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Abstract. The understanding of adipose tissue develop-
ment is crucial for the treatment of obesity-related diseases. 
Adipogenesis has been extensively investigated at the gene 
and protein levels in recent years. However, the alterations in 
protein glycosylation during this process remains unknown, 
particularly that of parthenogenetic embryonic stem cells 
(pESCs), a type of ESCs with low immunogenicity and no 
ethical concerns regarding their use. Protein glycosylation 
markedly affects cell growth and development, cell-to-cell 
communication, tumour growth and metastasis. In the present 
study, the adipogenic potentials of J1 ESCs and pESCs were 
first compared and the results demonstrated that pESCs had 
lower adipogenic potential compared with J1 ESCs. Lectin 
microarray was then used to screen the alteration of protein 
glycosylation during adipogenesis. The results revealed that 
protein modification of GlcNAc and α-1-2-fucosylation 
increased, whereas α-1-6‑fucosylation, α-2-6-sialylation and 
α-1-6-mannosylation decreased in J1 ESCs and pESCs during 
this process. In addition, α-1-3-mannosylation decreased only 
in pESCs. Lectin histochemistry and quantitative polymerase 
chain reaction of glycosyltransferase confirmed the results 
obtained by lectin microarray. Therefore, protein glycosylation 
of ESCs was significantly altered during adipogenesis, indi-

cating that protein glycosylation analysis is not only helpful for 
studying the mechanism of adipogenesis, but may also be used 
as a marker to monitor adipogenic development.

Introduction

The increase of the adipogenic cell population and accumula-
tion of lipid may lead to obesity. Obesity and related diseases, 
including type 2 diabetes, stroke, hypertension and cardiovas-
cular disease, have become major medical problems in modern 
society  (1,2). To control obesity and related diseases, it is 
crucial to understand and monitor cellular adipogenic lineage 
differentiation and development.

Embryonic stem cells  (ESCs)  (3), mesenchymal stem 
cells  (MSCs)  (4) and preadipocytes  (5) have been used to 
study cellular adipogenic differentiation in vitro. Key factors 
regulating adipogenesis have been extensively investigated at 
the gene and protein levels in recent years. Adipogenesis may 
be divided into two stages, namely commitment and terminal 
differentiation. Commitment has been defined as the process 
leading from multipotent stem cells to preadipocytes (4). Certain 
factors, including bone morphogenetic proteins 2, 4, Wnt and 
retinoic acid (RA), have been identified as activators of the 
commitment pathway (4,6,7), whereas sonic hedgehog inhibits 
this process (8,9). RA was found to play an important role in 
the early differentiation of ESCs, and RA-pretreated embryoid 
bodies  (EBs) displayed a high level of adipogenesis  (3). 
Terminal differentiation has been defined as cell differentiation 
from preadipocytes to adipocytes. In vitro, terminal differen-
tiation may be induced by a cocktail containing insulin-like 
growth factor-1 (IGF-1) (10), glucocorticoid and cyclic AMP 
(cAMP) (11). During the process of terminal differentiation, 
the expression of several key transcription factor families, 
such as CCATT/enhancer‑binding protein (c/ebp) family (12) 
and the peroxisome proliferator‑activated receptor (ppar) 
family, was found to be upregulated. The coordination of these 
transcription factors produces the adipocyte phenotype and 
maintains the expression of adipocyte genes (13).

Protein glycosylation is an enzymatic process that produces 
glycosidic linkages of glycans to proteins, and it is a ubiquitous 
post-translational modification. Approximately 70% of human 
proteins contain ≥1 glycan chains (14) and 1% of the human 
genome is involved in glycan production and modification (15). 
Protein glycosylation plays a crucial role in cell growth and 
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development  (15,16), cell-to-cell communication  (17,18), 
tumour growth and metastasis (19,20). Indeed, several stemness 
markers, such as stage‑specific embryonic antigen (SSEA)-1 
and -3, are glycoproteins (21). Although adipogenesis has been 
studied at the gene and protein level, it remains unknown how 
protein glycosylation is altered during this process, particularly 
in parthenogenetic ESCs (pESCs), which are obtained from 
parthenogenetic blastocysts, exhibit low immunogenicity and 
are assosiated with no ethical issues regarding their use.

Lectin microarray is a technology for screening the struc-
ture of the glycome, where a large number of lectins with 
various glycan‑binding specificities are printed on a microarray. 
This technology enables rapid and high‑throughput profiling 
of protein glycosylation without liberation of glycans from 
proteins. In addition, altered glycan patterns may be visualised 
and located in tissues and cells through lectin histochem-
istry (22). Lectin mircoarray has been applied mainly to detect 
glycans as disease-related biomarkers (23,24). Tateno et al 
compared protein glycosylation conditions of human ESCs and 
somatic cells, and found that rBC2LCN [binding for Fucα1-
2Galβ1-3GlcNAc  (GalNAc)-containing glycans] signaling 
only existed in undifferentiated ESCs, but not in differenti-
ated somatic cells. This result indicated that rBC2LCN was 
the optimal lectin probe for evaluating pluripotency, and that 
the presence of Fucα1-2Galβ1-3GlcNAc (GalNAc)-containing 
glycans was a biomarker of pluripotency.

In the present study, the alterations of J1 ESCs and pESCs 
during adipogenesis were analysed using a lectin microarray. 
The basic properties and differentiation potential of the two 
types of ESCs were first compared, and it was observed that 
J1 ESCs and pESCs have different adipogenic potentials. The 
alterations of protein glycosylation in J1 ESCs and pESCs 
during this process were then compared. This experiment is not 
only helpful for the study of the mechanism of adipogenesis, 
but may also indicate new markers for monitoring adipogenic 
development.

Materials and methods

Cell cultivation and characterisation. J1 ESCs and pESCs 
(from C57BL/6J mice, a kind gift from Professor Jinlian Hua, 
the Northwest A&F University, Shaanxi, China) were cultured 
on a feeder layer of mitomycin C (Sigma-Aldrich, Merck 
KGaA, St. Louis, MO, USA)-treated mouse embryonic fibro-
blasts with ESGRO Complete PLUS Clonal Grade Medium 
(Millipore, Billerica, MA, USA) (25) in a 37̊C/5% CO2 incu-
bator. The cells were passaged every 4-5 days using Accutase 
(Millipore) at a ratio of 1:3‑1:6 and observed under a phase 
contrast microscope (Nikon, Tokyo, Japan).

To assess cellular pluripotency in  vitro, J1 E SCs and 
pESCs grown on glass coverslips were fixed with 4% cold 
paraformaldehyde (Sigma-Aldrich, Merck KGaA) in 
phosphate‑buffered saline  (PBS) for 30  min, and then 
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, Merck 
KGaA) in PBS for 8  min. Fixed cells were blocked with 
5% bovine serum albumin (BSA; Sigma-Aldrich, Merck KGaA) 
in PBS for 1 h and incubated overnight at 4̊C with primary 
antibodies including rabbit anti‑Nanog (M-149, sc-33760), 
rabbit anti‑Oct4 (H-134, sc-9081) and mouse anti‑SSEA-1 (480, 
sc-21702) (dilution 1:200; all from Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA, USA). Secondary antibodies (A-11034 and 
A-21044, dilution 1:300; Invitrogen Life Technologies, Thermo 
Fisher Scientific, Carlsbad, CA, USA) were added and allowed 
to incubate for 1 h at 37˚C. The nuclei were counterstained 
with 4',6-diamidino‑2‑phenylindole (DAPI; Sigma-Aldrich, 
Merck KGaA). The cells were washed thoroughly with PBS 
after each incubation step. The images were captured using a 
FV1000 confocal microscope (Olympus, Tokyo, Japan).

Animals. Five-week-old nude mice were obtained from the 
Experimental Animal Center of the Fourth Military Medical 
University. All the animal studies and protocols were processed 
according to the guidelines of the Animal Holding Unit of 
Northwest University. To test pluripotency in vivo, J1 ESCs 
and pESCs were dispersed using Accutase. Cells (1x106) in 
50 µl Dulbecco's modified Eagle's medium (DMEM; Hyclone, 
Logan, UT, USA) were subcutaneously injected into nude 
mice. The animals were sacrificed and the formed teratomas 
were harvested 4 weeks after the injections. The specimens 
were fixed with 4% paraformaldehyde, embedded in paraffin, 
sectioned at 4 µm, and stained with hematoxylin and eosin.

J1 E SC and pESC proliferation was analyzed using 
the cell proliferation reagent 4-[3-(4-iodophenyl)-2-
(4‑nitrophenyl)‑2H‑5-tetrazolio]-1,3-benzene disulfonate 
(WST-1) assay (Roche Diagnostics, Mannheim, Germany). 
For this procedure, 2,000 cells in 100 µl medium were seeded 
into 96-well plates in triplicate. WST-1 (10 µl) was added to 
each well and incubated for up to 3 days. The absorbance was 
measured every 24 h with a microplate reader (Synergy HT; 
BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm, 
according to the manufacturer's instructions.

Mesoderm differentiation of J1 ESCs and pESCs. EBs were 
generated using the hanging drop method  (3). Cells were 
dissociated with Accutase to obtain single-cell suspensions. 
Hanging drops containing 1x103 cells in 20 µl medium [DMEM 
supplemented with 50  mg/ml L -proline  (Sigma‑Aldrich, 
Merck KGaA), 1% non-essential amino acids (Millipore), 
1% 2-mercaptoethanol (Sigma‑Aldrich, Merck KGaA) and 
20%  fetal bovine serum (FBS; Gibco Life Technologies, 
Thermo Fisher Scientific, Grand I sland, NY, USA)] were 
maintained for 2  days on the lids of non-adherent dishes 
filled with PBS. The formed EBs were then transferred into 
non‑adherent plates in medium with or without 10-5 mM RA 
(Sigma‑Aldrich, Merck KGaA) for a further 3 days.

For osteogenic and chondrogenic differentiation, 
non‑RA‑pretreated EBs were trypsinized and plated on cell 
culture dishes coated with 0.1%  gelatin (Sigma-Aldrich, 
Merck KGaA). The cells were cultured in osteogenic induction 
medium [DMEM supplemented with 50 nM dexamethasone, 
10 mM β-glycerophosphate and 50 µM ascorbate‑2-phosphate 
(all from Sigma-Aldrich, Merck KGaA) and 10% FBS] and 
in chondrogenic induction medium [DMEM supplemented 
with 50 µM ascorbic acid 2-phosphate, 10 ng/ml transforming 
growth factor‑β1 and 500 ng/ml IGF (R&D Systems, Inc., 
Minneapolis, MN, USA) and 10% FBS] for 20 days. The 
medium was changed every 3 days and the specimens were 
stained with Alizarin Red and Safranin O, respectively. To 
detect osteogenic and chondrogenic differentiation-related 
gene expression, total RNA was extracted from cells after 
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induction with RNA Isolation reagent (Takara Bio, Inc., 
Tokyo, Japan) according to the manufacturer's instructions. 
The extracted RNA was quantified using a GeneQuant 
pro (GE Healthcare Life Sciences, Logan, UT, USA). The 
RevertAid™ First Strand cDNA Synthesis kit (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) was used to convert the 
RNA template into cDNA. The reaction was conducted in an 
Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) as 
follows: 65˚C for 5 min, 25̊C for 5 min, 50̊C for 50 min and 
70̊C for 15 min. The amplified products were separated with 
agarose gels and visualized with the assistance of ethidium 
bromide and ultraviolet light. The polymerase chain reaction 
(PCR) primers are listed in Table I.

For adipogenic differentiation, RA-pretreated EBs were 
trypsinized and plated onto gelatin-coated plates and cultured 
in adipogenic induction medium [DMEM supplemented with 
1 µM dexamethasone, 200 µM indomethacin and 10 µg/ml 
insulin (both from Sigma-Aldrich, Merck KGaA), 0.5 mM 
methylisobutylxanthine (MP Biomedicals LLC, Santa Ana, 
CA, USA) and 10% F BS] for 20  days. The medium was 
changed every 3 days. At 5, 10, 15 and 20 days after induction, 
the specimens were processed for quantitative PCR (qPCR) to 
evaluate the expression of adipogenic differentiation‑related 
genes, followed by immunofluorescence staining of c/ebp α 
and fabp4 (dilution 1:200; both from Santa Cruz Biotechnology, 
Inc.), as described above. The specimens were further stained 
with Oil red O. The proportion of cells undergoing adipogenic 
differentiation was calculated by counting Oil red O-positive 
and -negative cells using a microscope. Five fields of view 
were counted for each specimen, as previously described (26). 
The qPCR primers are listed in Table I.

Lectin microarrays and lect in histochemistry. A 
lectin microarray of 37  lectins (Vector L aboratories, 
Burlingame, CA, USA; Sigma-Aldrich, Merck KGaA and 
Calbiochem‑Merck Co., Darmstadt, Germany) was produced 
as previously described (22). The protein was extracted from 
specimens 20 days after adipogenic induction with T-PER 
reagent (Pierce Biotechnology Inc., Rockford, IL, USA), 
according to the manufacturer's instructions. The extracted 
protein was labelled by a Cy3 fluorescent dye and purified 
by Sephadex G-25 columns (both from GE Healthcare Life 
Sciences). Subsequently, 4 µg of Cy3-labeled protein diluted 
with 0.5 ml of hybridization buffer (2% BSA, 500 Mm glycine 
and 0.1% Tween-20 in PBS) was applied to the blocked lectin 
microarrays, and the array was then incubated at 37˚C at 
2.6x10-3 x g for 3 h. The slides were washed three times with 
PBST (0.2% Tween-20 in PBS), then washed with PBS, and 
dried by centrifugation at 60 x g for 5 min. The microarrays 
were then scanned with a Genepix 4000B confocal scanner 
(Axon Instruments, Union City, CA, USA) using a 70% photo-
multiplier tube and 100% laser power. The images were analysed 
at 532 nm for Cy3 detection using the GenePix 3.0 software 
(Axon Instruments). The mean background was subtracted, 
and the values lower than the mean background ± 2 standard 
deviations (SD) were removed from each data point. For each 
lectin, the median of the effective data points was globally 
normalized to the sum of the medians for all the effective data 
points in one block. Each sample was consistently observed 
in three repeated slides. The normalized medians and the 

SD of each lectin from 9 repeated blocks were averaged. The 
normalized data were then compared to determine any relative 
changes in the protein glycosylation levels. The original data 
were further analysed using Expander 6.0 software (http://
acgt.cs.tau.ac.il/expander/).

Cy3-labeled lectins were also applied to detect the specific 
glycan structure present in the cells following the protocol 
previously described (27). Briefly, cells grown on glass coverslips 
were fixed with 4% paraformaldehyde in PBS for 30 min, 
permeabilized with 0.1% Triton X-100 in PBS for 30 min, and 
blocked with 5% BSA in PBS for 1 h. The cells were incubated 
with a solution containing a final concentration of 100 µg/ml Cy3 
fluorescein-labeled lectins and 5% (w/v) BSA for 3 h at room 
temperature in the dark. Subsequently, they were counterstained 
with 1  µg/ml DAPI and washed with PBS. Imaging was 
performed using a FV1000 confocal microscope (Olympus).

qPCR. The qPCR primers are listed in Table I. qPCR was 
performed in a MyiQ single-color detection system (Bio-Rad 
Laboratories, Inc., Richmond, CA, USA). The qPCR protocol 
was as follows: hot start for 30 sec at 95˚C, denaturation for 
10 sec at 95˚C, annealing for 15 sec at 55̊C, and extension 
for 20 sec at 72̊C for 30-35 cycles. Melt curve analyses were 

Table I. List of primers used for RT-PCR/qPCR.

	 Primer sequences,	 Product
Genes	 sense/antisense (5'-3')	 size (bp)

fabp4	AT GGCCAAGCCCAACATGAT	 135
	CTTCCT GTCGTCTGCGGTGAT
ppar γ	AA GGGTGCCAGTTTCGATCCGTAG	 154
	ATCA GGGAGGCCAGCATCGTGTAG
alp	ACAACCT GACTGACCCTTCG	 104
	AATCCT GCCTCCTTCCACC
ocn	T GGCCATCACCCTGTCTCCT	 229
	 GAGACCACTCCAGCACAACTCCT
aggrecan	T GTAAGGACTGTCTATCTACACGCC	 147
	T GGATGGTGATGTCGTCTTCAC
Type II	AA GACGGTGAGACGGGAGCC	 287
collagen	ACCATCA GTACCAGGAGTGCCAG
oct4	 GATCACTCACATCGCCAATCA	 128
	CT GTAGCCTCATACTCTTCTCGTT
c/ebp α	AA GAGGACGAGGCGAAGCAGC	 132
	 GCGCGATCTGGAACTGCAAGT
Alg3	TACCTATCCC GCTCCTTTGAC	 171
	CCCT GTTCTGTGCCACCTAC
Alg12	 GGAGTCCTTGGGCTTGGTGTG	 191
	CA GGCTGTGAGGGCTGGTAAGAC
β-actin	CA GCCTTCCTTCTTGGGTAT	 100
	T GGCATAGAGGTCTTTACGG

RT-PCR,  reverse  transcription-polymerase  chain  reaction; qPCR, 
quantitative PCR; fabp4, fatty acid‑binding protein 4; ppar γ, peroxi-
some proliferator‑activated receptor γ; alp, alkaline phosphatase; ocn, 
osteocalcin; c/ebp α, CCATT̸enhancer-binding protein α.
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performed for each experiment to verify the formation of a 
single, desired PCR product. GAPDH was used as an internal 
control to normalize the amount of RNA. Absolute values 
obtained for each sample were normalized to the GAPDH 
signal. Single-peak melting profiles were obtained for the 
amplifications, and the size of the PCR product was confirmed 
by agarose gel electrophoresis. Each experiment was repeated 
three times. The ΔΔCt method was used to calculate relative 
amounts of transcripts.

Statistical analysis. Data are presented as mean ± SD and 
compared using unpaired Student's t-test using SPSS statistics, 
version 18 (SPSS, Inc., Chicago, IL, USA). The statistical 
significance level was defined as P<0.05.

Results

Basic properties of J1 ESCs and pESCs. Both J1 ESCs and 
pESCs had a high nucleus:cytoplasm ratio and exhibited 
compact colony structure during in vitro culture and expan-
sion (Fig. 1A). Oct4 and Nanog are transcription factors located 
in the cell nucleus. Ssea-1 is a type of glycoprotein located 
on the cell membrane. According to the results presented in 
Fig. 1B, J1 ESCs and pESCs were strongly positive for immuno-
fluorescence staining of these stemness factors. Both cell types 
proliferated rapidly in vitro. The growth kinetics of the two 
types of ESCs were compared (Fig. 1C), and no difference in 
proliferative capacity was observed between the two (p>0.05). 
the capacity of teratoma formation of the two types of cells 
was then examined. Histological observation revealed that both 
types could form teratomas containing ganglion (ectodermal), 
gland (endodermal) and cartilage (mesodermal) tissue 4 weeks 

after subcutaneous injection in nude mice (Fig. 1D), indicating 
that these cells possessed pluripotent differentiation potential 
in vivo.

Induced mesoderm differentiation potential of J1 ESCs and 
pESCs in vitro. The osteogenic, chondrogenic and adipogenic 
differentiation potentials were tested in J1 ESCs and pESCs. At 
20 days after being cultured in osteogenic induction medium, 
osteogenesis was indicated by the expression of osteocalcin 
and upregulation of alkaline phosphatase. Alizarin Red S 
staining further confirmed that both ESCs exhibited osteogenic 
potential and triggered calcium deposition  (Fig.  2A). 
Chondrogenic differentiation was proven by gene expression 
of aggrecan and type II  collagen. The strong staining by 
Safranin O could be observed in J1 ESC derivatives and pESC 
derivatives 20 days after induction (Fig. 2B). The adipogenic 
differentiation was validated by the expression of adipogenic 
genes, including fatty acid‑binding protein  4  (fabp4) and 
peroxisome proliferator‑activated receptor γ (ppar γ), and Oil 
red O staining confirmed the formation of lipid droplets in the 
cytoplasm (Fig. 2C). The study of gene expression and matrix 
production revealed that both J1 ESCs and pESCs were able to 
differentiate toward mesoderm lineages, including osteoblasts, 
chondrocytes and adipocytes.

pESCs exhibited a lower adipogenic differentiation capability 
compared with J1 ESCs. the adipogenic potential of J1 ESCs 
and pESCs was further compared systematically. The scheme 
of adipogenic differentiation is shown in Fig. 3A. the mRNA 
levels of adipogenic-specific and stemness markers during the 
process were first compared using qPCR. As shown in Fig. 3B, 
the expression of adipogenic-specific genes increased gradu-

Figure 1. Basic characterization of J1 embryonic stem cells (ESCs) and parthenogenetic ESCs (pESCs) in vitro and in vivo. (A) Undifferentiated J1 ESCs and pESCs 
cultured on mouse embryonic fibroblasts formed colonies. (B) Immunofluorescence labeling of NANOG, octamer-binding transcription factor 4 (OCT4) and 
stage‑specific embryonic antigen (SSEA)-1 in undifferentiated J1 ESC and pESC colonies. (C) Growth kinetics of J1 ESCs and pESCs (3 repeat̸timepoint; 
data represent means ± standard deviation). (D) Histological analysis differentiated elements of teratomas from J1 ESCs and pESCs 4 weeks after implantation 
in nude mice. Hematoxylin and eosin staining revealed that J1 ESCs as well as pESCs were able to form teratomas, containing ganglion (ectodermal), gland 
(endodermal) and cartilage (mesodermal) tissues. Scale bar, 100 µm. OD, optical density.
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Figure 2. Multilineage potential of J1 embryonic stem cells (ESCs) and parthenogenetic ESCs (pESCs). (A) The expression of alkaline phosphatase (alp) 
and osteocalcin (ocn) by reverse transcription-polymerase chain reaction (RT-PCR) confirmed osteogenic differentiation 14 days after osteogenic induction. 
Alizarin Red staining signified mineralized deposits at day 14. (B) RT-PCR confirmed chondrogenic differentiation with expression of aggrecan and type II 
collagen 14 days after chondrogenic induction. Proteoglycans were stained by Safranin O on day 14. (C) RT-PCR confirmed adipogenic differentiation by the 
expression of fatty acid binding protein 4 (fabp4) and peroxisome proliferator‑activated receptor γ (ppar γ) within 20 days of culture in adipogenic induction 
medium. Oil red O staining for lipid-containing adipocytes was detected on day 20. Scale bar, 100 µm.

Figure 3. Adipogenesis of J1 embryonic stem cells (ESCs) and parthenogenetic ESCs (pESCs). (A) Scheme used for ESC differentiation into adipocytes. 
(B) Adipogenic differentiation of J1 ESCs and pESCs was confirmed by upregulation of CCATT/enhancer-binding protein α (c/ebp α), fatty acid‑binding 
protein 4 (fabp4) and peroxisome proliferator‑activated receptor γ (ppar γ), and downregulation of oct4 by quantitative polymerase chain reaction at the ES 
and EB stages, at 5, 10, 15 and 20 days (3 repeat/timepoint; data represent means ± standard deviation). (C) Immunofluorescence labeling of adipogenic‑specific 
factors c/ebp α and fabp4 during adipogenesis of J1 ESCs and pESCs in adipogenic induction medium at 5, 10, 15 and 20 days. (D) Image of Oil red O showing 
fat droplet formation at 5, 10, 15 and 20 days during adipogenesis of J1 ESCs and pESCs. (E) Statistical analysis of Oil red O-positive cells. Scale bar, 100 µm. 
ES, embryonic stem; EB, embryoid body.
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ally, and that of stemness marker oct4 decreased gradually 
during adipogenic differentiation. At 20 days after induction, 
the expression of ppar γ, c/ebp α and fabp4 was upregulated 
~2,757-, 13- and 147-fold, respectively, in J1 ESC derivatives, 
and 151-, 5- and 23-fold, respectively, in pESC derivatives. 
The cells were then incubated with antibodies to detect 
adipogenic‑specific protein expression during adipogenesis. 
The results demonstrated that c/ebp α and fabp4 were both 
gradually upregulated during the process (Fig. 3C). However, 
the expression of c/ebp α and  fabp4 could be detected in 
J1 ESCs derivatives as early as 5 days after induction, while 
it could only be detected in pESC derivatives 10 days after 
induction. Both cell types could be induced to differentiate 
into adipocytes accompanied by increased accumulation of 
lipids (Fig. 3D). Cell counting revealed that, after 20 days 
of induction, 60.4±6.4% and 42.2±6.9% Oil red O-positive 
cells were observed in J1 ESC and pESC derivatives, respec-
tively (Fig. 3E; p<0.05). Collectively, these results indicate that 

Figure 4. Heat map and hierarchical clustering. Lectin microarray data of 37 lectins of J1 embryonic stem cells (ESCs) and parthenogenetic ESCs (pESCs) 
during adipogenesis (ES and EB stages, 5, 10, 15 and 20 days) were mean-normalized then analyzed by Expander 6.0 software. The color indicates expression 
levels relative to other data in the row. Red, high; green, low; black, medium. ES, embryonic stem; EB, embryoid body.

Figure 5. Similar carbohydrate chain alterations were detected by the lectin 
microarray. The normalized fluorescence intensity of wheat germ agglu-
tinin, Datura stramonium agglutinin and Ulex europaeus agglutinin‑1 were 
increased in both types of embryonic stem cells (ESCs), while the normal-
ized fluorescence intensities of Lens culinaris, Pisum sativum and Sambucus 
nigra agglutinins, hippeastrum hybrid lectin and Narcissus pseudonar-
cissus agglutinin were decreased.
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pESCs exhibited a lower adipogenic potential compared with 
J1 ESCs.

Glycosylation alteration of J1  ESCs and  pESCs during 
adipogenesis. lectin microarray chips containing 37 lectins 
were used to screen the alterations of protein glycosylation 
of J1 ESCs and pESCs during adipogenesis. The data were 
analyzed by hierarchical clustering after being mean‑normal-
ized. As shown in Fig. 4, J1 ESCs/pESCs and their adipogenic 
lineage derivatives were clearly separated into two large clus-
ters, indicating that undifferentiated ESCs and their derivatives 
exhibited specified glycan profiles.

After 20  days of adipogenic differentiation, 21  of the 
37 lectins used in the lectin microarray exhibited a similar 
trend of alteration in J1 ESCs and pESCs, among which the 
signal of 7 lectins increased, such as α-1-2-fucose-binding 
lectin Ulex europaeus agglutinin‑1 (UEA-1), GlcNAc-binding 

lectins wheat germ agglutinin (WGA) and Datura stramo-
nium agglutinin (DSA). The signal of another 12  lectins 
decreased, including α-1-6‑fucose‑binding lectins Lens culi-
naris agglutinin (LCA) and Pisum sativum agglutinin (PSA), 
α-2-6‑sialic‑acid‑binding lectin Sambucus nigra agglutinin 
(SNA), α-1-6‑mannose‑binding lectins Narcissus pseudonar-
cissus (NPA) and hippeastrum hybrid lectin (HHL) (Fig. 5). 
In addition, the signals of all 4 mannose-binding lectins we 
used [NPA, HHL, Galanthus nivalis agglutinin (GNA) and 
concanavalin A  (ConA)] were decreased in pESCs. The 
signals of α-1-6-mannose‑binding lectins (NPA and HHL) 
were decreased, and the signal of α-1-3‑mannose-binding 
lectin (GNA) exhibited no significant alteration in J1 ESCs 
(Fig. 6A-a). The signal of ConA was increased in J1 ESCs 
(Fig. 6B-a). The signals of the other GlcNAc lectins (identi-
fied with DSA) were largely increased during adipogenesis in 
J1 ESCs (4.95-fold) and pESCs (4.02‑fold) (Fig. 5).

Figure 6. Protein glycosylation analysis in J1 embryonic stem cells (ESCs) and parthenogenetic ESCs (pESCs). (A) Alteration of mannosylation level of ESCs 
during adipogenesis. (B) Concanavalin A (ConA) was analysed by lectin microarray and lectin histochemistry. ES, undifferentiated ESCs; 20 days, differenti-
ated ESCs. *p<0.05, **p<0.01, ***p<0.001. (C) Biosynthetic pathway of N-glycan precursors. The transcription level of Alg12 was decreased in J1 ESCs and 
pESCs during adipogenesis, while Alg3 was decreased in pESCs (marked with red frame).
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The expression of glycosyltransferases was consistent 
with the results of the lectin microarray. The expression 
of α-1-6-mannosyltransferase (Alg12) was decreased in 
J1 E SCs (0.35-fold) and pESCs  (0.42-fold). The expres-
sion of α-1-3‑mannosyltransferase (Alg3) was decreased in 
pESCs (0.02-fold), while there was no significant alteration 
in J1 ESCs (Fig. 6A-b). The lectin histochemistry of ConA 
was consistent with the results of the lectin microarray. ConA 
displayed strong binding to the central and̸or perinuclear 
cytoplasm in J1 ESCs and pESCs. After 20 days of adipogenic 
differentiation, the binding intensified in J1 ESC derivatives. 
However, ConA exhibited a similar binding intensity in pESC 
derivatives compared with undifferentiated pESCs (Fig. 6B-b). 
Alg12 was decreased during adipogenesis of ESCs, while 
Alg3 was decreased in pESCs. Alg3 and Alg12 are involved in 
the biosynthesis of the N-glycan precursor, suggesting that the 
synthesis of N-glycans may decrease (Fig. 6C).

Discussion

In the present study, the alterations in the protein glycosyl-
ation of ESCs during adipogenesis were investigated. The 
level of GlcNAc residue and α-1-2-fucosylation increased, 
α-1-6‑fucosylation, α-2-6‑sialylation and α-1-6‑mannosylation 
decreased in J1 ESCs and pESCs, whereas α-1-3-mannosylation 
decreased in pESCs, while there was no significant alteration 
in J1 ESCs during adipogenesis. The protein glycosylation of 
ESCs was significantly altered during adipogenesis. J1 ESCs 
and pESCs exhibited obvious differences in protein glycosyl-
ation during adipogenesis. To the best of our knowledge, this is 
the first study to investigate alterations of protein glycosylation 
in pESCs during adipogenesis.

Protein glycosylation, a ubiquitous post-translational 
modification, exerts crucial biological effects on protein 
function (28). Protein glycosylation often modulates protein 
function to affect several biological processes, including 
development, differentiation, cell adhesion and cell-cell 
recognition. Indeed, heparin sulfate proteoglycans have been 
reported as regulatory factors of ESCs (29).

ESCs may differentiate into adipocytes using an adipo-
genic cocktail containing IGF-1, glucocorticoids and cAMP. 
Over the past few decades, adipogenic differentiation has 
been extensively investigated (3-5). However, the alterations 
in protein glycosylation during this process remain unknown. 
In the present study, we analysed the alterations in the protein 
glycosylation of J1 ESCs and pESCs during adipogenesis 
using lectin microarray. Among the 37 lectins, 21 exhibited 
the same alterations in J1 ESCs and pESCs. α-2-6-Sialic 
acid (identified by SNA) was decreased, which was in agree-
ment with a previous study reporting that the expression of 
2-6-sialylated glycan is higher in undifferentiated cells (30). 
It was also observed that α-1-6-mannose (identified by HHL 
and N PA) was decreased during adipogenesis. All these 
data indicate that J1 ESCs and pESCs exxhibited similar 
alterations in protein glycosylation during adipogenesis. All 
these glycan structures may be used as promising stem cell 
biomarkers.

Mammalian oocytes may be parthenogenetically activated 
under appropriate stimuli, leading to the development of 
diploid non-embryonic blastocysts (31). The pluripotent stem 

cells from this type of blastocoel inner cell mass are defined 
as pESCs, which lack paternal imprints. pESCs are well histo-
compatible (32) and their use is not associated with ethical 
limitations. In the present study, J1 ESCs and pESCs exhibited 
similar fundamental biological properties. Both cells were able 
to form teratomas with three germ layers in vivo and differ-
entiate into multiple mesenchymal tissues, including bone, 
cartilage and fat. These data were in agreement with the find-
ings reported by previous studies (26,33) and suggested that 
pESCs may be an attractive source for cell therapy. Chen et al 
used pESC‑derived MSCs for adipogenic differentiation (26). 
After 3  weeks of adipogenic induction, approximately 
10% and <1% Oil red O-positive cells were observed in the 
ESC-derived and pESC‑derived cells, respectively. In the 
present study, the proportion of Oil red O-positive cells was up 
to 60±6.4% in J1 ESC derivatives and 42±6.9% in pESC deriva-
tives, indicating that pESCs have a lower adipogenic potential. 
In addition, 20 days after induction, the upregulated level of 
adipocyte genes in pESCs (ppar γ, 151-fold; c̸ebp α, 5-fold; 
and fabp4, 23-fold) was lower compared with that in J1 ESCs 
(ppar γ, 2,757‑fold; c/ebp α, 13-fold; and fabp4, 147-fold); 
c̸ebp α and fabp4 could not be detected in pESC derivatives 
by immunofluorescence analysis 5 days after induction.

Of the 37 lectins used in the lectin microarray, the majority 
exhibited the same alterations in J1 ESCs and pESCs during 
adipogenesis. The signal of WGA  (identiying multivalent 
sialic acid and GlcNAc residue) was increased in J1 ESCs 
and pESCs during adipogenesis, whereas the signal of ConA 
(identiying GlcNAc residue and α-mannose) was increased 
in J1 ESCs and decreased in pESCs. The level of GlcNAc 
residue (identified by DSA) was increased in J1 ESCs and 
pESCs during adipogenesis. This demonstrated that level of 
α-mannose identified by ConA in pESCs was decreased. Four 
types of mannose‑binding lectins were differentially altered 
in J1 ESCs and pESCs during adipogenesis. The signals of 
NPA and HHL (identiying α-1-6 mannose) were decreased 
in J1  ESCs and  pESCs. The signal of GNA (identiying 
α-1-3 mannose) was only decreased in pESCs, but exhibited 
no significant alterations in J1 ESCs (p>0.05). These data 
suggested that the increased signal of ConA was caused by the 
increased level of GlcNAc residue but not α-mannose. These 
findings were further confirmed by the expression profiles of 
glycosyltransferases. The expression of Alg12 (α-1-6 manno-
syltransferase) was upregulated in J1 ESCs and pESCs. The 
expression of Alg3 (α-1-3 mannosyltransferase) was only 
downregulated in pESCs, but exhibited no significant altera-
tions in J1 ESCs. The decreased expression of Alg3 and 12 are 
involved in the biosynthesis of the N-glycan precursor. This 
may be associated with the process of adipogenesis.

In conclusion, in the present study, it was observed that 
protein glycosylation in ESCs was altered similarly during 
adipogenesis. The similar alterations in J1 ESCs and pESCs 
may be used as glycobiology markers of ESCs during adipo-
genesis. Furthermore, J1 ESCs and pESCs exhibited obvious 
differences in protein glycosylation during adipogenesis. 
In conclusion, the precise protein glycosylation alterations 
associated with ESC adipogenesis was analyzed and validated, 
which may enable a better understanding of adipogenesis in 
ESCs, and may also act as markers for monitoring adipogenic 
development.
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