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p53playsa centralrole in the developmentof osteoporosis
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ABSTRACT

Osteoporosisis a metabolic diseaseaffecting 40%of postmenopausalWwomen. It is characterizedby decrease!
bone mass per unit volume and increasedrisk of fracture. We investigated the molecular mechanisn
underlying osteoporosisby identifying the genesinvolved in its development. Osteoporosisrelated geneswere
identified by analyzingRNAmicroarray data in the GEOdatabaseto detect genesdifferentially expressedin
osteoporotic and healthy individuals. Enrichment and protein interaction analysescarried out to identify the
hub genesamongthe deferentially expressedgenesrevealed TP53 MAPK1 CASP3CTNNB1CCND,INOTCH,;
CDK1IGF1 ERBB2CYC$%0 be the top 10 hub genes.In addition, p53 had the highest degree scorein the
protein-protein interaction network. In vivo and in vitro experimentsshowed that TP53gene expressionand
serump53levelswere upregulatedin osteoporoticpatients and a mouseosteoporosismodel. Theelevatedp53
levelswere associatel with decreasesn bone mass,which could be partially reversedby knockingdown p53.
Thesefindingssuggestp53 may play a centralrole in the developmentof osteoporosis.

INTRODUCTION

Osteoporosis is a metabolic disease characterized by
decreased bone mass per unit volume, despite the bone
tissue having normal calcification and a normal ratio
of calcium salt and matri{1]. Osteoporosis can
occur in both genders at any age, but it n@st
common in postmenopausal women. Overall, the
disease affects 30% of women and 12% of men at
some point in their lifetime$2], but it affects more
than 40% of postmenopausal womés]. Patients
with osteoporosis usually have bone pain and are
prone b having a fracturdl]. As one of the most
commonly occurring chronic diseases among the

elderly, osteoporosis has become a serious problem for
public health care systenid]. The main therapeutic
strategies for treating osteoporosis are the use anti
resaptive and anabolic drugs. However, most of the
drugs in these classes have limitations and adverse
side effectg3].

The pathogenesis of osteoporosis has not yet been fully
elucidated. Factors that inhibit osteogenesis, promote
bone resorption, or cause bone microstructural
destruction may play a role in the development of
osteoporosis, and a variety of genes may bettijrer
indirectly involved. For example, mutations GOLI

are responsible for osteogenesis imperf¢bia while
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allelic variation of TCIRGI are significantly associated
with low bone mineral density (BMD)n a certain
population[6]. In addition, Xie etl. also suggested that
CTNNBland TP53 may play crucial roles in primary
osteoporosis [7]. Osteoporosis is thus potentially
associated with multiple genes and may result from
geneenvironment interaction2].

Bioinformatics technology has been usediritegrate
and analyze big data from public database repositories
for several diseases. For instance, bioinformatic
methods have demonstrated prevalent alterations in
RNA methylation regulators across cancer types. It was
concluded that the %A regulatorsightly correlate with

the activation and inhibition of cancer pathways, and
also correlate with prognostically relevant tumor
subtypeg8].

In the present study, we applied similar bioinformatic
analysis of an osteoporosis microarray dataset retrieved
from the Gene Expression Omnibus (GEO) to explore
the mechanism underlying osteoporosis. ldentification
and validation of differentially expressed genes (DEGS)
suggest that p53 may play a key role in the development
of osteoporosis.

RESULTS
Identification of DEGs

The GSE100609 dataset was obtained from the GEO
database. It included gene expression profiles from 4
healthy individuals and 4 osteoporotic patients.
Analysis of the dataset using the Morpheus online tool
revealed 509 (228 upregulated and 281 niegulated)
genes that were differentially expressed between the
healthy group and the osteoporotic patients. The top 30
upregulated and downregulated genes are shown in
Figure 1.

Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathay enrichment
analyses

GO term analysis and KEGG pathway enrichment
analyses were performed using the Database for
Annotation, Visualization and Integrated Discovery

(DAVID) bioinformatics tool. The results showed that

under the biological processes catgg upregulated

DEGs in osteoporotic patients were significantly
enriched in ARegul ati on
cellul ar component
motility,o AAnat omi cal

i n mor phogenesi s, a ceh nod
subcell ul ar component . o

DEGs downregulated in osteoporotic patients were

enriched in AAxon extension
component movement , 0 ANeur ol
ADevel opment al growehesinv,od
and APositive regulation of
processo (Table 1). The top
the DEGs upregulated in osteoporotic patients were
Acancer pat hway, 0 Asmall ce
Ap53 signaling pad hwatyhwa yi,\
and Arapl signaling pat hway
pathways for the DEGs downregulated in osteoporotic
patients wer e ifaxon gui dan
invasi on of epithelial ce
trypanosomiasi s pat hway, o
pat hway, 6 and #dAcalcium sign
and Figure 2).

Protein-protein interaction (PPI) network

construction and module analysis

A PPl network was constructed using STRING
(Figure 3), and the top 10 hub genes with the highest
degrees of imraction were determined with Cytoscape.
These hub genes werdP53 MAPK1 CASP3
CTNNB1 CCNDJ1, NOTCH1, CDK1, IGF1l, ERBB2
andCYCS(Table 3). Gene centrality is represented by
indexes of degree, closeness, and betweenness. Degree
represented the degreéassociation of one node with

all other nodes in the network. Closeness represented
the closeness between a node and other nodes in the
network. Betweenness was the number of times a node
acted as the shortest bridge between two other nodes.
The results dér degree, closeness and betweenness are
showed in Figure 4. Among the 10 hub genes, TP53 had
the highest degree score of 174, indicating it potentially
plays an important role during the development of
osteoporosis.

The genes involved in the six PPl netkk modules

with MCODE scores O5 and >5
characterized through GO term and KEGG pathway

enrichment analyses. In the biological process category,

the GO terms ACellular resp
APositive reguladbtoilor @fr ocels|
APositive regul ation of m:
processo0O were significantly
mol ecul ar function categor
AfReceptor binding, 0o and i M
bindingo wer e anrichen. Among n i f i
KEGG pat hways, isignaling
pat hway, 06 Aproteoglycans in

ofsi @ralmong opadhwReguwateorND
mo v e me 1Btthedop HORJengudssoaiaied with thef enriched GO
s t tetKEGG pathway arendllusirated ngi an ¢hord v e d

disgrare. fxpression of the top 50 genes from the 6

Omodulestaerd thair tpesions orhchrambsomes arecalso

shown in Figure 6.
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Figure 1. Heat map of the top 60 DEGs in GSE10(80%pregulated and 30 downregulatedfhe GSE100609 dataset, which
included gene expression profiles from four healthy individuals and four osteoporotic patients, was obtained from the @bag&etfatotal,
228 upregulated and 281 downregulated DEGs were identled, upregulation; bluelownregulation.

GooO-dA gA2Y MANTDP Il DLb D



Table 1 GO analysis of DEGs involved in biological processes.

Upregulated
Term Function Count P-value
G0:0040012 Regulation of locomotion 15 1.5E3
G0:0051270 Regulation of cellular component movement 15 2.2E3
G0:2000145 Regulationof cell motility 14 2.9E3
G0:0048646 Anatomical structure formation involved in morphogenesis 18 4.3E3
G0:0006928 Movement of cell or subcellular component 24 5.3E3

Downregulated

Function Count P-value
G0:0048675 Axon extension 8 2.7E5
G0:0048588 Developmental cell growth 9 1.6E4
G0:1990138 Neuron projection extension 8 1.7E4
G0:0060560 Developmental growth involved in morphogenesis 9 3.0E4
G0:0032270 Positive regulation of cellular protein metabolic process 25 5.4E4

GO, genentology.

Table 2KEGG pathway analysis of DEGs.

Upregulated

Term* Count P-value
hsa05200 Cancer pathway 10 1.6E3
hsa05222 Small cell lung cancer pathway 5 3.0E3
hsa04115 p53 signaling pathway 4 1.2E2
hsa04310 Whnt signaling pathway 5 1.6E2
hsa04015 Rap1 signaling pathway 5 6.1E2

Downregulated

Term* Count
hsa04360 Axon guidance pathway 8 4.1E3
hsa05100 Bacterial invasion of epithelial cells pathway 6 8.0E3
hsa05143 African trypanosomiasis pathway 4 1.5E2
hsa05010 Alzheimer'sdisease pathway 7 5.2E2
hsa04020 Calcium signaling pathway 7 6.7E2

*The top 5 terms were selected based ow#@tues when more than five terms enriched terms were identified in a category.

Downregulating p53 expression mayrotect against of both p53 mMRNA and protein were significantly
osteoporosis in vitro and in vivo decreased as compared to cetiatied with PBS (control)
or a negative control siRNA (siRNNC) (Figure D,
BecauselP53 had the highest degree score among the 7E). As expected, expression levels of the osteogenesis
top 10 hub genes, we hypothesized that p53 plays an related genes Collagen Type | Alpha (Cd 1l1al),
important role during osteoporosis development. Alkaline phosphatas€ALP), Osteocalcin (OCN and
Consistent with our hypothesi$P53 gene expression RUNX Family TranscriptionFactor 2(RunX2 were all
was increasedwo-fold in the serum samples from significantly higher in p53 knockdown cells than in
osteoporotic patients compared to healthy controls control (PBS) cells or cells expressing sSiRINE
(Figure B). Correspondingly, levels of p53 protein (Figure F, 7G).
were also significantly increased in osteoporotic

patients (Figure X), suggesting a pential role for p53 The effect of p53 on osteoporosis was further
in osteoporotic development and/or progression. investigated in vivo using a murine m@dOsteoporosis

was induced by oophorectomy the model mice treated
In cultured human mesenchymal stem céhtMSGCs) with  PBS (control), siRNAp53 or siRNANC.

transfected with siRNA targeting p53, expression levels Consistent with the in vitro experiments, bone volume
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Figure 2.(A) Enrichment analysis of upregulated genlesa05200cancer pathway; hsa05222mall cell lung cancer pathway; hsa04115,
p53 signaling pathway; hsa043Mnt signaling pathway; hsa0401Bpl signaling pathwayB) Enrichment analysis of downregulated
genes: hsa04360axon guidance pathway; hsa05100acterid invasion of epithelial cells pathway; hsa05143, African trypanosomiasis
pathway; hsa0501zheimer's disease pathway; hsa040&4&lcium signaling pathway.

Figure 3. Proteirprotein interactions.PPI network constructed using STRINGilutrating theinteractionsamongDEGs.
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Table 3Degree scores for the top 10 upregulated genes.

Gene ID Gene name Degree
TP53 Tumor protein 53 174
MAPK1 MitogentActivated Protein Kinase 1 102
CASP3 Caspase 3 100
CTNNBL1 Catenin, betd 89
CCND1 Cyclin D1 85
NOTCH1 notch receptor 1 84
CDK1 Cyclin-dependent kinase 1 81
IGF1 Insulin-like growth factorl 76
ERBB2 erbb2 receptor tyrosine kinase 2 73
CcYcCs Somatic cytochrome C, somatic 69
Closeness
TP53 A
0.00038
NOTCH1 4
0.00036
Betweenness
LEP1 @ 50000
@ 00000
1L2 4
c
©
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IGF1 A Gene
" casp3
ERBB2 - I ccnor
7 cves
B eres2
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=
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Figure 4. Degree, betweenness, closeness of hub gewstin the PPI network,hie top three hub genes with highest degree,
betweenness and closeness scores are TP53, MAPK1, and CASP3.
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Table 4 Six modules from the PPI network with MCODE scokesnd >5 nodes.

Cluster Score Nodes Edges
1 17.15 69 583
2 10.39 47 239
3 7.00 7 21

4 5.75 49 138
5 5.625 17 45

6 5.00 5 10

Table 5Functional and pathway enrichment anadis of the genes in each module.

A, Biological process

Term* Name Count P-value
G0:0070887 Cellular response to chemical stimulus 80 1.4E18
G0:0031325 Positive regulation of cellular metabolic process 83 1.5E18
G0:0010604 Positive regulation of macromolecule metabolic process 83 2.2E18
B, Molecular functions
Term* Name Count P-value
G0:0019899 Enzyme binding 49 2.2E9
G0:0005102 Receptor binding 43 4.2E9
G0:0044877 Macromolecular complex binding 39 2.0E8
C, KEGG pathway
Term* Name Count P-value
hsa05200 Cancer pathway 26 3.6E8
hsa05205 Proteoglycans in cancer pathway 18 1.2E7
hsa04115 P53 signaling pathway 10 3.2E6

*The top 3 terms were selected based ow#&tues when more than 3 enriched terms were identified in a category.

(BV), total volume (TV), the BV/TV ratio an@MD bone, thereby maintaining a stable state of bone
were all significantly higher in the siRNp53 group turnover[10]. With increasing age, however, the rate
than the control or siRNAC group(Figure 8) Thus, of bone turnover gradually declines, leading todged
downregulating p53 appears to suppress features of declines in BMD and bone mineral content (BMC)
osteoporosis both in vitro and in vivo. [11]. In general, the annual rate of BMoss is about
0.5%, but the rate of BM loss is usually slower in
DISCUSSION older men than women, in part because women

experience a rapid loss of estrog&f]. No such rajul
Osteoporosis is a metabolic disease characterized by hormonal change occurs in mgi2]. The BVD loss is
low bone mass and microstructural destruction of bone accompanied by distortion and destruction of bone
tissue, resulting in increased bone fragility and  microstructure. Some structures such as the trabeculae
proneness to fracture[l]. The pathogenesis of are unable to maintain normal morphology, resulting
osteoporosis has not yet been fully elucidateakttors in narrowing, thinning, bending, and/or migament
that inhibit osteogenesis, promote bone resorption, of trabecular bone, and even migrgury or micro
and/or cause bone microstructural destruction can fractures[13]. In some of the worse cases, the bone is
contribute to the development of osteoporosis. completely absorbed and cavities develop. In those

areas, the cortical bone becomes thinner, numbers of
The normal homeostasis of mature bone is maintained trabeculae decrease, and fragilitycieases until
largely through the coordinated actions of ukading spontaneous compression fractures (e.g. in vertebral
hormones and local cytokine§9]. Bone tissue bodies) or transverse fractures (e.g. in the femoral
continuously absorbs old bone and generates new heck or distal radius) occit4].
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Figure 5.GO terms/KEGG pathways associated with top 10 enriched hulregeBiological process module: GO:0070887, cellular
response to chemical stimulus; GO:0031325, positive regulation of cellular metabolic process; G0:0010604, positive refjulation
macromolecule metabolic process. Molecular functions module: GO:0019899, erugding; GO:0005102, receptor binding; GO:0044877,
macromolecular complex binding. KEGG pathway module: hsa05200, cancer pathway; hsa05205, proteoglycans in cancer pathway;
hsa04115, p53 signaling pathway.
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Osteoporosis is a multifactorial diseafks] and a
variety of genes and signaling pathways participate its
pathogenesifl6]. In the present study, we analyzed the
interactions among involved proteins and ranking the
top 10 hub genes. The identified hgénes werdP53
MAPK1, CASP3 CTNNB1 CCND1 NOTCHJ CDK1,
IGF1, ERBB2 and CYCS Moreover, we found that
nearly all of the top 10 hub genes were involved in the
top five enriched GO terms or KEGG pathways,
indicating their potential roles in osteoporosis
progression. Consistent with our findings, a number of
studies have previously reported the involvement of
TP53 MAPK1, CASP3 CTNNB1 CCNDJ1, NOTCHJ],
CDK1, IGF1, ERBB2in osteoporosis or osteogenesis
[7, 17124]. For example, Liu et alreported that p53

inhibits osteogenesis by affecting the function of MSCs
via miRNA signaling pathway$20]. Xie et al found
that CTNNBlandTP53are the most upregulated DEGs
and may play a crucial role in primary osteopor§g]s

It was also reporteldy that signalingri the MAP kinase
pathway is differentially activated in MSCs derived
from osteoporotic postmenopausal womgrY], and
that miR378 overexpression attenuates high glucose
mediated suppression of osteogenic differentiation by
targeting CASP3 and activatinbge PI3K/Akt pathway
[23]. In addition,Notch appears to suppresses osteoblast
differentiation, at least in part by restricting glucose
metabolism [18], and inhibiting microRNA139-5p
promotes osteogenic differentiation of BMSCs by
activating the Wnt/betaatenin signaling pathway by

Figure 6. Expression of top 50 genes based on degree score from the 6 modules and their positions on chronisohae.
genesTP53 MAPK1 CASP3CTNNBICCNDINOTCHICDK1IGF]1 ERBB2andCYC&are highlighted in blueTP53 MAPK1 andCASPare

located on chromosomes 17, 22, and 4, respectively.
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