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ARTICLE INFO ABSTRACT

Keywords: Both estrogen deficiency and aging may lead to osteoporosis. Developing novel drugs for treating osteoporosis is
Ataluren a popular research direction. We screened several potential therapeutic agents through a new deep learning-
HBMMSC . based efficacy prediction system (DLEPS) using transcriptional profiles for osteoporosis. DLEPS screening led
Osteogenesis . . . . s e

Osteoporosis to a potential novel drug examinee, ataluren, for treating osteoporosis. Ataluren significantly reversed bone loss

in ovariectomized mice. Next, ataluren significantly increased human bone marrow-derived mesenchymal stem
cell (hBMMSC) osteogenic differentiation without cytotoxicity, indicated by the high expression index of oste-
ogenic 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
significantly reversed bone loss in aged mice. In summary, our findings suggest that the DLEPS-screened ataluren
may be a therapeutic agent against osteoporosis by aiding hBMMSC osteogenic differentiation.

BMP-SMAD pathway

1. Introduction bone loss is insufficient for remedying their condition. There are few

commercially available osteogenic drugs, including parathyroid hor-

Osteoporosis is a prevalent bone loss disease caused by a disruption
in the balance between bone formation and bone resorption that even-
tually brings about bone loss [1]. Currently, physicians mainly use
osteoclast-inhibiting drugs to treat osteoporosis. The main categories are
estrogens, bisphosphonates, and calcitriol, which favor the maintenance
of bone mass by doubling of osteoclast inhibition [2,3]. However, these
agents also cause adverse effects that limit their long-term use in oste-
oporotic patients, such as osteonecrosis of the jaw, and breast and
uterine cancer [4,5]. Decreasing bone resorption in patients with severe

mones (PTHs). PTH affects bone remodeling by improving osteoblast
proliferation and reducing its apoptosis [6]. However, in vivo osteo-
genesis 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 influence 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
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discovery. Repurposing drug function can rapidly reduce drug devel-
opment costs and meet clinical needs [8]. The deep learning-based ef-
ficacy 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-specificity
pattern matching algorithm [9]. In the present study, the gene signa-
tures of osteoporosis are used from ArrayExpress, a public database for
microarrays and high-throughput sequencing data, to screen compounds
in D3680 by DLEPS. The search results in a series of compounds asso-
ciated with gene expression patterns highly correlate with the pheno-
type of interest and are ranked according to the gene set enrichment
score, which aids the search for new disease therapeutic agents or
therapeutic targets.

Generally speaking, mesenchymal stem cells (MSCs) can differen-
tiate toward osteogenic, chondrogenic, and lipogenic lineages [11]. MSC
differentiation into osteoblasts can be promoted by activating signaling
pathways of osteogenic differentiation. The activation of various clas-
sical signaling pathways, such as Wnt/p-catenin [12], bone morphoge-
netic proteins (BMPs) [13-15] and Notch [16], 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 [17-22].

We identified ataluren as a candidate for treating osteoporosis by
DLEPS. Ataluren is a protein expression repair drug for treating muscle
atrophy and dystrophy [23] which was ratified by the European Com-
mission in 2014. It affects the ribosomal translation of early termination
codon mRNA with several advantages include minimal adverse effects
and long-term use in patients aged > 5 years [24-26]. However, its
function in bone stabilization has not been discovered yet. Meanwhile, it
remains unknown whether ataluren can influence 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 ef-
fects and underlying mechanisms on osteogenic differentiation of
human BMMSC (hBMMSC) in vitro. Moreover, we used aged mouse
models to investigate the therapeutic effects of age-related bone loss in-
depth.

2. Materials and methods
2.1. 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 profiles of 19 human MSC donors.

2.2. Small-molecule Libraries

In this research, a natural compound library and an FDA-approved
library merged as D3680 (TargetMol, n = 3680), were used to
discover novel osteoporosis treatment agents.

2.3. Drug Repositioning

DLEPS was used for calculating the anti-osteoporosis score using the
differentially expressed genes (DEG) as previous described [9]. DLEPS
was trained applying chemically induced changes in transcriptional
profiles from the L1000 [27]. Compounds are processed by RDKit
(version 2017.9.1) into a standard system input linear simplified mo-
lecular (Simplified molecular-input line-entry system, SMILES), which
are parsed into a Grammar variational autoencoder (GVAE) grammar
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tree (76 node types), then parsed into flattened vectors, converted into
single heat arrays, afterwards passed to a three-layer one-dimensional
convolutional neural networks (CNN), flattened output fragments (dim
= 2510), passed to the dense layer, and output average vectors (dim =
56) and radius vector (dim = 56), encoding a sphere in a
high-dimensional spacel3. The coordinates of a randomly sampled
point (dim = 56) in this sphere were selected as the latent vector and
then passed through a five-layer dense network to predict changes in the
transcriptional profile [28]. Enrichment scores for 110 up-regulated
genes and 135 down-regulated genes were used to calculate the osteo-
porosis effective score. After input the list of up- and down-regulated
genes, we obtained the ranking scores of these chemicals, from which
the top-ranked molecules were selected.

2.4. Culture, osteogenic induction of hBMMSCs

Primary hBMMSCs were acquired from ScienCell and cultivated in
proliferation medium (PM) [o-minimum essential medium (a-MEM,
Gibco) containing 10% (v/v) fetal bovine serum (FBS, ExCell Bio) and
1% (v/v) penicillin streptomycin (Gibco)]. Cells were expanded to the
5th and 6th generation for experiments. The osteogenic differential in-
duction medium (OM) contained a-MEM with 10% (v/v) FBS, 1% (v/v)
penicillin streptomycin, 10 nM dexamethasone (Sigma), 200 pM vitamin
C (Sigma), and 10 mM p-glycerophosphate (PGP, Sigma).

2.5. Concentrated ataluren solution preparation

28.5 mg ataluren (CSNpharm) was dissolved in 1 mL DMSO (Sigma)
and blown repeatedly, after that, 9 mL a-MEM was added slowly to yield
a concentrated solution of 10 mM. Then, a-MEM was slowly added and
diluted to 0.1 mM ataluren stock solution. This was divided and used to
detect the role of gradient concentrations of ataluren on hBMMSC dif-
ferentiation and to select the best concentration for promoting osteo-
blastic differentiation.

2.6. Cytotoxicity

The cytotoxicity of ataluren was determined by the CCK-8 assay.
Briefly, cells were inoculated at 2000 cells/well in clear, flat-bottomed,
96-well plates. Cells were then cultured in PM, or in PM with 10, 50 and
100 pM 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 460 nm was read.

2.7. Staining and quantification of alkaline phosphatase (ALP) and
alizarin red S (ARS)

Early markers of osteoblast differentiation in the hBMMSCs were
examined with ALP staining and quantitative determination of ALP ac-
tivity. 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 520 nm.

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

2.8. Western blot analysis

The hBMMSCs were cultured in 60-mm dishes and incubated with 1
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x 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 nonspecific binding,
then incubated with primary antibodies against BMP2 (Abcam,
ab214821, 1:1000), RUNX2 (Abcam, ab264077, 1:1000), OSX (Abcam,
ab229258, 1:1000), SMAD1/5 (Abcam, ab80255, 1:1000), pSMAD1/5
(Cell Signaling Technology, 9516, 1:1000), or GAPDH (Abcam, ab9485,
1:2500). Primary antibody had been used 4 pL. Then, the membranes
were incubated with the secondary antibody for 1 h. Finally, the
immunoreacted protein bands were detected by enhanced
chemiluminescence.

2.9. Quantitative real-time PCR (qRT-PCR)

Total cellular RNA was extracted from the hBMMSCs with TRIzol
(Invitrogen) according to the manufacturer instruction manual. Com-
plementary DNA (cDNA) was reverse-transcribed using a PrimeScript RT
Reagent Kit (Takara). gRT-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 house-
keeping gene. The primer sequences used are presented in Table S1.
Each sample was taken in triplicate and fluorescence data was collected
at the end of each cycle.

2.10. RNA sequencing

RNA of each group was extracted as described above. Library prep-
arations were conducted using NEBNext® Ultra™ RNA Library Prep Kit
for Ilumina® (New England Biolabs) and subjected to Illumina
sequencing. We quantified the gene expression (featureCounts, 1.5.0-
p3) level of each sample separately and then combined to obtain the
expression matrix of all samples [29]. FPKM was successively corrected
for sequencing depth and gene length [30]. DEGs between the OM and
ATA groups were screened by DESeq2 (Anders et al., 1.20.0). |log2
(FoldChange)| > = 0 & p value < = 0.05 were considered statistically
significant for DEGs. To elucidate the underlying biological processes
and explore the molecular mechanisms associated with differentially
expressed products, we performed gene ontology (GO) enrichment
analysis by clusterProfiler (3.8.1) to predict promising signaling path-
ways associated with differentially expressed genes.

2.11. Small interfering RNA (siRNA) transfection

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

2.12. Animals and experimental design and ethical statement

Female C57BL/6 mice were obtained from Charles River Laboratory
Animal Technology Co., Ltd. They were housed in specific pathogen-free
conditions at the Animal Center of Peking University School and Hos-
pital of Stomatology. This study was authorized by the Peking University
School of Medicine Institutional Committee for Animal Care and Use
(LA2021040).
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In vivo metabolism studies of ataluren suggested that the adminis-
tration of ataluren in mice was by gavage at a concentration of 20 mg/
mL and a gavage dose of 15 mL/kg. Based on a mouse weight of 24-34 g,
we can calculate the administered dose as 300 mg/kg [31].

Estrogen deficiency-induced bone loss model for primary valida-
tion : Twenty-five mice (56 days old) were placed in five 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 five groups were: (1) SHAM+CMC,
(2) OVX+CMC, (3) OVX+ATA, (4) OVX+NATA, and (5) OVX+PRU.

Estrogen deficiency-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 sto-
chastically 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 femurs were collected and
fixed in 10% formalin. The right femur was also collected and preserved
in 10% formalin away from light. The serum was also collected from
each mouse. The major organs were carefully collected and fixed in 10%
formalin for H&E staining of tissue sections to observe the tissue toxicity
of ataluren.

2.13. Serum enzyme-linked immunosorbent assay (ELISA)

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

2.14. Bone histomorphology

Bone histomorphology analyses were performed according to a
previously described protocol [32]. For the measurement of dynamic
bone parameters, the mice were injected with calcein (10 mg/kg body
weight) and alizarin-3-methyliminodiacetic acid (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 observed under fluorescence
microscopy, and quantitative analysis was performed using Image J
(National Institutes of Health). Mineral apposition rates (MAR) repre-
sents the rate of new bone formation.

The left femurs were carefully collected and fixed 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 um thick section for H&E staining and observed under the
microscope.

2.15. Micro-computed tomography

Femoral specimens were scanned by the Inveon MM System
(Siemens) micro-computed tomographer following previously estab-
lished protocols [33]. The scanning parameters were as follows: an
effective pixel size of 8.89 um, a voltage of 60 kV, a current of 220 pA,
and an exposure time of 1500 ms during each of the 360 rotational steps.
The resulting images comprised 1536 slices and possessed a voxel size of
8.89 um in all three dimensions. The 3D visualization images were
reconstructed using two-dimensional images, and the parameters were
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calculated using the Inveon Research Workplace (Siemens) software.
The parameters included bone mineral density (BMD), bone vol-
ume/total volume (BV/TV), trabecular number (Tb.N), bone surface
area/bone volume (BS/BV), trabecular separation (Tb.Sp), and trabec-
ular thickness (Tb.Th). These parameters were measured in regions of
interest (ROI) of femur (0.5-3 mm below the distal growth plate) as
previously described according to guidelines set by the American Soci-
ety for Bone and Mineral Research [34-36].

2.16. Statistical analysis

All data are expressed as the mean + standard deviation (SD) of at
least 3 experiments per group. Firstly, we performed the Shapiro-Wilk
normality test to check the normal distribution of the groups. If the
normality test was passed, a student t-test was conducted. If the
normality test was failed, a Mann-Whitney test was used in two groups.
In order to compare multiple groups, one-way ANOVA was used if the
normality test was passed, and then Tukey’s multiple comparison test
was conducted via SPSS 23.0 (SPSS Inc.). P < 0.05 and < 0.01 indicated
statistical significance.

3. Results
3.1. Ataluren prevents bone loss in OVX mice

First, we identified the up-/down-regulated genes of primary osteo-
porosis and advanced age on human MSCs (E-GEOD-35959) [37]
(Table S2 for the list of genes). DLEPS is a tool that uses changes in gene
expression profiles in diseased states and candidate compounds as inputs
to complete predictions. Next, the up-/down-regulated genes were used
as DLEPS input (REF https://www.nature.com/articles/s41587-021
-00946-z) to calculate the efficacy score using the D3680 library
(Table S3). We identified 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 osteo-
porosis therapy are shown in a heat map (Fig. 1b). After screening the
literature library of Pubmed, we excluded the following compounds
owing to reported osteoporosis therapeutic effects and toxic side effects
of top-ranked compounds from heat map. For example, tideglusib,
coumarin, and dydrogesterone promote the regeneration of bone defects
[38-40]. However, zoxazolamine and phenacetin have considerable
biological toxicity and limit their clinical application [41,42]. After that,
only ataluren, natamycin, and prucalopride from heat map was left for
further analysis.

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. Fig. Sla 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 SHAM+CMC
(carboxymethyl cellulose) group and was superior to that of the nata-
mycin and prucalopride groups (Fig. S1b). 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 confirm 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. lc, Fig. S2 and S3). 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)
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compared with the OVX-+CMC group (p < 0.01). Of note, BMD, BV/TV,
and Tb.N were also significantly increased in SHAM+ATA mice
compared to the SHAM+CMC group (p < 0.05, p < 0.05, p < 0.01,
respectively) (Fig. le). New bone formation in the distal femoral
epiphysis was evaluated by dual labeling with calcein and alizarin-3-
methyliminodiacetic acid. There was greater MAR in the OVX+ATA
mice compared to the OVX+CMC mice (p < 0.01). Besides, the MAR of
SHAM+ATA group was higher than that of SHAM+CMC group
(p < 0.01) (Fig. 1d, f, and Fig. S4), indicating that ataluren promoted
bone formation in OVX+ATA and SHAM+ATA group. Additionally,
ataluren significantly 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 telo-
peptide of type I collagen) (p < 0.05) (Fig. 1h). Although P1NP was
increased in OVX mice, their CTX-1 values were also significantly
increased, indicating that the imbalance in bone metabolism was more
severe in OVX mice. These results demonstrate that ataluren signifi-
cantly recovers bone loss with better trabecular structure and higher
bone volume in OVX mice.

3.2. 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 cytotox-
icity by using the Cell Counting Kit-8 (CCK-8) assay to explore its effects
on hBMMSC proliferation. The CCK-8 curves showed that, from day 4-7,
cells treated with 1%o dimethyl sulfoxide (DMSO) and 10 pM and 50 pM
ataluren showed no significant difference in cell proliferation capacity
compared with cells treated with proliferation medium (PM) (Fig. 2a).
Cell proliferation capacity was partially inhibited by 100 uM ataluren,
indicating less than 50 uM may be a safe usage.

The effect of ataluren on hBMMSC osteogenic differentiation was
determined using ALP and alizarin red S (ARS) staining and quantitative
analysis. Ataluren (10 pM, 50 pM) increased ALP activity compared
with the OM (osteogenic medium) group (p < 0.05, Fig. 2b, c¢), and
50 uM was more effective than 10 uM. ARS staining showed that 10 and
50 uM ataluren increased mineralized nodules in the hBMMSCs as
compared with the OM group (p < 0.05, respectively) and 50 pM have a
better effect (Fig. 2d, e). Furthermore, the mRNA expression levels of
RUNX2, an osteogenic differentiation marker, were significantly
increased in hBMMSCs treated with 10 and 50 pM ataluren compared
with OM group (p < 0.01) (Fig. 2f). WB results showed that 10 and
50 uM ataluren significantly elevated RUNX2 and OSX protein levels as
compared with that in the OM group (p < 0.01, respectively) (Fig. 2g,
h). However, the addition of ataluren to the PM did not promote
hBMMSC osteogenic differentiation. Moreover, the addition of 1%o
DMSO to the PM or OM had no promoting effects on osteogenesis
(Fig. S5).

3.3. 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 transcrip-
tional changes. Ataluren (50 uM) upregulated 133 genes and down-
regulated 383 genes compared to the OM group (Fig. 3a). Among the
upregulated genes, the most significantly expressed gene was DUSP5
(p < 0.001) (Fig. 3b). A detailed list of up-regulated genes can be found
in the Table S4. DUSP5 has been suggested to enhance MSC osteogenic
differentiation through the BMP-SMAD pathway [43]. Gene ontology
(GO) enrichment analysis showed enrichment of the BMP signaling
pathway (Fig. 3c). 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 activa-
tion was investigated by gRT-PCR and WB. In order to assess the
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Fig. 1. Ataluren prevents bone loss in OVX mice. a Scatter plot was generated to compare the efficacy scores of osteoporosis at 200 (y-axis) and 100 (x-axis), which
made by DLEPS based on osteoporosis differential genes. Subsequently, the computationally predicted molecules for osteoporosis treatment in the second quadrant
were chosen for experimental investigation. The density from low to high of the dots on the scatter plot was represented by a color gradient ranging from blue to red.
b Heat map of the top nine predicted drugs. The transition from red to blue indicated that the ranking score goes from high to low. ¢ Micro-CT (left) and H&E (right)
staining images of femurs among SHAM+CMC, SHAM+ATA, OVX+CMC, and OVX+ATA groups. Micro-CT images are at a scale of 1 mm. Scale bar = 1 mm.
d Representative images of new bone formation in the distal femoral epiphysis assessed by double-labeling with calcein and alizarin-3-methyliminodiacetic acid.
Scale bar = 10 um. e Bone morphometry analysis among 4 groups. f MAR of SHAM+CMC, SHAM+ATA, OVX+CMC, and OVX+ATA. g Serum levels of PINP. h
§erum levels of CTX-1. All data shown are the mean + SD in e, f, g, and h, n = 5. * P < 0.05, * * P < 0.01 by ANOVA. MAR: Mineral apposition rates.

osteogenic abilities of hBMMSCs at the gene level, we screened the
osteogenic gene markers BMP2, COL1A, ALP, BGLAP, and OSX [44,45].
Detailedly, ALP and COL1A were early osteoblast differentiation
markers, and BGLAP was late one [46]. Mature BMPs bind to their re-
ceptor to induce SMAD1/5/9 phosphorylation, leading to expression of
master osteogenic regulators RUNX2 and OSX, and effector proteins ALP
[47]. The qRT-PCR results demonstrated that 50 uM ataluren remark-
ably increased the mRNA expression levels of BMP2, COLI1A, ALP,
BGLAP, and OSX compared with OM (p < 0.05 orp < 0.01, respectively)
(Fig. 3d). Moreover, it activated genes downstream of the SMAD
signaling pathway during osteogenesis in hBMMSCs (Fig. 3e). That is,
ataluren upregulated phosphorylated SMAD1/5, RUNX2, OSX, and
BMP2 (p < 0.01, respectively, Fig. 3f).

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

We blocked BMP-SMAD signaling with the TGF-p-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 pathway. The increased ALP
activity was blocked after BMP-SMAD pathway had been inhibited by
siBMP2 and LDN-193189 HCI (both, p < 0.01) (Fig. 4a, c). The increase
in calcium nodules, measured by ARS staining, was also blocked by LDN-
193189 HCI and siBMP2 as compared with the 50 pM ataluren treat-
ment group or the Scramble+ 50 pM ataluren group (both, p < 0.01)
(Fig. 4b, d). WB and quantification showed that the increase in SMAD1/
5 phosphorylation (both, p < 0.01) and the osteogenic marker RUNX2
(both, p < 0.01) was inhibited in the presence of LDN-193189 HCI,
siBMP2, or both (Fig. 4e, f). These results confirm that ataluren induced
a positive osteogenic promoting effect in hBMMSCs through the BMP-
SMAD pathway. Moreover, the addition of LDN-193189 HCI and
siBMP2 to the PM had no effects on ALP and ARS staining. (Fig. S6).

3.5. Ataluren partially reverses bone loss in aged mice

To explore if ataluren is effective in naturally aged mice, 18-month-
old mice were treated with ataluren and their bone mass and bone
density were measured by the micro-CT, H&E staining, and Masson
staining of the femur. The results exhibited that ataluren significantly
increased 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, ¢, and
Fig. S7). MAR was visualized with calcein and alizarin-3-
methyliminodiacetic acid. As expected, the new bone formation rate
was meager in the Aged+CMC mice. In contrast, the ataluren-treated
mice had greatly restored new bone formation capability (p < 0.01)
(Fig. 5b, d, and Fig. S8). Furthermore, ataluren treatment significantly
decreased CTX-1 levels (p < 0.05) (Fig. 5e) and increased P1NP levels
(p < 0.05) (Fig. 5f). These results indicate that ataluren can partially
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 (Fig. S9).

4. Discussion

In the present study, the underlying anti-osteoporotic effect of ata-
luren was predicted by DLEPS firstly. Moreover, ataluren lessened OVX-
related and aged-related bone loss, which probably due to promoting
hBMMSC osteogenic differentiation dependent on the BMP-SMAD
pathway.

Currently, drug-related research and development benefit from ad-
vances in biotechnology and computer science. Various algorithms,
software, and tools continue to emerge from the analysis and summary
of large amounts of experimental data. The gene expression profiles in
disease reveal potential changes in gene activity which contribute to
illness and enable targeted therapeutic interventions [48-50]. Deep
learning algorithms were widely used in drug screening. Hajjo et al.
algorithmically discovered that the SERM analogue raloxifene can act on
the Alzheimer’s target 5-HT6R [51]. Wang et al. entered target-ligand
feature vector pairs and eventually output binary interaction pre-
dictions and screened potential drugs for the treatment of type II dia-
betes [52]. A recent study discovered structurally unique antibacterial
molecules through a deep learning approach [53]. Previous studies
focused on targets [52,54,55], but many diseases or biological processes
lack clear targets. Therefore, in the present study, we examined the gene
expression profiles of human MSCs from the ArrayExpress database for
senescence (GSE35956), primary osteoporosis (GSE35957), and cellular
senescence (GSE35958). Then, we used DLEPS to identify small
bio-active 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 improving bone formation,
even in untreated mice (SHAM+ATA vs SHAM+CMC). Usually, BS/BV
increases in the early stage of bone resorption. In this study, OVX mice
showed complete resorption of bone trabeculae, and the decrease of
both BS and BV. Compared with the OVX+CMC group, BS/BV difference
was not statistically significant (Fig. 1c¢), while BV/TV and Tb.N (Fig. 1c)
were significantly higher in OVX+ATA group, which demonstrated that
ataluren promoted osteogenesis by increasing bone regeneration (BS
and BV increase simultaneously) rather than by inhibiting bone
resorption (BS decreases while BV increases). Therefore, our subsequent
study focused on ataluren which promotes osteogenic differentiation in
hBMMSCs. Moreover, the fact that ataluren improved bone formation in
both young and old animals indicated that the efficacy of ataluren is not
age-dependent. In bone microenvironment of healthy person, the pro-
cesses of osteogenesis and osteolysis exhibit a dynamic equilibrium.
However, our research exhibited that ATA plays an excellent effect on
osteogenesis through the BMP-SMAD pathway in vitro and vivo. Hence,
the augmentation of bone volume occurs due to the predominance of
osteogenesis over osteolysis, which may be the reason on increased bone
mass induced by ATA in untreated mice. In conclusion, we have found
the osteogenesis-promoting effect of ataluren for the first time.

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 dys-
trophy, cystic fibrosis, and some cancers [56-58]. ataluren is a
small-molecule nonsense repressor that stimulates stop codon reading
and thereby acts as a treatment for these diseases [59]. The addition of
Stop-POSTS5 (containing the UGA stop codon at the A-site) is shifted to
extension. Ataluren cannot provoke foundational read-through in



Biomedicine & Pharmacotherapy 166 (2023) 115332

L. Zeng et al.
q 0.6-
—— PM
—— PM+DMSO
~
£ 04- ~ PM+10uM ATA
S
e —— PM+50uM ATA
N’
o
0.0 T T T T T 1 T T T * = ]
0d 1d 2d 3d 4d 5d 6d 7d €0 % 1
£,
& *
Py %
OM+ATA 2 e
- 10uM 50pM g2
S -
£z <
sE
: Q@ o@ év. v,s?’
r S
< X\Q xg%
Nl Rl
e Aok
d - s sk |
. J *k N :
E 4- —
E N
=2 g"a %
SEEw 8 2-
St 'E - =
g == 2 4
N @7 <
< 0-
S & & F
o & &
I 1 X X
£ — g o N w‘“y h s Rl
g 15+ —_— o g oM o - M = oM
£ : — 0M+}&uMATA Bl OM+50uM ATA
g £ 104 ,%** 0sX |~@ 47KDa | e
Z 8 w B — - - -~ ‘ 53 ‘
sz %
3. Mo I , z
RUNX2 “”ﬂ sTkDa 52
% 0= ‘ — ‘ gd
& 5> < N g
< o GAPDH 37KD
& & & s
&

Fig. 2. Ataluren promotes hBMMSC osteogenic differentiation in vitro. a CCK-8 proliferation curve of hBMMSCs in PM, PM+DMSO, and PM+ATA (10, 50, and
100 pM). b ALP staining of hBMMSCs in PM, OM, and OM+ATA (10, 50 pM). ¢ ALP activity quantification. d ARS staining of hBMMSCs in PM, OM, and OM+ATA
(10, 50 pM). e ARS semi-quantification results. f gqRT-PCR results for RUNX2. g WB analysis of RUNX2, OSX, and the internal control GAPDH. h Quantitative analysis
of OSX/GAPDH and RUNX2/GAPDH. All data shown are the mean + SD in b, d, e, and g, n = 3. * P < 0.05, * * P < 0.01 by ANOVA.

eRF1/eRF3 deficiency [60]. 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 [61].

There is little direct evidence that ataluren promotes hBMMSC osteo-
genic differentiation. Only one study has shown that ataluren can treat
mucopolysaccharidosis type VI, whose clinical characteristic is multiple
bone dysplasia, by restoring arylsulfatase B deficiency and improving
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hBMMSCs. b Upregulated genes showcased by RNA-seq between the ATA (ATA1l, ATA2, and ATA3) and the OM (OM1, OM2 and OM3) groups. RNA seq was
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treatment effectiveness in areas such as bone or cartilage [62]. 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 pM ataluren upregulated DUSP5 most significantly, which
elevated MSC osteogenic differentiation through the BMP-SMAD
pathway, as demonstrated by our group before [43]. Besides, other
research also suggested that DUSP5 overexpression inhibits NF-kB
pathway activation and thereby controls inflammation [63]. This may
partially explain the decreased CTX-1 in the serum of OVX+ATA and

Aged+ATA mice. RNA-sequencing result showed that FGF1, INDIG1 and
ALPL were differential genes in ATA group. It has been shown that FGF1
can directly stimulate RUNX2 expression and increase its binding to
promoters, leading to osteogenic differentiation [64,65]. However, we
found in our validation study by gRT-PCR that the expression of INDIG1
and FGF1 was not significantly changed. ALPL is the downstream of the
regulation of osteogenesis, although it is not in the BMP signaling
pathway, and we verified by gRT-PCR that the expression of ALPL is
significantly different. Based on this, we hypothesized that ataluren
promotes osteogenesis by activating the BMP-SMAD pathway. Further
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Fig. 5. Partially reversion of bone loss by ataluren in aged mice. a Micro-CT (left), H&E staining and Masson staining (right) images of Aged+CMC and Aged+ATA
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10



L. Zeng et al.

exploration of the osteogenesis mechanisms showed that ataluren up-
grades osteogenic differentiation by activating the BMP-SMAD signaling
pathway. BMP2, a BMP family member, facilitates osteoblast differen-
tiation by raising endocellular ALP activity and OCN and collagen syn-
thesis and differentiation [66]. BMPs produce their effects by interacting
with two BMP receptors (BMPRs). BMPRs exert their effects by inter-
acting with extracellular BMPRs. BMPRs are activated by binding to
extracellular BMP molecules [67,68]. A recent study demonstrated that
28.4 ug/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
[69]. In a study of hereditary pulmonary hypertension, WB on endo-
thelial cell lysates treated with 5.7 pg/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 [70]. Therefore, our results are consistent with
previous reports. Nevertheless, our study indicates for the first time that
ataluren facilitates osteogenesis via the BMP-SMAD signaling pathway.
However, bone angiogenesis also plays an important role in bone for-
mation. Previous study found that the pattern of vascular distribution
along the cortex predicts the subsequent pattern of mineral deposition,
which would implicate the key role of vasculature in bone morpho-
genesis [71,72]. While differentiation occurs in the corneal epithelium,
RUNX1 maintains the epithelial cell fate [73]. Furthermore, evidences
exhibited that RUNX1 plays a role in skeletal function [74,75]. Vascular
morphogenesis and epithelium differentiation may be a potential
research direction in GO analysis and need to be explored further in the
future. Hence, although the mechanism of ataluren in promoting
hBMMSC osteogenesis has not been clarified, 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 deter-
mined 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.

5. Conclusions

DLEPS screening can identify new drug candidates for remedying
osteoporosis. The screening representative compound ataluren pre-
vented OVX-induced bone loss. Ataluren promoted osteogenic differ-
entiation by increasing hBMMSC ALP activity and mineralization levels
and increasing the mRNA and protein expression of osteogenic markers.
Moreover, ataluren prevented bone loss caused by age-related condi-
tions in mice. Mechanistically, ataluren promoted osteogenesis by acti-
vating the BMP-SMAD signaling pathway. Our study suggests that
ataluren may be a therapeutic agent against osteoporosis by aiding
hBMMSC osteogenic differentiation.
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