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ABSTRACT
The altered expression of the SOX2 transcription factor is associated with oncogenic or tumor suppressor 
functions in human cancers. This factor regulates the migration and invasion of different cancer cells. In this 
study we investigated the effect of constitutive SOX2 overexpression on the migration and adhesion capacity 
of embryonal teratocarcinoma NT2/D1 cells derived from a metastasis of a human testicular germ cell tumor. 
We detected that increased SOX2 expression changed the speed, mode and path of cell migration, but not the 
adhesion ability of NT2/D1 cells. Additionally, we demonstrated that SOX2 overexpression increased the 
expression of the tumor suppressor protein p53 and the HDM2 oncogene. Our results contribute to the better 
understanding of the effect of SOX2 on the behavior of tumor cells originating from a human testicular germ 
cell tumor. Considering that NT2/D1 cells resemble cancer stem cells in many features, our results could 
contribute to the elucidation of the role of SOX2 in cancer stem cells behavior and the process of metastasis.
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INTRODUCTION

Metastases are the major cause of mortality in 
patients with cancer (Steeg and Theodorescu 2008). 
The metastatic process is a complex, multistage 
process that includes invasion of cancer cells into 
surrounding tissue, the entrance of these cells into 
lymphatic and/or blood vessels, their survival in 
the bloodstream, their departure from the vessels 

and the progressive growth of the tumor at a distant 
site (Steeg 2006, Goubran et al. 2014, Svokos et 
al. 2014). Literature data indicate that initial phases 
of metastasis require a wide spectrum of migration 
and invasion mechanisms (Friedl and Wolf 2003). 
Besides a role in metastasis, cell migration plays 
a central role in a variety of biological processes, 
such as embryo implantation, embryogenesis, 
morphogenesis, neurogenesis, and angiogenesis 
(Chernoivanenkoa et al. 2013).
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The SOX2 transcription factor is responsible 
for the regulation of two distinct and opposing 
functions: stem cell maintenance and differentiation 
(Graham et al. 2003, Wegner 2010).  Moreover, 
a number of literature data indicate that altered 
expression of this transcription factor is associated 
with oncogenic (Bass et al. 2009, Gangemi et al. 
2009, Bae et al. 2010, Leung et al. 2010, Lu et al. 
2010, Basu-Roy et al. 2012, Girouard et al. 2012, 
Rudin et al. 2012, Herreros-Villanueva et al. 2013, 
Pham et al. 2013, Tang et al. 2013, Wang et al. 2014) 
or tumor suppressor (Otsubo et al. 2008, Wu et 
al. 2013) roles in human cancers. It has also been 
postulated that SOX2 may be involved in the 
maintenance of  cancer stem cells (CSCs) (Liang et 
al. 2013). These cells, identified in various human 
malignancies (Ignatova et al. 2002, Al-Hajj et al. 
2003, Dontu et al. 2003, Matsui et al. 2004, Fang 
et al. 2005, Hermann et al. 2007, Prince et al. 2007, 
Eramo et al. 2008, Levina et al. 2008, Zhang et al. 
2008), are undifferentiated, characterized by a high 
tumorigenic and self-renewal capacity, activation of 
pluripotency genes (Oct4, SOX2, Nanog), unlimited 
proliferation, predisposition to differentiate into all the 
cell phenotypes of the parental tumor and multi-drug 
resistance (Liang et al. 2013, Zimmerer et al. 2013). 

NT2/D1 is a well characterized human embryonal 
carcinoma (EC) cell line which was derived from 
a metastasis of a human testicular germ cell tumor 
(Andrews 1998). This cell line represents malignant 
counterparts of embryonic stem (ES) cells and 
resembles ES cells in morphology, antigen expression 
patterns, biochemistry, developmental potential and 
gene regulation (Andrews 1984). Considering that 
literature data suggest that ES/EC cells are similar 
to CSCs (Ben-Porath et al. 2008, Muller et al. 2008, 
Kim et al. 2010), NT2/D1 cells represent an adequate 
model system for studying, not only cancer cells of 
the testicular germ cell tumor, but also CSCs.

Recent data have demonstrated that SOX2 
regulates the migration and invasion of different 
cancer cells (Han et al. 2012, Li et al. 2013, Wang 

et al. 2014, Yang et al. 2014). However, the role 
of SOX2 in the behavior of cells of the human 
testicular germ cell tumor is largely unknown. 
Thus, determinations of the role of altered SOX2 
expression in these tumor cells will contribute to 
a better understanding of the cancer metastasis 
molecular mechanisms of the testicular germ cell 
tumor. The aim of this study was to determine the 
effect of SOX2 overexpression on the migratory 
capabilities and cell-matrix adhesion capacity of 
embryonal carcinoma NT2/D1 cells by using SOX2 
overexpressing NT2/D1 cell clones previously 
generated in our laboratory (Drakulic et al. 2012). 
We have shown that increased SOX2 expression 
influences cell migration, but not the adhesion of 
NT2/D1 cells to the matrix. Furthermore, in order 
to better understand the molecular mechanisms 
associated with SOX2 overexpression, we analyzed 
protein expression of tumor suppressor protein 
p53 and oncogene HDM2 (human homologue 
of murine double minute 2 (MDM2)) in SOX2 
overexpressing cell clones.

We found that p53 expression was increased 
in G3 cell clone only, while HDM2 expression 
was elevated in both SOX2 overexpressing NT2/
D1 cell clones.

MATERIALS AND METHODS

CELL CULTURE

Human NT2/D1 cells (ATCC® CRL-1973TM), 
SOX2-overexpressing NT2/D1 cell clones (F5 and 
G3) and empty vector-transfected control NT2/D1 
cell clone (MOCK) were maintained in Dulbecco's 
Modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), 4500 
mg/L glucose, 2 mmol/L L-glutamine (all from 
InvitrogenTM) at 37°C in 10% CO2 as previously 
described (Andrews 1984). SOX2-overexpressing 
NT2/D1 cell clones (F5 and G3) were obtained 
by stable transfection of NT2/D1 cells with a 
pcDNA3.1/SOX2 construct (containing full-length 
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human SOX2 cDNA (Stevanovic et al. 1994)) and 
selection, using G418 (Drakulic et al. 2012). Empty 
vector-transfected control NT2/D1 cell clone 
(MOCK) was generated by stable transfection of 
NT2/D1 cells with a pcDNA3.1 expression vector 
and selection, using G418.

IMMUNOCYTOCHEMISTRY

Upon being plated on coverslips, cells were fixed 
in 4% paraformaldehyde (PFA) for 20 min at room 
temperature (RT). Cells were permeabilized in 
0.2% Triton X-100 and blocked in 10% normal 
goat serum, 1% bovine serum albumin (BSA) and 
0.1% Triton X-100 in PBS for 1h at RT. Primary 
antibodies were diluted in PBS containing 1% BSA 
and 0.1% Triton X-100 and incubated overnight 
at 4°C as follows: rabbit polyclonal against SOX2 
(Active Motif, 39824, diluted 1:1000) and mouse 
monoclonal anti α-Tubulin (Calbiochem, CP06, 
diluted 1:100). Coverslips were washed in 0.1% 
Triton X-100 prepared in PBS (PBT) and incubated 
with anti-mouse guinea-pig secondary antibodies 
conjugated with Alexa FluorH 594 (InvitrogenTM, 
diluted 1:500 in 1% BSA-PBT) for 1h at RT. The anti-
SOX2 antibody was first labeled with biotinylated 
goat anti-rabbit IgG (Vector, Burlingame) for 1h 
at RT in 1% BSA, followed by FITC-streptavidin 
(Jackson ImmunoResearch, diluted 1:1000 in PBS) 
for 1h at RT. Nuclei were stained with 0.1 mg/ml 
diamino phenylindole (DAPI; Sigma-Aldrich). 
Images were taken by a Leica TCS SP8 confocal 
microscope applying the Leica Microsystems LAS 
AF-TCS SP8 software (Leica Microsystems).

SCRATCH-WOUND HEALING ASSAY

NT2/D1, MOCK and SOX2-overexpressing NT2/
D1 cell clones were grown to the confluent cell 
monolayer on glass coverslips or a plastic surface 
previously coated with 0.1% gelatin solution 
prepared in 1xPBS. Following 18 - 24h incubation, 
the confluent cell monolayer was scratched with 
a 200 µl tip. Floating cells were washed and cells 

were incubated in a fresh growing medium. Cell 
migration was monitored with the DM IL LED 
Inverted Microscope (Leica) for 24h or with the 
Leica TCS SP8 confocal microscope using time-lapse 
imaging for 20h with the application of CO2/O2 and 
temperature cage controllers (OKOLAB). 

The Leica Microsystems LAS AF-TCS SP8 
software was used to capture and analyze wound 
closure pictures (4 images per hour). 

The cell migration distance 6h and 12h after 
scratches had been made was measured from at 
least three independent experiments. For each 
experiment, distance was measured for 30-60 cells. 

The mode of cell migration into the gap was 
analyzed by counting single cells in 3-4 different 
parts of the wounded area from a minimum of three 
independent experiments.

The path of cell movement of cell clones and 
controls was determined from the cell migration 
tracks from three independent experiments. For 
each cell clone and control the path was analyzed 
from 10 single cell trajectories during 12h (for all 
cell clones) and 20h (for control only). In order to 
quantify cell path, binary codes were used (for the 
single cell with linear movement a value of 0 was 
given, while for cells with chaotically movement a 
value of 1 was given).

CELL-MATRIX ADHESION ASSAY

The adhesion ability of SOX2-overexpressing 
cell clones and control cells was analyzed using 
ninety-six well plates coated with Matrigel (Becton 
Dickerson). Binding to nonspecific adhesive surfaces 
was blocked by 2 % BSA (Sigma-Aldrich) in DMEM 
for 1h at 37°C. Cells were seeded at a density of 0.5 
× 105 cells/well in DMEM supplemented with 0.1% 
BSA. After 30 minutes the cells were gently washed 
three times with 1xPBS and the number of attached 
cells was determined using 3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
MTT solution was added to cell cultures at a final 
concentration of 1 mg/ml and cells were incu bated 
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for 2h at 37°C. Subsequently, the medium was 
removed and the cells were lysed in DMSO. The 
conversion of MTT to formazan by metabolically 
viable cells was monitored by microplate reader 
at a wavelength of 620 nm. The tests were done in 
triplicate and repeated in 4 independent experiments. 

REVERSE - TRANSCRIPTASE - PCR (RT-PCR) ANALYSIS

The total RNA from SOX2-overexpressing cell 
clones and control cells was isolated using the TRI-
Reagent (Ambion) according to the manufacturer's 
instructions. Isolated RNA was treated with DNase I 
using the DNA-free™ kit (Ambion) and subjected to 
cDNA synthesis. 1 μg of the total RNA was reversely 
transcribed using the High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) according to 
the manufacturer's protocol. The synthesized cDNAs 
were amplified with primers specific for p53, HDM2 
and GAPDH.  P53 was amplified with primers: 5'- CCC 
CTC CTG GCC CCT GTC ATC TTC-3' (forward) 
and 5'- GCA GCG CCT CAC AAC CTC CGT CAT-
3' (reverse) (Yang et al. 2007); HDM2 with primers: 
5'- CCC AAG ACA AAG AAG AGA GTG TGG-3' 
(forward) and 5'- CTG GGC AGG GCT TAT TCC 
TTT TCT-3' (reverse) (Frum et al. 2009) and GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase) with: 
5'-GCC TCA AGA TCA TCA GCA ATG C-3' 
(forward) and 5'-CCA CGA TAC CAA AGT TGT 
CAT GG-3' (reverse) (Drakulic et al. 2012). The 
expression of GAPDH was used to normalize levels 
of the total RNA used in assays. PCR reactions were 
performed in 20 μl reactions using the KAPA 2G Fast 
HotStart Ready Mix (Kapa Biosystems). All samples 
were denatured 2 min at 95°C and then cycled at 
95°C for 15 s, 60°C (GAPDH)/61°C (HDM2)/68°C 
(p53) for 15 s and 72°C for 15 s, for 30 cycles, with 
reaction aliquots taken at 25 and 30 cycles.

WESTERN BLOT ANALYSIS

Whole cell lysates were prepared from NT2/D1 
cells, MOCK and SOX2-overexpressing NT2/D1 
cell clones by briefly rinsing cells with ice-cold 

PBS and then extracted in ice-cold Lysis buffer 
(1% Triton X-100, 50 mmol/L Tris-HCl (pH 7.5), 
250 mmol/L NaCl, 5 mmol/L EDTA and protease 
inhibitor cocktail (Roche Diagnostics GmbH)). 
Proteins were quantified by Bradford protein assay 
(Bio-Rad Laboratories). Samples were separated 
by SDS-PAGE on 10% resolving gel and then 
electrotransferred onto the Immobilon-P Transfer 
Membrane (Millipore). After blocking with 5% non-
fat milk at 4°C overnight, membranes were incubated 
for 1h at RT with the following primary antibodies: 
mouse antibody against p53 (Gene Spin, DO1, 
diluted 1:1000), mouse antibody against MDM2 
(Santa Cruz, sc-965, diluted 1:1000) and mouse 
monoclonal anti GAPDH (Abcam, 9484, diluted 
1:5000). Finally, the membranes were incubated for 
1h at RT with the horseradish peroxidase-conjugated 
anti-mouse secondary antibodies (Amersham 
Biosciences, diluted 1:10000). Immunoreactive bands 
were detected by chemiluminescence (Immobilion 
substrate, Millipore).

STATISTICAL ANALYSIS

Statistical analysis was performed on a minimum of 
three independent experiments. Data were analyzed 
using the SPSS software. Values of P ≤ 0.05 were 
considered significant.

RESULTS

OVEREXPRESSION OF SOX2 IN SOX2-OVEREXPRESSING 

NT2/D1 CELL CLONES

SOX2-overexpressing NT2/D1 cell clones (F5 
and G3), used in this study, have previously 
been described in our previous work (Drakulic 
et al. 2012). We revealed that the overall SOX2 
expression at the mRNA level in F5 and G3 cell 
clones increased approximately 1.7- and 3.1-fold, 
respectively, as compared to the parental NT2/
D1 cells. SOX2 protein overexpression in F5 
and G3 cell clones, as compared to the parental 
cell line, was confirmed by the Western blot 
analysis (Drakulic et al. 2012). In order to analyze 
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migratory and cell-matrix adhesion abilities of 
these cell clones, our first goal was to determine 
SOX2 protein expression at a single cell level by 
immunocytochemical analysis. MOCK NT2/D1 
cell clone and parental NT2/D1 cells were used as 
controls (Fig. 1). Punctuate nuclear localization of 
SOX2 was detected in all the tested cell populations 
(Fig. 1, B, E, H and K) with varying intensity. In F5 
and G3 cell clones the intensity of SOX2 signals 
detected in nuclei was higher in comparison to 
signals in the nuclei of the MOCK cell clone or 
parental cells. Additionally, no difference in the 
level of SOX2 expression between NT2/D1 and 
the MOCK cell clone was detected (Fig. 1, B and 
E). A higher intensity of SOX2 signals detected 
in nuclei of the G3 cell clone, when compared to 
parental cells, was in accordance with our recently 
published data (Klajn et al. 2014).

SOX2 OVEREXPRESSION PROMOTES CELL MIGRATION

In order to analyze whether SOX2 overexpression 
influences the migration capability of embryonal 
carcinoma cells we performed the classical scratch 
wound healing assay (Liang et al. 2007, Matsumoto 
et al. 2012, Morani et al. 2014, Zhou et al. 2014). 
The migration of the cells into the wound area was 
monitored throughout a 24h time window (Fig. 2). 
At the end of this period we detected that F5 and G3 
cells had almost closed the wound (Fig. 2, F and H), 
whereas the control cells had not filled the wounded 
area within the same time frame (Fig. 2, B and D).

In order to measure the dynamics of cell 
movement into the scratched area we applied time-
lapse imaging throughout a 20h time window. The 
first differences in cell migration between SOX2 
overexpressing cell clones and control cells were 
obvious 6h after the scratches had been made. At 
that point in time approximately 75% of F5 and 
88% of G3 cells had migrated more than 80 µm 
from their initial positions into the wounded area 
(Fig. 3, Panel I). At the same time a statistically 
significantly smaller percentage of control cells had 

crossed the same distance (38% and 28% of NT2/
D1 and MOCK cells, respectively). Additionally, 
cell migration in the cell-free region was measured 
12h following the formation of the wounded area 
(Fig. 3, Panel I). When the threshold was set to 
200 µm, significant differences in cell movement 
between cell clones and control cells were 
observed. Approximately 23% and 39% of F5 and 
G3 cells, respectively, migrated more than 200 µm 
while approximately 7% of control cells covered 
this distance within the same time period.

The results obtained (Fig. 2 and 3, Panel I) 
revealed that, within the same time window, F5 
and G3 cells migrated a greater distance when 
compared to control cells. Additionally, the results 
indicate that G3 cells migrated significantly faster 
in comparison to F5 cells. Since no differences in 
cell migration were detected between the parental 
and MOCK cells, only NT2/D1 cells are hereinafter 
presented as the control.

The next step was to investigate whether SOX2 
overexpression could change the mode of cell 
migration into the scratched area. We detected that 
control cells migrated into the wound collectively, in 
groups comprising several cells. However, in F5 and 
G3 cell clones we observed a tendency to the single 
cell migration considering that we detected more 
single cells in the wounded area when compared 
to the controls (representative images of wound 
recovery of F5 and G3 cell clones and control are 
presented in Fig. 3, Panel IIA). The average number 
of single F5 (24 cells/gap) and G3 cells (41 cells/gap) 
migrating into the scratch area 6h after the wound had 
been made was significantly higher than that of the 
control cells (on average 14 cells/gap) (Fig. 3, Panel 
IIB). The results imply that SOX2 overexpression 
influences the mode of migration causing a switch 
from cohesive to single cell motility.

We further analyzed whether SOX2 
overexpression could modulate the path of cell 
movement by studying the cell migration tracks. 
Bearing in mind that F5 and G3 cells migrated 
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Figure 1 - Elevated SOX2 protein expression in SOX2-overexpressing NT2/D1 cell clones. Immunocytochemical analysis of SOX2 
expression in NT2/D1 (B), MOCK (E), F5 (H) and G3 (K) cells. Cells were visualized by staining microtubules with α-Tubulin (C, F, I, 
L). Boxed regions in A-L are enlarged in the same figures. Cell nuclei were co-stained with DAPI (A, D, G, J). Scale bar: 50µm. NT2/
D1 = NT2/D1 cells; MOCK = empty vector-transfected control NT2/D1 cell clone; F5, G3 = SOX2-overexpressing NT2/D1 cell clone. 
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Figure 2 - Effect of SOX2 overexpression on cell wound recovery. Nearly confluent cell monolayers of NT2/D1, MOCK, F5 and 
G3 cells were scratched and wound recovery was monitored throughout a 24h time window. Representative phase contrast images 
of 3 independent wound closure experiments show that F5 (E, F) and G3 (G, H) cells almost closed the gap while control cells did 
not fill the wounded area in this time window (A – D). Cell migration was monitored with the DM IL LED Inverted Microscope 
(Leica) using 10x objective. NT2/D1 = NT2/D1 cells; MOCK = empty vector-transfected control NT2/D1 cell clone; F5, G3 = SOX2-
overexpressing NT2/D1 cell clone. 
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Figure 3 - Effect of SOX2 overexpression on NT2/D1 cell migration. Cell motility was monitored using time-lapse microscopy. 
Panel I. The migration distance of cells from their initial positions was measured after 6h (left) and 12h (right). Panel II. 
Representative images (A) and graphs (B) comparatively show the mode of cell migration of NT2/D1, F5 and G3 cells 6h after 
the scratches had been made. Arrows indicate single cells in wounded area. Scale bar: 100 µm. Panel III. 3 representative cell 
migration trajectories were obtained during 12h (F5, G3) and 20h (NT2/D1) of time-lapse imaging of indicated cells. Arrows 
indicate exact distance of trajectories (569 µm for cell 3 and 564 µm for cell 8). NT2/D1 = NT2/D1 cells; MOCK = empty vector-
transfected control NT2/D1 cell clone; F5, G3 = SOX2-overexpressing NT2/D1 cell clone. 
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faster, the path of cell migration was observed 
within a 12h time window for SOX2 overexpressing 
cell clones, and within a 20h time window for 
NT2/D1 cells only. By analyzing the migratory 
trajectories of cells we calculated the percentage 
of SOX2 overexpressing and control cells that 
migrated linearly vs. chaotically (Fig. 3, Panel 
III). Our results revealed that the majority of G3 
cells migrated chaotically (approximately 80%). 
However, we detected that only a small percentage 
of control cells (approximately 10%) within the 20h 
time window moved chaotically, while the majority 
of them had a linear movement. The analysis of 
the approximately same path distances (564 μm 
and 569 μm for G3 and NT2/D1, respectively) 
provided further evidence that G3 migrate, not just 
further and faster, but differently in comparison to 
control cells. However, no statistically significant 
difference was detected in the paths of movement 
between F5 cell clone (approximately 30% of cells 
migrated chaotically) and NT2/D1 cells.

The presented results indicate that SOX2 
overexpression in embryonal carcinoma NT2/D1 
cells could influences the speed, mode and path of 
cell migration.

SOX2 OVEREXPRESSION DID NOT AFFECT CELL-MATRIX 

ADHESION

The ability of cancer cells to form metastasis 
depends on their ability to adhere to and degrade 
extracellular matrix. It has been demonstrated 
that cells which either do not adhere or adhere too 
tightly to the matrix are not able to move and invade 
(Walsh et al. 2009, Ranjan and Kalraiya 2013, 
Svokos et al. 2014). In order to assess the effects 
of SOX2 overexpression on adhesion capacity of 
NT2/D1 cells we performed in vitro testing using 
Matrigel. This attachment substrate, commonly 
used as basement membrane matrix, is rich in 
extracellular matrix proteins (Mullen 2004). Here 
we demonstrated that the number of adherent cells 
observed in F5 and G3 cell clones was not altered 

in a statistically significant way, when compared 
to MOCK and parental cells (Fig. 4). The obtained 
results indicate no difference in the cell-matrix 
adhesion ability between SOX2 overexpressing 
cell clones and controls.

Figure 4 - Adhesion of cells to Matrigel. Cell adhesion 
was measured using the MTT test. Results are expressed as 
a fold of adhesion of parental NT2/D1 cells, which was set 
as 1. Experiments were performed in triplicate and repeated 
four times. Data of independent experiments are presented in 
a histogram as the mean ± SD. P ≤ 0.05 were considered as 
significant. NT2/D1 = NT2/D1 cells; MOCK = empty vector-
transfected control NT2/D1 cell clone; F5 and G3 = SOX2-
overexpressing NT2/D1 cell clones.

SOX2 OVEREXPRESSION ALTERED THE EXPRESSION 

PROFILE OF P53 AND HDM2 

To evaluate whether SOX2 overexpression had 
modified the expression of tumor suppressor 
proteins and oncogenes we further tested the 
expression level of tumor suppressor protein p53 
and its cellular regulator oncogene HDM2.

HDM2 and p53 protein expression in F5 and 
G3 cell clones and control cells was determined 
by the Western blot analysis (Fig. 5, Panel I). We 
demonstrated that the expression level of p53 was 
increased approximately 2.8-fold in the G3 cell 
clone, when compared to the parental cell line. At 
the same time relative quantification of p53 protein 
expression did not reveal statistically significant 
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differences between the F5 cell clone and NT2/
D1 cells. The results of relative quantification 
revealed that HDM2 expression was increased 
approximately 2.1- and 2.8-fold in F5 and G3 cells, 
respectively, in comparison to parental cells. 

Additionally, we analyzed p53 and HDM2 
expression at the mRNA level in F5 and G3 cell clones 
and control cells by semiquantitative RT-PCR analysis 
(representative images are presented in Fig. 5, Panel 
II). Elevated level of p53 mRNA was revealed in G3 
cell clone only. We detected that HDM2 expression 
was increased in both cell clones when compared 
to control cells. These data are in line with results 
obtained by Western blot analysis (Fig. 5, Panel I).

The results obtained imply that the modulation 
of SOX2 expression could alter the expression of 
tumor suppressor protein p53, as seen in the G3 cell 
clone, and oncogene HDM2, as seen in both SOX2 
overexpressing cell clones.

DISCUSSION

Testicular germ cell tumors, heterogeneous group 
of neoplasms, are the most common malignancy in 
males between 15 and 34 years of age (Bahrami 
et al. 2007, Chieffi and Chieffi 2013). Here we 
demonstrate that SOX2 overexpression influences 
the migratory potential of NT2/D1 cells, derived 
from the metastasis of a human testicular germ 
cell tumor. These results are in accordance with the 
results obtained with different cancer cells, such as 
ovarian cancer, breast cancer, glioma, lung cancer, 
colorectal cancer cells and laryngeal squamous cell 
carcinoma cell line (Hussenet et al. 2010, Lu et al. 
2010, Alonso et al. 2011, Simoes et al. 2011, Han et 
al. 2012, Lou et al. 2013, Yang et al. 2014). In contrast 
to our result, in the human bladder carcinoma cell 
line ECV304 ectopic expression of SOX2, OCT4 
and NANOG compromised cell motility (Zhou et 
al. 2013), while SOX2 knockdown in U343-MG 
glioma cell line decreased migration in vitro, but 
increased the migratory capacity of cancer cells in 
the brain in vivo (Oppel et al. 2011).

Our results imply that SOX2 overexpression 
does not only increase cell motility, but influences 
the mode of cell migration. Namely, in F5 and G3 
cell clones we observed a tendency to switch from 
cohesive to single cell motility. Literature data have 
demonstrated that during dissemination, tumor 
cells may migrate as individual cells or in a group 
(Friedl and Wolf 2003). In many tumors, both types 
of dissemination can be detected (Alexandrova 
2008). Results obtained by Giampieri et al. suggest 
that changes in the mode of cell motility affect 
metastasis (Giampieri et al. 2009). Namely, they 
demonstrated that TGFβ1 switched cells from 
cohesive to single cell motility in breast cancer 
cells. Additionally, they found that the mode of 
migration governs the haematogenous or lymphatic 
spread: single cell motility increased the ability of 
cells to enter into the bloodstream while cohesive 
motility reduced cell entrance into the bloodstream 
but allowed the lymphatic spread (Giampieri et 
al. 2009). Considering these results we could 
postulate that SOX2 overexpression in the human 
testicular embryonal carcinoma NT2/D1 cell line 
promotes the generation of blood-borne metastasis. 
Moreover, we found that G3 cells which moved in a 
gap as single cells migrated faster into the cell free 
region when compared to parental cells. This is in 
accordance with the results obtained by Giampieri 
et al. who demonstrated that movement in a group 
was significantly slower than single cell motility 
(Giampieri et al. 2009). Interestingly, we found 
that SOX2 overexpression in the G3 cell clone 
altered the path of cell migration, but not in the F5 
SOX2 overexpressing cell clone when compared 
to parental cells. Considering that F5 and G3 cell 
clones are different in the level of overall SOX2 
overexpression (Drakulic et al. 2012), we speculate 
that the observed differences in the path of cell 
migration might be the results of SOX2 dose-
dependent effects. Literature data indicate that 
different cellular processes, such as neurogenesis, 
eye development and differentiation could be 
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Figure 5 - Profile of p53 and HDM2 expression in SOX2-overexpressing NT2/D1 cell clones. Panel I Proteins 
expression was detected by the Western Blot using p53, HDM2 and GAPDH -specific antibodies. At least three independent 
experiments were performed and one representative blot was shown. Bands were digitalized, quantified with the ImageJ 
software and normalized for GAPDH values. The relative p53 and HDM2 expression levels were calculated as a fold 
expression of parental NT2/D1 cells. A value of 1 was given to the relative p53 and HDM2 expression levels in parental 
cells. Data were presented as the means ± SD. P ≤ 0.05 were considered as significant. Panel II mRNA expression was 
detected by semi-quantitative RT-PCR using primers specific for p53, HDM2 and GAPDH. Three independent experiments 
were performed and one representative image was shown. NT2/D1 = NT2/D1 cells; MOCK = empty vector-transfected 
control NT2/D1 cell clone; F5 and G3 = SOX2-overexpressing NT2/D1 cell clones.

SOX2 dose-dependent (Avilion et al. 2003, Bylund 
et al. 2003, Graham et al. 2003, Ellis et al. 2004, Ferri 
et al. 2004, Bani-Yaghoub et al. 2006, Taranova et al. 
2006, Cavallaro et al. 2008). Additionally, it has been 
postulated that dose-dependent effects of SOX2 are 
important not only for in vivo development but also 
for in vitro reprogramming (Yamaguchi et al. 2011).

The metastatic potential of cancer cells is 
influenced not only by the migratory potential but 
by adhesion ability as well.  We demonstrated that 
SOX2 overexpression did not change cell-matrix 
adhesion capacity of NT2/D1 cells. Our results are 
not in agreement with the results obtained in breast 
and pancreatic cancer cells which have revealed 
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that strong suppression of the endogenous SOX2 
promoter activity induces anchorage-independent 
growth in breast cancer (Stolzenburg et al. 2012) 
while SOX2 overexpression in pancreatic cancer 
cells decreases the expression of epithelial markers 
E-Cadherin and ZO-1, which is involved in cell 
adhesion (Herreros-Villanueva et al. 2013). On the 
basis of the results obtained we could postulate that an 
elevated SOX2 level in human testicular embryonal 
carcinoma cells may influence only certain steps 
involved in the generation of metastasis. Additionally, 
our results imply that the effects of SOX2 on cell-
matrix adhesion could be cell context specific.

Interestingly, we found that the expression 
of tumor suppressor p53, as well as the HDM2 
oncogene was increased in the G3 cell clone. 
It is possible that the observed increases in p53 
and HDM2 expression are the results of direct 
interactions between SOX2 and the regulatory 
regions of these genes. Several ChIP-seq studies 
have identified that SOX2, alone or in a complex 
with different transcription factors, occupies 
promoter and/or enhancer regions of p53 and 
MDM2 genes (Loh et al. 2006, Marson et al. 2008, 
Fang et al. 2011, Lodato et al. 2013). Further studies 
are needed to reveal if SOX2 directly regulates 
expression of p53 and HDM2.

The p53 tumor suppressor plays an essential 
role in the regulation of cell cycle progression, 
DNA repair, apoptosis and senescence, preventing 
the growth and survival of damaged and abnormal 
cells (Sablina et al. 2003). Recent studies suggest 
that the effects of p53 on the processes of migration 
and invasion are cell context-dependent (Hollstein 
et al. 1991, Vogelstein et al. 2000, Lewis et al. 
2005, Moskovits et al. 2006, Ku et al. 2007, Morton 
et al. 2008, Mukhopadhyay et al. 2010). In line 
with our results, the accumulation of p53 protein 
in mouse embryonic fibroblasts has been revealed 
in the condition of forced expression of SOX2 (Li 
et al. 2009, Banito and Gil 2010). In this study we 
detected an increased migratory potential in the 

G3 cell clone with an elevated level of p53. These 
results are in contrast with results demonstrating 
that the overexpression of exogenous p53 in mouse 
fibroblasts decreased cell migration into the wound 
in vitro (Alexandrova et al. 2000). On the other 
hand, it has been reported that the loss of p53 
function correlates with decreased cell migration in 
human foreskin fibroblasts, human colon and lung 
carcinoma cell lines, as well as in mouse normal 
fibroblasts from the lung and the spleen, peritoneal 
macrophages and keratinocytes (Sablina et al. 
2003). Furthermore, the expression of exogenous 
p53 in the p53-deficient human lung carcinoma 
H1299 cell line stimulated cell migration (Sablina 
et al. 2003). Further studies are needed to determine 
whether SOX2 overexpression in the NT2/D1 cell 
line promotes migration dependently/independently 
of the p53 pathway. On the other hand, we detected 
no differences in p53 expression between the F5 cell 
clone and control cells. We speculate that different 
levels of SOX2 expression could have a diverse 
effect on p53 expression in NT2/D1 cells.

HDM2 is an oncogene which is overexpressed 
in numerous human cancers, including breast, lung, 
colon, pancreas, lymphomas, leukemias, sarcomas 
and primary glioblastomas (Oliner et al. 1992, 
McCann et al. 1995, Biernat et al. 1997, Momand 
et al. 1998, Rayburn et al. 2005, Veerakumarasivam 
et al. 2008, Wade et al. 2013, Sheng et al. 2014). 
Numerous studies have demonstrated that MDM2 
overexpression is associated with enhanced cell 
invasion, migration, greater metastatic potential 
and resistance to chemotherapeutic agents and 
radiation (Rayburn et al. 2009).

Therefore, we could postulate that both, 
SOX2 overexpression, and upregulation of HDM2 
expression, contribute to the increased migratory 
capability detected in F5 and G3 cell clones.

MDM2 regulates p53 expression by three 
mechanisms: by forming a complex with p53 and 
by blocking its capability to activate transcription; 
through its E3 ubiquitin ligase activity that 
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ubiquitinates p53 and stimulates its degradation; 
and by involvement in the nuclear export of p53 
(Jones et al. 1995, Montes de Oca Luna et al. 1995, 
Bottger et al. 1997, Haupt et al. 1997, Kubbutat et 
al. 1997, Lane and Hall 1997, Midgley and Lane 
1997, Thut et al. 1997, Michael and Oren 2003).

In G3 cell clone HDM2 overexpression did 
not lead to decreased p53 expression. A possible 
explanation may be that SOX2 could directly/
indirectly activate the transcription of the HDM2 
inhibitor which binds HDM2 in the p53-binding 
pocket and blocks the interaction of HDM2 with 
p53, leading to the stabilization of p53. Literature 
data has revealed that the incubation of the colon 
cancer line HCT116 with the inhibitor of MDM2 
led to an increase in the p53 and MDM2 levels 
(Vassilev et al. 2004).

In summary, our results further elucidate the 
effect of SOX2 overexpression in cancer cells 
derived from a human testicular germ cell tumor. 
Importantly, this cell line has features similar to 
CSCs. Considering the significant role of CSCs 
in tumor progression, the determination of SOX2 
function in cells that resemble CSCs may be 
important for further elucidation of the biology 
of these cells as well as for the diagnosis and 
development of a therapeutic strategy for cancer 
therapy. Additional investigations are needed to 
clarify the SOX2 involvement in the regulation 
of the migration and invasiveness of cancer cells. 
This could provide new perspectives in the effort to 
inhibit metastasis.
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RESUMO

A expressão alterada do fator de transcrição SOX2 está 
associada com funções oncogênicas ou de supressão de 
tumor em cânceres humanos. Este fator regula a migração 
e invasão de diferentes células cancerosas. Neste estudo, 
investigamos o efeito da superexpressão da SOX2 
constitutiva na migração e capacidade de adesão de células 
de teratocarcinoma embrionário NT2/D1 derivadas de 
uma metástase de tumor humano testicular de células 
germinativas. Nós detectamos que a expressão aumentada 
de SOX2 mudou a velocidade, o modo e a via de migração 
celular, mas não a habilidade de adesão das células NT2/
D1. Além disso, nós demonstramos que a superexpressão 
de SOX2 aumentou a expressão da proteína supressora 
tumoral p53 e do oncogene HMD2. Nossos resultados 
contribuem para uma melhor compreensão do efeito de 
SOX2 no comportamento de células tumorais originárias 
de um tumor humano de células germinativas testiculares. 
Considerando que as células NT2/D1 se assemelham a 
células-tronco cancerosas em vários aspectos, nossos 
resultados podem contribuir para a elucidação do papel de 
SOX2 no comportamento de células-tronco cancerosas e 
no processo de metástase.

Palavras-chave: adesão, HDM2, migração, p53, SOX2, 
cicatrização de feridas.
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