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Abstract
Background

Both estrogen de�ciency and aging may lead to osteoporosis. Developing novel drugs for treating
osteoporosis is a popular research direction. Ataluren (ATA) is a nonaminoglycoside nonsense mutation
inhibitor currently used clinically to treat muscular atrophy and Duchenne muscular dystrophy. However,
little attention has been given to the role of Ataluren in osteogenesis, and it is unclear whether Ataluren
can improve osteogenic differentiation of human- derived bone marrow mesenchymal stem cells
(hBMMSCs) and treat osteoporosis.

Methods

In this study, we screened several potential therapeutic agents through a new deep learning-based
e�cacy prediction system (DLEPS) using transcriptional pro�les for osteoporosis. We used
ovariectomized (OVX) and aged female C57BL6 mice as bone loss models to demonstrate the role of
preventing bone loss for Ataluren. The osteogenic differentiation of hBMMSCs was veri�ed via qRT–PCR,
staining and quanti�cation of alkaline phosphatase and alizarin red S, and western blotting (WB), with
and without an inhibitor of the BMP-SMAD signaling pathway and siBMP2. 

Results

DLEPS screening led to a potential novel drug examinee, ataluren, for treating osteoporosis. Ataluren
signi�cantly reversed bone loss in ovariectomized mice. Next, ataluren signi�cantly increased human
bone marrow-derived mesenchymal stem cell (hBMMSC) osteogenic differentiation without cytotoxicity,
indicated by the high expression index of osteogenic differentiation genes (OCN, BGLAP, ALP, COL1A,
BMP2, RUNX2). Mechanistically, ataluren exerted its function through the BMP–SMAD pathway.
Furthermore, it activated SMAD phosphorylation but osteogenic differentiation was attenuated by
BMP2–SMAD inhibitors or small interfering RNA of BMP2. Finally, ataluren signi�cantly reversed bone
loss in aged mice. 

Conclusions

In summary, our �ndings suggest that the DLEPS-screened ataluren may be a therapeutic agent against
osteoporosis by aiding hBMMSC osteogenic differentiation.

Background
Osteoporosis is a prevalent bone loss disease caused by a disruption in the balance between bone
formation and bone resorption that eventually brings about bone loss (1). Currently, doctors mainly use
osteoclast-inhibiting drugs to treat osteoporosis. The main categories are estrogens, bisphosphonates,
and calcitriol, which favor the maintenance of bone mass by inhibiting osteoclasts (2, 3). However, these
agents also cause adverse effects that limit their long-term use in osteoporotic patients, such as
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osteonecrosis of the jaw, and breast and uterine cancer (4, 5). Decreasing bone resorption in patients with
severe bone loss is insu�cient for remedying their condition. There are few commercially available
osteogenic drugs, including parathyroid hormones (PTHs). PTH affects bone remodeling by improving
osteoblast proliferation and reducing apoptosis (6). However, in vivo osteogenesis peaks after 6–12
months of PTH analog therapy, after which the serum markers of osteoclast and osteoblast activity
gradually return to baseline levels. This diminished osteoblast in�uence is one of the factors limiting the
long-term clinical use of PTH analogs (7). The development of new osteogenic agents for enhancing
osteogenesis is a popular research direction.

Big data and deep learning have provided a new avenue for drug discovery. Repurposing drug function
can rapidly reduce drug development costs and meet clinical needs (8). The deep learning-based e�cacy
prediction system (DLEPS) is derived from Connectivity Map (CMAP), a web-based tool for screening
compounds against various diseases using gene signatures (9, 10). This screening is attributed to
comparing the DLEPS-predicted dataset with a user-selected phenotypic gene signature of interest using
a high-resolution and high-speci�city pattern matching algorithm (9). The search results in a series of
compounds with gene expression patterns correlating highly with the phenotype of interest and ranked
according to the gene set enrichment score, which aids the search for new disease therapeutic agents or
therapeutic targets.

In the present study, we used the gene signatures of osteoporosis from ArrayExpress, a public database
for microarrays and high-throughput sequencing data. We identi�ed ataluren as a potential agent for
treating osteoporosis. Ataluren is a protein expression repair drug for treating muscle atrophy and
dystrophy (11)that was rati�ed by the European Commission in 2014. It affects the ribosomal translation
of early termination codon mRNA and its advantages include minimal adverse effects and long-term use
in patients aged ≥ 5 years (12–14).However, its function in bone stabilization has not been discovered.

Generally, mesenchymal stem cells (MSCs) can differentiate toward osteogenic, chondrogenic, and
lipogenic lineages (15). MSC differentiation into osteoblasts can be promoted by activating osteogenic
differentiation signaling pathways. The activation of various classical signaling pathways, such as that
for Wnt–β-catenin (16), bone morphogenetic proteins (BMPs) (17–19) and Notch (20), upregulates the
expression of transcription factors such as RUNX family transcription factor 2(RUNX2) and Sp7
transcription factor(OSX), which in turn activate alkaline phosphatase (ALP) and osteocalcin (OCN) and
promote mineralization (21–26). However, it remains unknown whether ataluren can in�uence bone
marrow-derived MSC (BMMSC) function via the osteogenic signaling pathway.

Therefore, in the present study, we evaluated the role of ataluren in reversing bone loss in ovariectomized
(OVX) mice and explored its effects and underlying mechanisms on human BMMSC (hBMMSC)
osteogenesis towards differentiation in vitro. Moreover, we used aged mouse models to measure the
therapeutic effects of age-related bone loss in-depth.

Methods
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Data Collection

Microarray database reference datasets were downloaded from the ArrayExpress database (accession
number E-GEOD-35959; available from https://www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-35959)
by searching for osteoporosis, for which we obtained the gene expression pro�les of 19 human MSC
lines.

Drug Repositioning

DLEPS was used for calculating the anti-osteoporosis score using the differentially expressed genes
(DEG) described earlier. The drug with the lowest or highest score was likely to be effective for the
selected disease, i.e., osteoporosis.

Culture, osteogenic induction of hBMMSCs

Primary hBMMSCs were acquired from ScienCell and cultivated in PM [α-minimum essential medium (α-
MEM, Gibco) containing 10% (v/v) fetal bovine serum (FBS, ExCell Bio) and 1% (v/v) penicillin
streptomycin (Gibco)]. The osteogenic differential induction medium (OM) contained α-MEM with 10%
(v/v) FBS, 1% (v/v) penicillin streptomycin, 10 nM dexamethasone (Sigma), 200 μM vitamin C (Sigma),
and 10 mM β-glycerophosphate (βGP, Sigma).

Concentrated Ataluren solution preparation

Chemical Structure:

Ataluren (CSNpharm) was dissolved in DMSO (Sigma) and α-MEM to yield a concentrated solution of 0.1
mM. This was divided and used to detect the role of gradient concentrations of ataluren on hBMMSC
differentiation and to select the best concentration for promoting osteoblastic differentiation.

Cytotoxicity

The cytotoxicity of ataluren was determined by the CCK-8 assay. Brie�y, cells were inoculated at 2,000
cells/well in clear, �at-bottomed, 96-well plates. Cells were then cultured in PM, or in PM at 10, 50 and 100
μM ataluren. cells from three wells of the same treatment were tested daily from day 1 to day 7 to
determine the cytotoxicity of the relevant reagents by the CCK-8 assay. The cultures were then removed
from the incubator and the absorbance at 570 nm was read.

Staining and quanti�cation of alkaline phosphatase (ALP) and alizarin red S (ARS)
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Early markers of osteoblast differentiation were examined with ALP staining and quantitative
determination of ALP activity. Late markers of osteoblast differentiation were examined using ARS
staining and semi-quantitative determination of mineralization. ALP staining was performed using an
NBT/BCIP staining kit (CoWin Biotech) according to the manufacturer’s guidelines on day 7 after OM
induction. ALP activity was tested with an ALP assay kit (Nanjing Jiancheng Bioengineering Institute).
The ALP activity was calculated based on the absorbance in 520mm.

Fourteen days after OM induction, the cells were stained with 2% ARS buffer (Sigma). Mineral
accumulation was quanti�ed using 100 mM cetylpyridine solution (Sigma) in a multi-well sample plate.
Mineral accumulation was quantitated based on the absorbance in 490mm.

Western blot analysis

The hBMMSCs were cultured in 60-mm dishes and incubated with 1× radioimmunoprecipitation assay
lysis buffer (Huaxingbio) containing a mixture of PMSF (Huaxingbio) and protease inhibitor
(Huaxingbio). After centrifugation on ice, the protein concentration in the supernatant was measured by
the bicinchoninic acid approach. The same amount of protein was split on a 10% sodium dodecyl
sulfate–polyacrylamide gel and transferred onto a PVDF membrane (Millipore). The membranes were
incubated in rapid blocking solution to block nonspeci�c binding, then incubated with primary antibodies
against BMP2, RUNX2, OSX, SMAD1, SMAD5, SMAD1/5 (Abcam), pSMAD1/5 (Cell Signaling
Technology), or GAPDH (Abcam). Then, the membranes were incubated with the secondary antibody for
1 h. Finally, the immunoreacted protein bands were detected by enhanced chemiluminescence.

Quantitative real-time PCR (qRT–PCR)

Total cellular RNA was extracted from the hBMMSCs with TRIzol (Invitrogen) according to the
manufacturer instruction manual. Complementary DNA (cDNA) was reverse-transcribed using a
PrimeScript RT Reagent Kit (Takara). qRT-PCR was performed with SYBR Green Master Mix (YEASEN) on
an ABI Prism 7500 RT-PCR System. The gene index was standardized to the GAPDH index, which was
used as the housekeeping gene. The primer sequences used are presented in Additional �le 1: TableS1.
Each sample was taken in triplicate and �uorescence data was collected at the end of each cycle.

Small interfering RNA (siRNA) transfection

BMP2-targeting siRNAs and Scramble siRNA were acquired from Sangon Biotech. The siRNA sequences
were as follows: sense, GAUCAUCUGAACUCCACUAAUTT and antisense,
AUUAGUGGAGUUCAGAUGAUCTT. 24 hours prior to treatment, hBMMSCs were inoculated at 80,000
cells/well in 24-well plates. Cells were treated with siBMP2 or scramble in 300 μL of Opti-MEM (Gibco)
containing 1 μL of lipo-2000 (Invitrogen) for 4 hours. Thereafter the medium was changed to PM. The
cells were transfected with siBMP2 and harvested for RNA analyses and western blotting after 2 days.
For osteogenic induction, the cells were transfected every 5 days in OM and harvested after 1 week.

Animals and experimental design and ethical statement
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Female C57BL/6 mice were obtained from Charles River Laboratory Animal Technology Co., Ltd. They
were housed in speci�c pathogen-free conditions at the Animal Center of Peking University School and
Hospital of Stomatology. This study was authorized by the Peking University School of Medicine
Institutional Committee for Animal Care and Use (LA2021040).

In vivo metabolism studies of ataluren suggested that the administration of ataluren in mice was by
gavage at a concentration of 20mg/mL and a gavage dose of 15 mL/kg. Based on a mouse weight of 24
to 34 g, we can calculate the administered dose as 300 mg/kg(27).

Estrogen de�ciency-induced bone loss model for primary validation Twenty-�ve mice (56 days old) were
placed in �ve groups(n = 5). After general anesthesia, bilateral OVX or sham surgery was performed with
standardized techniques. Four weeks after surgery, 300 mg/kg/d ataluren (20 mg/mL, Macklin) mixed in
0.5% Carboxymethylcellulose (CMC, Sigma), 36.4 mg/kg/d natamycin (NATA, 15 mg/mL, Solarbio) mixed
in 0.5% CMC and 0.26 mg/kg/d prucalopride (PRU, 0.0173 mg/mL, Mitachieve) mixed in 0.5% CMC was
administered by gavage for 2 months (once every other day). The �ve groups were: (1) SHAM+CMC, (2)
OVX+CMC, (3) OVX+ATA, (4) OVX+NATA, and (5) OVX+PRU.

Estrogen de�ciency-induced bone loss model: Twenty mice (56 days old) were placed in four groups (n =
5). Four weeks after OVX or sham surgery, 300 mg/kg/d ataluren mixed in 0.5% CMC was administered
by gavage for 2 months (once every other day). The four groups were: (1) SHAM+CMC, (2) SHAM+ATA,
(3) OVX+CMC, and (4) OVX+ATA.

Age-related bone loss model: Ten mice (18 months old) were stochastically divided into two groups (n =
5): (1) Aged+CMC and (2) Aged+ATA. 300 mg/kg/d ataluren (20 mg/mL, Macklin) mixed in 0.5% CMC
(Sigma) was administered by gavage for 2 months (once every other day).

All mice were euthanized, and the left femur and vital internal organs were collected and �xed in 10%
formalin. The right femur was also collected and preserved from light. The serum was also collected from
each mouse. The major organs were carefully collected and �xed in 10% formalin for H&E staining of
tissue sections to observe the tissue toxicity of ataluren.

Serum enzyme-linked immunosorbent assay (ELISA)

Serum PINP and serum CTX-1 were used as markers of bone formation and bone resorption, respectively.
The serum biomarkers were tested using an ELISA kit (Jiangsu Meimian Industrial Co., Ltd.).

Bone histomorphology

Bone histomorphology analyses were performed according to a previously described protocol(28). For the
measurement of dynamic bone parameters, the mice were injected with calcium xanthophyll green (10
mg/kg body weight) and alizarin complexes (10 mg/kg body weight) at 7 and 2 days before euthanasia,
respectively. After euthanasia of the mice, the right femur was removed and stored away from light,
dehydrated, and embedded for hard tissue sectioning. The double-labeling in the bone tissue was
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observed under �uorescence microscopy, and quantitative analysis was performed using Image J
(National Institutes of Health). MAR (mineral apposition rates) represents the rate of new bone formation.

The left femurs were carefully collected and �xed in 10% formalin, dehydrated in 70% ethanol and
embedded in methyl methacrylate. The femur was cut in half at the mid-axis and sectioned in the
transverse plane of a 200 µm thick section for H&E staining and observed under the microscope.

Micro-computed tomography

Femoral specimens were scanned with the Inveon MM System (Siemens) micro-computed tomographer.
The scanning conditions were 60 kV, 500 μA, and precision of 8.82 μm. Parametric analysis was
performed using Inveon Research Workplace software (Siemens). The measurement area was 1 mm
proximal to the epiphysis. The parameters analyzed were bone mineral density (BMD), bone volume/total
volume (BV/TV), bone surface area/bone volume (BS/BV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), and trabecular separation (Tb.Sp) by Inveon Research Workplace (Siemens).

Statistical analysis

All data are expressed as the mean ± standard deviation (SD) of at least 3 experiments per group. The
statistics were analyzed with the Student t-test or one-way analysis of variance (ANOVA) via SPSS 23.0
(SPSS Inc.). P < 0.05 and <0.01 indicated statistical signi�cance.

Results
Ataluren prevents bone loss in OVX mice

First, we identi�ed the up-/down-regulated genes of primary osteoporosis and advanced age on human
MSCs (E-GEOD-35959) (29) (see Additional �le 2: TableS2 for the list of genes). Then, the up-/down-
regulated genes were used as DLEPS input (REF https://www.nature.com/articles/s41587-021-00946-z)
to calculate the e�cacy score using the D3680 library (Additional �le 3: TableS3). We identi�ed many
small molecules that could yield new ideas for therapeutic research on osteoporosis. The results of the
DLEPS screening are shown in the scatter plot (Fig. 1a), the top points in the ranking of the effective
scores for osteoporosis are concentrated in the upper right corner. The scores of the top-ranked
compounds for osteoporosis therapy are shown in a heat map (Fig. 1b). We excluded the compounds
with reported osteoporosis therapeutic effects and toxic side effects through a literature search. Ataluren
was ranked second, while tideglusib, coumarin, and dydrogesterone promote the regeneration of bone
defects(30–32). Zoxazolamine and phenacetin have considerable biological toxicity, limiting their clinical
application (33, 34).

Ataluren (ATA), natamycin (NATA), and prucalopride (PRU) were selected for micro-computed tomography
(micro-CT) examination of whether they can reverse bone loss in OVX mice. Supplementary Figure S1a
shows representative micro-CT and hematoxylin–eosin (H&E) staining images of OVX mouse femur.
Ataluren improved bone mineral density (BMD) and bone microarchitecture comparable to that of the



Page 8/26

SHAM + CMC (carboxymethyl cellulose) group and was superior to that of the natamycin and
prucalopride groups (Additional �le 4: Figure S1). Our results show that among the three drug candidates,
ataluren induced the best reversal of bone loss in the OVX mice. Therefore, ataluren was selected for
further study.

To con�rm the effect of ataluren on inhibiting bone loss, we compared the morphological and H&E
staining images of the femur and bone morphological parameters in four groups of mice (8 months old):
SHAM + CMC (sham surgery plus gavage CMC, n = 5), SHAM + ATA (sham surgery plus gavage ataluren,
n = 5), OVX + CMC (OVX surgery plus gavage CMC, n = 5), and OVX + ATA (OVX surgery plus gavage
ataluren, n = 5) (Fig. 1c). The OVX + ATA mice had higher BMD, bone volume/total volume (BV/TV),
trabecular thickness (Tb.Th), and trabecular bone number (Tb.N) (p < 0.01, p < 0.01, p < 0.05, p < 0.01,
respectively) and lower trabecular spacing (Tb.Sp) compared with the OVX + CMC group (p < 0.01)
(Fig. 1d). New bone formation in the distal femoral epiphysis was evaluated by dual labeling with
calcium xanthophyll green and alizarin complexes. There was greater MAR (mineral apposition rates) in
the OVX + ATA mice compared to the OVX + CMC mice (p < 0.01) (Fig. 1d, 1f), indicating that ataluren
promoted bone formation. Additionally, ataluren signi�cantly increased levels of the serum bone
formation marker PINP (propeptide of type I collagen) (p < 0.05) (Fig. 1g) and decreased levels of the
bone resorption marker CTX-1 (C-terminal telopeptide of type I collagen) (p < 0.05) (Fig. 1h). Although
PINP was increased in OVX mice, their CTX-1 values were also signi�cantly increased, indicating that the
imbalance in bone metabolism was more severe in OVX mice. These results demonstrate that ataluren
signi�cantly recovers bone loss with better trabecular structure and higher bone volume in OVX mice.
Ataluren promotes hBMMSC osteogenic differentiation in vitro

We used hBMMSCs as a model system for uncovering the potential effects of ataluren on bone
formation. We examined ataluren cytotoxicity by using the Cell Counting Kit-8 (CCK-8) assay to examine
its effects on hBMMSC proliferation. The CCK-8 curves showed that, from day 4–7, cells treated with 1‰
dimethyl sulfoxide (DMSO) and 10 µM and 50 µM ataluren showed no signi�cant difference in cell
proliferation capacity compared with cells treated with proliferation medium (PM) (Additional �le 5:
Figure S2a). Cell proliferation capacity was partially inhibited by 100 µM ataluren, indicating safe usage
under 50 µM.

The effect of ataluren on hBMMSC osteogenic differentiation was determined using ALP and alizarin red
S (ARS) staining and quantitative analysis. Ataluren (10, 50, and 100 µM) increased ALP activity
compared with the OM (osteogenic medium) group (p < 0.05, Fig. 2a, 2b), peaking at 50 µM. ARS staining
showed that 10 and 50 µM ataluren increased mineralized nodules in the hBMMSCs as compared with
the OM group (both, p < 0.05) and also peaked at 50 µM (Fig. 2c, 2d). Furthermore, the mRNA expression
levels of RUNX2, an osteogenic differentiation marker, were signi�cantly increased in hBMMSCs treated
with 10 and 50 µM ataluren (p < 0.01, Fig. 2e). Western blotting showed that 10 and 50 µM ataluren
signi�cantly elevated RUNX2 and OSX protein levels as compared with that in the OM group (p < 0.01,
Fig. 2f, 2g). However, the addition of ataluren to the PM did not promote hBMMSC osteogenic
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differentiation. Moreover, the addition of 1‰ DMSO to the PM or OM had no promoting effects on
osteogenesis (Additional �le 5: Figure S2b).

Ataluren promotes hBMMSC osteogenic differentiation through BMP–SMAD signaling pathway
activation

We performed RNA sequencing (RNA-seq) on ataluren-treated hBMMSCs to systematically examine how
it affects global transcriptional changes. Ataluren (50 µM) upregulated 199 genes and downregulated
169 genes compared to the OM group (Fig. 3a). Among the upregulated genes, the most signi�cantly
expressed gene was DUSP5 (p < 0.001) (Fig. 3b). DUSP5 has been suggested to enhance MSC osteogenic
differentiation through the BMP–SMAD pathway (Liu et al., 2021). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis showed the most signi�cant enrichment in the transforming growth
factor beta (TGF-β) signaling pathway (Fig. 3c). Similarly, gene ontology (GO) enrichment analysis
showed enrichment of the BMP signaling pathway (Fig. 3d). TGF-β–BMP signaling can converge on the
Runx2 gene via a classical SMAD-dependent pathway to control MSC precursor cell differentiation and
promote bone formation (M. Wu, Chen, & Li, 2016; Zou et al., 2021). Accordingly, we hypothesized that
ataluren promotes osteogenesis by activating the BMP–SMAD pathway. To understand the potential
molecular mechanisms by which ataluren promotes hBMMSC differentiation into osteoblasts, BMP–
SMAD signaling pathway activation was investigated by quantitative real-time PCR (qRT-PCR) and
western blotting. The qRT-PCR results demonstrated that 50 µM ataluren remarkably increased the mRNA
expression levels of BMP2, COL1A, ALP, BGLAP, and OSX compared with OM (all, p < 0.05) (Fig. 3e).
Moreover, it activated genes downstream of the SMAD signaling pathway during osteogenesis in
hBMMSCs (Fig. 3f). That is, ataluren upregulated phosphorylated (p)SMAD1/5, RUNX2, OSX, and BMP2
(p < 0.01, p < 0.05, p < 0.05, and p < 0.01, respectively, Fig. 3g).

Inhibition of the BMP–SMAD pathway blocks ataluren-induced hBMMSC osteogenic differentiation

We blocked BMP–SMAD signaling with the TGF-β–SMAD inhibitor LDN-193189 HCI and used small
interfering RNA (siRNA)-mediated gene silencing targeting BMP2 (siBMP2) to verify if ataluren regulates
osteoblast differentiation via BMP–SMAD. The increased ALP activity was blocked after BMP–SMAD
had been inhibited by siBMP2 and LDN-193189 HCI (both, p < 0.01) (Fig. 4a, 4c). The increase in calcium
nodules, measured by ARS staining, was also blocked by LDN-193189 HCI and siBMP2 as compared with
the 50 µM ataluren treatment group or the Scramble + 50 µM ataluren group (both, p < 0.01) (Fig. 4b, 4d).
Western blotting and quanti�cation showed that the increase in SMAD1/5 phosphorylation (both, p < 
0.01) and the osteogenic markers BMP2 (both, p < 0.01) and RUNX2 (both, p < 0.01) was inhibited in the
presence of LDN-193189 HCI, siBMP2, or both (Fig. 4e, 4f). These results con�rm that ataluren induced a
positive osteogenic promoting effect in hBMMSCs through the BMP–SMAD pathway.

Ataluren partially reverses bone loss in aged mice

It is important to know if ataluren is effective in naturally aged mice. We treated 18-month-old mice with
ataluren and measured their bone mass and bone density by micro-CT. Ataluren signi�cantly increased
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BV/TV and Tb.Th (both, p < 0.01) and decreased Tb.Sp (p < 0.01) as compared with the Aged + CMC mice
(Fig. 5a, 5c). MAR was visualized with calcium xanthophyll green and alizarin complexes. As expected,
the new bone formation rate was meager in the control aged mice. In contrast, the ataluren-treated mice
had greatly restored new bone formation capability (p < 0.01) (Fig. 5b, d). Furthermore, ataluren treatment
signi�cantly increased PINP levels (p < 0.05) (Fig. 5e) and decreased CTX-1 levels (p < 0.05) (Fig. 5f).
These results indicate that ataluren can reverse bone loss in aged mice.

To explore the safety of ataluren, we treated sham control mice (8 weeks) and aged mice with 20 mg/mL
ataluren for 2 months. There were no toxic side effect changes in the heart, spleen, liver, lungs, or kidneys
of the ataluren-treated mice (Additional �le 6: Figure S3).

Discussion
In the present study, the underlying anti-osteoporotic effect of ataluren was predicted by a DLEPS.
Experimentally, ataluren restored OVX-related bone loss. It promoted hBMMSC osteogenic differentiation
dependent on the BMP–SMAD pathway. This study validated ataluren reversal of bone loss in aged mice.

Currently, drug-related research and development bene�t from advances in biotechnology and computer
technology. Different algorithms, software, and tools continue to emerge from the analysis and summary
of large amounts of experimental data. The gene expression pro�les in disease reveal potential changes
in gene activity that contribute to illness and enable targeted therapeutic interventions (35–37). In the
present study, we examined the gene expression pro�les of human MSCs from the ArrayExpress
database for senescence (GSE35956), primary osteoporosis (GSE35957), and cellular senescence
(GSE35958). Then, we used DLEPS to identify small bioactive molecules capable of reversing the genetic
changes in osteoporosis.

As shown in Fig. 1c (ct.BMD, BV/TV, Tb.N), Fig. 1f (MAR) and Fig. 1g, ataluren increases bone mass by
increasing bone formation, even in untreated mice (SHAM + ATA vs SHAM + CMC). This suggests that
ataluren may be a drug that promotes bone formation, and we therefore subsequently explored primarily
the osteogenic to differentiation effects of ataluren on hBMMSCs. Furthermore, the fact that ataluren
improved bone formation in both young and old animals suggests that the e�cacy of ATA is not age-
dependent.

During protein integration, nonsense mutations in the premature termination codon produce a truncated,
inactive protein product. This defective gene product causes many diseases, including muscular
dystrophy, cystic �brosis, and some cancers (38–40). Ataluren is a small-molecule nonsense repressor
that stimulates stop codon reading and thereby acts as a treatment for these diseases (41). The addition
of Stop-POST5 (containing the UGA stop codon at the A-site) is shifted to extension. Ataluren cannot
provoke foundational read-through in eRF1/eRF3 de�ciency (42). A likely target of ataluren is the
ribosome, which produces full-length proteins by facilitating the insertion of near-homologous tRNAs at
nonsense codon sites, with no apparent effect on transcription, mRNA processing, or mRNA or protein
stability (43). here is little direct evidence that ataluren promotes hBMMSC osteogenic differentiation.
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Only one study has shown that ataluren can treat mucopolysaccharidosis type VI, whose clinical
characteristic is multiple bone dysplasia, by restoring arylsulfatase B de�ciency and improving treatment
effectiveness in areas such as bone or cartilage (44). Taken together, this evidence suggests that ataluren
may act in the targeted management of hBMMSC osteogenic differentiation.

Furthermore, the transcriptome sequencing analysis results showed that 50 µM ataluren upregulated
DUSP5 most signi�cantly, which elevated MSC osteogenic differentiation through the BMP–SMAD
pathway, as demonstrated by our group previously (45). It was also suggested that DUSP5
overexpression inhibits NF-κB pathway activation and thereby controls in�ammation (46). This may
partly explain the decreased CTX-1 in the serum of OVX + ATA and Aged + ATA mice. Based on this, we
hypothesized that ataluren promotes osteogenesis by activating the BMP–SMAD pathway. Exploration of
the osteogenesis mechanisms showed that ataluren upgrades osteogenic differentiation by activating
the BMP–SMAD signaling pathway. BMP2, a BMP family member, facilitates osteoblast differentiation
by raising endocellular ALP activity and OCN and collagen synthesis and differentiation (47). BMPs
produce their effects by interacting with two BMP receptors (BMPRs). BMPRs exert their effects by
interacting with extracellular BMPRs. BMPRs are activated by binding to extracellular BMP molecules (48,
49). A recent study demonstrated that 28.4 µg/mL ataluren improved BMPR2 protein expression in the
R584X animal model and sectionally restored the BMPR2 protein index in endothelial cells extracted from
patients carrying the R584X mutation (50). In a study of hereditary pulmonary hypertension, western
blotting of endothelial cell lysates treated with 5.7 µg/mL ataluren demonstrated 1.9- and 3.7-fold
augmentation in BMPR2 protein expression and ligand-dependent phosphorylation of the downstream
target gene SMADs, respectively (51). Therefore, our results are consistent with previous reports.
Nevertheless, our study indicates for the �rst time that ataluren facilitates osteogenesis via the BMP–
SMAD signaling pathway. Although the mechanism of ataluren in promoting hBMMSC osteogenesis has
not been clari�ed, it is mediated, at least in part, through BMP–SMAD signaling pathway activation.

Nonetheless, our study has some limitations. First, the results of both in vivo experiments (OVX and aging
studies) indicated a reduction of bone resorption as evidenced by reduced CTX-1 levels. However, given
that ataluren may be a pro-synthetic drug, we have not further determined the effect of ataluren on
osteoclast differentiation and function, which warrants further exploration in future studies. Second, we
did not determine the effect of ataluren on in vitro osteogenesis as studied by overexpression. Finally, We
infer that the mechanism of increased bone formation in ataluren is activation of the BMP signaling
pathway in hBMMSCs based on the results of in vitro experiments, which need to be further validated by
in vivo intervention-based experiments.

Conclusion
In conclusion, our results suggest that DLEPS screening can identify new drug candidates for remedying
osteoporosis. The screening representative compound ataluren prevented OVX-induced bone loss.
Ataluren promoted osteogenic differentiation by increasing hBMMSC ALP activity and mineralization
levels and increasing the mRNA and protein expression of osteogenic markers. Moreover, ataluren
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prevented bone loss caused by age-related conditions in mice. Mechanistically, ataluren promoted
osteogenesis by activating the BMP–SMAD signaling pathway. Our study suggests that ataluren may be
a therapeutic agent against osteoporosis by aiding hBMMSC osteogenic differentiation (Fig. 6).
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Figure 1

Ataluren prevents bone loss in OVX mice. a Scatter plot of osteoporosis e�cacy scores. The DLEPS made
predictions based on osteoporosis differential genes, with the color gradient showing the density of the
dots. b Heat map of the top nine predicted drugs. Ataluren was ranked second. c Micro-CT (left) and H&E
(right) staining images of SHAM+CMC, SHAM+ATA, OVX+CMC, and OVX+ATA femurs. Micro-CT images
are at a scale of 1 mm. H&E staining images are at a scale of 500 μm. d Representative images of new
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bone formation in the distal femoral epiphysis assessed by double-labeling with calcein and alizarin-3-
methyliminodiacetic acid. Scale bar, 10 µm. e Compared to CMC-treated OVX mice, ataluren-treated OVX
mice had increased BMD, BV/TV, Tb.Th, and Tb.N and decreased Tb.Sp. f Mineral apposition rates (MAR)
of SHAM+CMC, SHAM+ATA, OVX+CMC, and OVX+ATA. g Serum levels of PINP. h Serum levels of CTX-1.
All data shown are the mean ± SD in e f g h, n=5. *P < 0.05, **P < 0.01 by ANOVA.

Figure 2

Ataluren promotes hBMMSC osteogenic differentiation in vitro. a Ataluren (10, 50, 100 μM) improved
hBMMSC ALP activity. b ALP activity quanti�cation. c ARS staining showing that 10 and 50 μM ataluren
increased hBMMSC mineralization while 100 μM ataluren decreased it. d ARS semi-quanti�cation results
were consistent with that of ARS staining. e qRT-PCR results for RUNX2 after 7-day ataluren treatment. f
Western blotting analysis of RUNX2, OSX, and the internal control GAPDH. g Quantitative analysis of
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OSX/GAPDH and RUNX2/GAPDH. All data shown are the mean ± SD in b d e g, n=3. *P < 0.05, **P < 0.01
by ANOVA.

Figure 3

Ataluren promoted hBMMSC osteogenic differentiation by activating the BMP–SMAD pathway. a
Differential expression analysis results of RNA-seq data from hBMMSCs. b RNA-seq showing the
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upregulated genes between the ATA and OM groups. DUSP5 was signi�cantly different. c KEGG pathway
enrichment analysis of DEGs using DAVID. The gene ratio was measured as the genes enriched/total
genes. d GO enrichment analysis of DEGs using DAVID. The gene ratio was measured as the genes
enriched/total genes. e qRT-PCR showing that 50 µM ataluren promoted BMP2, COL1A, ALP, BGLAP, and
OSX expression at day 7. f Western blot results for pSMAD1/5, SMAD1/5, RUNX2, OSX, BMP2, and the
internal control GAPDH. Ataluren promoted pSMAD1/5, RUNX2, OSX, and BMP2 expression compared
with OM. g Quanti�cation shows the same results as that of western blotting. All data shown are the
mean ± SD in e, n=3. *P < 0.05, **P < 0.01 by ANOVA.
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Figure 4

The effect of ataluren on hBMMSC osteogenic differentiation relies on the BMP–SMAD pathway.
hBMMSCs were incubated with PM or OM supplemented with ataluren (50 μM) together with LDN-193189
HCI or siBMP2 for 7 or 14 days. a In the presence of LDN-193189 HCI and siBMP2, 50 μM ataluren did not
improve ALP activity in vitro. b In the presence of LDN-193189 HCI and siBMP2, ataluren no longer
increased mineralization in hBMMSCs. c The ALP activity quanti�cation results were identical to that of
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ALP staining. d The ARS semi-quanti�cation results agreed with that of ARS staining. The hBMMSCs
were starved in FBS-free medium for 6 h before LDN-193189 HCI treatment. e Western blotting for the
protein expression of SMAD1/5, pSMAD1/5, BMP2, RUNX2, and the internal control GAPDH at 7 days. f
Quanti�cation shows the same results as that of western blotting of the OM-treated group (right panel in
e). All data shown are the mean ± SD in c d f, n=3. *P < 0.05, **P < 0.01 by ANOVA.

Figure 5
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Ataluren partially reversed bone loss in aged mice. a Micro-CT (left), H&E staining (right) images of
Aged+CMC and Aged+ATA mice. Micro-CT images are at a scale of 1 mm. H&E-stained images are at a
scale of 500 μm. b Representative images of new bone formation in the distal femoral epiphysis
assessed by calcein and alizarin-3-methyliminodiacetic acid double-labeling. Scale bar, 10 µm. c
Compared to Aged+CMC mice, ataluren-treated aged mice had improved BV/TV and Tb.N and
signi�cantly reduced Tb.Sp. d Mineral apposition rates (MAR) of Aged+CMC and Aged+ATA mic. e Serum
levels of PINP. f Serum levels of CTX-1. All data shown are the mean ± SD in c d e f, n=5. *P < 0.05, **P < 
0.01, when comparing with Aged+CMC control group by Student’s t test.
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Figure 6

Graphical mechanism of ataluren.
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