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Abstract: Human fetal scleral fibroblasts (HFSFs) are components of the sclera and play important roles in its structure and 
function. In myopia, scleral remodeling reduces collagen fibers and the sclera begins to thin. NANOG is a key transcrip-
tion factor essential for pluripotent and self-renewing phenotypes of undifferentiated embryonic stem cells. To determine 
whether NANOG improves human fetal scleral fibroblast quality and the underlying mechanisms in these cells, we estab-
lished stable NANOG-overexpressing HFSFs. We studied type I collagen (COL1A 1) and Rho-associated coiled-coil protein 
kinase 1 (ROCK1) expression in transfected cells. We also investigated POU5F1, SOX2, KLF4, MYC and SALL4 expression 
in NANOG stably-overexpressed fibroblasts. Our data show that NANOG expression increased proliferation rates in fibro-
blasts. When compared to controls, expression of COL1A 1 in transfected fibroblasts was increased and the expression of 
ROCK1 was decreased. Similarly, the expression of POU5F1, SOX2 and KLF4 was downregulated, the expression of MYC was 
upregulated and there was no significant change in the expression of SALL4 in transfected fibroblasts. Our results suggest 
that in fibroblasts, NANOG regulates ROCK1 expression and improves COL1A 1 expression to delay scleral remodeling.
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INTRODUCTION

Myopia is the most common eye disease in humans [1]. 
The human sclera, which is formed by fibroblasts and 
the collagen fiber sheath, is intimately involved in eye 
growth regulation and the scleral remodeling of myopia 
formation. In human sclera, the content of type I collagen 
fibrils is 50-70% of the total collagen fibers, which are 
mostly distributed along the equator and posterior pole 
regions of the eyeball [2]. During scleral remodeling in 
myopia, the posterior sclera becomes thinner and the 
diameter of collagen fibrils smaller compared to the 
sclera in normal eyes [3,4]. Scleral fibroblasts, which 
synthesize and secrete collagen fibrils and matrices, 
monitor changes in the surrounding extracellular matrix 
to maintain a balance of synthesis and degradation [5,6]. 
If scleral fibroblasts decrease proteoglycan synthesis, the 
biomechanics of the sclera are affected and elongation 
of the eye is induced [7]. Scleral remodeling and axial 
length extension can induce refractive errors, retinal 
degeneration and/or detachment [8,9].

NANOG is essential for transforming dedifferenti-
ated intermediate cells to ground state pluripotency 
cells in reprogramming processes [10]. Nanog over-
expression in embryonic stem cells (ESCs) enhances 
the transfer of pluripotency in fusion experiments 
and converts epiblast stem cells to ground state plu-
ripotency [11]. Nanog is a novel pluripotent gene that 
plays crucial roles in maintaining the undifferentiated 
state of mouse embryonic stem cells (mESCs) [12,13]. 
In generating induced pluripotent stem cells (iPSCs), 
NANOG participates indirectly in cell reprogramming 
by interacting with the four pluripotent-associated 
genes, POU5F1, SOX2, KLF4 and MYC [14]. It has 
been shown that NANOG directly participates in re-
programming human somatic cells by combining with 
Lin28, POU5F1 and SOX2 [15-17]. The activation of 
endogenous Nanog is essential for generating iPSCs, 
which can contribute to adult chimeras [18,19]. Ectopic 
expression of Nanog in NIH3T3 cells promotes entry 
into S phase and increases cellular growth rates [20,21].
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In this study, we cloned the full length of the human 
NANOG coding region, constructed the eukaryotic 
expression vector of NANOG and transfected it into 
HFSFs, where we systematically investigated biologi-
cal cellular characteristics (proliferation) and assessed 
COL1A 1 and ROCK1 expression in stably-transfected 
cells. The expression of POU5F1, SOX2, NANOG, 
KLF4, MYC and SALL4 was also assessed. Our objective 
was to detect the effects of NANOG expression on the 
sclera by evaluating its influence on cell proliferation 
and COL1A 1 expression in HFSFs. By determining 
the underlying mechanisms of NANOG expression 
in these cells, we hoped to clarify the mechanism of 
myopia formation and provide theoretical support for 
myopia treatment.

MATERIALS AND METHODS

Gene cloning and vector construction

The coding sequence of human NANOG was PCR-
amplified from pPyCAG:hNANOG [12] using the fol-
lowing sense 5’-ATGAGTGTGGATCCAGCTTGTC-3’ 
and antisense primers 5’-TCACATATCTTCAGGCT-
GTATG-3’. The PCR amplification was carried out as 
follows: one cycle at a denaturing temperature of 94°C 
for 4 min, and 35 subsequent cycles; denaturation at 
95°C for 30 s, annealing at 56.5°C for 30 s, extension 
at 72°C for 30 s, and a final extension at 72°C for 10 
min. To construct a NANOG mammalian expression 
plasmid, the NANOG coding sequence was inserted 
into pcDNA3.1 (+) (Invitrogen, Shanghai, China) 
between the Hind III and Xho I restriction enzyme 
sites to generate pcDNA3.1(t)/NANOG. The NANOG 
cDNA was also inserted into pEGFP-C1 (Invitrogen, 
Shanghai, China) between the Bgl II and Xho I restric-
tion enzyme sites to generate pEGFP-C1/NANOG, 
which expresses a GFP-NANOG fusion protein.

Cell culture and transfection

This study was approved by the Ethics Committee 
of Harbin Medical University in China. HFSFs were 
obtained from Beijing Institute of Ophthalmology 
(Beijing, China) [22,[23]. The fibroblasts were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) 
(Invitrogen, Shanghai, China) with 1% antibiotic/anti-

mycotic penicillin-streptomycin (Invitrogen, Shanghai, 
China), 10% fetal bovine serum (FBS), (Invitrogen, 
Shanghai, China) and incubated at 37°C in a humidi-
fied incubator with 5% CO2. The growth medium was 
changed every two days. When the cultures reached 
90% confluence, the cells were trypsinized for 1 min 
at 37°C in 0.25% trypsin/EDTA and subcultured at 
a ratio of 1:3 (cells to media) in 25 mm2 plastic cell 
culture bottles (Invitrogen, Shanghai, China).

The cells were randomized into 4 groups: control-
untreated HFSFs group (control), the empty pcDNA3.1 
vector-transfected HFSFs group (mock), NANOG-
transfected HFSFs group (NANOG-trans) and GFP-
NANOG-transfected HFSFs group (GFP-NANOG-
transfected). For transfection experiments, the cells 
were plated in 3.5-cm plates (Invitrogen, Shanghai, 
China) in HFSFs culture medium without penicillin/
streptomycin to achieve 70-80% confluence over 24 
h. Cells were transfected with lipofectamine 2000 
(Invitrogen, Shanghai, China) according to the manu-
facturer’s instructions at a ratio of 3:1 (transfection 
reagent (mL):DNA (mg)). Cells were passaged 24 h 
after transfection. The flasks were then supplemented 
with DMEM selection medium (high glucose supple-
mented with 10% FBS and 400 ng/mL G418), after cell 
adhesion. Cells for stable selection were rendered by 
G418 selection for 14 days until all untransfected cells 
died. For the pcDNA3.1 (t)/NANOG plasmid and 
pEGFP-C1/NANOG plasmid transfections, all growth 
and selection conditions were identical.

Cell growth curve and cell viability

For the cell growth curve, cells were seeded at 1x104 

cells/dish in 35-mm dishes (Invitrogen, Shanghai, 
China) in DMEM supplemented with 10% FBS. Cell 
numbers were determined using a hemocytometer. 
The cell growth curve was drawn according the cell 
number. Cell viability was determined by the trypan 
blue exclusion assay. Trypan blue at a concentration of 
0.5% was mixed with equal volumes of cell suspensions 
in DMEM and 10% FBS. Cells excluding the dye were 
also determined. Both cell counts and the trypan blue 
exclusion assays were performed in triplicate, with 
standard deviations (SD) for each time point.
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RNA isolation, reverse transcription and real time 
PCR

HFSFs cells were seeded in 25-mm2 plastic bottles 
at 5×105 cells/mL. After culturing for 24 h, the cells 
were harvested for total RNA extraction using Trizol 
Reagent (Invitrogen, Shanghai, China). Complemen-
tary DNA (cDNA) was synthesized according to the 
manufacturer’s instructions (Fermentas, Shanghai, 
China), generating about 4 μg of total RNA. Based on 
sequences from the GenBank database (Supplementary 
Table S1), COL1A1, ROCK1, NANOG, POU5F1, SOX2, 
KLF4, MYC, SALL4, ACTB and GAPDH primers were 
designed using Primer-Premier 5 (Premier Biosoft 
Interpairs, CA, USA).

End-point PCR was performed on a Biometra PCR 
System (Biometra, Munchen, DE). A typical reaction 
was performed in 25 μL; it consisted of 2 μL cDNA, 
12.5 μL 2×ExTaq PCR Master Mix buffer (TaKaRa, 
Dalian, China) and primer pairs (10 pmol each). An 
initial PCR temperature cycle was performed for 4 min 
at 95°C, followed by 28 cycles of primer annealing for 
30 s at 59°C, and extension for 30 s at 72°C. Negative 
controls for end-point PCR contained no template. 
The PCR products were examined by 1% agarose gel 
electrophoresis (TaKaRa, Dalian, China) in TAE buffer 
at 11 V/cm for 30 min.

Quantitative real-time PCR (qPCR) was performed 
on an ABI7500 Fast Real-Time PCR System (Ap-
plied Biosystems, CA, USA). A typical reaction was 
performed in 25 μL; it consisted of 2 μL cDNA, 12.5 
μL 2×SYBR Green PCR buffer and primer pairs (10 
pmol each). An initial PCR temperature cycle was 
performed for 2 min at 95°C, followed by 40 cycles of 
primer annealing for 30 s at 60°C, and extension for 
30 s at 72°C. Negative controls for the qPCR contained 
no template. The change in threshold cycle (ΔCt) was 
calculated by subtracting the average Ct of GAPDH 
mRNA from the average Ct of target genes. NANOG-
trans and mock samples were normalized to the con-
trol, and the t-test was performed on NANOG-trans 
versus mock groups. All experiments were performed 
in triplicate. Comparative quantification values were 
obtained from the Ct number, where an increase in 
signal was associated with an exponential increase in 
PCR products.

Hoechst 33342 staining and fluorescence 
microscopy

After transfection with the plasmid encoding EGFP-
NANOG, the HFSFs were stained using Hoechst 33342 
(Sigma, Shenyang, China). Cells were washed three 
times in Dulbecco’s phosphate-buffered saline (DPBS) 
and fixed in 4% (w/v) paraformaldehyde/4% (w/v) 
sucrose in DPBS for 40 min at room temperature. 
The HFSFs were then stained with 5 mg/mL Hoechst 
33342 for 8 min and washed twice in DPBS. Cells were 
placed on a glass slide, and Antifade mounting medium 
(Abcam, Beijing, China) was added and sealed with 
nail polish. Samples were assessed by fluorescence 
microscopy at 530 nm and 480 nm excitation wave-
lengths (Olympus BX51, Japan).

Western blotting

Total cellular protein was extracted from HFSFs by 
lysing cells in ice-cold radioimmunoprecipitation 
assay buffer containing protease inhibitors, 50 mM 
Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, at 4°C 
and phosphatase inhibitors (R&D Systems, Shanghai, 
China). After centrifugation at 12000 × g (30 min at 
4°C), the supernatants were collected and protein 
concentrations measured using the bicinchoninic acid 
(BCA) Protein Assay kit (Beyotime, Beijing, China). 
Samples containing 50 μg of protein were mixed with 
loading dye and were subjected to sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
in 12% polyacrylamide gels, and transferred onto 
polyvinylidene difluoride membranes (Millipore, 
MA, USA). The membranes were blocked in 5% Tris-
buffered saline (10 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 0.5% Tween-20 and 5% fat-free dry milk) for 
1 h at room temperature. The membranes were then 
probed overnight at 4°C with specific primary anti-
bodies against type I collagen (1:1000) (Abcam, CA, 
USA), ROCK1 (1:1000) (CST, CA, USA) and ACTB 
(1:1000) (Sigma, Shenyang, China), which acted as a 
loading control. The following day, the membranes 
were washed and incubated with a horseradish peroxi-
dase (HRP)-conjugated anti-rabbit goat IgG antibody 
(1:1000) (Abmart, Beijing, China). The membranes 
were developed using an enhanced chemiluminescence 
(ECL) kit (Thermo Fisher Scientific, Shanghai, China), 
according to the manufacturer’s instructions. Band 
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intensity was quantified by densitometry using ImageJ 
software (version 1.38). The relative level of protein 
expression was expressed as the density ratio of the 
protein compared to ACTB levels in the same sample.

Statistical analysis

Statistical analyses were performed using SPSS 16.0 
Statistical Software (SPSS, Inc., Chicago, IL, USA). 
All data were expressed as the mean±SD of at least 
three separate repeated experiments. The differences 
between exposed and untreated cells were analyzed 
by t-test. Values of p < 0.05 were considered statisti-
cally significant.

RESULTS

Expression of human NANOG in HFSFs 

Two eukaryotic expression vectors were constructed 
to express human NANOG and GFP-NANOG fu-
sion proteins, respectively (Fig.1A). RT-qPCR results 
demonstrated that NANOG mRNA was successfully 
expressed in NANOG stably-transfected HFSFs (Fig. 
1B). Western blot analysis also showed that NANOG 
was expressed in HFSFs, which were stably transfected 
by pcDNA3.1 (t)/NANOG (Fig. 1C).

Ectopically expressed NANOG localizes to the 
nucleus and promotes HFSFs cell growth

We measured the effects of NANOG expression on 
HFSFs cell growth. NANOG transfected HFSFs showed 
an increased proliferation rate compared to those of 
the mock HFSFs (P<0.05), while the rate of cell growth 
was similar between the mock and control HFSFs 
(P>0.05) (Fig. 2A).

In ESCs, NANOG contains a homeodomain, sug-
gesting it acts as a transcriptional regulator and should 
localize to the nucleus [11,24]. To verify the subcellular 
localization of ectopically-expressed NANOG, we 
generated a construct comprising NANOG fused to 
Enhanced Green Fluorescent Protein (EGFP-NANOG). 
The results showed that EGFP-NANOG was localized 
to the nucleus in HFSFs (Fig. 2D). This observation 
suggests that NANOG encodes a nuclear localization 
signal and regulates gene transcription in nucleus [25].

NANOG affects COL1A1 and ROCK1 expression 
in HFSFs

NANOG expression significantly increased COL1A1 
mRNA expression in NANOG-trans HFSFs compared 
to the mock HFSFs (P<0.05), while for expression 
of COLA1 mRNA, there were no significant differ-
ences between mock and control HFSFs (P>0.05) 

Fig. 1. Expression of human NANOG in HFSFs. A – NANOG plas-
mid (GFP and pcDNA3.1) construction. B – NANOG expression 
in HFSFs was detected by end-point PCR. ACTB acted as a loading 
control. Control – the control-untreated HFSFs. Mock – the empty 
pcDNA3.1 vector-transfected HFSFs. NANOG-trans – NANOG-
transfected HFSFs. C – NANOG protein expression levels were 
determined by Western blotting. Equal protein concentrations were 
loaded in each lane. ACTB acted as a loading control. Control – the 
control-untreated HFSFs. Mock – the empty pcDNA3.1 vector-
transfected HFSFs. NANOG-trans – NANOG-transfected HFSFs.

Fig. 2. NANOG gene expression promoted cell growth and nuclear 
localization of NANOG-EGFP. A – Proliferation of HFSFs. Con-
trol – the control-untreated HFSFs. Mock – the empty pcDNA3.1 
vector-transfected HFSFs. NANOG-trans – NANOG-transfected 
HFSFs. B – Localization of NANOG-EGFP in HFSFs. NANOG-
EGFP – GFP-NANOG-transfected HFSFs. Nucleus – Hoechst 33342 
staining of the HFSFs cell nucleus. Merged image of NANOG-
EGFP and Nucleus.
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(Fig.3A). NANOG expression significantly increased 
the COL1A1 protein level in NANOG-trans HFSFs 
compared to mock HFSFs (P<0.05) (Fig. 3B and C). 
There were no significant differences in protein levels 
between the mock and control HFSFs (P>0.05) (Fig. 
3B and C). ROCK1 mRNA levels were decreased in 
NANOG-trans HFSFs as compared to mock HFSFs 
(P<0.05) (Fig.3A). Reduced ROCK1 protein levels also 
correlated with decreased mRNA levels in NANOG-

trans HFSFs compared to the mock HFSFs (P<0.05) 
(Fig. 3B and C). These data suggest that COL1A1 and 
ROCK1 expression in HFSFs was significantly affected 
by NANOG expression.

Activation of pluripotent genes by NANOG 
overexpression in HFSFs

To clarify whether NANOG interacted with other 
key pluripotent genes thereby increasing COL1A1 
expression in HFSFs, we investigated the expression 
levels of pluripotent genes including POU5F1, SOX2, 
KLF4, MYC and SALL4 in NANOG stably-transfected 
HFSFs, using qPCR (Fig. 4). Compared with the mock 
HFSFs, the expression of POU5F1, SOX2 and KLF4 
significantly declined in NANOG-trans HFSFs (p < 
0.05). The expression of MYC significantly increased 
in NANOG-trans HFSFs compared to the mock HFSFs 
(p < 0.05). There was no significant change in SALL4 
in NANOG-trans HFSFs compared to the mock HFSFs 
(p > 0.05).

DISCUSSION

The development of myopia in humans is associated 
with marked thinning of the sclera, the tough outer 
coat of the eye that facilitates change in eye size [4]. 
This altered scleral morphology is associated with 
local changes in collagen fibril ultrastructure and 

Fig. 3. NANOG affects COL1A1 and ROCK1 expression in HFSFs. A – NANOG affects COL1A1 and ROCK1 mRNA expression. Fold 
difference was calculated with respect to the control-untreated HFSFs and the HFSFs transfected with pcDNA3.1 empty vector. Control 
– the control-untreated HFSFs. Mock – the empty pcDNA3.1 vector-transfected HFSFs. NANOG-trans – NANOG-transfected HFSFs. 
Bars represent the mean±standard errors of three independent experiments. NANOG-trans and mock were normalized to the control 
and statistical analysis was performed on NANOG-trans vs mock. B – COL1A1 and ROCK1 protein expression levels were determined 
by Western blotting. Control – the control-untreated HFSFs. Mock – the empty pcDNA3.1 vector-transfected HFSFs. NANOG-trans – 
NANOG-transfected HFSFs. C – Corresponding densitometric analyses of the protein bands of COL1A1 and ROCK1 protein. Control 
– the control-untreated HFSFs. Mock – the empty pcDNA3.1 vector-transfected HFSFs. NANOG-trans – NANOG-transfected HFSFs. 
NANOG-trans and mock were normalized to the control, and statistical analysis was performed on NANOG-trans versus mock. *P<0.05 
indicates significant differences.

Fig. 4. Relative expression of pluripotent-related genes after stable 
transfection by pcDNA3.1-NANOG in HFSFs. Fold difference was 
calculated with respect to the control-untreated HFSFs and the 
HFSFs transfected with pcDNA3.1 empty vector. Control – the 
control-untreated HFSFs. Mock – the empty pcDNA3.1 vector-
transfected HFSFs. NANOG-trans – NANOG-transfected HFSFs. 
Bars represent the mean±standard errors of three independent 
experiments. NANOG-trans and mock were normalized to the 
control, and statistical analysis was performed on NANOG-trans 
versus mock. *P<0.05 indicates significant differences.
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increased numbers of small-diameter collagen fibrils 
[26]. In addition, there is a more lamellar organization 
of posterior scleral collagen fibril bundles [27]. Scleral 
fibroblasts, which synthesis and secrete the collagen 
fibrils, are involved in scleral remodeling and play 
important roles in the control of eye size and myopia 
development [28,29]. In a previous study, the overex-
pression of NANOG in mouse fibroblasts promoted 
cell entry into the S phase and cell proliferation [20]. 
Our results show that constitutive overexpression of 
NANOG significantly increased HFSFs proliferation. 
NANOG, through CDK6 and CDC25A binding, allows 
human ESCs to enter the S phase from the G1 phase 
[30]. Compared with normal ESCs, the ESCs with a 
higher expression level of CDK6 and CDC25A in the 
S phase had a shorter cycle time to enter the next S 
phase [30]. In murine NIH3T3 cells, cell proliferation 
was accelerated when Nanog was highly expressed 
[20,31], therefore reducing NANOG expression could 
reduce breast cancer cell proliferation [32]. From these 
observations, it appears that NANOG plays an impor-
tant role in regulating HFSFs proliferation.

Collagen accounts for 90% of scleral dry weight, 
the majority of this being type I collagen [33]. As the 
main component of the sclera, type I collagen is in-
volved in connective tissue growth and extracellular 
matrix reorganization [2]. The COL1A1 gene produces 
the pro-alpha1 chain, which combines with another 
pro-alpha1 chain and also with a pro-alpha2 chain 
(produced by the COL1A2 gene) to create a molecule 
of type I procollagen [34]. It has been reported that 
a COL1A1 polymorphism was statistically associated 
with simple myopia phenotypes [35,36]. Similarly, 
COL1A1 reductions appear to trigger scleral remodel-
ing and induce myopia [3]. Our results demonstrated 
that NANOG upregulated COL1A1 mRNA and protein 
expression in HFSFs, indicating that NANOG increases 
collagen synthesis in the sclera and may delay sclera 
remodeling, which is a potential risk factor for eye 
elongation.

The small molecule Rho GTP enzyme family has 
regulatory roles in fibroblast cytoskeleton rearrange-
ment, cell proliferation and gene transcription [37]. 
ROCK1 is an extremely important downstream protein 
in the Rho signaling pathway [37]. When extracellular 
stimuli activate G-protein-coupled receptors, Rho pro-
teins are activated and combine with ROCK to induce 

downstream biological effects, such as cytoskeletal 
reorganization and fiber synthesis of fibroblasts [38]. 
Activation of the Rho A/ROCK1 signaling pathway 
upregulates COL1A1 expression at the extracellular 
matrix (ECM); however, this reaction can be altered 
by using the inhibitor Y-27632, which inhibits ROCK1 
expression, blocking the RhoA/ROCK1 signaling path-
way and thereby downregulating COL1A1 expression 
at the ECM [39]. By contrast, in this study, ROCK1 
expression decreased after NANOG overexpression in 
HFSFs, suggesting that NANOG may improve COL1A1 
synthesis by activating other signaling pathways.

In ESCs, NANOG, POU5F1, SOX2 and KLF4 were 
the core pluripotency transcription factors maintaining 
the pluripotent state of these cells [40]. POU5F1, SOX2 
and NANOG function together to form a regulatory 
loop to maintain ES cell pluripotency and self-renewal 
[24]. KLF4 is upstream of NANOG and cooperates 
with PBX1 directly to regulate NANOG expression 
in human ESCs [41]. To determine whether NANOG 
regulates the cell cycle, COL1A1 and ROCK1 expression 
through other pluripotency-related genes in HFSFs, we 
examined the expression of POU5F1, SOX2 and KLF4. 
Our results demonstrated that although NANOG was 
maintained at the 20-fold higher level than normal 
HFSFs, the expression of POU5F1, SOX2 and KLF4 
was downregulated. These results showed that only 
NANOG overexpression cannot reactivate the expres-
sion of pluripotency-related genes in HFSFs. Sall4 is an 
important component of the transcription regulatory 
networks in ESCs and cooperates with NANOG [42]. 
In this study, SALL4 expression remained unchanged 
after NANOG overexpression. This is because SALL4 
activation by NANOG requires POU5F1 and SOX2 
participation. MYC is an important cell-cycle regulator 
and promotes cell proliferation [43]. In a previous study, 
it was shown that NANOG binds on the MYC promoter 
region to promote expression [32]. In the present 
study, MYC expression was significantly increased 
after NANOG overexpression; therefore, MYC may 
be the main factor in promoting HFSF proliferation.

CONCLUSION

The present study shows that the expression of NANOG 
increased HFSF proliferation and improved COL1A1 
synthesis in HFSFs. However, the molecular mecha-
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nisms underlying NANOG gene function in HFSFs 
is not yet clear. Additional studies will be required 
to clarify the precise mechanism by which NANOG 
participates in regulating collagen synthesis in HFSFs.
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