT through a reduc-
tion in the expression of mesenchymal markers such as N-
cadherin and Slug, and up-regulation of epithelial markers
such as E-cadherin, suggesting that after SHK treatment,
the tumor cells re-acquire an epithelial phenotype that is
less resistant to therapy [21]. A more recent study has
shown that malignant gliomas also express mesenchymal
markers such as vimentin, fibronectin and Snail. These
observations have resulted in a new concept, i.e., glial-
mesenchymal transition (GMT), since the origin of glial
tumor cells is different from that of epithelial tumors, such
as breast tumors [22].

We hypothesized that a combination of SHK and TMZ
may potentiate GBM treatment. To test this hypothesis,
GBM cells were incubated with SHK and TMZ, in a dual
treatment or individually, after which their proliferation and
motility were evaluated. Proteins involved in EMT/GMT of
tumor cells, which are associated with therapy resistance,
were also analyzed. The results obtained may be instrumental
for our understanding of the mode of the action of SHK on
GBM cells and for the development of new tools to treat
GBM.

2 Material and methods

2.1 Reagents

All culture reagents as well as the secondary antibodies,
conjugated to Alexa Fluor 488 or 546, and the Alexa
Fluor 568 phal loidin were obtained from Life
Technologies (Carlsbad, CA, USA). Protease and phos-
phatase inhibitors, and the Bromodeoxyuridine kit
(BrdU) were purchased from Roche (Indianapolis, IN,
USA). Antibodies directed against integrin β3 and
MMP-9 were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). Rabbit anti-MMP-2 and mouse anti-
actin antibodies were obtained fromMillipore (Billerica, MA,
USA), and α-tubulin antibody from Sigma-Aldrich Corp. (St.
Louis, MO, USA). Antibodies directed against AKT,
phospho-AKT Ser473 and Slug were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA), and anti-
vimentin, Ki67 and GFAP antibodies from Dako (Glostrup,
Denmark). Anti-GAPDH antibody was purchased from
Abcam (Cambridge, MA, USA). SHK was purchased from
Calbiochem (Merck, Darmstadt, Germany). TMZ and other
chemicals were purchased from Sigma-Aldrich Corp. SHK
and TMZ were dissolved in dimethyl sulfoxide (DMSO) at
stock concentrations of 34.68 mM and 100 mM, respec-
tively. These stocks were aliquoted and diluted with
culture medium according to the concentration used,
and stored frozen at −80 °C.
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2.2 Cell culture conditions

The human GBM cell line U118-MG was obtained from the
American Type Culture Collection ATCC (USA), whereas
GBM cell line GBM02 was established in the Brazilian labo-
ratory as previously described [23]. Primary astrocyte cultures
were prepared and cultured as described previously by our
group [24]. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 3.5 mg/ml glu-
cose, 0.1 mg/ml penicillin, 0.14 mg/ml streptomycin and 10%
fetal bovine serum (FBS). The cultured cells were maintained
at 37 °C in an atmosphere of 95% air and 5% CO2. The
vehicle controls contained the same amount of DMSO in all
treatments. In all conditions, we used concentrations below
the IC50 of SHK (1.5 μM) and/or TMZ (200 μM), taking into
account the daily doses of TMZ used in clinical practice
(150 mg/m2 once per day for 5 days). The drug concentration
necessary to inhibit viability was determined using GraphPad
Prism 5 (version 5.00; GraphPad Software, Inc., San Diego,
CA, USA).

2.3 MTT assay

Cell viability was assessed using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction color-
imetric assay. Briefly, cells were seeded into 96-well plates at
103 cells/well and incubated for 24 h with TMZ and/or SHK at
different concentrations prepared from stocks. Then, MTT
(5 mg/ml) was added to each well at a final concentration of
10% and left for 2 h. The blue formazan crystals produced
were dissolved by adding 100 μl DMSO after which the ab-
sorbance of the cell culture medium was measured in a micro-
plate reader at 570 nm. The drug concentration required to
inhibit growth by 50% (IC50) was estimated using
GraphPad Prism 6.

2.4 Ki67 staining and BrdU incorporation assay

GBM cells were treated for 24 h with 1.5 μMSHK alone or in
combination with 200 μMTMZ. The proliferation capacity of
the GBM cells was determined by two methods: evaluation of
Ki67 expression by immunofluorescence using an anti-Ki67
antibody (Dako) and quantification of BrdU incorporation
into the DNA of replicating cells using a Cell Proliferation
ELISA kit according to the manufacturer’s instructions (Cell
Proliferation ELISA for BrdU, Roche).

For the Ki67 expression experiments, GBM cells incubated
with 1.5 μM SHK and/or 200 μM TMZ were fixed with 4%
PBS/paraformaldehyde, incubated with 3% PBS/BSA for 1 h
at room temperature, and then incubated overnight with a
rabbit anti-Ki67 antibody in 1% PBS/BSA. The resulting im-
mune complexes were revealed using an anti-rabbit Alexa

Fluor 488 antibody. As a negative control absence of anti-
Ki67 was used.

For the BrdU incorporation experiments, cells treated for
24 h with 1.5 μM SHK and/or 200 μM TMZ were incubated
with BrdU labeling solution (0.1 μl/ml) for 120 min at 37 °C in
a humidified atmosphere (5% CO2). Next, the cells were incu-
bated with a FixDenat solution and with anti-BrdU POD (anti-
BrdU-FLUOS) according to the manufacturer’s instructions
(Roche). Colorimetric analyses were performed using a
VICTORX3multi-label plate reader, and the absorbances were
determined at 450 nm (Perkin-Elmer, Waltham, MA, USA).

2.5 Scratch wound assay

Cell migration was studied according to a previously de-
scribed method [25]. Briefly, U118-MG and GBM02 cells
were seeded into 24-well plates until they reached confluence.
Cell monolayers were then scraped in straight lines with a p10
pipet tip, and debris was removed by washing the monolayers
with new culture medium. Next, the plates were placed in a
CO2/temperature chamber attached to a phase-contrast micro-
scope, and images were captured before treatment with
1.5 μM SHK and/or 200 μM TMZ (0 h), and then after 24 h
of treatment. ImageJ software (v1.46; National Institutes of
Health, Bethesda, MD, USA) was used to analyze the images,
and the scratched areas were determined using the BPolygon
Selection Tool^ for each time-point and treatment. The results
were normalized to the scratched areas at 0 h.

2.6 Cytoskeleton organization assay

GBM cells were seeded onto round coverslips in 24-well
plates and incubated with 1.5 μM SHK alone or in combina-
tion with 200 μM TMZ for 24 h. In order to visualize actin
filaments (F-actin), the cells were fixed with 4% PBS/
paraformaldehyde at room temperature for 20 min, perme-
abilized with 0.1% Triton X-100/PBS for 3 min, and then
incubated with an Alexa Fluor 568 phalloidin staining solu-
tion (5 μg/ml) for 1 h. To visualize the microtubules, the cells
were fixed with methanol at −20 °C for 5 min, permeabilized
with 0.1%Triton X-100/PBS for 3 min, and then incubated for
45 min with an anti-α-tubulin antibody (Sigma) in PBS con-
taining 1% BSA. Anti-rabbit Alexa Fluor 488 was used as a
secondary antibody. The nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI). Cells were examined
using a DMi8 advanced fluorescence microscope (Leica
Microsystems, Germany). The plug-in Fibril Tool for
ImageJ (NIH, USA) was used to quantify the anisotropy of
F-actin and the microtubules [26]. The anisotropy parameter
reaches its maximum when all fibers in the array point in the
same direction. Its value is defined as zero when all fibers are
randomly oriented. Cells stained only with the secondary an-
tibody were used as a negative control.
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2.7 Immunocytochemistry

GBM cells were seeded onto round coverslips in 24-well
plates and then incubated with either 1.5 μM SHK or
200 μM TMZ, or both for 24 h. To detect intermediate fila-
ment, metalloproteinase and integrin expression, the cells
were fixed and then incubated with rabbit anti-GFAP (1:250,
Dako), mouse anti-vimentin (1:100, Dako), mouse anti-actin
(1:500, Millipore), mouse anti-MMP9 (1:400, Santa Cruz
Biotechnology), rabbit anti-MMP2 (1:500, Millipore) and
goat anti-integrin (1:200, Santa Cruz Biotechnology) primary
antibodies at 4 °C overnight. Next, the cells were washed with
PBS and incubated with specific Alexa secondary antibodies
at 37 °C for 1 h. The nuclei were stained with DAPI. The
slides were examined using a DMI8 advanced fluorescence
microscope (Leica Microsystems). The fluorescence intensity
of individual cells was measured and analyzed using ImageJ
software (NIH).

2.8 Western blotting

GBM cells were cultured in 6-well plates and incubated for
24 h in the presence of either 1.5 μM SHK or 200 μM TMZ,
or both for 24 h. Next, the cells were washed with PBS and
scraped off using a rubber policeman, after which lysis buffer
was added (10 mM Tris base, 0.25 M saccharose and1 mM
EDTA, in the presence of protease inhibitors). The lysates
were sonicated and then centrifuged at 4 °C, 10,000 g for
10 min. The supernatants were analyzed for protein content
using a bicinchoninic acid assay (BCA) kit (Thermo Fisher
Scientific, Inc.). Western blotting was performed as described
by Towbin et al. [27] with minor modifications introduced by
us.

For the immunodetection of proteins, 30 μg total cell pro-
tein was separated by electrophoresis on 10% SDS-
polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes. Next, the membranes were
blocked with 5% non-fat milk in Tris-buffered saline with
0.1% Tween-20 (TBS-T) for 1 h, incubated with specific pri-
mary antibodies overnight at 4 °C, washed with TBS-T, and
incubated with peroxidase-conjugated antibodies. The signals
of GFAP (1:1000, Dako), MMP-2 (1:200, Millipore), Slug
(1:1000, Cell SignalingTechnology), vimentin (1:500,
D a k o ) , P h o s p h o -AKT S e r 4 7 3 ( 1 : 2 0 0 0 , C e l l
S i g n a l i n g Te c h n o l o g y ) , AKT ( 1 : 1 0 0 0 , C e l l
SignalingTechnology), GAPDH (1:2500, Abcam) and actin
(1:1000, Millipore) were detected using ECL and chemilumi-
nescence in conjunction with a ChemiDoc MP imaging sys-
tem (BioRad, Benicia, CA, USA). The densitometric analyses
were performed using ImageJ software, and the values obtain-
ed represent the ratio between the immunodetected protein
and the loading control (GAPDH or actin).

2.9 O6-methylguanine-DNA-methyltransferase (MGMT)
expression analysis

U118-MG and GBM02 cells were cultured under standard
conditions as described under 2.2 and total RNAwas extracted
using a PureLink RNA Mini Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. Five micrograms of
total RNA and a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems) were used to perform cDNA syn-
thesis from astrocytes (positive control) and each GBM cell
line. Quantitative polymerase chain reactions (qPCR) were
carried out in quadruplicate using 50 ng cDNA, MGMT
Taqman® Probe (Hs04419844_s1) and GAPDH as the en-
dogenous control (RT2 profiler PCR array, Qiagen). To calcu-
late relative fold variations in mRNA expression, the 2-ΔΔCT

method was used and the data were analyzed using Student’s
t-test. Thermal cycling was always carried out using the con-
ditions recommended by the manufacturer in a CFX96 Touch
Real-Time PCR Detector (BioRad).

2.10 Statistical analysis

All values were expressed as mean ± SD. Groups were com-
pared by means of One-way ANOVA test, Dunnet’s test and
Bonferroni probabilities (except for qPCR, as mentioned
above), with a significance threshold of p ≤ 0.05. All statistical
analyses were performed using GraphPad Prism 6 (GraphPad
Software Inc., San Diego, CA, USA).

3 Results

3.1 Dual treatment of SHK and TMZ reduces
glioblastoma cell viability

In order to evaluate the effects of SHK on the viability of
glioblastoma cells, U118-MG and GBM02 cells were incubat-
ed with different concentrations of SHK (0–10 μM) for 24 h.
As shown in Fig. 1a, we found that the two cell lines
responded differently to the SHK treatment, which may be
due to the heterogeneity observed among GBMs. The
GBM02 cells were more sensitive to SHK at concentrations
of 0.75 μM and above, compared to the U118-MG cells,
which showed decreases in viability only at SHK concentra-
tions of 1.5 μM and above. The effect of SHK on the viability
of both GBM cell lines was more evident at higher concentra-
tions, such as 2 μM. The differences noted between these cell
lines are in agreement with the IC50 values determined for
each cell line exposed to SHK, i.e., the SHK IC50 values for
GBM02 and U118-MG were 1.68 and 1.87 μM, respectively.
Therefore, we decided to use SHK at a concentration of
1.5 μM in all further experiments. Since all TMZ concentra-
tions tested on the two GBM cell lines did not affect their
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viabilities (Fig. 1b), we decided to use a concentration of
200 μM as previously described to treat the U118-MG and
U87 cells [15].

We found that the viability of GBM02 cells was re-
duced at 1.5 μM SHK and did not change significantly
in response to the TMZ treatment compared to the con-
trol cells (Fig. 1c). In the case of U118-MG cells, in-
cubation with 1.5 μM SHK reduced their viability, al-
though the TMZ treatment affected them similarly to
GBM02 cells. These data reinforce our supposition
(see above) about differences between these two cell
lines. The differences were more evident when the cells
were incubated with 1.5 μM SHK in combination with
200 μM TMZ. The reduction in cell viability was great-
er than that observed with each drug alone or with the
control (Fig. 1c and d). This effect was more pro-
nounced for GBM02 cells than for U118-MG cells (for
details see Table 1). Together, these data confirm the
differences in the nature of the two lines regarding dif-
ferent responses to SHK and TMZ treatments. These
differences emphasize the importance of analyzing the
profiles of different tumors, since they may respond
d i f f e r en t l y t o t h e s ame t r e a tmen t r eg imens .

Biochemical studies, such as those described here, com-
bined with magnetic resonance imaging (MRI) and
anatomopathological analyses may help to improve the
treatment of these tumors.

3.2 Glioblastoma cells express GFAP, vimentin
and MGMTat different levels

The different responses of GBM02 and U118-MG cells
to SHK and TMZ, as outlined above, suggest that these
two cell lines are different in nature. Therefore, we
assessed the presence of putative additional differences
between these two cell lines by determining the expres-
sion of the glial fibrillary acidic (GFAP) and vimentin
proteins using immunofluorescence and Western blotting
(Fig. 2a and b, respectively). We found that the two cell
lines exhibited different distributions of the GFAP and
vimentin proteins (Fig. 2a), which were accompanied by
differences in their synthesis (Fig. 2b) (for details see
Table 1). GBM02 cells were found to contain less
vimentin than U118-MG cells, suggesting that the
U118-MG cells are less glial-differentiated than the
GBM02 cells. Since vimentin is expressed by cells with

Fig. 1 Shikonin in combination with temozolomide reduces
glioblastoma-derived cell viability. GBM02 and U118-MG cells were
treated with different concentrations of shikonin (SHK, 0.2–10 μM) (a),
temozolomide (TMZ, 50–250 μM) (b), and co-treated with both drugs at
different concentrations: cells treated simultaneously with 0.75, 1 or

1.5 μMSHK and 200 μMTMZ (c), and cells treated simultaneously with
150, 200 or 250 μM TMZ and 1.5 μM SHK (d) for 24 h. Each value
represents the mean ± SD of three independent experiments, *p < 0.05,
**p < 0.01, ***p < 0.001, #p < 0.0001, compared to control groups
(vehicle) and to treatment with each drug alone
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a mesenchymal phenotype, the high vimentin synthesis
in U118-MG cells additionally suggests that these cells
still have a glial-to-mesenchymal transition (GMT) pro-
file whereas the GBM02 cells are in a more advanced

stage of differentiation. These results could be related to
the differences observed during SHK and TMZ treat-
ment, wherein the GBM02 cells turned out to be more
sensitive than the U118-MG cells based on their

Table 1 Combination of SHK and TMZ changes GBM cell features

Cell line Treatments Cell viability reduction (%)
(MTT assay)

Proliferation reduction
(%) (BrDU)

Migration reduction (%)
(scratch assay)

Disorganization of
cytoskeleton (%)

Tubulin Actin

GBM02 CTL vs SHK 1.5 41.5 ± 14% ** 30.5 ± 9% * 49.7 ± 13.2% * 48 ± 3%*** 47
± 7%**

CTL vs TMZ 200 2.17 ± 5% 30.4 ± 8% * 40.8 ± 18.4% * 15 ± 5% 29 ± 4%*

CTL vs SHK 1.5 +
TMZ 200

56.7 ± 3% *** 65.4 ± 5% *** 54.2 ± 1.6% ** 58. ± 4.1%*** 77.2
± 2.4%-
***

TMZ 200 vs
SHK1.5 + TMZ 200

54.5 ± 2% *** 35 ± 3% ** 13.3 ± 16% 44 ± 1%*** 48
± 3%*-
**

SHK 1.5 vs SHK
1.5 + TMZ 200

15 ± 10% 35 ± 4% ** 4.4 ± 11% 11 ± 0.3% 31 ± 5%

U118-MG CTL vs SHK 1.5 30.2 ± 5.8% * 38.7 ± 12% ** 11.6 ± 3.5% * 41 ± 6.8%* 21 ± 2%*

CTL vs TMZ 200 12.5 ± 5% 22.4 ± 17% 3.8 ± 4.6% 13 ± 6% 2 ± 3%

CTL vs SHK 1.5 +
TMZ 200

37.5 ± 18%** 56.3 ± 6% *** 26.3 ± 8.5% *** 61.1
± 4.8%***

41.8
± 2.1%-
*

TMZ 200 vs
SHK1.5 + TMZ 200

24.9 ± 13% 34 ± 10% * 22.4 ± 3% ** 49 ± 2%** 45
± 1%**

SHK 1.5 vs SHK
1.5 + TMZ 200

7.22 ± 9% 17.7 ± 6% 14.6 ± 5% * 21 ± 2% 21
± 0.3%-
*

*p < 0.5

**p < 0.01

***p < 0.001

Fig. 2 Glioblastoma-derived
cells express different levels of
GFAP and vimentin. Expression
and distribution of vimentin and
GFAP in GBM02 and U118-MG
cells assessed by immunofluores-
cence (a) and Western blot analy-
sis (b) using specific antibodies.
Actin was used as loading control
and 10 μg protein was loaded in
each lane. Each value represents
the mean ± SD of three indepen-
dent experiments, *p < 0.05
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mesenchymal profiles, which are known to be associat-
ed with the aggressiveness and chemo-resistance of tu-
mor cells. We also determined the MGMT mRNA expression
levels in the U118-MG and GBM02 cells using qPCR. We
found that the GBM02 cells showed a significantly lower (al-
most null) MGMTexpression level compared to the U118-MG
cells (Supplementary Fig. 1). The different MGMT expression
levels observed may, at least in part, explain the different re-
sponses elicited by SHK and TMZ in these cell lines.

3.3 SHK in combination with TMZ reduces glioblastoma
cell proliferation

In order to determine whether the reduction in viability of
GBM cells treated with SHK or TMZ alone could be associ-
ated with a decrease in cell proliferation, we next assayed the
Ki67 expression and BrdU incorporation levels in these cells.
Upon incubation with 1.5 μM SHK the percentage of Ki67-
positive cells decreased in both cell lines, compared to control

cells (Fig. 3a). In cells incubated with TMZ, the expression of
Ki67 decreased less than in the control and SHK-treated cells
(Fig. 3a). The effect was clearly enhanced when cells from
both lines were incubated with 1.5 μM SHK in combi-
nation with 200 μM TMZ. In cells incubated with both
drugs combined, we found that the percentage of Ki67-
positive cells decreased compared to the control cells
and to the treatment with each drug individually
(Fig. 3a) (for details see Table 1). By using a BrdU
incorporation assay, we found that upon incubation with
1.5 μM SHK alone, the proliferation rate decreased in
both GBM02 and U118-MG cells compared to control
cells (Fig. 3b). When the GBM cells were treated with
200 μM TMZ alone, the proliferation in both cell lines
was found to be less reduced than in control cells and
in SHK treated cells (Fig. 3b). Moreover, we found that
a combined treatment with SHK and TMZ reduced the
cell viability in both cell lines compared to the control
and to treatment with each drug individually (for details

Fig. 3 Shikonin in combination with temozolomide affects
glioblastoma-derived cell proliferation. GBM02 and U118-MG cells
were treated with 1.5 μM shikonin (SHK), 200 μM temozolomide
(TMZ), and the combination of 1.5 μM SHK and 200 μM TMZ for
24 h. Cell proliferation was evaluated by Ki67 staining (a) and BrdU

incorporation assays (b). The results are expressed as mean ± SD and
are representative of three independent experiments, with each experi-
ment performed in triplicate.*p < 0.05, **p < 0.01, ***p < 0.001 com-
pared to the vehicle groups and to the TMZ and SHK treatments alone.
Scale bar: 50 μm
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see Table 1). The anti-proliferation effect was, however,
more prominent in GBM02 cells than in U118-MG
cells. These results suggest an anti-proliferative effect
when both drugs are combined in a dual treatment.

3.4 SHK in combination with TMZ reduces glioblastoma
cell migration

In order to next evaluate whether SHK and/or TMZ treatments
alter the migration capacity of GBM cells, scratch wound
assays [25] were performed. We found that when GBM02
and U118-MG cells were incubated with 1.5 μM SHK alone,
their migration capacity was reduced compared to that of con-
trol cells (Fig. 4b and d). Based on the above observations, we
expected that TMZ treatment would not reduce GBM cell
migration, but surprisingly, we found that the migration ca-
pacity of both the GBM02 and U118-MG cells was decreased
compared to control cells (Fig. 4a and b) (for details see
Table 1). Furthermore, we found that upon treatment with
1.5 μM SHK and 200 μM TMZ, the reduction in migration
capacity was more pronounced in the GBM02 cells (Fig. 4a
and b) than in U118-MG cells (Fig. 4c and d). These data
suggest that the dual treatment was more effective in reducing

cell migration than treatment with SHK or TMZ alone (for
details see Table 1).

3.5 SHK in combination with TMZ changes cytoskeleton
organization in glioblastoma cells

In order to evaluate whether the observed reduction in the
migratory capacity of GBM cells is associated with alterations
in the cytoskeletal architecture, we analyzed the organization
of actin filaments and microtubules by immunocytochemistry.
To this end, F-actin was stained using phalloidin and an α-
tubulin antibody was used to detect microtubules. We found
that in untreated GBM02 and U118-MG cells, the F-actin
filaments remained organized (Fig. 5a and b). However, when
both cell lines were treated with 1.5 μM SHK alone, the or-
ganization of F-actin filaments became significantly disrupted
(Fig. 5a) compared to the control condition. In contrast, we
found that treatment with 200 μM TMZ alone induced fewer
alterations in the F-actin organization in GBM02 cells, and did
not alter the F-actin filaments in U118-MG cells compared to
the changes observed in these cells incubated with 1.5 μM
SHK alone (Fig. 5a). When the GBM cells were incubated
with 1.5 μM SHK and 200 μM TMZ, the F-actin filaments

Fig. 4 Shikonin in combination with temozolomide reduces
glioblastoma-derived cell migration. GBM02 (a) and U118-MG (b) cell
migration capacities were evaluated using a wound-closure (scratch) as-
say after treatment with 1.5 μM shikonin (SHK), 200 μM temozolomide
(TMZ) or a combination of 1.5 μM SHK and 200 μM TMZ. Cells were

photographed at the start of the assay and 24 h later. The area of cell
migration was measured for both cell lines. *p < 0.05, **p < 0.01,
***p < 0.001 compared to the vehicle groups and to TMZ and SHK
treatment alone. Scale bars: 50 μm
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were more disorganized compared to those treated with SHK
alone (Fig. 5a), suggesting an additive effect of these drugs.
Regarding the microtubule organization upon incubation with
1.5 μM SHK alone, as seen in Fig. 5b, the organization was
impaired in both cell lines compared to that observed in con-
trol cells. On the other hand, we found that in both cell lines
treated with 200 μM TMZ alone, the microtubule organiza-
tion remained similar to that observed in control cells
(Fig. 5b). Interestingly, when the cells were incubated with
1.5 μM SHK in a dual treatment with 200 μM TMZ
(Fig. 5b), the microtubules were considerably more disorga-
nized compared to those in the presence of SHK alone.

To better quantify the fibrillar structures for each
condition, the anisotropy of F-actin filaments (Fig. 5a)
and microtubules (Fig. 5b) was determined using the
Fibril tool plugin for ImageJ [26]. Upon incubation with
1.5 μM SHK alone, the anisotropy of F-actin filaments
decreased in both cell lines, compared to control cells
(Fig. 5b). In the presence of 200 μM TMZ alone, the
anisotropy of F-actin filaments was reduced only in
GBM02 cells, and no effect was observed in U118-
MG cells (Fig. 5a). In cells incubated with 1.5 μM
SHK in combination with 200 μM TMZ, the anisotropy
of F-actin filaments was more reduced in GBM02 cells
than in U118-MG cells and control cells, which

suggests a pronounced additive effect. Regarding the
anisotropy of microtubules, we found that in cells treat-
ed with 1.5 μM SHK alone, anisotropy was reduced in
both cell lines compared to control cells (Fig. 5b). In
cells incubated with 200 μM TMZ alone anisotropy
decreased, but not significantly, in both GBM02 and
U118-MG cells (Fig. 5b) (for details see Table 1). In
cells incubated with 1.5 μM SHK in combination with
200 μM TMZ, we found that anisotropy of the micro-
tubules was decreased considerably more in GBM02
than in U118-MG cells compared to control cells and
to the treatment with each drug alone. These data sug-
gest that GBM02 and U118-MG cells are sensitive to
SHK and TMZ dual treatment regarding cytoskeleton
disorganization.

3.6 SHK in combination with TMZ reduces β3 integrin
and MMP-2/9 expression in glioblastoma cells

Since we found that SHK and TMZ co-treatment disrupts the
cytoskeletal organization and migration of GBM cells, we
next set out to investigate whether integrins and metallopro-
teinases could be affected by the combination of these two
drugs. We found that GBM02 and U118-MG cells incubated
with the combination of 1.5 μM SHK and 200 μM TMZ

Fig. 5 Cytoskeleton organization in glioblastoma cells treated with
shikonin and temozolomide. GBM02 and U118-MG cells were treated
for 24 h with 1.5 μMshikonin (SHK), 200 μM temozolomide (TMZ) or a
combination of both drugs. (a) red indicates F-actin staining, and blue
indicates nuclear staining (DAPI). (b) green indicates α-tubulin staining,

and blue indicates nuclear staining (DAPI). The images are representative
of three independent experiments, obtained by DMI8 advanced fluores-
cence microscopy. Anisotropy was quantified using the FibrilTool plugin.
*p < 0.05, **p < 0.01, ***p < 0.001, compared to the vehicle control and
to TMZ and SHK treatment alone. Scale bar: 30 μm
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showed a significant reduction in the expression of the β3
integrin subunit, compared to control cells and to each treat-
ment alone (Fig. 6a). GBM02 cells showed a higher sensitiv-
ity than U118-MG cells, which remained near the control
levels. In addition we found that GBM cells incubated
with the combination of 1.5 μM SHK and 200 μM
TMZ exhibited a reduction in the expression of the
metalloproteinases MMP-9 (Fig. 6b) and MMP-2
(Fig. 6c), as determined by immunofluorescence. The

expression of the MMPs was significantly reduced in
both cell lines compared to control cells and to each
treatment alone (Fig. 6b and c). This reduced expression
may indirectly lead to the decreased migration of GBM
cells. Subsequent Western blot analysis confirmed the
immunofluorescence results, i.e., GBM02 and U118-
MG cells incubated with the combination of SHK and
TMZ showed significant reductions in MMP-2 expres-
sion levels compared to control cells (Fig. 6d).

Fig. 6 Expression of integrin and metalloproteinases in glioblastoma-
derived cells treated with the combination of shikonin and temozolomide.
GBM02 and U118-MG cells were treated for 24 h with 1.5 μM shikonin
(SHK), 200 μM temozolomide (TMZ) or a combination of both drugs.
The (a) β3 integrin (yellow), (b) MMP-9 (pink) and (c) MMP-2 (green)

fluorescence intensities were quantified (right-hand plots). (d) Western
blot analysis of MMP-2 expression. As a loading control α-tubulin was
used. Each value represents the mean ± SD of three independent exper-
iments (*p < 0.05, **p < 0.01, ***p < 0.001, compared to the vehicle
control. Scale bar: 30 μm
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3.7 SHK in combination with TMZ suppresses GMT
in glioblastoma cells

Considering the reduction of cellular migration and cy-
toskeleton disorganization, we next investigated the ef-
fects of the SHK and TMZ co-treatment on the activa-
tion of signaling pathways involved in GBM migration
and invasion, such as the AKT pathway [28]. The phos-
phorylation at Ser473 of AKT is known to induce the
activation of the GMT phenotype in tumor cells, thereby
increasing the expression of Slug [29]. Slug, in turn, is
known to be associated with suppression of the epithe-
lial phenotype in tumor cells, and to be necessary for
the migration and invasion of GBMs [30]. Additionally,
it has been shown that GBMs express high levels of
Slug and CD44, the latter of which interacts with
MMPs and is correlated with the chemo-resistance and
invasiveness of tumors [31]. We found that 200 μM
TMZ treatment did not affect the phosphorylation of
AKT (phospho-AKT), whereas 1.5 μM SHK treatment

reduced the phospho-AKT levels only in U118-MG
cells (Fig. 7a). Co-treatment with 1.5 μM SHK and
200 μM TMZ, however, significantly decreased the
phospho-AKT levels compared to control cells and
SHK treatment alone (Fig. 7a). We found that
mesenchymal-related proteins were expressed in both
GBM cell lines, as detected by Western blotting
(Fig. 7a), and that SHK treatment decreased the expres-
sion of GMT genes/activators such as Slug and
vimentin in both cell lines compared to untreated cells
(Fig. 7a). Moreover, we found that the combined treat-
ment of SHK and TMZ significantly reduced the ex-
pression of Slug and vimentin in both cell lines
(Fig. 7a). These results strongly suggest that the GMT
phenotype can be reduced by SHK and TMZ dual treat-
ment in GBM cells. These results also support the idea
that SHK and TMZ dual treatment decreases the aggres-
siveness of GBM cells through GMT instability and,
consequently, reduces the migration of GBM cells
(summarized in Fig. 7b).

Fig. 7 Effect of shikonin and temozolomide co-treatment on the PI3K/
AKT signaling pathway and the expression of GMT-associated proteins
in glioblastoma-derived cells. After 24 h, (a) Western blot analysis was
performed using specific antibodies directed against phospho-AKT
Ser473 (p-AKT) and total-AKT to evaluate the effect of shikonin
(SHK) and temozolomide (TMZ) on PI3K/AKT signaling. The Slug
and vimentin protein levels were detected to reveal the effect of SHK

and TMZ on the GMT of GBM cells. GAPDH was used as loading
control. Each value represents the mean ± SD of three independent ex-
periments, *p < 0.05, **p < 0.01, ***p < 0.001, compared to the vehicle
control. Scale bar: 30 μm. (b) Schematic summary of the effect of SHK
and TMZ onGBM cells. SHK and TMZ co-treatment reduces the expres-
sion of GMT proteins
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4 Discussion

Since the survival of GBM patients is still poor [3], the iden-
tification of new compounds with anti-tumor properties is a
major challenge. Previously, preclinical studies and clinical
trials have been conducted to investigate the possibility of
increasing the efficacy of TMZ by combining it with other
pharmacological agents [32]. SHK, a naphthoquinone, has
also been subject of cancer research because of its anti-
tumor and lipophilic properties, which facilitate its crossing
of the blood-brain barrier. Previous work has shown that SHK
is a weak inducer of cancer drug resistance, and can be ad-
ministered chronically for at least 18 months without signifi-
cantly activating cellular and molecular processes underlying
drug resistance. This property makes SHK suited for treating
drug-resistant tumor cells [33]. It has been found that combi-
natorial use of the conventional chemotherapeutic agents pac-
litaxel and SHK can prolong survival and reduce breast tumor
volumes in animal models, suggesting that SHK can be used
as an adjuvant in breast cancer treatment [34].Moreover, com-
bination of SHK with topotecan, a topoisomerase I inhibitor,
has been found to promote cell cycle arrest and apoptosis in
glioblastoma cells and glioblastoma stem-like cells by activat-
ing the caspase 9/3-dependent pathway [20].

This information prompted us to assess the effects of SHK
on GBM cells and to determine whether its combination with
TMZmay bemore effective in reducing the aggressive behav-
ior of GBM cells compared to TMZ alone. We found that
SHK significantly decreased the viability of different GBM
cells (GBM02 and U118-MG) in a dose-dependent manner.
We also found that the sensitivities of these two GBM cell
lines differed, and that the effects in GBM02 cells were more
pronounced than those in U118-MG cells. Treatment with
SHK alone was sufficient to decrease the viability of both cell
lines, whereas TMZ alone was not effective. Consistently, it
has been reported that GBM cells are resistant to DNA
alkylating agents, depending on their expression of MGMT
[35].We observed that both cell lines express MGMT, but that
GBM02 cells showed minimal levels compared to U118-MG
cells. This suggests that the GBM02 cells may have a different
resistance to TMZ treatment. On the other hand, when com-
bining both agents (SHK + TMZ), we observed a significant
decrease in viability in both cell lines when compared to each
treatment alone. Surprisingly, GBM02 cells were found to be
more sensitive to the combined treatment. This observation
prompted us to assess whether these two cell lines differ in
the expression of GFAP and vimentin, which are known to be
related to the aggressiveness of gliomas [36].We indeed found
that the GBM cell lines express different levels of GFAP and
vimentin (strong, weak and negative). They were also found
to differ in their morphology, i.e., elongated, fibroblastic or
flattened shapes. These differences may explain the observed
differences in drug responses, including differences inMGMT

expression. Moreover, SHK proved to be more effective than
TMZ in reducing cellular viability at both concentrations used
here. These results confirm that TMZ seems to be less effica-
cious in decreasing the viability of these GBM cells, which is
in agreement with our previous studies [4, 15]. Our results
also indicate that dual treatment with SHK and TMZ may
have a synergic effect resulting in a more significant decrease
in cell viability.

We also found that the reduction in cell viability was ac-
companied by a decrease in cell proliferation. The combina-
tion of SHK with TMZ reduced the number of Ki67-positive
cells, as well as BrdU incorporation by 65.4% and 56.3% in
GBM02 and U118-MG cells, respectively. Our results are
consistent with those reported by Zhang et al. [20] who found
that SHK can induce cell cycle arrest in glioblastoma cells. In
addition, we found that SHK alone and SHK in combination
with TMZ induced a significant reduction in cell migration.
Therefore, we hypothesize that SHK may act by triggering
cytoskeletal organizing factors implicated in cell motility
(i.e., MMPs and integrins), in conformity with previous stud-
ies showing a reduction inmigration, invasion and adhesion in
human breast, gastric and prostate cancer cells [17]. Since
both F-actin and microtubules are associated with cell motil-
ity, we hypothesized that the impaired migration observed
could be explained by a disorganization of these structures.
These observations could also explain the decrease observed
in cell proliferation induced by the combination of SHK and
TMZ. Our data strongly suggest an additive effect. Previous
studies have shown that cancer drugs can affect the organiza-
tion of both F-actin and microtubules as well as cell cycle
progression through impairment of specific cellular signaling
pathways such as the RhoA-ROCK-LIMPK2-TPPP and the
RAS/MAPK pathways [37].

Integrins play important roles in the proliferation, invasion
andmigration of cells throughmodulating the cytoskeleton [8,
38]. A non-small-cell lung cancer study has shown that treat-
ment with SHK can significantly reduce both the mRNA and
protein levels of β1 integrin [18]. It has also been found that
SHK can decrease the MMP-2 and MMP-9 expression levels
in prostate cancer cells, leading to a reduction in cell migration
and invasion [17]. Here, we found that the treatment of GBM
cells with a combination of SHK and TMZ reduced the ex-
pression of the β3 integrin subunit. Previous studies have
shown that the migration and invasion of cancer cells also
depends on a cooperation between MMP-2, MMP-9 and
αvβ3 integrin [39]. According to these observations, we con-
sidered that the reduction in GBM cell migration could also be
associated with a decrease in expression of both metallopro-
teinases and integrins. Others have also shown that interac-
tions between integrins and MMPs are crucial for the forma-
tion of new blood vessels and for the ability of tumors to
invade the parenchyma [40, 41]. In addition, it has been
shown that MMP-2 and MMP-9 inhibition in GBM cells
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reduces the migration of endothelial cells and decreases the
formation of blood vessels, resulting in a low angiogenic in-
dex [40, 42, 43]. Based on our observation that dual treatment
with SHK and TMZ induced significant decreases in the ex-
pression of β3 integrin, MMP-2 and MMP-9, we conjecture
that this drug combination may reduce the ability of glioblas-
toma cells to migrate.

Previous studies have reported that MMP-2 and
MMP-9 may also contribute to the multi-resistance of
tumor cells to conventional treatment regimens [44,
45]. We found that SHK reduced the expression of
MMP-2 and MMP-9, but that a dual treatment of SHK
and TMZ was more effective in reducing GBM cell
proliferation and migration. We used lower concentra-
tions of SHK than those employed by Zhang et al.
[46] and, by doing so, found that SHK at a dose of
1.5 μM inhibited MMP-2 and MMP-9 expression in
GBM cells, as has also been observed by others in
U87 and U251 cells [46]. Co-treatment of SHK with
TMZ enhanced the inhibition of MMPs compared to
each agent alone, highlighting the importance of com-
bining the two compounds when treating cancer cells.

During the invasion process, GBM cells also acquire
a GMT phenotype, which means that they switch their
phenotype from glial to mesenchymal-like and begin to
express typical EMT proteins such as N-cadherin,
vimentin and the transcription factor Slug, which is
known to enhance the therapy resistance of tumor cells
[7]. Evidence has shown that GMT may be decreased to
improve the efficacy of drugs that are usually used to
treat cancer. Here, we show that a combination of SHK
and TMZ inhibited the GMT of GBMs. SHK and TMZ
co-treatment suppressed the expression of vimentin and
Slug, which was accompanied by a reduction in the
phosphorylation of AKT at Ser473, member of a signal-
ing pathway that is extremely important for the activa-
tion of signals for invasion, migration and chemo-
resistance of tumor cells [29, 46]. These results are in
accordance with other studies that demonstrated the ef-
ficacy of SHK in reducing EMT in different cancers,
such as breast and hepatocellular cancers [21, 47].

In conclusion, we found that SHK can reduce the expres-
sion of a wide range of molecules involved in EMT-like tran-
sitions in GBM cells, including MMPs, integrin, Slug and
vimentin, via the PI3K/AKT signaling pathway. As a conse-
quence, GBM cell proliferation and migration were found to
be reduced. When combined with TMZ, SHK may overrule
TMZ chemo-resistance, making GBM cells more susceptible
to this alkylating agent and intensifying the reduction in the
expression of EMT proteins as was observed in SHK treated
cells. Together, these data indicate that a combination of SHK
and TMZ may be employed for the design of novel GBM
therapeutic approaches.
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