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Abstract 

Objective: Redox homeostasis maintenance is essential to bring about cellular functions. Particularly, embryonic 
stem cells (ESCs) have high fidelity mechanisms for DNA repair, high activity of different antioxidant enzymes and low 
levels of oxidative stress. Although the expression and activity of antioxidant enzymes are reduced throughout the 
differentiation, the knowledge about the transcriptional regulation of genes involved in defense against oxidative 
stress is yet restricted. Since glutathione is a central component of a complex system involved in preserving cellular 
redox status, we aimed to study whether the expression of the glutathione reductase (Gsr) gene, which encodes an 
essential enzyme for cellular redox homeostasis, is modulated by the transcription factors critical for self-renewal and 
pluripotency of ESCs.

Results: We found that Gsr gene is expressed in ESCs during the pluripotent state and it was upregulated when 
these cells were induced to differentiate, concomitantly with Nanog decreased expression. Moreover, we found an 
increase in Gsr mRNA levels when Nanog was downregulated by a specific shRNA targeting this transcription factor in 
ESCs. Our results suggest that Nanog represses Gsr gene expression in ESCs, evidencing a role of this crucial pluripo-
tency transcription factor in preservation of redox homeostasis in stem cells.
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Differentiation, Redox homeostasis

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Maintaining the homeostasis of redox state is essential 
for cellular functions. A complex system composed by 
different enzymes and low molecular weight compounds, 
such as antioxidant vitamins and glutathione, is involved 
in preserving cellular redox status. Within this network, 
glutathione reductase (Gsr) is one of the most impor-
tant enzymes, since it catalyzes the reduction of glu-
tathione disulfide to the thiol form of glutathione (GSH), 

maintaining the pool of reduced GSH. This molecule is 
the most abundant non-protein thiol in cells and has an 
essential role as a cellular redox buffer. It is co-substrate 
of other antioxidant enzymes which break down the 
reactive oxygen species (ROS), generated as by-products 
of cellular respiration.

ROS play an important role as second messengers in 
various cellular functions such as proliferation, differ-
entiation and apoptosis [1–5], hence their homeostasis 
is critical. However, an increase in the concentration of 
these species leads to an imbalance between oxidants 
and antioxidants, altering cellular redox homeostasis 
driving to oxidative stress. In this condition, ROS may 
be toxic due to their ability to modify macromolecules 
such as proteins, lipids and even damage DNA [6]. Such 
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modifications could alter their biological function, thus 
impairing distinct cellular processes. Therefore, antioxi-
dant compounds and enzymes are essential to maintain 
ROS at physiological levels necessary to mediate cellular 
responses and to minimize oxidative stress.

Embryonic stem cells (ESCs), which derive from the 
inner cell mass of blastocysts, possess several systems 
that secure genomic stability. This safeguard is essential 
since these cells physiologically originate all cell types of 
the organism, including the germ line. Thus, ESCs have 
high fidelity mechanisms involved in DNA repair, high 
activity of the multiple antioxidant enzymes and low lev-
els of ROS with the consequent low mutation rate [7]. 
Furthermore, those cells that have accumulated muta-
tions launch molecular mechanisms to undergo differen-
tiation or apoptosis as an additional safeguard to preserve 
the stem cell genome [8]. Recent studies suggest that 
ROS have a role in the balance between self-renewal and 
differentiation in stem cells. In pluripotent stem cells the 
number of mitochondria is low and also their biogenesis 
rate. However, during differentiation, both ROS levels [7] 
and mitochondrial proliferation and activity increase [9], 
together with the ATP demand [7, 10]. Moreover, high 
levels of ROS promote differentiation of different types 
of stem cells [11–13]. On the other hand, ROS are nec-
essary to maintain self-renewal in neural progenitors [5]. 
In addition, in ESCs induced to differentiate, GSH/GSSG 
ratio decreased as GSH is oxidized at the beginning of 
the differentiation protocol and then returned to similar 
levels respect to the undifferentiated state. Concomi-
tantly, an augment in ascorbic acid levels occurred as a 
probable compensation to maintain homeostasis during 
ESC differentiation [14]. Regarding development, ROS 
are involved in hatching and may also be part of the regu-
latory system of programmed cell death in mouse blas-
tocyst [6]. For these reasons, the increasing amounts of 
ROS results in a continuous decrease of glutathione lev-
els challenging the antioxidant stress defense of the early 
embryo [15].

Some genes involved in the defense system against oxi-
dative stress are modulated along ESCs differentiation [7, 
10]. Based on the reported modulation of this system and 
its importance in securing genomic stability and cellular 
functions, we hypothesized that some of the antioxidant 
genes are regulated by the transcription factors funda-
mental for pluripotency, such as Oct4, Sox2 and Nanog. 
We have previously found that both sod1 and sod2 genes, 
that encode for superoxide dismutases, are induced by 
the pluripotency transcription factors, which are essen-
tial for ESCs’ self-renewal and pluripotency [16, 17].

Although it has been reported that expression and 
activity of antioxidant enzymes are reduced through-
out the differentiation [1, 6], the knowledge about the 

transcriptional regulation of genes involved in defense 
against oxidative stress is yet restricted.

The aim of this work was to study whether the expres-
sion of the Gsr gene is modulated by the pluripotency 
transcription factors. We found that Glutathione reduc-
tase gene was expressed in undifferentiated ESCs and 
was upregulated when these cells were induced to dif-
ferentiate, concomitantly with Nanog downregulation. 
In accordance with these results, we found that Gsr gene 
expression was induced in ESCs where Nanog gene was 
downregulated by transfection with shRNA vector tar-
geting this transcription factor.

Main text
Results
Glutathione reductase gene is upregulated 
throughout differentiation
Based on the growing evidence that antioxidant defense 
system is modulated when pluripotent stem cells are 
induced to differentiate, and that glutathione reductase is 
an important enzyme involved in the cellular response to 
oxidative stress, we decided to study Gsr gene modula-
tion. In a previous work, we have in silico analyzed the 
upstream region of the coding sequence of diverse genes 
involved in antioxidant system, including Gsr and found 
the presence of multiple predicted binding sites for the 
transcription factors Oct4 and Nanog in a 5 kbp region 
upstream the transcription start site of this gene [16]. In 
this work, we first studied Gsr gene modulation in undif-
ferentiated ESCs and along differentiation. To this aim, 
we performed an in vitro differentiation protocol cultur-
ing R1 ESCs in standard stem cells culture medium sup-
plemented with LIF, as control condition, and in absence 
of this cytokine for 4  days. We observed the expected 
change in cell morphology throughout the differentia-
tion, as shown in Fig. 1a. Whereas ESC grew in compact 
and refringent colonies and showed high nucleus/cyto-
plasm ratio, differentiated cells grew as a monolayer and 
increased their cytoplasmic proportion. As shown in 
Fig. 1b, although Oct4 mRNA levels remained constant, 
Nanog mRNA levels diminished, confirming that cells left 
behind the undifferentiated state displaying the expected 
Nanog repression. The reduction in Nanog mRNA, quan-
tified by RT-qPCR, reflects Nanog protein levels visual-
ized by immunofluorescence (Fig. 1c). Notably, showing a 
reciprocal kinetics, when Nanog expression was reduced, 
Gsr mRNA levels were upregulated.

Next, to further investigate Gsr gene modulation 
we analyzed its expression pattern along a differen-
tiation protocol to neural progenitor. We used the 46C 
ESC line for this approach, which is a reporter cell line 
that expresses GFP driven by Sox1 promoter, a specific 
marker of neuroectoderm [18]. We verified the success 
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of the differentiation process by GFP fluorescence detec-
tion (Fig. 2a) and by the analysis of the expression of the 
pluripotency markers Oct4 and Nanog, and the neural 
markers Blbp and Nestin by RT-qPCR, at days 0, 1, 3 
and 6, which behaved as expected (Fig. 2). In agreement 
with the previous result, we found that along with Nanog 
downregulation, visualized both at mRNA and protein 
levels (Fig.  2b, c), Gsr mRNA levels increased at days 1 
and 3 of this neural precursor differentiation protocol.

Nanog transcription factor modulates Gsr gene expression
Taking into account the induction of Gsr observed when 
Nanog was repressed along both differentiation pro-
tocols and the presence of six putative consensus sites 
for Nanog in the 3000  bp region upstream Gsr coding 
sequence, we decided to study whether Nanog modu-
lates the endogenous Gsr gene expression by an shRNA 
approach. For this purpose, we downregulated this tran-
scription factor’s mRNA levels using a shRNA targeting 
Nanog (shNanog). We transfected R1 ESCs with a vector 
encoding shNanog or targeting eGFP (shGFP) as control, 
and then analyzed Gsr mRNA levels by RT-qPCR. As 
outlined in Fig. 3, Nanog expression was downregulated 
by its specific shRNA, evidenced by RT-qPCR and immu-
nofluorescence. Interestingly and according with our pre-
vious results, Gsr mRNA levels were greatly increased 
in Nanog-downregulated ESCs, suggesting a role in Gsr 

transcriptional regulation by this pluripotency transcrip-
tion factor.

Discussion
There is growing evidence showing that when pluripo-
tent stem cells are induced to differentiate, antioxidant 
defense system is modulated [7, 10, 19, 20]. A key enzyme 
involved in the response to oxidative stress is glutathione 
reductase (Gsr), contributing to the preservation of 
this antioxidant molecule in precise levels. In a previ-
ous work, by in silico analysis, we found the presence of 
putative binding sites for the transcriptions factors Oct4 
and Nanog in a 3000  bp region upstream Gsr coding 
sequence [16]. Considering this evidence and the hypoth-
esis that ESCs’ specific transcription factors critical for 
pluripotency maintenance regulate genes differentially 
expressed along the differentiation process, we studied 
Gsr gene modulation. As mentioned before, regarding 
the differentiation process, it has been shown that ROS 
levels [7] and mitochondrial proliferation and activity 
increase during ESCs differentiation [9]. These reports 
propose that ROS are involved in the balance between 
self-renewal and differentiation. The antioxidant system 
is essential to maintain the adequate levels of these spe-
cies and GSH is a key component for redox homeosta-
sis [21]. The enzymes glutathione synthase and Gsr are 
responsible to keep GSH/GSSG at accurate levels. It was 
previously reported that Gsr gene expression decreased 

Fig. 1 Gsr is upregulated in ESCs cultured without LIF. R1 ESCs were cultured under standard conditions in the presence of LIF, or in the absence of 
LIF for 4 days. a Representative pictures of cells cultured with LIF (+LIF) and without LIF (−LIF) after 4 days of treatment. Scale bars: 100 µm. b RNA 
was extracted and mRNA levels of Oct4, Nanog and Gsr were measured by RT-qPCR. Gene expression was normalized to the geometrical mean of 
Gapdh and Pgk1 expression and referred to the control condition (with LIF, shown as a line). Results are shown as mean ± SEM of four independent 
experiments (different letters indicate significant differences, p < 0.05). c Representative immunostaining of Nanog for R1 ESCs cultured in the 
presence of LIF (+LIF) or in the absence of LIF for 4 days (−LIF). Nuclei were counterstained with DAPI. Scale bars: 20 μm. The nuclear intensities 
were quantified and represented as dot plots, mean ± SEM are indicated, *p < 0.05
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since day 7 of differentiation, in human pluripotent stem 
cells [7, 20]. On the other hand, in this work we found 
that Gsr mRNA levels were upregulated in mouse ESCs, 
at earlier time points of two distinct differentiation pro-
tocols. In accordance, it was reported that Gsr mRNA 
levels in E7 mouse embryos were high, and then they 
fall at later days reaching similar levels as in adult mouse 
[22].

As aforementioned, we found that Gsr gene was 
expressed in pluripotent stem cells and increased 
throughout differentiation, showing an expression 

pattern opposed to Nanog’s when these cells were 
induced to differentiate by two distinct protocols. We 
have previously found by in silico analysis, multiple puta-
tive binding sites for Nanog in Gsr promoter region [16]. 
Specifically, there are eight sequences similar to Nanog 
consensus preserving the AATG core sequence since 
positions − 523 to − 3612 from transcription start site 
(+ 1). Moreover, this transcription factor was found to be 
bound to the promoter region of Gsr in data from genome 
wide chromatin immunoprecipitation approaches in 
ESCs [23–27]. Furthermore, we used ChIP Atlas platform 

Fig. 2 Gsr gene is modulated in ESCs along a neural progenitor differentiation protocol. 46C ESCs were subjected to a neural progenitor 
differentiation protocol. a Representative picture of cells at day 6 of differentiation showing expression of GFP, reporter of Sox1 promoter activity. 
Phase contrast, left panel; GFP, right panel. Scale bars: 100 µm. b Representative immunostaining of Nanog for 46C ESCs at days 0 (D0) and 3 (D3) 
of the neural progenitor differentiation protocol. Nuclei were counterstained with DAPI. Scale bars: 20 μm. The nuclear intensities were quantified 
and represented as dot plots, mean ± SEM are indicated, *p < 0.05. c RNA was extracted at days 0 (D0), 1 (D1), 3 (D3) and 6 (D6) after the induction 
of differentiation and mRNA levels of the indicated genes were measured by RT-qPCR. Gene expression was normalized to the geometrical mean 
of Gapdh and Pgk1 expression and referred to the control condition (D0). Results are shown as mean ± SEM of three independent experiments. 
Different letters indicate statistically significant differences between treatments (p < 0.05)
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[28] to analyze ChIP-Seq experiments data and found 
evidences of functional Nanog regulatory regions in GSR 
genomic locus. The analysis revealed peaks indicating 
that Nanog was bound to Gsr gene, both upstream the 
transcription start site and in the first intron, in multiple 
experiments performed in ESCs (Additional file 1: Figure 
S1). In accordance to these results, we found an increase 
in Gsr mRNA levels when Nanog was downregulated 
using a specific shRNA targeting this transcription factor 
in ESCs. It was previously reported that Nanog represses 
at transcriptional level genes related to the differentiation 
process [29–31]. In this work, we found that this tran-
scription factor modulates negatively Gsr expression, a 
gene involved in the antioxidant system. We have previ-
ously reported that Sod1 and Sod2, both genes from this 
system, are modulated by pluripotency transcription fac-
tors [16, 17]. As a whole, these results suggest that tran-
scription factors essential for pluripotency maintenance 
such as Nanog, play a role in the homeostasis of redox 
status in ESCs.

Conclusion
We found that Gsr, which is critical for maintaining 
GSH levels and cellular redox status, is modulated by the 
stemness transcription factor Nanog evidencing a link 

between pluripotency transcription factors and redox 
homeostasis. Deep understanding of the antioxidant 
system in pluripotent stem cells and the relationship 
between ROS and the differentiation process is crucial 
for future applications of these promising cells.

Methods
Cell culture conditions and differentiation
R1 ESC line (ATCC) were cultured and differentiated as 
previously described [32–34]. 46C Sox1-GFP ESC line 
[18] (a kind gift from Austin Smith) was cultured and 
induced to differentiate to neural progenitor as previ-
ously described [16, 35, 36]. Cells were cultured until day 
6 and efficacy of the differentiation protocol was analyzed 
by fluorescence microscopy.

Gene expression analysis
Gene expression was analyzed by RT-qPCR and immu-
nofluorescence. A detailed description of the methodol-
ogy, the antibodies and the sequence of the primers used 
is included in Additional file 2: Additional methods.

Nanog downregulation by shRNA transfection
R1 ESCs were transfected in p60 plates with 3  µg 
pLKO.1-puro derived vectors (Sigma), expressing shRNA 

Fig. 3 Gsr expression increases in ESCs transfected with a shRNA vector targeting Nanog. a R1 ESCs were transfected with pLKO.1-puro derived 
vectors targeting the transcription factor Nanog (shNanog) or eGFP (shGFP), as indicated under each bar. Then, transfected cells were selected 
with puromycin for 48 h and RNA was extracted. Nanog and Gsr mRNA levels were analyzed by RT-qPCR. Gene expression was normalized to 
the geometrical mean of Gapdh and Pgk1 expression and referred to the control condition (shGFP). Results are shown as mean ± SEM of four 
independent experiments. Different letters indicate statistically significant differences between treatments (p < 0.05). b R1 ESCs were co-transfected 
with shNanog and a vector encoding the fusion protein H2B-mCherry. 48 h after transfection, Nanog was visualized by immunofluorescence 
and nuclei were counterstained with DAPI. Transfected cells were identified by mCherry fluorescence detection. The figure corresponds to a 
representative image that shows that Nanog intensity signal is lower in transfected cells respect to non-transfected cells, evidencing Nanog 
downregulation by shNanog. Scale bars: 10 μm
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targeting Nanog (shNanog, SHCLND-XM_132755) or 
eGFP (SHC005). Transfection, selection and mRNA 
analysis were carried out as previously described [16, 
17]. For immunofluorescence, ESCs were co-trans-
fected with shNanog and an expression vector encoding 
H2B-mCherry.

Statistics and data analysis
Results were presented as mean ± Standard error mean 
(SEM). Statistical comparisons were performed using 
Student’s t test, except for Fig.  2c, where data was ana-
lyzed by a linear mixed model and DGC Test was used 
for comparison between means. Residuals fitted normal 
distribution and homogeneity of variance; p values < 0.05 
were considered significant. Analysis was performed with 
Infostat statistical software [37].

Limitations
We attempted to evaluate Nanog effect on Gsr gene by 
ectopic expression in an heterologous system but we 
failed, presumably by the need of other factors missing in 
the system and/or different epigenetic landscape.

Additional files

Additional file 1: Figure S1. Region of Gsr genomic locus including 
Nanog binding peaks according to Chip-seq experiments downloaded 
from the Chip-Atlas Database (https ://chip-atlas .org/). Sequence Read 
Archive Database identifiers are indicated in the figure.

Additional file 2. Additional file contains Fig. S1 legend, Table S1 and 
additional methods.
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