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ABSTRACT

Heterotopic ossification (HO) is frequently seen in patients with spinal injuries. Therefore, this
study aimed to characterize the association of HO with ankylosing spondylitis (AS) through gene
expression profiling. The human transcriptomic datasets (GSE73754 and GSE94683) were obtained
from the Gene Expression Omnibus database for analysis. Overlapping differentially expressed
genes (DEGs) were identified between AS and HO disease states. Subsequently, weighted gene
co-expression network analysis (WGCNA) was performed for constructing and identifying hub
genes for each condition. Finally, a consensus of the overlapping DEGs and the hub genes in AS
and HO was taken for determining the key genes involved in AS-induced HO. Quantitative real-
time polymerase chain reaction and western blotting were used to detect the mRNA and protein
expression levels in mesenchymal stem cells of AS patients and controls. Additionally, immuno-
histochemistry was performed on interspinous ligament samples for experimental validation of
genes. DEG analysis identified 355 overlapping genes between HO and AS. WGCNA indicated that
the salmon module of the 22 modules constructed, was most significantly correlated with AS-
induced HO. Subsequently, Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
analysis of the salmon module indicated the presence of genes enriched in proteasome regulatory
particle and proteasome pathways. mRNA expression analysis identified TCP1 and PSMC1 as the
key genes in AS-induced HO. Further validation of these genes could help elucidate their role in
the complex association of AS and HO.
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Introduction . . . .
This study attempts to elucidate the genetic basis

Ankylosing spondylitis (AS) is an autoimmune
disease affecting spine and joint health [1,2]. The
end-stage of AS is characterized by progressive
heterotopic ossification (HO), leading to a rigid
thoracolumbar kyphotic deformity and joint stiff-
ness or ‘gelling’[3]. Such deformities in patients
can adversely affect their quality of life. Factors,
such as mechanical strain [4], inflammation, and
genetic predisposition, are known to contribute to
AS-related HO [5,6]. However, the pathogenic
players at the cellular and molecular level remain
unclear [6-8]. The existing knowledge does not
provide an effective method for preventing ossifi-
cation of ligaments in AS patients. Therefore, it is
of the utmost importance to identify the potential
genes and underlying mechanisms of AS-induced
HO to facilitate the understanding of abnormal
bone formation at the later stages of the disease.

of HO development in AS patients.

This study utilizes a bioinformatics approach
to identify the potential genes involved in AS-
induced HO. Datasets from the Gene
Expression Omnibus (GEO) database were ana-
lyzed to identify key genes implicated in bone
formation that can act as potential drivers of
AS-related HO. Additionally, gene co-
expression networks were constructed to filter
important modules and screen hub genes using
weighted gene co-expression network analysis
(WGCNA). Finally, preliminary experimental
validation of the identified genes was performed
using immunohistochemistry (IHC), western
blotting, and quantitative real-time polymerase-
chain reaction (qRT-PCR); thereby, providing
new insights into the molecular pathogenesis
of AS-induced HO.
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Methods and materials
Data collection

The dataset for the analysis was obtained from the
GEO database of NCBI by performing a database
search using the keywords ‘ankylosing spondylitis’
and ‘heterotopic ossification’. The microarray
dataset GSE73754 was selected for AS analysis
that provided the gene expression profiles of
mononuclear cells from 20 healthy donors and
52 AS patients [9]. The microarray dataset
GSE94683 was selected for HO analysis that pro-
vided gene expression profiles of mesenchymal
stromal cells (MSCs) from seven HO patients
and nine healthy controls [10] (Gene Expression
Omnibus, http://www.ncbi.nlm.gov/geo).

Screening of differentially expressed genes

Differentially expressed genes (DEGs) in disease
state (AS and HO) with respect to healthy controls
were determined using the limma R package [11].
The false discovery rate statistic was used to adjust
P-values. Genes with adjusted P-value < 0.05 and |
log2 fold change (FC)| > 0.2 were classified as
DEGs. The top 50 significant DEGs were used to
construct heatmaps using Morpheus (https://soft
ware.broadinstitute.org/morpheus).

Weighted gene co-expression network analysis

WGCNA was conducted on the AS microarray
dataset GSE73754 using ‘WGCNA’ package in
R [12]. The soft-threshold power and cut height
used for network construction were 2 and 0.25,
respectively. The minimum module size used for
module detection was 30. Gene significance (GS)
and module membership (MM) were calculated
for deriving correlations between clinical traits
and modules. Module having the highest correla-
tion with AS was identified as the key module.

Protein-protein interaction network construction
and functional enrichment analysis

Genes composing the key module were mapped in
the STRING database (STRING, V11.0; https://
www.string-db.org/) for predicting their functional
associations and interactions at the protein level

(protein—protein interactions or PPI). Interactions
with reliability scores > 0.4 were considered as
statistically significant. Gene Ontology (GO) cate-
gories and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis were per-
formed using the ‘clusterProfiler’ package in
R for further elucidation of the molecular func-
tions of genes composing the key module [13]. GO
processes and KEGG pathways having a P-value <
0.05 were considered statistically significant.

Identification of key genes in AS-induced HO

Genes having a [MM| > 0.8 and |GS| > 0.4 were
identified as hub genes. Taking the consensus of
the AS hub genes, AS DEGs, and HO DEGs, the
overlapping DEGs were identified as the key genes
involved in heterotopic ossification progression in
AS patients.

Ligament specimens and bone marrow samples

This study was approved by the Institutional
Review Board of the Affiliated Drum Tower
Hospital of Nanjing University Medical School
(IRB approval no. 2,011,052). Fifteen patients (2
females and 13 males, aged 28-61 years) diagnosed
with AS according to the modified New York cri-
teria [14] and 11 patients (6 females and 5 males,
aged 30-59 years) with thoracolumbar fractures
were enrolled for the study. All participants pro-
vided written informed consent. Patients with AS
had not received prior treatment with systemic
drugs. Interspinous ligament samples were
obtained from six AS patients and four patients
with thoracolumbar fractures. Bone marrow sam-
ples were collected from the iliac crest of
participants.

Cell culture

Bone marrow samples were treated with red blood
cell lysis solution (Miltenyi Biotec, Bergisch
Gladbach, Germany) for isolating MSCs [15].
The MSCs were transplanted at a density of
105 cells/mL in low glucose Dulbecco modified
Eagle medium (Gibco, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (Gibco)
and 1%  penicillin-streptomycin  (Gibco).
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Subsequently, the cells were incubated in a 5%
humidified CO2 chamber at 37°C, recovered
using 0.25% trypsin-ethylenediaminetetraacetic
acid (0.25% trypsin-EDTA; Gibco), and reseeded
on attaining 80% confluency. Cells from passage
3-5 were used in this study.

RNA extraction and real-time PCR

RNA was extracted from cultured cells using
TRIzol Reagent (Invitrogen, Carlsbad, California,
USA) and reverse transcribed using a cDNA
synthesis kit (Takara, Kusatsu, Shiga, Japan) fol-
lowing the manufacturer’s protocols [2]. The
cDNAs were stored at —80 °C. qRT-PCR was per-
formed for detecting mRNA levels of t-complex 1
(TCP1), proteasome 26S subunit, ATPase 1
(PSMC1), and cell division cycle 42 small effector
2 (CDC42SE2) using a LightCycle 480 II real-time
PCR machine (Roche, Indianapolis, Indiana, USA)
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal control. Cycling condi-
tions were as follows: 95 °C for 5 min, followed by
45 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72°C
for 10 s. Gene-specific primers were designed
based on their GenBank sequences. The primers
used were as follows: Homo sapiens TCP1, 5'-
GTGGTCATTACAGACCCTGAAAA-3"and 5'-AA
CTCTTCTAACTGCCATAGCAC-3'; Homo sapie-
ns PSMC1, 5-CACACTCAGTGCCGGTTAAAA
-3" and 5-GTAGACACGATGGCATGATTGT-3
Homo sapiens CDC42SE2, 5-TTCTGGTTGTGT
TTCAACTGCT-3'" and 5'-GGCTCTCCAATCATA
CTTCTGTC-3"; Homo sapiens GAPDH, 5'-GAGT
CAACGGATTTGGTCGT-3' and 5-TTGATTTTG
GAGGGATCTCG-3'".

Western blot analysis

Proteins were extracted from cultured cells using
radioimmunoprecipitation assay buffer [7] and
quantified using Quick Start Bradford Dye
Reagent (BioRad, Richmond, CA, USA). Equal
amounts of protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes
(Millipore, Billerica, MA, USA). The antibodies
against TCP1  (1:1000; abl109126; Abcam,
Cambridge, MA, USA) and GAPDH (1:10,000;
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ab8245; Abcam, Cambridge, MA, USA) were
used for western blot analysis following the man-
ufacturer’s protocol. Signal detection was per-
formed using an enhanced chemiluminescence
substrate.

IHC

IHC was performed on 5-um-thick paraffin-
embedded sections of interspinous ligament sam-
ples as previously described [3]. Paraffin sections
were deparaffinized and hydrated. After quenching
with 3% H,0,/H,O0, the sections were heated to 37
°C for 1 h in 0.25% trypsin-EDTA (Gibco) for
antigen retrieval. The sections were blocked using
5% bovine serum albumin (BSA) and incubated
with primary antibodies against human TCP1
(ab109126; 1:200 Abcam, 1% BSA) overnight at
4°C in a humidified chamber, followed by incuba-
tion for 1 h at room temperature. Subsequently,
the slides were incubated with secondary antibo-
dies at room temperature for 3 h and chromogenic
substrates were used to detect immunoactivity.
The slides were then counterstained using
a hematoxylin stain.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 8 (San Diego, California). Data are pre-
sented as their mean + SD. Statistical significance
was calculated using the nonparametric Mann-
Whitney test. Differences were considered signifi-
cant at P-value < 0.05.

Results

For better elucidation of HO progression in AS
patients, microarray datasets from the GEO data-
base were analyzed for the screening and identifi-
cation of critical genes and pathways associated
with abnormal bone formation related to AS. In
the current study, it was hypothesized that the low
expression of TCP1 and PSMCI is related to AS-
induced HO. This hypothesis was validated
through Western Blot analysis, qRT-PCR, and
IHC experiments.
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Identification of DEGs

A total of 850 (252 upregulated and 598 down-
regulated) and 6265 DEGs (1757 upregulated and
4508 downregulated) in AS and HO, respectively,
were identified. This differential gene expression
was captured using heat maps and the volcano
plots (Figure la-d). DEG analysis identified 355
overlapping genes between the two disease states
(Figure le).

WGCNA and identification of the key module

WGCNA was performed on the AS expression
dataset GSE73754 (Figure 2). The correlation coef-
ficient threshold and the soft-thresholding power
used was 0.85 and 2, respectively (Figure 2a, b).
A total of 21 co-expression modules were con-
structed (Figure 2c, d). The heat map of the mod-
ule-trait correlations indicated that the salmon and
the red module were most significantly correlated
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with AS (cor = —0.60, P = 3 x 107 Figure 2e-g).
Taking into account the GS and MM scores of the
two modules, the salmon module (cor = -0.36, P
= 1.6 x 107>; Figure 2f) was identified to be the key
module correlated with AS. GO and KEGG ana-
lyses of the 138 genes composing the salmon mod-
ule indicated that they were enriched in molecular
and cellular functions, such as phospholipase
activity, and assembly pathway of the proteasome
regulatory particle-based subcomplex (Figure 3a-
d). Additionally, the PPI network of the genes
composing the salmon module was constructed
and has been indicated in Figure 4a.

Identification of key genes in HO progression in
AS patients

Nine downregulated hub genes in the key module
were identified and have been indicated in Table 1.
The duplication analysis of the AS hub genes, AS
DEGs, and HO DEGs identified three key genes
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Figure 1. A Volcano plots showing DEGs in GSE73754 and b GSE94683 microarray datasets. ¢ Heatmaps and hierarchical clustering
analysis of the top 50 DEGs in GSE73754 and d GSE94683. e Genes with adjusted P-value < 0.05 and |log2 fold change (FC)| > 0.2 are
identified as DEGs. Red indicates up-regulation and blue indicates down-regulation. Venn diagram depicting 355 overlapping DEGs

identified between GSE73754 and GSE94683 datasets.
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Figure 2. A Hierarchical clustering of 52 AS and 20 healthy samples. b Analysis of network topology for various soft-thresholding
powers. Left: The x-axis reflects the soft-thresholding power; the y-axis reflects the scale independent topology model fit index.
Right: The x-axis reflects the soft-thresholding power; the y-axis reflects the mean connectivity (degree). ¢ Clustering dendrogram of
genes with dissimilarity based on topological overlap, together with assigned their module colors. d Eigengene dendrogram and
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correlation and P-value. The table is color-coded by correlation. f Scatter diagrams depicting gene correlation of the module. Left:
salmon module; Right: red module. Comparison between the red and the salmon module indicated salmon to be the key module

correlated with AS (cor = —0.36).

DEGs in AS

PSMC1
TCP1
CDC42SE2

Figure 3. GO and KEGG pathway analysis of the salmon module. Node size reflects gene count, and the node color reflects P-value [-
log10 (P-value)]. a Biological processes. b Cellular components. ¢ Molecular functions of the DEGs. d KEGG pathway analysis.

TCP1, CDC42SE2 and PSMCI that were experi-
mentally validated (Figure 4b).

Validation of the hub genes

The expression of TCP1, PSMC1 and CDC42SE2
were investigated in AS and healthy controls via qRT-
PCR. qRT-PCR analysis revealed that the mRNA
levels of TCP1 (P = 0.0022) and PSMCI1
(P = 0.0087) were significantly decreased (Figure 5a)
in the AS group. Western blot analysis further vali-
dated that the expression of TCP1 in AS patients was
lower than in healthy controls (Figure 5b). Moreover,
the expression of TCP1 was validated in paraffin
sections of interspinous ligament samples by IHC.
These results indicated that the expression of TCP1
in AS patients compared to healthy controls was sig-
nificantly decreased (Figure 5c).

Discussion

Thoracolumbar kyphotic deformity and joint ankylo-
sis caused by HO are recognized as debilitating

sequelae of AS [3]. Patients with this deformity have
a poor quality of life and must undergo surgery [16].
To date, the molecular mechanisms underlying the
pathophysiology of AS-related HO remain unclear
[6]. Moreover, the drugs used to treat AS have limited
effects on inhibiting HO [6,17,18]. Therefore, this
necessitates exploring the susceptibility modules and
genes associated with HO progression in AS patients.

To better understand the molecular mechan-
isms and explore new targets for HO treatment
in AS patients, gene expression profile datasets
available in the GEO database were analyzed for
identifying potential DEGs associated with HO
progression in AS patients. WGCNA is
a powerful tool of systems biology used to describe
pairwise relationships among gene transcripts that
provides a more complete analysis [12]. Instead of
performing only a DEG analysis, false-positive
results were taken into account in this study. To
our best of knowledge, this is the first study to
conduct WGCNA and construct co-expression
networks for identifying susceptibility modules
and genes associated with HO progression in AS.
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Figure 4. A PPI network construction of the DEGs in the salmon module. The red arrows indicate the positions of the three hub
genes. b Venn diagram depicting the three DEGs identified simultaneously in the GSE73754, and GSE94683 datasets and hub genes

of AS.

Table 1. Hub genes were screened in a salmon module. Hub
genes were defined as having a module membership over 0.8
and a gene significance over 0.4.

Hub genes Module membership Gene significance
TCP1 0.847971 —0.45196
KPNA6 —0.84162 —0.43893
TPM3 0.839657 —0.40884
LOC644063 0.858859 —0.40872
PSMC1 0.861904 —0.47104
LOC643668 0.826649 —0.43629
CDC42SE2 0.829849 —0.41694
LOC644774 0.858009 —-0.42185
LOC100129086 0.823991 —0.4956

Proteasome associated with HO in AS

The present study analyzed publicly available data-
sets to construct co-expression modules using
WGCNA followed by functional enrichment ana-
lysis. The systematic reanalysis of the GSE73754
dataset identified the salmon module to be most

significantly correlated with the pathogenesis of
AS. GO and KEGG analyses demonstrated that
the proteasome pathway was activated during AS
progression.

After comparing protein expression in mono-
cytes of AS and rheumatoid arthritis patients,
Wright et al. reported that the ubiquitin protea-
some pathway was specific for AS monocytes [19].
Previous studies have supported the use of protea-
some inhibitors as a novel approach for treating
autoimmune diseases including osteoarthritis and
systemic lupus erythematosus [20-22]. Moreover,
Ma et al. provided support for the application of
proteasome inhibitors in AS to decrease abnormal
angiogenesis [23]. It is well recognized that highly
abundant blood vessels are observed during HO
progression [3]. Overall, proteasome pathway is
indicated to be an essential target for the develop-
ment of HO during AS.
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Figure 5. A TCP1 and PSMC1 mRNA expression were significantly decreased in AS patients. **P < 0.001. b TCP1 protein expression
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under normal conditions, but absent in AS patients.

Potential genes related to Wnt signaling

Previous studies have indicated that both direct
membranous and endochondral bone formation
are involved in the development of HO associated
with AS [5,7]. Although Li et al. confirmed the key
role of Wnt signaling in new bone formation in AS
[8], the effects of Wnt signaling on bone formation
remain unclear. The Wnt family comprises 19
glycoproteins with varying functions in physiolo-
gical and pathological development [5]. The acti-
vation of the canonical Wnt signaling pathway is
directly associated with membranous bone forma-
tion [24]. However, the role of Wnt is more com-
plex in endochondral bone formation. Some Wnt
ligands promote chondrogenesis in endochondral
bone formation, whereas others play opposite roles
[25]. Intriguingly, TCP1, PSMCI1 and CDC42 were
associated with the Wnt signaling pathway.

TCP1 is a subunit of the cytosolic chaperone
T-complex protein-1 ring complex that partici-
pates in protein folding and regulates the
expression of multiple signaling proteins and

cytoskeletal components in cells [26]. In
a previous study on hepatocellular carcinoma,
the downregulation of TCP1 significantly

reduced the expression of Wnt7b and f-
catenin [26]. Moreover, the expression of
CCT-3 has been shown to be a molecular cha-
perone protein of TCP1 and is associated with
the Wnt signaling pathway [27]. In addition,
a previous study illustrated that the upregula-
tion of CCT-3 activated the Wnt/B-catenin sig-
naling pathway, leading to the induction of
breast cancer cell proliferation [28].

PSMCI1 is an ATPase belonging to the triple-A
family of ATPases that forms an essential compo-
nent of the 19S proteasome [29]. The existing



literature review suggests a close relationship
between the expression of PSMC1 and PSMCé6
[30,31]. In addition, the correlation analysis of
a previous study indicated that genes associated
with PSMC6 are highly enriched in Wnt signaling
pathways, illustrating that PSMC1 can also be
associated with Wnt signaling [31].

Cell division cycle 42 (CDC42), a member of
the Rho GTPase family regulates cytoskeletal reor-
ganization in various ways [32]. Although
CDC42SE2 could not be validated in the current
study, a previous study confirmed the importance
of CDC42 in bone metabolism and bone deteriora-
tion [33,34]. In addition, CDC42 is closely corre-
lated with immunity and inflammation ([35].
Osteoclastogenesis and bone resorption can be
suppressed by inhibiting CDC42 activity [36].
A previous study on nerve damage indicated that
CDCA42 regulated Schwann cell migration and pro-
liferation via both canonical and non-canonical
Wnt signaling pathways [37]. This finding suggests
that CDC42 is a valuable target, which should be
explored in further studies.

It is conceivable that these key genes may med-
iate the progression of HO during AS through
Wnt signaling. Further experimental validation is
required for the better elucidation of this
association.

Two main reasons that attributed to the use of
MSCs for experimental validation are: Firstly, MSCs
are identified as important participants in the patho-
genesis of various rheumatic diseases [38,39].
Secondly, osteoblasts, which are differentiated
MSCs, play significant roles during bone formation
[40]. Previous studies indicate that MSCs are
involved in HO progression [10], notably during
AS [7,8,41]. Yu et al. suggested that MSCs play
a key role in chondrocyte proliferation, hypertrophy,
calcification, and osteoblasts differentiation during
AS-induced HO [3]. In the current study, the low
expression of TCP1 was observed in both MSCs and
the nuclei of fibrochondrocytes of ligament samples.
These findings validate to an extent, the potential
role of TCP1 in HO inhibition.

However, this study is not completely devoid of
shortcomings. Although molecular experiments
preliminarily validate the findings in the present
study, a larger sample size, more detailed clinical
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data, and functional studies of key genes are neces-
sary. Additionally, the expression of key genes is
subjected to change due to inflammatory microen-
vironments, different cell types, differentiation
directions, and durations. Hence, further elucidation
of the specific roles of these key genes would sup-
port the present findings and help understand the
etiology of HO progression in AS in future studies.

Conclusions

This study adopts a novel approach of investigat-
ing AS-related HO by constructing co-expression
networks for identifying key modules and genes
involved in pathogenesis. One key module and two
genes are reported to be crucial components in the
molecular mechanism of AS-related HO. The low
expression levels of TCP1 and PSMC1 gene in AS
patients may result in the formation of HO
directly or indirectly. This finding can direct
future investigations on AS-related HO and the
treatment of abnormal osteogenesis. Further
experimental validation of these key genes is
needed for better comprehension of the molecular
mechanisms underlying AS-related HO.
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