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Abstract
This study aimed to predict the key genes and pathways that are activated when different types of mechanical loading are 
applied to osteocytes. mRNA expression datasets (series number of GSE62128 and GSE42874) were obtained from Gene 
Expression Omnibus database (GEO). High gravity-treated osteocytic MLO-Y4 cell-line samples from GSE62128 (Set1), 
and fluid flow-treated MLO-Y4 samples  from GSE42874 (Set2) were employed. After identifying the differentially expressed 
genes (DEGs), functional enrichment was performed. The common DEGs between Set1 and Set2 were considered as key 
DEGs, then a protein–protein interaction (PPI) network was constructed using the minimal nodes from all of the DEGs in 
Set1 and Set2, which linked most of the key DEGs. Several open source software programs were employed to process and 
analyze the original data. The bioinformatic results and the biological meaning were validated by in vitro experiments. High 
gravity and fluid flow induced opposite expression trends in the key DEGs. The hypoxia-related biological process and sign-
aling pathway were the common functional enrichment terms among the DEGs from Set1, Set2 and the PPI network. The 
expression of almost all the key DEGs (Pdk1, Ccng2, Eno2, Egln1, Higd1a, Slc5a3 and Mxi1) were mechano-sensitive. Eno2 
was identified as the hub gene in the PPI network. Eno2 knockdown results in expression changes of some other key DEGs 
(Pdk1, Mxi1 and Higd1a). Our findings indicated that the hypoxia response might have an important role in the differential 
responses of osteocytes to the different types of mechanical force.
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Introduction

More than a century ago, we already knew that the trabecu-
lar structure of bone was closely related to its mechanical 
loading (Wolff’s Law). It seems that bone cells can sense 
the different force-direction, force-strength and force-type 

and respond to them differentially. In vivo, osteocytes are 
usually influenced by several forces, including body forces 
(e.g., gravity) and surface forces (fluid shear stress, tensile 
and compressive stress), which are applied in different direc-
tions or with different strength. A body force acts throughout 
the volume of a body and will cause an object to acceler-
ate, which contrasts with surface force, which is exerted on 
the surface of an object. The elucidation of the mechanisms 
underlying these phenomena may be important for under-
standing the regulation of bone remodeling by a locally act-
ing mechanical force. Bone remodeling is a dynamic process 
that involves a delicate equilibrium between the function of 
osteoblasts and osteoclasts. However, research has shown 
that other cells are involved in this process, most notably 
osteocytes, which are now considered to be essential players 
in the process through which the bone senses different types 
of mechanical force (e.g., pressure, tension, fluid flow and 
shear stress, etc.) [1]. The clarification of the mechanism 
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underlying the differential responses of bone to various 
mechanical stimuli is very important for developing novel 
therapeutic approaches to bone diseases.

Osteocytes, cells with a stellate shape and which are 
embedded into the mineralized bone tissue, are the most 
abundant cells in the bone. They are connected with each 
other via a cellular network formed by their cytoplasmic 
processes. This osteocyte network has long been thought to 
play a central role in regulating bone modeling and remod-
eling by detecting mechanical stimuli to the skeleton through 
interstitial fluid flow [2, 3] or deformation of the cell body 
[4]. It is also known that osteocytes are able to orchestrate 
the function of osteoblasts and osteoclasts [5, 6]. In particu-
lar, a previous study reported that osteocytes but not bone 
surface cells (osteoblasts, osteoclasts, etc.), responded to 
dynamic mechanical loading in the long bones with multi-
ple Ca2+ spikes [7].

We hypothesized that osteocytes may be an essential part 
of the process through which bone differentially responds 
to various types of mechanical stimuli. To test this hypoth-
esis, we screened the differentially expressed genes (DEGs) 
of the datasets from the Gene Expression Omnibus (GEO) 
database to investigate the mechanism underlying this pro-
cess. GSE62128 and GSE42874, which exposed MLO-Y4 
to different types of mechanical stimuli, were used to screen 
out the key DEGs for further examination in a functional and 
pathway enrichment analysis. Finally, the expression levels 
of key DEGs were validated by several in vitro experiments 
(See a work flow of this study in Online Resource 1.

Materials and methods

Acquisition of microarray data

The raw data with CEL files of three 2-fold gravity of Earth-
treated (performed using a large-gradient, high-magnetic-
field) (GSM1520101, GSM1520102, GSM1520103) and 
three gravity of Earth-treated (GSM1520104, GSM1520105, 
GSM1520106) murine long bone osteocyte Y4 (MLO-
Y4) samples of GSE62128 (Set 1), and the raw data with 
CEL files of three 2-h fluid flow-treated (GSM1052656, 
GSM1052657, GSM1052658) and 2-h sham-treated 
(GSM1052653, GSM1052654, GSM1052655) MLO-Y4 
samples of GSE42874 (Set 2) were obtained from the Gene 
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo/).

Identification of differently expressed genes (DEGs)

The screening threshold was a false discovery rate (FDR) 
corrected P value of < 0.1 (also known as the q-value) and 
a |log2

Fold Change| value of > 0.59 (2-fold increase or 50% 

decrease). The raw data with the CEL files of Set1 and Set2 
were background corrected, normalized, annotated and log2 
transformed using the xps package (https​://bioco​nduct​or.org/
packa​ges/relea​se/bioc/html/xps.html) in R. Empirical Bayes 
statistical tests using moderated genewise variance were per-
formed using the limma package [8] for R. If multiple probes 
correspond to one gene, only the most significant (smaller 
q-value) result is kept. The DEGs were then identified 
according to the criteria of a |log2

Fold Change| value of > 0.59 
and a q-value of < 0.1. The common DEGs between Set1 and 
Set2 were considered as the key DEGs.

Scripts written in the R programming language to allow 
all of the above-described data processing procedures and 
detailed instructions to allow for the reproduction of our 
results are available from GitHub (https​://githu​b.com/wong-
ziyi/Micro​array​_Analy​sis).

The biological function and pathway enrichment 
analysis of DEGs from Set1 and Set2

To investigate the functional difference when different 
mechanical forces are applied, biological function and path-
way enrichment analyses were performed for Set1 and Set2. 
Gene Ontology (GO; http://www.geneo​ntolo​gy.org) [9, 10] 
is a tool used for the unification of biological functions based 
on gene annotation information, which primarily consists 
of biological process (BP), molecular function (MF), and 
cellular component (CC) analyses. The Kyoto Encyclopedia 
of Genes and Genomes (KEGG; available at http://www.
genom​e.ad.jp/kegg/) [11] is a pathway-associated database 
that connects known information on molecular interaction 
networks. To understand the biological significance of the 
identified DEGs, the upregulated DEGs of Set1, the down-
regulated DEGs of Set1, the upregulated DEGs of Set2 and 
the downregulated DEGs of Set2 were separately input into 
the Database for Annotation Visualization and Integrated 
Discovery (DAVID; http://david​.abcc.ncifc​rf.gov/) [12] 
for the GO term and KEGG pathway analyses. An EASE 
Score (a modified Fisher’s exact P value) of < 0.01 and a 
gene count of > 2 were considered to indicate a statistically 
significant difference. The common functional terms or the 
KEGG pathways between Set1 and Set2 were considered to 
be the key biological process and pathways.

PPI network construction

The Search Tool for the Retrieval of Interacting Genes data-
base (STRING) [13] database (https​://strin​g-db.org/) pro-
vides comprehensive information on the functional interac-
tions between DEGs by calculating their combined score. 
Using a minimum required interaction score of 0.15 (low 
confidence), PPI networks were constructed based on the 
PPI pairs from the key candidate DEGs and the remaining 

http://www.ncbi.nlm.nih.gov/geo/
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https://string-db.org/
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308 DEGs (Fig. 1) from Set1 and Set2 using the Cytoscape 
software program (version 3.6.0) (available at http://cytos​
capew​eb.cytos​cape.org/) [14]. Then Pesca 3.0 (a Cytoscape 
software application) was applied to screen out a subnetwork 
that was constructed using the minimal nodes linking all key 
candidate DEGs. Finally, we retrieved the KEGG enrich-
ment of this subnetwork in the Cytoscape software program 
using the STRING enrichment application programming 
interface (API). We analyzed the topological properties of 
this subnetwork using the tYNA web interface (http://tyna.

gerst​einla​b.org/) [15]. In the nodes with a degree that was 
greater than or equal to the sum of the mean and the standard 
deviation (SD), the one that has highest mean interaction 
score was selected as a key hub gene. STRING also allows 
users to retrieve the functional enrichment (GO terms and 
KEGG pathway). The significant functional enrichment 
terms were identified according the criterion of FDR < 0.05.

Fig. 1   Overview of the DEGs from Set1 and Set2. The significance and the expression levels of the common DEGs in these two datasets are 
shown in the bottom panel. The expression levels of the common DEGs showed totally opposite trends in Set1 and Set2

http://cytoscapeweb.cytoscape.org/
http://cytoscapeweb.cytoscape.org/
http://tyna.gersteinlab.org/
http://tyna.gersteinlab.org/


617Journal of Bone and Mineral Metabolism (2019) 37:614–626	

1 3

Fluid flow exposed osteocytic MLO‑Y4 cells

The design we employed was described in our previous 
study [16]. Briefly, the cells were subjected to fluid flow 
in a parallel plate flow chamber (Waken Denshi Co.) con-
nected to a flow loop apparatus that was modified from the 
apparatus described by Frangos et al. [17] to accept quartz 
glass microscope slides. Osteocytic MLO-Y4 cells were cul-
tured on collagen I-coated glass slides in α-modified Mini-
mum Essential Medium (α-MEM; Invitrogen) with 5.0% 
heat-inactivated fetal bovine serum (HIFBS; HyClone) and 
5.0% bovine calf serum (BCS; HyClone) and antibiotics for 
2 days and then exposed for 2 h to sinusoidally oscillating 
fluid flow in parallel plate flow chambers, inducing 2.5 dyn/
cm2 or 50 dyn/cm2 shear stress. Paired sham controls were 
maintained on the same glass slides.

Compressed osteocytic MLO‑Y4 cells

As described in our previous study [18], osteocytic MLO-
Y4 cells were cultured on collagen I-coated glass plates 
that were maintained in 6-well plates in α-MEM with 5.0% 
HIFBS and 5.0% BCS and antibiotics for 2 days and then 
exposed (by direct contact) for 2 h to weights (0.051 g/
cm2), inducing 50 dyn/cm2 of continuous compression 
force.

Eno2 gene silencing by the siRNA

Eno2 siRNA (Mission® siRNA select  SASI_
Mm01_00106092) and negative control siRNA (Mission® 
siRNA select Mission_Negative control SIC_001) were pur-
chased from Merck (Germany). siRNA was delivered into 
the cells by electroporation using an Amaxa™ Human Chon-
drocyte Nucleofector™ kit and an Amaxa Nucleofector® II 
(Lonza Cologne GmbH, Cologne, Germany) according to 
the manufacturer’s instructions. In brief, 4.0 × 105 MLO-Y4 
cells were transfected with 100 nM siRNAs in the solution 
for electroporation (Nucleofector solution and supplement: 
100 µL) using electroporation program U-024. Next, cells 
in α-MEM supplemented with 5% HIFBS and 5% BCS were 
seeded at a density of 4.0 × 105 cells/well into a six-well 
plate for RNA extraction and incubated at 37 °C under 5% 
CO2 in air. After 48 h, the cells were collected for subse-
quent analyses.

Quantitative real‑time reverse transcription‑PCR 
(RT‑PCR)

ISOGEN (Nippon Gene) and a ReverTra Ace qPCR RT Kit 
(Toyobo) were used to extract total RNA and to synthesize 

complementary DNA (cDNA), respectively. The resulting 
cDNA products were used as a template to quantify the rela-
tive content of messenger RNA (mRNA) by a quantitative 
real-time reverse transcription-PCR (RT-PCR). The relative 
levels of the PCR products were determined using a Light-
Cycler System (Roche Diagnostics). SYBR green chemistry 
was used to determine the mRNA levels of the key DEGs 
and GAPDH, a housekeeping gene, in MLO-Y4 cells. The 
primers showed in Online Resource 2 were used.

Statistical analysis

A one-way analysis of variance (ANOVA) with the 
Holm–Sidak post hoc test was used to identify the statisti-
cal significance of the results from cells exposed to differ-
ent force-direction or force-strength. An unpaired t test was 
used to compare the differentially expressed genes under 
hub gene knock-down. Pearson correlation test was applied 
to investigate the correlation between the hub gene and other 
target genes.

Results

The differential expression analysis

Gene expression profile Set1 (from GSE62128) and Set2 
(from GSE42874) identified 83 and 241 DEGs, respectively 
(Fig. 1, see the entire list in the Online Resource 3 and 4). 
The common DEGs (Slc5a3, Pdk1, Mxi1, Higd1a, Eno2, 
Egln1 and Bnip3) across Set 1 and Set 2 were taken as key 
DEGs. Notably, all key DEGs showed opposite expression 
trends between Set1 and Set2 (Fig. 1, right side on the bot-
tom panel).

The functional and KEGG pathway enrichment 
analysis of DEGs from Set1 and Set2

The upregulated DEGs from Set1 and the downregulated 
DEGs from Set2 that were enriched in the same BP and 
KEGG terms were mainly associated with the response to 
hypoxia (Fig. 1). The entire functional enrichment terms 
are listed in Online Resources 5 and 6 for Set1 and Set2, 
respectively.

The PPI network and the corresponding KEGG 
pathway enrichment analysis

The PPI network generated from the DEGs of both Set1 and 
Set2 included a total of 298 nodes and 2476 edges (Online 
Resource 7). Then a subnetwork was constructed by the min-
imal nodes linking the most key candidate DEGs (Egln1, 
Eno2, Pdk1, Bnip3, Ccng2, Mxi1, Higd1a and Slc5a3). This 
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subnetwork contained a total of 9 nodes and 9 edges; the 
enriched BP and KEGG terms were mainly associated with 
the response to hypoxia (Fig. 3). Eno2 with a degree of 3 
and a mean interaction score of 0.53 was selected as the hub 
gene (Fig. 3).

Verification of the mechano‑sensitive expression 
and biological meaning of the key DEGs

The RT-PCR revealed that among the key DEGs, the expres-
sion of Slc5a3, Pdk, Mxi1, Higd1a, Eno2, and Egln1 was 
mechano-sensitive. In addition, all of these genes showed 
response to a change of the force-strength of shear stress or 
a change of the force-direction. These genes showed more 
mechano-sensitivity than the RANKL/OPG ratio (Fig. 4). 
Eno2 knockdown resulted in a significant increase in the 
expression of Pdk1 and Gap43, and a significant decrease 
in the expression of Higd1a and Mxi1 (Fig. 5a). A heatmap 
that was converted from the results showed in Figs. 4, 5b 
with a Pearson correlation test together to investigate the 
correlation of the Eno2 and expression of other genes (Pdk1, 
Higd1a, Mxi1, and Gap43) under different force-direction 
or force-strength conditions (Fig. 6). Figure 6 showed a sig-
nificant positive correlation between the expression of Eno2 
and Mxi1. Although no significant correlation between the 
expression of Eno2 and Gap43/Higd1a was observed in cells 
subjected to < 2.5 dyn/cm2 in mechanical force, a strong and 
significant negative correlation (Fig. 6) was observed under 
extreme high mechanical force (50 dyn/cm2). However, 
we did not observe any significant correlation between the 
expression of Eno2 and Pdk1.

Discussion

The present study aimed to screen out the key candidate 
genes and pathways in osteocytes during the application of 
different types of mechanical stimuli (high gravity and shear 
force). We screened out eight common DEGs (Slc5a3, Pdk1, 
Mxi1, Higd1a, Eno2, Egln1 and Bnip3) across Set1 and 
Set2, which were selected as candidate key DEGs for fur-
ther investigation. The functional enrichment indicated that 
the biological processes related to the response to hypoxia 
and the HIF-1 signaling pathway had important roles in the 
mechano-transduction of osteocytes.

The mechano‑sensitive expression of the key 
candidate DEGs

High gravity and shear force had an opposite influence on all 
of the key DEGs (Fig. 1, downregulated by high gravity and 

upregulated by shear force), which suggested that the osteo-
cytes could sense and recognize different types of mechani-
cal stimuli. To validate this finding from the microarray data, 
we investigated the expression of these key DEGs in MLO-
Y4 osteocytes during shear stress under different conditions 
of force-strength or force-direction.

The RT-PCR revealed that, with the exception of Bnip3, 
the expression of the rest of the key DEGs in response to 
mechanical stress with a different force-strength or force-
direction was mechano-sensitive (Fig.  4). Notably, the 
expression of Pdk1, Ccng2, Eno2 and Higd1a showed oppo-
site trends in response to a different force-direction (Fig. 4, 
compression vs shear stress under 50 dyn/cm2) which is 
similar to the results revealed by microarray data, in which 
the expression showed opposite trends in response to shear 
stress and high gravity (Fig. 2). Eno2, the hub gene that was 
suggested by the subnetwork (Fig. 3), also showed more sen-
sitivity to the mechanical force than other key DEGs (Fig. 4). 
On the other hand, Eno2 knockdown results in significant 
expression changes of other three key DEGs (Pdk1, Higd1a, 
and Mxi1; see in Fig. 5a), and co-expression pattern between 
Eno2 and Mxi1/Higd1a (Fig. 6). These results suggested that 
Eno2 might play a center role in the mechano-transduction 
of osteocytes to link the key DEGs.

Mechanical loading has been reported to create tears in 
the cell membrane called plasma membrane disruptions 
(PMDs) [19]. In that study, shear stress of 30 dyn/cm2 cre-
ated PMDs in more than 30% of osteocytes, while shear 
stress of 10 dyn/cm2 created PMDs in less than 5% of osteo-
cytes in vitro. Thus, in the present study, shear stress of 
2.5 dyn/cm2 and 50 dyn/cm2 were defined as extremely low 
and extremely high mechanical force, respectively. Even 
under extremely low shear stress (2.5 dyn/cm2), the expres-
sion levels of Pdk1, Eno2, Egln1, Mxi1, RANKL, OPG, and 
RANKL/OPG ratio showed significant changes. Moreover, 
the force-strength change of shear stress from 2.5 dyn/cm2 to 
50 dyn/cm2 also induced significant changes in the expres-
sion of Pdk1, Ccng2, Eno2, Egln1, Higd1a, Slc5a3, and 
Mxi1, but not RANKL, OPG, and the RANKL/OPG ratio. 
Similarly, the force-direction change from shear force to 
compression induced significant changes in the expression 
of Pdk1, Ccng2, Eno2, Higd1a, Slc5a3, and RANKL but not 
OPG or the RANKL/OPG ratio (Fig. 4). These results indi-
cated that the expression of Slc5a3, Pdk1, Mxi1, Higd1a, 
Eno2, and Egln1 is more mechano-sensitive than that of 
RANKL and OPG.

Intriguingly, most of these mechano-sensitive genes 
(Egln1, Pdk1, Mxi1, and Slc5a3) clearly showed roles in 
bone development, modeling and remodeling—especially 
Egln1 and Pdk1, mechano-sensitive genes that are related 
to the hypoxic response (Fig. 3).
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A potential key pathway through which various 
types of mechanical stimulation are recognized 
in osteocytes

Hypoxia-inducible transcription factor (HIF), is one of the 
key factors in the regulation of the function of osteoclasts 
and osteoblasts. The HIF heterodimer is composed of an 
inducible alpha subunit (HIF-1α, HIF-2α) and a consti-
tutively expressed beta subunit (HIF-β/ARNT). Egl nine 
homolog 1 (Egln1), which is also known as prolyl-4-hy-
droxylase (PHD) domain-containing protein 1, is one of 
the PHD enzymes (PHD1-3). PHD enzymes, as a type of 
proteasome, degrade the HIF-α by hydroxylation, which 
results in the post-translational regulation of HIF. Previous 
studies have shown that the combined osteoblast-specific 
deletion of Egln2 with either Egln1 and/or Egln3 increased 
trabecular bone formation [20]. Similarly, the stabilization 
of HIF by inhibitors of PHD enzyme improved fracture heal-
ing, increased the bone mineral density and bone strength in 
murine models of bone fracture [21–24], distraction osteo-
genesis [25], and osteoporosis [26, 27].

On the other hand, the induction of pyruvate dehydro-
genase kinase 1, the protein encoded by Pdk1, is directly 

regulated by HIF-1α, which in turn inhibits the activity of 
pyruvate dehydrogenase and thereby blocks the mitochon-
drial tricarboxylic acid cycle (TAC). As a consequence, the 
activity of HIF-1α could reduce the collagen hydroxylation, 
which was reported by a previous study [28]. Notably, HIF1 
could directly regulate the expression of the Pdk1 gene 
in both humans [29, 30] and mice [28] by binding to sev-
eral HIF1 consensus binding sites (also known as hypoxia 
response elements). The important role of the HIF-1 signal 
pathway in bone development, modeling and remodeling is 
well documented. However, its role in osteocyte function 
remains unclear. Our findings showed that the expression of 
both Egln1 and Pdk1 were mechano-sensitive. Moreover, the 
increased expression of Pdk1 after Eno2 knockdown sug-
gested a novel potential pathway for regulation of Pdk1 by 
Eno2. Taken together, our study suggested that the HIF-1 
signal pathway is also important for mechano-transduction 
in osteocytes, and Eno2 may be involved in the regulation of 
HIF-1 signal pathway in osteocytes. The role of HIF-1 signal 
pathway in the osteocyte function is worthy of further study.

Fig. 2   Common functional 
enrichment terms in Set1 and 
Set2. In this rose plot, the 
height of each slice represented 
the log2 (fold enrichment) 
value. The radian of each slice 
represented the percentage of 
the DEGs covering the cor-
responding term in relation to 
all queried DEGs; the exact 
percentage is shown on the label 
of each slice. A red background 
indicates that the terms came 
from downregulated DEGs. A 
green background indicates that 
the terms came from upregu-
lated DEGs. The entire list of 
the enrichment terms from Set1 
and Set2 is shown in Online 
Resources 5 and 6
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Previous studies about the role of Mxi1, Slc5a3, 
Bnip3, Eno2, and Higd1a in bone

Besides Egln1 and Pdk1, other key DEGs were also found to 
play an important role in the bone metabolism.

Mxi1 encodes max-interacting protein 1, a transcription 
factor, was shown to suppress SOST transcription in human 
dermal fibroblasts in a recent study [31]. Sclerostin, which 
is encoded by SOST, a secretory protein that is specifically 
produced by osteocytes, suppresses osteogenesis by inhib-
iting WNT signaling [32, 33]. Recently, numerous studies 
have shown that sclerostin is a key determinant of the bone 
mass and a neutralizing antibody against sclerostin is cur-
rently being explored as a new therapeutic target for osteo-
porosis [34–37]. Interestingly, Eno2 knockdown induced 
significant expression decrease of Mxi1 (Fig. 5a). Mean-
while, significant correlation (Spearman’s ρ 0.67975; P 
value 0.04397) between the expression of Eno2 and Mxi1 
indicated a positive co-expression between Eno2 and Mxi1 
(Fig. 6). Therefore, our findings suggested a potential role of 
Eno2 in the mechano-transduction for regulation of SOST, 
which is worthy of further study to confirm.

Sodium/myo-inositol transporter 1 (SMIT1), encoded by 
Slc5a3, is the major cotransporter for Myo-Inositol (MI), 
a crucial constituent and nutrient for living cells. I(1,4,5)
P3-mediated Ca2+ signaling, a pathway related to MI, was 
shown to modulate mechanical sensing in osteoblasts in a 

previous study [38]. SMIT1 knockout mice showed delayed 
embryonic bone formation, shortened adult long bones, a 
reduced bone mass, decreased numbers of osteoblasts, and 
osteoporosis-like microarchitecture, which suggests that 
SMIT1 plays essential roles in osteogenesis, bone forma-
tion, and bone mineral density [39].

B-cell lymphoma 2 (Bcl-2)/adenovirus E1B 19-kDa-inter-
acting protein 3 (BNIP3), encoded by Bnip3, is a member of 
the apoptotic Bcl-2 protein family, which is involved in the 
atypical programmed cell death pathway through its modu-
lation of the permeability state of the outer mitochondrial 
membrane [40]. The upregulation of BNIP3 was shown to 
contribute to the death of nucleus pulposus cells, which are 
embedded in intervertebral discs, during disc degeneration 
[41, 42]. Although most of these key DEGs (Mxi1, Slc5a3, 
Bnip3, Egln1, Pdk1) showed their important roles in the 
regulation of bone development, modeling and remodeling, 
the other key DEGs—specifically, Eno2, Higd1a and Ccng2, 
which are involved in energy metabolism, cell survival under 
stress and the regulation of cell cycle, respectively—have 
not received enough attention in the field of bone research.

It is generally accepted that after differentiation, bone 
marrow mesenchymal stem cells (MSCs) become lineage-
restricted and the terminal differentiated cell type (e.g., 
osteocyte) becomes irreversible. However, a previous study 
showed that after 24 h of treatment with parathyroid hor-
mone (PTH), the expression levels of Kera (osteoblast 

Fig. 3   The final PPI network was a sub-network (bottom panel) link-
ing all of the key candidate DEGs from the origin network in Online 
Resource 7. This subnetwork contains 9 nodes and 9 edges with enrich-
ment P value of < 0.0102. In this subnetwork, the interaction confidence 

is indicated by the color of edge stroke and the topological property is 
indicated by the color of the node fill. Eno2 with the degree of 3 and 
mean interaction confidence of 0.53 was identified as the hub gene. The 
functional enrichment terms were mainly related to the hypoxic response
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marker) and E11 (early osteocyte marker) were increased, 
whereas the expression levels of Dmp1, Phex, Mepe and Sost 
(mature osteocyte marker) were decreased in both mature 
IDG-SW3 osteocytes and the primary bone osteocytes 
ex vivo, indicating the loss of differentiation by osteocytes 
in response to PTH [43]. Their study also showed that some 
cell cycle-related genes (e.g., Rb1, Cebpa, Hpgd, Nupr1, and 
Bmp4) showed a decreased expression in response to PTH.

A previous study showed that adipogenic-differentiated 
cells from ex vivo human MSCs could be dedifferentiated 
and transdifferentiated into osteogenic or chondrogenic line-
age cells, and this procedure is—at least in part—associated 
with genes associated with cell cycle arrest and progression 
[44]. Moreover, PTH has also been reported to induce the 
downregulation of Dmp1 in osteocytes in vivo [45]. Taken 
together, evidence showed the possible dedifferentiation of 
osteocytes, which may be associated with the regulation 
of cell cycle. The results of the present study showed the 
mechano-sensitive expression of Ccng2, which plays a role 
in the negative regulation of cell cycle progression.

HIG1 domain family 1A (HIGD1A), which is encoded 
by Higd1a, is a protein that promotes mitochondrial homeo-
stasis and the survival of cells under stress by inhibiting 
cytochrome C release and caspase activity [46, 47]. It plays 
a very important protective effect that saves organs like the 
heart and brain from hypoxia-related disease [47]. Decreased 
expression of Higd1a by Eno2 knockdown and correlated 
expression between them might indicate that Eno2 may be 
involved in the hypoxic response of osteocytes.

Gamma-enolase, encoded by Eno2, is a conserved glyco-
lytic enzyme that catalyzes the formation of phosphoenolpyru-
vate from 2-phosphoglycerate, which generates ATP during 
glycolysis. A recent study showed that alpha-enolase regulates 
the AMPK/mTOR pathway, which plays important roles in 
bone metabolism [48–50], via the concentration of ATP in 
colorectal cancer cells [51]. Notably, Eno2 was significantly 
increased in both human periodontal ligament (PDL) cells 
with compressive stress [52] and murine osteoblasts with 
thapsigargin treatment (ER stress) [53].

Mechano‑transduction in osteocytes possibly 
regulates the innervation of bone

Although there have been numerous studies of the key DEGs 
in the field of bone research, the biological function of these 
key DEGs in osteocytes has been poorly studied. Thus, to 
investigate the biological function of the key DEGs, we 
selectively downregulated the hub gene of the final PPI net-
work using siRNA.

Eno2 knockdown results in a significant increase in the 
expression of Gap43 (Fig. 5a). Gap43 encodes the neuro-
modulin that plays a role in axonal and dendritic filopodia 

induction. Neuromodulin has been identified in the extra-
cellular vesicles (EVs) derived from human MSCs [54]. 
Furthermore, the rapid expansion of a dense network of 
sensory nerve fibers is observed during fracture repair in 
the periosteum of adult rodents. Thus, it is possible that the 
induction of nerve fibers is subject to regulation by Gap43 
in EVs secreted by osteocytes [55–57]. Interestingly, in the 
in vitro experiment, the expression of Eno2 and Gap43 did 
not show a significant correlation under 2.5 dyn/cm2, while 
they were highly correlated (Fig. 6) under extremely high 
mechanical force (50 dyn/cm2). The co-expression of Eno2 
and Gap43 under a pathological force load is consistent with 
our hypothesis that osteocytes may have able to induct the 
expansion of nerve fibers under serious injury. However, 
further physiological studies are necessary to prove this 
hypothesis. In recent years, there is increasing evidence to 
support the role of EVs in bone remodeling, and that bone 
marrow stem cells, osteoblasts, osteoclasts, and osteocytes 
can communicate with one another and even other types 
of organs/cells via EVs [58]. Notably, mechanical stimula-
tion has been shown to upregulate the production of EVs in 
osteocytes, which could enhance bone formation [59], while 
the muscle cells secreted myostatin downregulate the miR-
218 (a microRNA) in EVs derived from osteocytes, which 
inhibits osteoblastic differentiation [59]. Moreover, previous 
studies have suggested that some of the regenerative effects 
are mediated by EVs derived from MSCs [60–62].

Summary

In the present study, we screened out and primarily validated 
some candidate genes that showed extremely mechano-sen-
sitive expression levels. The results indicated the important 
role of these genes in osteocytes in relation to sensing, rec-
ognizing and the differential responses to different types of 
mechanical stimuli. We also reviewed the previous studies of 
these genes in the field of bone research. Our research raised 
a number of questions.

Unloading [63], aging [64], compressive force [65], and 
osteoporosis [66] could induce the death of osteocytes, while 
could Higd1a promote osteocyte survival under those condi-
tions? Is it possible that osteocyte-secreted EVs are impor-
tant for regulating bone metabolism and crosstalk with other 
organs? Do the cell cycle-related genes play a role such as 

Fig. 4   The expression of key candidate DEGs and RANKL & OPG 
under different force-direction with 50  dyn/cm2 or under different 
force-strength with shear stress from 2.5 dyn/cm2 to 50 dyn/cm2. (#, 
Holm–Sidak post hoc test in a one-way ANOVA; #P < .05; ##P < .01; 
###P < .001; ####P < .0001. All values represent the mean ± standard 
deviation)

▸
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triggering dedifferentiation of osteocytes? How exactly do 
the key DEGs that we screened out regulate the osteocyte 
functions? What is the exact mechanism of the mechano-
sensitive expression of these key DEGs? Some of these 
questions have touched on some current topics in the field 
of bone research. Other questions are related to genes that 

have not been completely studied; thus, their relationship 
to bone remains unclear. The authors believe that explor-
ing and finally answering these questions could improve our 
understanding of mechano-transduction in osteocytes and 
may lead to the development of new therapeutic agents for 
bone diseases.

Fig. 5   Results of Eno2 knock-
down. a The siRNA of Eno2 
significantly reduced the expres-
sion of Eno2, Higd1a and Mxi1 
while significantly increased the 
expression of Pdk1 and Gap43. 
(*, unpaired t-test; *, P < .05; 
**, P < .01; NC, negative con-
trol; si mEno2, Eno2 siRNA). 
b The expression of Gap43 in 
normal cells under different 
force-direction or force-strength 
conditions (#, Holm–Sidak post 
hoc test in a one-way ANOVA; 
#P < .05; ##P < .01; ###P < .001; 
####P < .0001). (all values 
represent the mean ± standard 
deviation)

a

b
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