
Neural development is governed by a cascade of

stage-specific gene activation events, occurring from stem

cells to terminally differentiated neuronal and glial cells,

controlled at both the transcriptional and the posttran-

scriptional level. SOX2 is one of the key transcription fac-

tors involved in this process [1-5]. Together with OCT4

and NANOG, this factor establishes the core transcrip-

tional circuits that control self-renewal and maintenance

of pluripotency of the stem cells [6]. Moreover, according

to a recent report, SOX2 also plays an important role dur-

ing germ layer fate decision [7]. Specifically, SOX2 pro-

tein level was shown to be upregulated in the cells choos-

ing the neuroectodermal fate and repressed in those

choosing the mesendodermal fate [7].

While the role of SOX2 in maintenance of stem cell

identity has been confirmed in various studies [6, 8-10],

its function during the process of neural differentiation,

including phases of lineage-specification and terminal

differentiation, is still poorly understood. Accumulating

data suggest that SOX2 protein level must be tightly con-

trolled for proper development of the nervous system [1-

4, 11-14]. High SOX2 level was found to suppress neu-

ronal differentiation, with no effects on gliogenesis [1, 4,

12]. On the other hand, suppression of SOX2 activity led

to premature cell cycle exit and initiation of neuronal

differentiation [1, 4]. In quantitative terms, heterozygous

levels of SOX2 were sufficient for proper nervous system

development [11, 13-15]. However, when neural progen-

itors failed to reach a certain threshold of SOX2 expres-

sion (20-30% of wild-type level), like in mice carrying

hypomorphic mutations in Sox2, defects in progenitor
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Abstract—SOX2 is one of the key transcription factors involved in maintenance of neural progenitor identity. However, its

function during the process of neural differentiation, including phases of lineage-specification and terminal differentiation,

is still poorly understood. Considering growing evidence indicating that SOX2 expression level must be tightly controlled for

proper neural development, the aim of this research was to analyze the effects of constitutive SOX2 overexpression on out-

come of retinoic acid-induced neural differentiation of pluripotent NT2/D1 cells. We demonstrated that in spite of consti-

tutive SOX2 overexpression, NT2/D1 cells were able to reach final phases of neural differentiation yielding both neuronal

and glial cells. However, SOX2 overexpression reduced the number of mature MAP2-positive neurons while no difference

in the number of GFAP-positive astrocytes was detected. In-depth analysis at single-cell level showed that SOX2 downreg-

ulation was in correlation with both neuronal and glial phenotype acquisitions. Interestingly, while in mature neurons SOX2

was completely downregulated, astrocytes with low level of SOX2 expression were detected. Nevertheless, cells with high

level of SOX2 expression were incapable of entering in either of two differentiation pathways, neurogenesis or gliogenesis.

Accordingly, our results indicate that fine balance between undifferentiated state and neural differentiation depends on

SOX2 expression level. Unlike neurons, astrocytes could maintain low level of SOX2 expression after they acquired glial fate.

Further studies are needed to determine whether differences in the level of SOX2 expression in GFAP-positive astrocytes

are in correlation with their self-renewal capacity, differentiation status, and/or their phenotypic characteristics.
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proliferation, neuronal differentiation and maturation

occurred [2, 3, 5, 14, 16]. Additional evidence support-

ing a dose-dependent role of SOX2 comes from

immunocytochemical studies illustrating a gradient of

SOX2 expression in mouse cortex. Particularly, it was

reported that neocortical cells leaving the ventricular

zone downregulate SOX2. These cells switch to SOX2-

negative status as they acquire neural identity [12].

Moreover, characterization of neural progenitor cells in

rodent dorsal telencephalon revealed quite variable

intracellular concentrations of SOX2 among the cells

[15]. Specifically, multipotent radial glial cells were char-

acterized by higher SOX2 expression level respect to

intermediate neural progenitor cells. When these distinct

classes of neural progenitors were separated according to

SOX2 protein levels and cultured in vitro, they generated

neurospheres different in size, self-renewal capacity, and

multipotency. In particular, the neurospheres originating

from cells with high SOX2 expression exhibited high

forming potential, growth rate, and capacity for self-

renewal and generated both neurons and glia [15]. In

contrast, neurospheres derived from cells with low SOX2

expression showed opposite properties and generated

only neurons [15].

These data collectively suggest that delicate balance

between stemness and neural differentiation as well as the

ratios of neuronal and glial cell types might depend on

SOX2 expression level. Accordingly, the focus of our work

was to analyze whether constitutive SOX2 overexpression

could interfere with the process of neural differentiation

and its final outcome. To address this question, we stud-

ied retinoic acid (RA)-induced neural differentiation of

human pluripotent embryonal carcinoma cell line

Ntera2/cl.D1 (NT2/D1) and SOX2 overexpressing

NT2/D1-derived cell clone.

NT2/D1 cells resemble early embryonic stem cells in

morphology, antigen expression patterns, biochemistry,

developmental potential, and gene regulation [17].

Furthermore, NT2/D1 cells have the ability to differenti-

ate along the neural lineage during RA treatment [17]

yielding both neuronal and glial populations [18]. The

resemblance of NT2/D1 neural differentiation to verte-

brate neurogenesis in utero has qualified these cells as an

excellent in vitro model system for studying human genes

that promote and regulate neural differentiation [17].

In the present study, we demonstrate that in spite of

constitutive SOX2 overexpression, NT2/D1 cells are able

to reach final phases of neural differentiation yielding

both neuronal and glial cells. However, SOX2 overexpres-

sion reduced the number of mature neurons while no dif-

ference in the number of astrocytes was detected. Both

neuronal and glial phenotype acquisitions were in corre-

lation with SOX2 downregulation. On the other hand,

cells that maintained high level of SOX2 expression were

incapable of entering in either of two differentiation path-

ways, neurogenesis or gliogenesis.

MATERIALS AND METHODS

Cell culture. Human NT2/D1 cells (a kind gift from

Prof. Peter W. Andrews, University of Sheffield, UK) and

SOX2 overexpressing NT2/D1 cell clone were main-

tained in Dulbecco’s Modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum

(FBS), 4.5 g/liter glucose, 2 mM L-glutamine, and peni-

cillin/streptomycin (all from Invitrogen, USA) at 37°C in

10% CO2 as previously described [17]. All-trans RA

(Sigma-Aldrich, USA) at 10-µM concentration was used

for differentiation of cells. The medium supplemented

with fresh RA was changed every two days for four weeks,

and the neurons were isolated in accordance with

Pleasure et al. [19]. Briefly, following RA differentiation,

cells were re-plated at 1 : 6. After two days, cultures were

mechanically shaken to dislodge cells. These free-floating

cells were plated on Matrigel™ (Becton Dickinson,

USA)-coated growth surface and grown in media supple-

mented with mitotic inhibitors 1 µM cytosine arabi-

noside, 10 µM uridine, and 10 µM 5-fluoro-5-deoxyuri-

dine (Sigma-Aldrich). The medium supplemented with

fresh mitotic inhibitors was changed every two days for

the next 10 days.

Western blotting. Total cell extracts were obtained

by suspending cells in lysis buffer containing 1% Triton

X-100, 50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 5 mM

EDTA, and protease inhibitor cocktail (Roche

Diagnostics GmbH, Germany) [20]. Proteins were

quantified by Bradford protein assay (Bio-Rad, USA).

Appropriate amounts of protein (up to 20 µg) were sepa-

rated by SDS-PAGE on 10 or 13% resolving gels and

electrotransferred to Immobilon-P Transfer Membrane

(Millipore, USA). After blocking with 5% nonfat milk at

room temperature for 1 h, the membranes were incubat-

ed overnight at 4°C with the following primary antibod-

ies: mouse monoclonal anti-SOX2 (R&D Systems,

USA; diluted 1 : 2500), mouse monoclonal anti-β-III

tubulin (Sigma-Aldrich; diluted 1 : 10,000), rabbit poly-

clonal anti-GFAP (Dako-Cytomation, Denmark; dilut-

ed 1 : 20,000). The membranes were incubated for 1 h at

room temperature with the following primary antibod-

ies: mouse monoclonal anti-SNAP25 (Sternberger

Monoclonals Inc., USA; 1 : 1 liter) and mouse anti-

GAPDH (Acris Antibodies, USA; diluted 1 : 80,000).

Afterwards, the membranes were incubated for 1 h at

room temperature with the following secondary antibod-

ies: horseradish peroxidase-conjugated goat anti-mouse

and anti-rabbit IgG (Amersham Biosciences, USA;

diluted 1 : 10,000). Immunoreactive bands were detect-

ed by chemiluminescence (Immobilon substrate;

Millipore, USA). Molecular weight markers used in

experiments were BlueStar Prestained Protein Marker

(Nippon Genetics Europe GmbH, Germany) and

PageRuler Prestained Protein Ladder (Thermo

Scientific, UK).
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Immunofluorescence. Cells cultured on Matrigel™-

coated coverslips were fixed with 4% paraformaldehyde

for 20 min at room temperature, permeabilized in 0.1%

Triton X-100, and blocked for 30 min at room tempera-

ture in PBS containing 0.1% Triton X-100 and 5% BSA.

Afterwards, the cells were incubated overnight at 4°C with

mouse anti-SOX2 (R&D Systems, USA; diluted 1 : 50)

and mouse anti-MAP2 (Abcam, UK; diluted 1 : 500) or

rabbit anti-GFAP (DakoCytomation, Z 0334; diluted 1 :

2000) in PBS containing 0.1% Triton X-100 and 5% BSA.

The bound antibodies were stained for 1 h at room tem-

perature with DyLight™ 488-conjugated goat anti-mouse

IgG2a and DyLight™ 649-conjugated goat anti-mouse

IgG1 secondary antibodies (BioLegend, UK) diluted 1 :

500 in PBS containing 0.1% Triton X-100 and 5% BSA.

The anti-GFAP antibody was reacted first with biotiny-

lated goat anti-rabbit IgG (Vector, USA) for 1 h at room

temperature in 1% BSA, followed by Cy3-streptavidin

(Jackson ImmunoResearch, USA; 1 : 5000) in PBS for

1 h at room temperature. Nuclei were stained with 4′,6-

diamino-2-phenylindole (DAPI; Sigma-Aldrich).

Samples were viewed under an Olympus BX51 fluores-

cence microscope with appropriate filters and analyzed

using Cytovision 3.1 software (Applied Imaging

Corporation, USA) or visualized using a Leica TCS SP8

confocal microscope and Leica Microsystems LAS AF-

TCS SP8 software (Leica Microsystems, Germany). The

bright-fields of live cells were taken with phase contrast

microscope IMT-2 (Olympus, Japan).

RESULTS

Characterization of SOX2 expression at single-cell

level in undifferentiated NT2/D1 cells and G3 cell clone.

In our earlier work, we extensively characterized G3, a

SOX2 overexpressing NT2/D1-derived cell clone [21]. In

the G3 cell clone, we showed that overall SOX2/SOX2

mRNA and protein levels were above the endogenous

level and remained significantly elevated after RA treat-

ment [21]. To proceed with further studies on this model

system, our first goal was to determine whether there were

variations in SOX2 expression between cells in this cell

clone. Therefore, we analyzed SOX2 expression at single-

cell level in both parental NT2/D1 cell line and G3 cell

clone.

Immunocytochemical analysis of undifferentiated

NT2/D1 and G3 cells showed punctuate nuclear local-

ization of SOX2 (Fig. 1, a, b, d and e). In the population

of about 100 examined nuclei of parental NT2/D1 cells,

~68% were SOX2-positive (Fig. 1g), while the rest of the

nuclei exhibited no or very weak staining for this protein

(Fig. 1, a and b). In contrast, all of the 100 examined cells

of G3 cell clone were SOX2-positive (Fig. 1, d, e, and h)

and the levels of SOX2 signals in G3 nuclei were higher

compared to nuclei of the parental cells (compare Figs.

1b and 1e). However, although in G3 cells all examined

nuclei were SOX2-positive, the level of SOX2 expression

varied between cells (Fig. 1e).

Overexpression of SOX2 did not compromise neu-

ronal and glial differentiation of NT2/D1 cells triggered by

RA. As we previously reported, despite significantly ele-

vated expression of SOX2 after three weeks of RA treat-

ment, a small fraction of G3 cells differentiated into cells

morphologically resembling neurons [21]. To test

whether G3 cell clone was able to reach final phases of

neural differentiation yielding both neuronal and glial

cells, we applied a differentiation protocol described by

Pleasure et al. [19]. The same protocol was used for dif-

ferentiation of parental NT2/D1 cell line that served as

control.

Purified NT2/D1 and G3 postmitotic cell cultures,

NT2-N (Fig. 2, a and a′) and G3-N (Fig. 2, b and b′),

respectively, consisted of two morphologically distinct

cell populations: small, rounded bright-phase cells with

extensive neuritic-like processes (arrows in Fig. 2) grow-

ing on the top of dark-phase, large flat cells (arrowheads

in Fig. 2).

Based on the morphological criteria, we assumed

that SOX2 overexpressing cells were able to complete the

process of neural differentiation yielding both neuron and

glial-like cells. We proceeded with further characteriza-

tion of the NT2-N and G3-N cultures.

Analysis of neural markers and SOX2 expression. To

evaluate if the neuronal-like morphological properties

observed in NT2-N and G3-N cell populations were in

correlation with expression of neuronal markers, we ana-

lyzed expression of β-III-tubulin and synaptosomal-asso-

ciated protein 25 (SNAP25). At the same time, to deter-

mine the presence of astroglial cells in populations of

NT2-N and G3-N cells, we analyzed expression of glial-

specific intermediate filament protein (GFAP), a hall-

mark of astrocytic differentiation [22].

The Western blot analysis showed that differentiated

NT2-N and G3-N cells acquired typical neuronal mark-

er β-III-tubulin (Fig. 3a). Also, SNAP25, a neurosecre-

tion marker [23], was expressed in both NT2-N and G3-

N cells. Interestingly, whereas there was no difference in

GFAP expression level between these two populations,

both β-III-tubulin and SNAP25 were less abundant in

G3-N when compared to NT2-N (Fig. 3a). These results

indicated that constitutive SOX2 overexpression might

interfere with neuronal differentiation. In parallel, we

analyzed SOX2 expression (Fig. 3b). This protein was

highly expressed in both undifferentiated NT2/D1 and

G3 cells. However, the overall SOX2 level was higher in

G3 cell clone compared to the parental cells, which was

in accordance with our previously published data [21] and

immunocytochemical results (Fig. 1). We detected down-

regulation of SOX2 expression in both mature NT2-N

and G3-N cultures. This result is in agreement with other

reports demonstrating that neuronal fate acquisition was
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accompanied with inactivation of SOX2 expression [1,

12]. Interestingly, while SOX2 expression was unde-

tectable in differentiated NT2-N, a faint band correspon-

ding to SOX2 protein remained present in G3-N (Fig.

3b).

The appearance of neural markers and downregula-

tion of SOX2 expression clearly demonstrated that both

NT2/D1 and G3 cells successfully differentiated. To

determine whether the lower levels of neuronal markers

expression in G3-N culture were a consequence of

reduced number of neurons present in this cell population

compared to the parental cell line, we proceeded with fur-

ther analysis at the single-cell level.

Constitutive SOX2 overexpression reduced the num-

ber of mature neurons. Differentiated NT2-N and G3-N

cells were double stained with antibodies specific for

Fig. 1. Immunocytochemical analysis of SOX2 expression in undifferentiated NT2/D1 cells and the G3 cell clone. Undifferentiated NT2/D1

(a-c) and G3 (d-f) cells stained with anti-SOX2 antibody (green), were analyzed by fluorescence microscopy. Specific SOX2 immunoreac-

tivity/punctated nuclear signals were detected with different intensity in the majority of undifferentiated NT2/D1 cells (a and b) and in all

undifferentiated G3 cells (d and e). Cell nuclei were counterstained with DAPI (blue) (a, c, d and f). Scale bars: 10 µm. Summary diagrams

of statistical analysis of immunocytochemical results obtained for undifferentiated NT2/D1 and G3 cells are presented in (g) and (h), respec-

tively. Percentages of SOX2 positive and negative cells represented in (g) and (h) were calculated against approximately 100 DAPI-labeled

cells.

g

a b c

d e f

h
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Fig. 2. Morphological properties of differentiated derivates of NT2/D1 and G3 cells. Phase contrast images showing morphology of purified

terminally differentiated NT2/D1 derivates (NT2-N cell culture) (a) and G3 derivates (G3-N cell culture) (b). Boxed regions in (a) and (b)

are enlarged in panels (a′) and (b′) , respectively. Two morphologically distinct cell populations were visible in the both mature cultures: small,

rounded, bright-phase, neuron-like cells (arrows) and dark-phase, large flat glial-like cells (arrowheads). Scale bar, 100 µm.

a

a′ b′

b
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SOX2 and microtubule-associated protein 2 (MAP2), a

marker of postmitotic, terminally differentiated neurons

[24, 25]. In both populations the cytoplasmic neural

extensions were positively stained for MAP2 (arrows in

Fig. 4, a, b, d, f and h-i′). Interestingly, we observed a

larger number of MAP2-positive neurons in NT2-N

(~67%) with respect to the G3-N cell population (~49%)

(Fig. 4c). Accordingly, we concluded that SOX2 overex-

pression induced reduction in the number of terminally

differentiated neurons. It is important to point out that all

NT2- and G3-derived neurons, characterized by small

nuclei with high-density chromatin, were immunonega-

tive for SOX2 (Fig. 4, a, b, d, e and h-i′). Beneath MAP2-

positive neurons, we detected also MAP2-negative cells

with large nuclei (arrowheads in Fig. 4, a, b, d-g and h-i′)

in both mature cultures. In-depth immunocytochemical

analysis under higher magnification revealed different

populations of non-neuronal cells (Fig. 4, h-i′). These

cells were either completely SOX2-negative (MAP2–/

SOX2–; white arrowheads in Fig. 4, h and i; see also Fig.

4, a and b) or displayed weak immunoreactivity for this

protein (MAP2–/SOX2+; yellow arrowheads in Fig. 4, h′

and i′). Interestingly, MAP2-negative cells retaining a

very strong staining for SOX2 (MAP2–/SOX2++; green

arrowheads in Fig. 4i, see also Fig. 4, b and d-g) were

detected in G3-N culture only. Consistent with size of

their nuclei and intensity of SOX2 expression, these cells

resembled the undifferentiated precursors (Fig. 1, d and

e). In summary, the NT2-N culture consisted of mostly

SOX2-negative cells including neurons and large MAP2-

negative cells, where the majority (83%; Fig. 4j) displayed

no immunoreactivity for SOX2. However, in G3-N cul-

ture, although all neurons were SOX2-negative, a signifi-

cant percentage of non-neuronal cells displayed weak

(39%; Fig. 4j) or strong (17%; Fig. 4j) SOX2 staining.

These results are in accordance with overall SOX2 expres-

sion level detected by Western blot, where a weak band

corresponding to SOX2 protein was visible in G3-N only

(Fig. 3b).

Analysis of GFAP expression at single-cell level in

mature NT2-N and G3-N populations. Previously, it was

reported that unlike neurons, astrocytes maintained

SOX2 expression after they acquired glial fate [12].

Accordingly, we double-stained NT2-N and G3-N

mature cultures with antibodies specific for SOX2 and

GFAP. The GFAP antibody labeled intra-cytoplasmic fil-

aments in a very small subset of astrocytes in both NT2-

N and G3-N cultures (Fig. 5). In quantitative terms, we

observed that less than 5% of cells that were present in

both cultures had intense GFAP staining. Although we

did not detect difference in the number of GFAP-positive

cells between NT2-N and G3-N cell populations, we

noticed that in NT2-N all GFAP-positive astrocytes were

SOX2-negative (arrowhead in Fig. 5, a-d) while GFAP-

positive cells in G3-N culture displayed weak immunore-

activity for SOX2 (arrowheads in Fig. 5, e-h). The major-

ity of large flat cells in both populations did not express

GFAP protein. In addition, cells with strong SOX2 stain-

ing, which were present only in the G3-N population,

were also GFAP-negative (arrow in Fig. 5, e-h).

DISCUSSION

Our results demonstrated that G3 SOX2-overex-

pressing cells were able to terminally differentiate upon

RA induction yielding a decreased number of postmitot-

ic mature neurons compared to RA-induced NT2/D1

cells. Specifically, in the population of purified terminal-

ly differentiated cells we demonstrated that ~49% of G3-

N cells successfully turned off SOX2 expression and dif-

ferentiated into mature neurons, while ~67% of parental

NT2-N cells were MAP2-positive neurons with complete

downregulation of SOX2 expression (Fig. 4c). These

results are in concordance with previously published data

showing that inactivation of SOX2 expression is an essen-

tial step for neuronal progenitors to complete neurogene-

sis [1, 12]. The discrepancy between parental and SOX2

overexpressing cells in the percentage of resulting neurons

could be explained by increased overall SOX2 expression

in G3 cells compared to the parental cells. Although

Fig. 3. Neural markers and SOX2 expression. The images of rep-

resentative Western blots of β-III-tubulin, SNAP25, and GFAP

expression (a) and overall SOX2 expression (b) in undifferentiat-

ed NT2/D1 and G3 cells and their differentiated derivatives

NT2-N and G3-N. Analyses were carried out on total cell

lysates, and GAPDH was used as a control of equal protein load-

ing. Molecular weight markers enabled the determination of pro-

tein size (indicated in kDa).

a

b
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SOX2 was overexpressed in G3 cells and all examined

nuclei were SOX2-positive, the level of SOX2 expression

varied between cells (Fig. 1, d and e). We presume that

only the minority of G3 cells with lower level of overall

SOX2 succeeded in eliminating both endogenous and

exogenous SOX2 protein and terminally differentiated

into neurons. It was previously demonstrated that the

cells engaged a mechanism based on serine protease

activity to eliminate exogenous SOX2 protein [12]. In

contrast to the results presented here, Bani-Yaghoub et al.

Fig. 4. Characterization of NT2/D1 and G3 differentiated derivates by co-immunostaining of MAP2 and SOX2. Immunocytochemical analy-

sis of MAP2 and SOX2 expressions in mature NT2-N (a, h and h′) and G3-N (b, d-g, i and i′) cultures. Cells were dually stained with anti-

bodies against MAP2 (red) and SOX2 (green). Cell nuclei were stained with DAPI (blue) and analyzed by fluorescence microscopy. Images

presented in panels (a, b, d, and h-i′) were obtained by merging the three individual channels. Punctuated MAP2 labeling was seen along neu-

ritic processes emanating from the cytoplasm. MAP2-positive neurons were characterized by small nuclei with high-density chromatin that

were immunonegative for SOX2 (arrows in panels a, b, d-g and h-i′). Cells with large nuclei negative for both markers (MAP2–/SOX2–) are

indicated with white arrowheads in panels (a, b, h, and i). MAP2-negative cells displaying a weak immunoreactivity for SOX2

(MAP2–/SOX2+) are marked with yellow arrowheads in panels (h′ and i′). MAP2-negative cells displaying strong immunoreactivity for SOX2

(MAP2–/SOX2++) are indicated with green arrowheads in panels (b, d-g, and i). Scale bars, 10 µm. Summary diagrams of statistical analy-

sis of immunocytochemical results obtained for NT2-N and G3-N cultures are presented in panels (c and j). Percentages of MAP2-positive

and MAP2-negative cells presented in panel (c) were calculated against ~100 DAPI-labeled cells. Percentages of cells presented in panel (j)

were calculated against ~100 DAPI-labeled MAP2-negative cells.

a b c

d e f g

h i j

h′ i′
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Fig. 5. Immunocytochemical analyses of GFAP and SOX2 expression in mature NT2-N and G3-N cultures. Immunocytochemical analysis

of GFAP and SOX2 expressions in mature NT2-N (a-d) and G3-N (e-h) cultures. Cells were co-stained with antibodies against GFAP (red)

and SOX2 (green). Cell nuclei were counterstained with DAPI (blue) and analyzed by confocal microscope. GFAP-positive cells are indicat-

ed with white arrowheads in panels (a-d) and (e-h). GFAP-negative cells displaying strong immunoreactivity for SOX2 are marked with white

arrows in panels (e-h). Scale bars, 50 µm.

a

c

e

g

b

d

f

h



1180 KLAJN et al.

BIOCHEMISTRY  (Moscow)   Vol.  79   No.  11   2014

did not observe neurons after infections of neural precur-

sors with retroviral particles carrying a Sox2–EGFP

expression construct [12]. We might postulate that overall

SOX2 level, obtained by Bani-Yaghoub et al. after infec-

tion of neural precursors [12], was higher than in G3

cells, so the neural precursors were not able to efficiently

eliminate SOX2 protein in order to terminally differenti-

ate. In other words, SOX2 levels were too high to allow

entry of stem and early precursor cells into the differenti-

ation pathway, as postulated by Cavallaro et al. [2].

The large flat cells that coexist with NT2 neurons

have been described in many reports on differentiated

NT2 cultures [18, 19, 26-28], but there are discrepancies

about their phenotypic identity. These cells have been

described as postmitotic epithelioid cells that accompa-

nied NT2 neurons [26]. In particular, the authors report-

ed that these cells retained cytoskeletal proteins charac-

teristic for the precursor stadium (vimentin and nestin)

and displayed no immunoreactivity with MAP2 and

GFAP. However, they differed from proliferating precur-

sors in their large size and lack of cell division [26]. In

other reports on differentiated NT2 cultures, the large flat

cells were described as protoplasmic astrocytes [18, 28,

29]. According to Sandhu et al., intense GFAP staining

was seen only in smaller star-like cells with irregular cell

body and numerous fiber-like processes, but not in large

flat protoplasmic cells with fewer short processes extend-

ing from an almost round cell body [28]. In line with this

finding, we presume that we predominately obtained the

large protoplasmic type of astrocytes in both mature

NT2-N and G3-N cultures (arrowheads in Fig. 2) with

no or very low content of GFAP. Probably a small num-

ber (fewer than 5%) of GFAP-positive cells detected in

our study in the both cultures correspond to fibrous astro-

cytes. Although there was no difference in the number of

GFAP-positive cells and in the overall level of GFAP pro-

tein expression between NT2-N and G3-N (Fig. 3a), we

noticed that GFAP-positive cells in NT2-N cell popula-

tion were immunonegative for SOX2 (Fig. 5, a-d), where-

as a low level of SOX2 expression was maintained in

GFAP-positive cells in G3-N population (Fig. 5, e-h).

Bani-Yaghoub et al. reported a link between astroglial

SOX2 expression and the cell cycle [12]. In particular,

they showed that glial precursors and differentiated astro-

cytes maintained SOX2 expression until they became qui-

escent. Moreover, SOX2 expression was reactivated in

quiescent astrocytes when they resumed proliferation

after injury or after exposure to mitogenic and gliogenic

factors [12]. Accordingly, we can assume that the differ-

ence in SOX2 expression between GFAP-positive cells in

NT2-N and G3-N could correlate with their cell division

ability. In other words, we speculate that GFAP+/SOX2+

cells detected in mature G3-N culture could still be pro-

liferating astrocytes, whereas GFAP+/SOX2– cells pres-

ent in NT2-N culture could be quiescent astrocytes.

However, we cannot rule out a possibility that astrocytes

present in G3-N population are at a different stage of dif-

ferentiation compared to astrocytes detected in the NT2-

N population. Also, we cannot exclude the possibility that

different cell phenotypes would exist at the same stage of

maturity as described among NT2 neurons [19, 26, 30,

31] and human fetal astrocytes [32].

Interestingly, cells displaying very strong staining for

SOX2, present only in G3-N culture, were both MAP2

(green arrowheads in Fig. 4, b, d-g, and i) and GFAP

(arrow in Fig. 5, e-h) immunonegative. Consistent with

the size of their nuclei, these cells were smaller than large

protoplasmic cells, but larger than MAP2-positive neu-

rons (Fig. 4i). Accordingly, we presume that the small

population of cells displaying very strong staining for

SOX2 (MAP2–/SOX2++), detected only within G3-N

culture were remaining precursor cells that due to high

SOX2 overexpression were unable to enter in either of the

two processes, neurogenesis or gliogenesis.

Taken all together, our results are in accordance with

previous reports demonstrating complete downregulation

of SOX2 expression in mature postmitotic neurons (Fig.

4, a, b, d-g and h-i′) [1, 12]. However, regarding gliogen-

esis, our results are to some extent different with respect

to an earlier report. In particular, Bani-Yaghoub et al.

reported that SOX2 overexpression permitted the differ-

entiation of progenitors into astroglia [12]. In our case,

only cells with low SOX2 expression (in G3-N culture) or

complete SOX2 downregulation (in NT2-N culture) were

GFAP-positive, while cells with high SOX2 expression

were negative for the astroglial marker. In further studies,

it would be interesting to determine whether the level of

SOX2 expression interferes with self-renewal capacity of

astroglial cells, their differentiation status, and/or their

phenotypic characteristics. Understanding the molecular

base of these fundamental processes is of a great impor-

tance considering that astrocytes provide mechanical,

metabolic, and trophic support to neurons in the central

nervous system. Moreover, astrocytes are involved in var-

ious neurological disorders, including neurodegenerative

diseases (amyotrophic lateral sclerosis, Alzheimer’s dis-

ease) [33-36], neuronal injury in ischemia [37], or epilep-

sy [38-40], so better insight into their biology is crucial for

elucidation of the mechanisms that underlie these

pathologies.

In summary, our results demonstrated that constitu-

tive SOX2 overexpression interfered with final outcome of

RA-induced neural differentiation of NT2/D1 cells

inducing reduced number of MAP2-positive neurons and

a larger number of SOX2-positive non-neuronal cells.

Our results also indicate that the delicate balance between

undifferentiated state and RA-induced neural differentia-

tion depends on SOX2 expression level.
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