friried applied
b sciences

Article

Transcriptome Analysis of Egg Yolk Sialoglycoprotein on
Osteogenic Activity in MC3T3-E1 Cells

Sizhe He 123t Keke Meng 1'2-3*, Muxue Chen 1231, Lehui Zhu 3, Qingying Xiang 13, Zhangyan Quan 13,

Guanghua Xia 1:2:3/4*

check for

updates
Citation: He, S.; Meng, K.; Chen, M,;
Zhu, L.; Xiang, Q.; Quan, Z.; Xia, G.;
Shen, X. Transcriptome Analysis of
Egg Yolk Sialoglycoprotein on
Osteogenic Activity in MC3T3-E1
Cells. Appl. Sci. 2021, 11, 6428.
https://doi.org/10.3390/app
11146428

Academic Editor: Anténio José

Madeira Nogueira

Received: 2 June 2021
Accepted: 1 July 2021
Published: 12 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Xuanri Shen

1,2,3,4,%

Hainan Engineering Research Center of Aquatic Resources Effificient Utilization in South China Sea,
Hainan University, Haikou 570100, China; 19083200210001@hainanu.edu.cn (S.H.);
19083200210007@hainanu.edu.cn (K.M.); chenmuxue15622156189@hotmail.com (M.C.);
20180881310055@hainanu.edu.cn (L.Z.); 20190881310023@hainanu.edu.cn (Q.X.);
20190881310102@hainanu.edu.cn (Z.Q.)
Collaborative Innovation Center of Marine Food Deep Processing, Dalian Polytechnic University,
Liaoning 116000, China
College of Food Science and Technology, Hainan University, Haikou 570100, China
4 Key Laboratory of Seafood Processing of Haikou, Haikou 570100, China
*  Correspondence: 993050@hainannu.edu.cn (G.X.); Shenxuanri2009@163.com (X.S.);

Tel.: +86-189-7654-3028 (G.X.); +86-135-1889-8909 (X.S.)
1t These authors contributed equally to this study.

Abstract: In this study, the effects of egg yolk sialoglycoprotein (EYG) on osteogenesis in MC3T3-E1
cells were investigated and the DEGs (differentially expressed genes) were explored by transcriptome
analysis. The results found that EYG effectively increased cell proliferation, enhanced ALP activity,
promoted the secretion of extracellular matrix protein COL-I and OCN, enhanced bone mineral-
ization activity, exhibiting good osteogenic activity. Further study of the mechanism was explored
through transcriptome analysis. Transcriptome analysis showed that 123 DEGs were triggered by
EYG, of which 78 genes were downregulated and 45 genes were upregulated. GO (gene ontology)
analysis showed that EYG mainly caused differences in gene expression of biological processes
and cell composition categories in the top 30 most enriched items. KEGG (Kyoto Encyclopedia of
Genes and Genomes) analysis showed that EYG inhibited inflammatory factors and downregulated
inflammation-related pathways. The results also showed EYG regulated such genes as COL2A1,
COL4A1 and COL4A2 to up-regulate pathways including ECM-receptor interaction, focal adhesion
and protein digestion and absorption, enhancing the proliferation and differentiation of osteoblasts.
Gene expression of COL-I, Runx2, BMP2 and [3-catenin was determined by qRT-PCR for verification,
which found that EYG significantly increased COL-I, Runx2, BMP2 and (3-catenin gene expression,
suggesting that BMP-2 mediated osteogenesis pathway was activated.

Keywords: egg yolk; sialoglycoprotein; MC3T3-E1 cells; osteogenesis; transcriptome analysis

1. Introduction

According to the World Health Organization, osteoporosis is defined as a condition
in which the standard value of average peak bone mineral density is more than 2.5 stan-
dard deviations below that of healthy adults [1]. As a class of metabolic bone diseases
characterized by low bone mass and microstructural changes in bone tissue, patients are at
higher risk of fracture. It currently afflicts 200 million people worldwide, and is becoming
the seventh most common disease [2,3]. Primary osteoporosis is a series of physiological
diseases that occur with the increase of age and include postmenopausal osteoporosis,
senile osteoporosis and idiopathic osteoporosis. Generally speaking, osteoporosis is more
likely to occur in middle age due to imbalance of bone metabolism in the body’s bone
metabolism. The occurs of osteoporosis is due to the weakened osteoblasts, which are
responsible for bone formation, or enhanced osteoclasts, which are responsible for bone
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resorption. As the basic functional units of bone formation, osteoblasts are essential for
the balance of bone metabolism [4]. Stimulating the proliferation of osteoblasts and pro-
moting their differentiation and maturation is one of the effective methods to prevent and
treat osteoporosis. However, the current drugs have serious side effects [5], food-derived
anti-osteoporotic functional factors have become a research hotspot due to their safety.
A large number of studies have confirmed that food-derived functional factors, such as
soy isoflavone [6], fish oil [7], polyphenol [8], saccharides [9,10], peptide [11], exhibited
excellent effects on the treatment of osteoporosis.

In vivo, osteoblasts respond to various factors involved in proliferation and differen-
tiation [12]. During differentiation, pre-osteoblasts express extracellular matrix proteins,
such as type I collagen (COL-I), alkaline phosphatase (ALP), osteocalcin (OCN), and other
bone matrix proteins, which help CaZ* deposition and mineralization [13-15]. Osteogenesis
is regulated by some transcription factors and cytokines, such as Runx2, osterix, BMP-2 and
-catenin [16]. Runx2, a transcription factor that has similar Runx2 binding and gene expres-
sion profiles in mouse and human osteoblasts, is essential for osteoblast differentiation and
bone formation [17]. Activated Runx2 induces the expression of osteoblast-specific genes
such as COL-I, ALP, OCN, resulting in osteoblast differentiation and mineralization [18].
Osteoblasts are subject to complex gene regulation during differentiation. As a member of
the TGF family, BMP-2 plays a vital role in the regulation of bone formation. It has been
proved that BMP-2 can accelerate the specific differentiation of osteoblasts [19]. BMP-2
specifically binds to the receptor and activates phosphorylation of downstream Smad
proteins to form a hetero-oligomeric complex with a common mediator Smad, thereby
regulating downstream target genes such as Runx2 [20,21]. BMP-2 also interacts with other
pathways to regulate osteoblast differentiation. In the osteoblasts lineage, 3-catenin can
affect osteoblasts and osteoclasts through pathways that increase bone mass [22]. The
Wnt/3-catenin signaling pathway increases bone formation by stimulating osteoblast
proliferation, and inhibiting GSK3 activity disrupts the protein complex, resulting in no
longer phosphorylated 3-catenin [23], thereby activating transcription factor activity for
regulation [24]. Besides, GSK-3[3/3-catenin signaling pathway was found to be one of
the key downstream pathways of the PI3K/AKT pathway, which regulates bone forma-
tion [23]. It has been found that PI3K/AKT increased phosphorylation of GSK-3§3 in murine
osteoblastic MC3T3-E1 cells, leading to 3-catenin stabilization and -catenin-mediated
transcription, which indicated that the PI3K/AKT/ 3-catenin axis is functional in regulating
osteoblasts [25].

Eggs from hens are considered to be a traditional food rich in a variety of bioactive
ingredients, including polyunsaturated fatty acids, immunoglobulin, lecithin, and oth-
ers [2,26]. Recently, some studies have indicated that the sialoglycoprotein of crucian carp
egg can show good anti-osteoporosis ability in vivo and in vitro [27,28]. A lot of research
has been done on the extraction of sialoglycoprotein from egg yolk [29,30]. There is a study
finding that the bone marker serum bone alkaline phosphatase (BALP) was significantly
increased after feeding the egg hydrolysate in orchiectomized dogs [31]. Egg yolk protein
from hen eggs could significantly improve bone growth rate and expression of BMP-2 in
adolescent male rats [32]. Besides, egg yolk soluble protein from hen eggs promoted the
proliferation and differentiation of osteoblastic MC3T3-E1 cells [33]. It has been found that
the yolk-derived functional factor from hen eggs has a protective effect on bone metabolism
and has a potential effect on the prevention of osteoporosis both in MC3T3-E1 cells and
ovariectomized rats [26]. However, there is still a lack of research on the effective factors
and mechanisms of osteogenic activity in egg yolk extract.

On that basis, we explored the effects of egg yolk sialoglycoprotein (EYG) on prolifera-
tion, differentiation and mineralization in MC3T3-E1 cells, and investigated the osteogenic
mechanism by transcriptome analysis. The study provided several enriched DEGs (differ-
entially expressed genes) and pathways for future research into the molecular mechanisms
of bone formation.
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2. Materials and Methods
2.1. Materials and Regents

ALP reagent kits and BCA were obtained from Beyotime Institute of Biotechnology.
COL-I and OCN ELISA kits were purchased from Nanjing Jiancheng Bioengineering
Research Institute. x-MEM medium, fetal bovine serum (FBS), penicillin and streptomycin
were obtained from ThermoFisher Biochemical Products Co., Ltd. L-ascorbic acid, -
sodium glycerophosphate cetylpyridine chloride and MTT were purchased from Sigma-
Aldrich. HCHO was produced by Guangzhou Chemical Reagent Factory.

2.2. Preparation of EYG

EYG was prepared according to the method of Sun and Liu et al. [34,35]. All prepara-
tion procedures were operated at 4 °C. Eggs yolk from wenchang chicken (500 g) was ho-
mogenized in isopycnic 0.5 M NaCl for 5 min, and then mixed with 90% phenol (v/v = 5:1)
and the mixture was stirred for 30 min. After centrifugation at 10,000x g for 20 min, the
aqueous phase was decanted into a dialysis bags with 2000 Da sectional molecular weight,
dialyzed against tap water for 3 days, then against distilled water for 1 day to remove the
phenol. The crude glycoprotein was then lyophilized and applied to a column (2.6 x 50 cm)
of DEAE-52 (preequilibrated with 0.01 M Tris-HCI buffer, pH 8.0), eluted with a linear
gradient of NaCl (0-1 M) in 0.02 M Tris-HCl buffer. The elution profile was monitored
by the absorbance at 280 nm for protein, and the phenol-sufuric acid method for hexose.
Protein-positive and hexose-positive overlapping fraction were collected and applied to a
Sephadex G-50 (2.0 x 100 cm, equilibrated and eluted with 0.1 M NaCl), the profile was
monitored according to the above methods. After isolation with Sephadex G-50, a single
overlapping peak of protein and hexose was obtained, lyophilized and designated as EYG.
Its purity is 94.57% measured with HPLC, and molecular weight was 28.045 kDa measured
with MALDI-TOF/TOF.

2.3. Cell Culture

Pre-osteoblast MC3T3-E1 cells were cultured in «-MEM medium supplemented with
10% fetal bovine serum, 100 U/mL penicillin and streptomycin in an incubator at 37 °C
with 5% carbon dioxide and 95% air humidity. MTT method is used for determination of
MC3T3-E1 cells’ proliferation activity and the MC3T3-E1 cells were purchased from ATCC
(American Type Culture Collection).

2.4. Determination of Proliferative Activity

To determine the proliferative activity in MC3T3-E1 cells, cells (2 x 10* each well)
were seeded into 96-well plates and then modified with medium containing EYG (0, 6.25,
12.5, 25,50, 100 ug/mL). After culture for 48 h, the absorbance of each well was determined
by MTT method, and its absorbance value was measured at As9p nm.

2.5. ALP Activity Assay

To evaluate the ALP activity in MC3T3-E1 cells, cells (2 x 10* each well) were seeded
into 96-well plates and then modified with EYG-treated (0, 6.25, 12.5, 25, 50, 100 ng/mL)
osteogenic differentiation medium (10 mM p-sodium glycerophosphate, 50 pg/mL L-
ascorbic acid, 10% FBS, 100 U/mL streptomycin-penicillin). The culture medium was
changed every other day. After culture for 7 days, the cells were washed with phosphate-
buffered saline (PBS) twice and lysed with 300 puL 1% Triton X-100 lysis buffer for 20 min.
The supernatant was collected by centrifuging at 12,000x g, an ALP reagent kit was used
to measure the supernatant ALP activity levels (U/mL) and a BCA detection kit was used
to measure the total amount of cell protein.

2.6. Determination of COL-I and OCN Content

To determine the supernatant content of COL-I on day 7 and OCN on day 14 secreted
by MC3T3-E1 cells, cells (2 x 10* each well) were seeded into 96-well plates and then
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modified with EYG-treated x-MEM medium (0, 6.25, 12.5, 25, 50, 100 pg/mL). The cell
supernatant was collected on day 7 and day 14, respectively. The COL-I and OCN content
in MC3T3-E1 cells were detected according to the instructions of ELISA Kkits.

2.7. Alizarin Red Staining Assay

Alizarin red staining assay was performed to determine the formation of mineralized
matrix nodules. After 17 days of culture, the supernatant was removed, the cells were
washed with PBS twice, fixed with 300 uL 4% neutral formaldehyde for 15 min, and then
washed with PBS twice. Finally, after the cells were stained with 1% alizarin red solution
for 30 min in a dark condition at 37 °C, the cells were cleaned with distilled water 3 times,
observed and photographed.

Cetylpyridine chloride was added at 37 °C (300 pL) at a concentration of 100 mM
for 15 min. A supernatant of 300 uL was taken for semi-quantitative detection, and the
absorbance was recorded at a wavelength of 570 nm using a microplate reader.

2.8. RNA-seq

The cells (2 x 10* each well) were seeded into 96-well plates and then modified
with EYG-treated (0, 50 ug/mL) «-MEM medium with 10 mM f-sodium glycerophos-
phate, 50 pg/mL L-ascorbic acid, 10% FBS, 100 U/mL streptomycin-penicillin. The culture
medium was changed every other day, and then the cells were collected on day 7. The
purity of RNA was measured by Nanodrop 2000. We quantified RNA concentration accu-
rately using Qubit and detected RNA integrity using Agilent 2100. The next steps were
to construct the library, including mRNA enrichment, double-stranded cDNA synthesis,
terminal repair plus A and connector, fragment selection, and PCR enrichment.

In RNA-seq analysis, we estimated the expression level of a gene by counting the
sequences (reads) that were localized to the genomic region or the exon region of the
gene. FPKM (expected number of Fragments Per Kilobase of transcript sequence per
Millions base pairs Sequenced) is the most commonly used method for gene expression
level estimation. HTSEQ software was used to analyze the gene expression level of each
sample, and the model was UNION. R package was used for GO enrichment analysis, and
GOseq was used for enrichment, which based on Wallenius non-central hyper-geometric
distribution. We performed the GO analysis with all DEGs including upregulated and
downregulated DEGs. The scatter plot was a graphical display of the results of KEGG
enrichment analysis, and the KEGG enrichment degree was measured by the Rich Factor,
Qvalue and the number of genes enriched in this pathway. As for PPI, BlastX was applied
to compare the sequences in the target gene set to the protein sequences of the reference
species contained in the STRING database firstly, then the interaction relationship in the
STRING protein interaction database was applied to analyze the differential gene protein
interaction network, and imported into the Cytoscape software for visual editing finally.

All RNAseq data was available at the Novogene data platform (https://magic.
novogene.com, accessed on 15 January 2020).

2.9. qRT-PCR

The cells (2 x 10* each well) were seeded into 96-well plates and then modified with
o-MEM medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin and
streptomycin, 10 mM [3-sodium glycerophosphate, 50 pug/mL L-ascorbic acid and various
concentrations of EYG (0, 6.25, 12.5, 25, 50, 100 ng/mL). The culture medium was changed
every other day and cells were collected on days 3, 5 and 7.

The total RNA of cells was extracted using Tiangen Animal total RNA extraction kit
purchased from Tiangen Biochemical Technology Co., Ltd. (Beijing, China). All operation
followed the manufacturer’s instructions. RNA was used to synthesize cDNA with a
reverse transcription first chain synthesis kit (Tiangen Biochemical Technology Co., Ltd.,
Beijing, China). Gene expression levels were investigated by quantitative real-time RT-PCR
with the SYBR Green PCR kit (Tiangen Biochemical Technology Co., Ltd., Beijing, China)
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and the 20 pL system using 100 ng of first-strand cDNA with the following conditions:
95 °C for 15 min followed by 40 cycles at 95 °C for 10 s, 64 °C for 30 s. The number of cells
was 1 x 107, which was quantified with a cell counter. The concentration of cells used for
PCR was consistent in all treatment groups. The relative expression level of genes was
expressed as the ratio of target gene expression level and {3-actin gene expression level for
the data normalization [36]. The primers of genes were as follows in Table 1.

Table 1. Primers used for the real-time polymerase chain reaction (QRT-PCR).

Gene Sequence (5'-3')
COL-1 F- GACAGGCGAACAAGGTGACAGAG
R- CAGGAGAACCAGGAGAACCAGGAG
BMP2 F- AAGCGTCAAGCCAAACACAAACAG
R- GAGGTGCCACGATCCAGTCATTC
RUNX2 F- CGGCAAGATGAGCGACGTGAG
R- TGCTGCTGCTGCTGCTGTTG
3-CATENIN F- TGCCGTTCGCCTTCATTATGGAC
R- TGGGCAAAGGGCAAGGTTTCG
3-ACTIN F- GTGACGTTGACATCCGTAAAGA

R- GTAACAGTCCGCCTAGAAGCAC

2.10. Statistical Analysis

All data are expressed as the mean & standard error. SPSS 25.0 software was used
for ANOVA and Duncan’s test. A p value of less than 0.05 was considered statistically
significant [37].

3. Results
3.1. Effect of EYG on Proliferation of MC3T3-E1 Cells

After the treatment with different concentrations of EYG (0, 6.25, 12.5, 25, 50,
100 pg/mL), the proliferation rate of MC3T3-E1 cells increased in a dose-dependent man-
ner. When the concentration of EYG was 100 pg/mL, the proliferation rate of MC3T3-E1
cells significantly increased to 114.37%, indicating that EYG could significantly promote
the proliferation of MC3T3-E1 cells without toxic side effects (Figure 1A).

3.2. Effect of EYG on ALP Activity

ALP is one of the most symbolic biological indicators in osteoblasts and represents
the beginning of osteoblast differentiation generally. As a homologous dimer glycoprotein,
ALP is synthesized by osteoblasts and releases phosphoric acid into the extracellular
matrix, which stimulates the formation of calcium nodules in the extracellular matrix,
causes the formation of hydroxyapatite and promotes the maturation and differentiation
of osteoblasts [38]. As shown in Figure 1B, with the increasing of EYG concentration, the
ALP activity in MC3T3-E1 cells gradually increased and reached its maximum value at
EYG concentration of 50 pg/mL, which increased by 144.23%. When the concentration of
EYG was 100 pg/mL, the activity of ALP decreased. Compared with the control group,
the ALP activities in MC3T3-E1 cells differentiation were significantly increased in EYG
groups (Figure 1B).

3.3. Effect of EYG on COL-I and OCN Content

COL-], as an indicator of early differentiation of osteoblasts, is a prerequisite for bone
tissue formation [39]. The net structure formed by COL-I is the basis of mineralization
and deposition. With the increase of EYG concentration, the COL-I content secreted by
MC3T3-E1 cells also gradually increased. When the EYG concentration was 100 pug/mL,
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the COL-I content significantly increased to 8.76 ng/mL, indicating that EYG significantly
increased COL-I content (Figure 1D).

OCN is one of the markers of late differentiation of osteoblasts and the main non-
collagen extracellular matrix synthesized by osteoblasts specifically. OCN plays an im-
portant role in maintaining bone formation and inhibiting abnormal hydroxyapatite crys-
tals [40]. When the concentration of EYG was 50 ng/mL, the content of OCN tended to be
stable and the growth rate was 214.53%, indicating that EYG significantly promoted the
expression of OCN protein in the late differentiation of MC3T3-E1 cells (Figure 1C).
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Figure 1. Effect of EYG on cell proliferation (A), cell ALP activity (B), supernatant OCN on day 14 (C)
and supernatant COL-I on day 7 (D) content of MC3T3-E1 cells. MC3T3-E1 cells were treated with
various concentrations of EYG (0, 6.25, 12.5, 25, 50, 100 ug/mL). Data were expressed as mean +
SEM and the number of replicates was 3 (n = 3). Multiple comparisons were done using one way
ANOVA analysis. *p < 0.05, ** p < 0.01 versus control.

3.4. Effect of EYG on Mineralization of MC3T3-E1 Cells

Mineralized bone nodules are the most intuitive manifestation of bone formation,
and calcium nodules can specifically bind with alizarin red element to form red chelate
complex. As shown in Figure 2A, alizarin red staining showed that with the increasing of
EYG concentration, the number of calcium nodules significantly increased with a significant
dose-dependent effect.

The calcium nodules were semiquantitatively analyzed by cetylpyridine chloride
solution. EYG can significantly promote the mineralization of MC3T3-E1 cells (Figure 2B).
Compared with the control group, when the concentration of EYG was 100 pg/mL, there
was the most growth rate of calcium nodules, and the growth rate was 199.64%.

3.5. Screening of DEGs

Volcanic plots can be used to infer the overall distribution of differential genes. Genes
with similar expression patterns may have similar functions or participate in the same
metabolic process or cellular pathway. As shown in Figure 3, compared with control
group, the osteoblast MC3T3-E1 detected a total of 123 differentially expressed genes,
including 45 upregulated genes and 78 downregulated genes. A genetic volcano plot based
on 123 genes revealed the expression profile of these genes in osteoblast MC3T3-E1 cells.
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3.6. GO Analysis

GO analysis of DEGs can intuitively reflect the number and distribution of differential
gene expression in the GO term enriched in biological processes, cell components and
molecular functions. As can be seen in Figure 4, we chose the top 30 most enriched
GO items for analysis and the results showed that after treatment with 50 ug/mL EYG,
DEGs in the biological process categories were highly enriched and the pathways included
single-organism developmental process, developmental process, anatomical structure
development and multicellular organismal development. Pathways including extracellular
space and extracellular region were associated with more DEGs in cellular component
categories and there were no pathways associated with molecular function categories in
the top 30 most enriched items.

" B ;
25ug/ml 50ug/ml 100ug/ml

0.16- =3
n=3 n=3 xx
0.14 n=3 ** R

0.12 =
0.10- =
0.08- 173
NIRRT
0.00 T T T T T T

0 625 125 25 50 100
Concentration of EYG(ng/mL)

Absorbance at 570nm

Figure 2. Effect of EYG on mineralized nodular of MC3T3-E1 cells. Morphology (A) and absorbance
(B) at 570 nm after staining of MC3T3-E1 cells. MC3T3-E1 cells were treated with various concentra-
tions of EYG. EYG promoted mineralized nodular of MC3T3-E1 cells. Data were expressed as mean
+ SEM and the number of replicates was 3 (1 = 3). Multiple comparisons were done using one way
ANOVA analysis. *p < 0.05, ** p < 0.01 versus control.

3.7. KEGG Analysis

KEGG enrichment analysis was performed for genes with different expression lev-
els. Scatter plot is a graphical representation of KEGG enrichment analysis results. The
20 pathways with the most significant enrichment were selected (Figure 5). We found that
gene expression in several pathways was significantly different after the treatment of EYG
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including TNF signaling pathway, complement and coagulation cascades, ECM-receptor
interaction, focal adhesion, protein digestion and absorption.

124
[ Differential Expressed Genes (123 )
% * up regulated: 45
8 6 : * down regulated: 78
] .

w -
D

- 0
log,(fold change)

Figure 3. Volcano plot of distribution trends for differentially expressed genes with 50 ug/mL
concentrations of EYG and control groups. Each dot represents one gene. Red dots represent
upregulated genes and green dots represent downregulated genes. Blue dots represent genes with no
differential expression. There are 123 differentially expressed genes in total, including 45 upregulated

genes and 78 downregulated genes.
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Figure 4. GO analysis of DEGs between 50 ug/mL concentrations of EYG group and control group.
The ordinate was the GO term of enrichment, and the abscissa was the number of different genes
in the term. Different colors were used to distinguish biological processes, cell components and
molecular functions. * GO term was significantly enriched.
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Figure 5. KEGG enrichment p value result graph induced by DEGs between 50 pg/mL concentrations

of EYG group and control group. The ordinate was pathway name, and the abscissa was Gene Ratio.

The size of dots represents the number of differentially expressed genes in this pathway, and the

color of dots corresponds to different p value ranges.

We further explored the mechanism of several enriched pathways (Table 2) and found
that EYG upregulated COL2A1, COL4A1, COL4A2 and other factors to enrich the signaling
pathways. Besides, we also knew that EYG downregulated CCL2, CCL5, NOD2 and other

factors to inhibit the inflammation-related pathways.

Table 2. Enrichment of KEGG pathway for DEGs between treatment with 50 pg/mL EYG and the

control. p < 0.05 was considered statistically significant.

Pathway Gene Name Corrected p-Value
8]
ECM-receptor interaction COL2A1 0.016550785
COL4A2
COL4A1
Protein digestion and absorption COL2A1 0.016550785
COL4A2

COL4A1
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Table 2. Cont.

Pathway

ID

Gene Name

Corrected p-Value

Focal adhesion

mmu04510

COL2A1

0.016550785

COL4A2

COL4A1

PDGFB

Amoebiasis

mmu05146

COL2A1

0.024727215

COL4A2

COL4A1

DOWN

TNF signaling pathway

mmu04668

CCL5

0.028943572

CCL2

NOD2

MMP9

BCL3

Complement and coagulation cascades

mmu04610

F13al

0.036868851

C4b

Serpinf2

C3

3.8. PPI (Protein—Protein Interaction) Network

The PPI network with 14 nodes and 15 interaction pairs was constructed (Figure 6).
Pathway analysis showed that the complement and coagulation cascades were the most
enriched signaling pathways, such as TNF signaling pathway, ECM-receptor interaction
were also enriched to varying degrees.
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Figure 6. The PPI network of DEGs between 50 pug/mL concentrations of EYG group and control

group and its neighboring genes consisting of 14 nodes and 15 edges.
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3.9. gRT-PCR Analysis

On the basis of GO analysis and KEGG analysis, PI3K-Akt signaling pathways which
are the critical pathways regulating the bone formation were significantly changed in the
EYG group. COL-I, BMP2, RUNX2 and (-catenin were the key regulating factor in this
pathway and were selected for qRT-PCR analysis for verification of the GO analysis and
KEGG analysis. The results showed that the expression of these genes in EYG-treated
MC3T3-E1 cells was significantly increased in a dose-dependent manner, and the trends of
gqRT-PCR results were consistent with the trend of existing data analysis, which led us to
propose the hypothesis that EYG affects the proliferation and differentiation of osteoblasts
(Figure 7).
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Figure 7. Gene relative expressions of COL-I (A), BMP2 (B), Runx2 (C) and 3-catenin (D) by qRT-
PCR analysis. MC3T3-E1 cells were treated with various concentrations of EYG. EYG significantly
increased the above key factors of MC3T3-E1 osteoblast. Data were expressed as mean + SEM and
the number of replicates was 3 (n = 3). Multiple comparisons were done using one way ANOVA
analysis. * p < 0.05, ** p < 0.01 versus control.

4. Discussion

Recently, several studies used transcriptional profiling to address osteoblast differen-
tiation. Some focus on gene expression profile of osteoporotic phenotype mice [41], and
others used transcriptional analysis to investigate gene expression differences in osteoblast
differentiation of MC3T3-E1 cells [42,43]. In this study, after we identified several common
pathways and connected DEGs with potential biological pathways by transcriptome analy-
sis, we found that EYG had an effect on several bone formation related pathways, such
as TNF signaling pathway, complement and coagulation cascades, protein digestion and
absorption, ECM-receptor interaction and focal adhesion.

In our study, we noticed the TNF signal pathway and complement and coagulation
cascades were downregulated with the EYG treatment. It has been proved that complement
and coagulation cascades are activated after bone fracture, triggering a local or systemic
inflammatory response [44]. Besides, persistent inflammation can control bone mass by
affecting bone formation balance, and TNF-« as one of the most potential pro-inflammatory
cytokines can inhibit osteoblast differentiation and bone regeneration under the inflamma-
tory conditions [45,46]. As for the inflammatory factors in the pathway, BCL3 and NOD2
can activate the downstream NF-kB signaling to promote RANKL-induced osteoclasto-
genesis [47,48]. Modulating imbalance and dysregulation of proinflammatory mediators
CCL5 can improve bone formation [49] and high expression of CCL2 is often associated
with macrophage aggregation and inflammatory response [50]. On this basis, EYG may
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inhibit the gene expression of osteoclasts and promote the formation of osteoblasts by
downregulating inflammatory factors.

In the current study, ECM-receptor interaction, focal adhesion and protein diges-
tion and absorption were the most significant pathways for upregulated genes. ECM, as
an important component of cell microenvironment, influences cell behavior and tissue
development by regulating cell adhesion, migration, apoptosis, proliferation and differenti-
ation [51,52]. Tissue-specific and stage-specific ECM plays an important role in regulating
differentiation of mesenchymal stem cells into specific cell types [53]. Focal adhesion is
also closely related to osteoblastic differentiation. Laminin-5 can make focal adhesion
kinase (FAK) activation regulate osteogenic differentiation of hMSCs without any soluble
osteogenic supplements [54]. Moreover, transmembrane integrin heterodimers are key
factors in focal adhesion pathways, connecting extracellular domains to ECM molecules
such as collagen, thus playing a role in osteoblast differentiation [55].

ECM proteins include collagen and non-collagenous glycoproteins [56,57]. In addition
to COL-], there are many collagen proteins that are closely related to calcification depo-
sition in osteoblastic differentiation. COL2A1 served as markers of the differentiation of
proliferative chondrocytes [58]. COLA4 is one of the main components of cellular basement
membranes and COL4A1 and COL4A2 encode the «1, 2 chain of COL4. Mutations in
COL4A1 and COL4A2 may lead to maladjustment of multiple systems, resulting in a
variety of multifactorial diseases [59]. Microarray analysis proved that COL4AImRNA
has more expression in osteoporotic human bone than in normal human bone [60]. The
signaling pathways of regulation of the focal adhesion play critical roles in regulating cell
spreading by the downregulation of COL4A1 and COL4A2 in the early stage of osteoblast
differentiation and COL4A1 may be a critical marker [61]. COL4A2 in the tissue-specific
ECM can make Wnt/ 3-catenin pathway inhibition promote osteogenic differentiation [62].
Our results showed that COL2A1, COL4A1 and COL4A2 were downregulated in the
KEGG analysis, which may result from the downregulation of ECM-receptor interaction
and focal adhesion. On this basis, we hypothesize that EYG may promote the related gene
expression of formation of osteoblasts by regulating main components of cellular base-
ment membranes and ECM-receptor interaction and focal adhesion to treat osteoporosis.
However, the specific mechanism and connections still need further research.

5. Conclusions

EYG can influence multiple biological processes and changes in cellular composition
including increasing ALP activity of MC3T3-E1 cells, promoting the secretion of extracellu-
lar matrix protein COL-I and OCN, increasing the quantity of bone mineralization calcium
nodules and promoting new bone formation. Transcriptome analyses revealed the inflam-
mation was inhibited through EYG acting on the TNF signaling pathway and complement
and coagulation cascades. Besides, EYG can raise the gene expression of ECM proteins
COL2A1, COL4A1 and COL4A2, which considering their known roles in osteogenesis,
may explain the proliferation and differentiation observed with EYG treatment. This study
provides a scientific theoretical basis for the use of EYG as a nutritional intervention food
to prevent osteoporosis.
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