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Background: Dysregulation of microRNAs contributes to bone diseases. However, the microRNAs involved in primary hyperpar
athyroidism (PHPT)-induced osteoporosis remain unknown.
Methods: The parathyroid tissue samples were obtained from PHPT patients with or without osteoporosis (n = 5/group) during 
parathyroid resection and subjected to high throughput microRNA sequencing. The differentially expressed microRNAs were 
identified and further verified using qRT-PCR. Alizarin Red Staining was performed to detected the osteogenic differentiation. 
Gain- and loss-of-function assays were performed to investigate the role of miR-874-3p, which was upregulated in PHPT patients 
with osteoporosis, in human mesenchymal stem cells (hMSCs) undergoing osteoblastic differentiation.
Results: We identified 32 significantly upregulated and 18 significantly downregulated microRNAs in PHPT patients with osteo
porosis. miR-874-3p was increased in PHPT osteoporosis patients, meanwhile, miR-874-3p in parathyroid tissue and peripheral blood 
extracellular vesicles of PHPT osteoporosis mice were increased. The miR-874-3p level was remarkably elevated in hMSCs grown in 
osteogenic medium. Overexpression of miR-874-3p repressed the hMSC osteogenic differentiation and reduced the osteogenic marker 
expression in hMSCs, whereas miR-874-3p inhibitor showed a contrasting effect. The results of the dual luciferase reporting system 
showed that miR-874-3p could reduce the luciferase activity of wild-type FTO-WT-3 ‘-UTR. However, there was no significant 
change in the luciferase activity of the mutant compared with the control group.
Conclusion: MiR-874-3p might specifically binds to FTO suppress osteogenic differentiation of hMSCs, thereby contributing to the 
development of osteoporosis in PHPT patients.
Keywords: microRNAs, primary hyperparathyroidism, osteoporosis, next-generation sequencing, mesenchymal stem cells

Introduction
Primary hyperparathyroidism (PHPT) is an endocrine disorder characterized by hypercalcemia resulting from over
production of parathyroid hormone (PTH).1 PHPT represents the third most common endocrine disorder, with an 
incidence ranging from 0.4 to 82 cases per 100,000 individuals worldwide.2,3 PTH stimulates osteoblast differentiation 
into osteoclasts by acting on PTH receptors in osteoblasts, leading to osteopenia, osteoporosis, and even cyst 
formation and fibrosis.4 Osteoporosis is the most common bone disease related to PHPT, with a prevalence in 
PHPT varying from 39% to 62.9%.5–7 Approximately over 80% of patients with osteoporosis have no clinical 
manifestations until there is a fracture.8 Thus, delayed diagnosis of PHPT-induced osteoporosis is common, leading 
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to decreased quality of life as well as increased disability and mortality.9 Osteoporosis seriously affects the health of 
the elderly. Currently, the dual-energy X-ray absorptiometry (DXA) measuring bone mineral density (BMD) repre
sents the gold standard for osteoporosis diagnosis.10 However, predicting fracture based on BMD value is 
unreliable.11,12 Therefore, it is critical to identify new biomarkers for early screening, diagnosis, and treatment of 
PHPT osteoporosis before fractures occur.

The small non-coding microRNAs are post-transcriptional regulators of multiple physiological and pathological 
processes through base pairing with mRNA targets, playing important roles in bone metabolism.13 Owing to the high 
measurability and stability in body fluid, microRNAs are considered promising biomarkers for predicting and monitoring 
osteoporosis.14 Studies have identified over 50 microRNA families that are associated with osteoporosis, such as miR-21, 
miR-100, and miR-23-3p.15–17 Although some studies have investigated the microRNA signatures in secondary osteo
porosis caused by glucocorticoid, autoimmune disorders, and type 2 diabetes,18–20 the microRNA signatures of PHPT- 
induced osteoporosis remain unknown.

As an m6A demethylase, FTO can regulate the differentiation direction of bone marrow mesenchymal stem cells 
(BMSCs) through multiple signaling pathways. On the one hand, FTO can enhance the expression of peroxisome 
proliferator-activated receptor γ (PPARγ) and CAAT region/enhancer binding proteins, inhibit the Wnt/β -catenin 
signaling pathway, thereby promoting adipogenesis, reducing the differentiation of BMSC into osteoblasts, and leading 
to osteopenia and osteoporosis.21 On the other hand, FTO-mediated 3 ‘-UTR demethylation of M6A-peroxisome 
proliferator-activated receptor mRNA reduces the stability of peroxisome proliferator-activated receptor mRNA in 
a YTHDF1-dependent manner, thereby affecting the differentiation and function of osteoblasts. FTO also regulates the 
fate of BMSC during osteoporosis through the growth differentiation factor 11-FTO-peroxisome proliferator-activated 
receptor γ axis, promoting their transformation into adipocytes and inhibiting bone formation.22

Next-generation sequencing-based small RNA sequencing (sRNA-seq) is currently the most powerful tool for 
microRNA profiling and has been used to identify differentially expressed microRNAs in osteoporosis patients.23,24 In 
this study, we aimed to identify osteoporosis-related microRNAs in PHPT patients. Considering that a solitary para
thyroid adenoma is responsible for up to 85% of PHPT and double adenomas for 4%,25 we recruited a cohort of PHPT 
patients with or without osteoporosis and performed high throughput microRNA sequencing followed by bioinformatics 
analysis and experimental validation. Our study provides novel information about the microRNAs involved in the 
development of PHPT-induced osteoporosis.

Materials and Methods
Patients and Specimens
A total of 10 PHPT patients with (n = 5) or without (n = 5) osteoporosis who have undergone parathyroid resection 
between January 2018 and January 2020 at Beijing Jishuitan Hospital (Beijing, China) were recruited. This study was 
approved by the Ethics Committee of Beijing Jishuitan Hospital. All subjects provided written informed consent before 
the study. The inclusion criteria were: 1) parathyroid adenoma was diagnosed by cervical ultrasonography, computed 
tomography, and pathological examination; 2) the presence or absence of osteoporosis was confirmed by X-ray and 
DXA. The diagnosis of osteoporosis was made when BMD T-score was below −2.5.26 Patients with tumors, cardiovas
cular diseases, sepsis, or autoimmune diseases were excluded. The parathyroid tissue samples were obtained during the 
surgery and stored at −80 °C until use.

Animals
Male C57BL/6J mice (8–10 weeks old) were housed in a specific pathogen-free (SPF) facility at the Animal 
Experimental Center of Jishuitan Hospital. The animals were maintained under a 12-hour light/dark cycle at 
a controlled temperature of 22–26 °C, with ad libitum access to water. All procedures complied with the Regulation 
on the Care and Use of Experimental Animals issued by the Beijing Council on Animal Care (1996), and the protocol 
was approved by the Jishuitan Hospital Animal Care and Use Committee (2024–09-S004).
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PHPT Model
Primary hyperparathyroidism (PHPT) was modeled by tail vein injection of an adenovirus vector carrying 7.5 × 109 Vg 
of the PTH gene into male C57BL/6J mice, resulting in systemic PTH overexpression and mimicking the pathophysio
logical features of PHPT. A control group received intraperitoneal injections of physiological saline. Three months post- 
injection, mice were anesthetized for the collection of parathyroid tissue and peripheral blood to assess disease 
development.

Total RNA Isolation, Library Construction, and Sequencing
Total RNA was isolated from the parathyroid tissue samples using TRIzol (Tiangen Biotech, Beijing, China) following 
the manufacturer’s protocol. The purity and quantity of RNA were determined using a NanoPhotometer® device (Implen, 
Camarillo, CA, USA) and a Qubit® 2.0 kit. The RNA integrity was examined using a Bioanalyzer 2100 system (Agilent 
Technologies, Santa Clara, CA, USA). For each sample, a total of 3 µg RNA was loaded to generate the sequencing 
library using a small RNA sample prep kit following the manufacturer’s instructions. After quantification and quality 
control, the library (1 ng/µL) was sequenced using an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, USA). 
The 50-bp single-end reads were generated for microRNA sequencing.

MicroRNA Sequencing Data Analysis
Clean reads were obtained from raw reads by removing low-quality reads (sequence quality score ≤ 5), ploy- 
N-containing reads (ambiguous base calls > 10%), ploy-A/T/G/C-containing reads, and 5′ or 3′ adapters. The clean 
reads were mapped to the human genome using Bowtie25 and aligned with miRBase.27 The size distribution and 
nucleotide frequencies of the reads were analyzed using miREvo28 and mirdeep2.29 The reads of rRNA, tRNA, 
snRNA, and snoRNA were removed. The microRNA expression levels were presented as transcript per million and 
calculated as follows: normalized expression = mapped read count / total reads × 1,000,000.30 Differentially expressed 
microRNA was analyzed using DESeq R package.31 The microRNAs with |log 2 (fold change)| > 1 and q value < 0.01 
were identified as differentially expressed microRNAs and were subjected to Gene ontology (GO) annotation and Kyoto 
encyclopedia of genes and genomes (KEGG) pathway analysis using GOseq32 and KOBAS.33

Cell Culture and Osteogenic Induction
Human mesenchymal stem cells (hMSCs) were obtained from Otwo Biotech Inc (Shenzhen, China). Cells were cultured 
in Dulbecco’s modified Eagle’s medium (C11995; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 
10% fetal bovine serum (FBS) (SH30070.03; HyClone, Logan, UT, USA). After the cells reached confluence, the 
medium was replaced with osteogenic medium containing 10% FBS, 50 µM L-ascorbic acid (A4403; Sigma-Aldrich, 
St. Louis, MO, USA), 10 mM glycerol-2-phosphate (G9422; Sigma-Aldrich), and 100 nM dexamethasone (D4902; 
Sigma-Aldrich).

Overexpression and Knockdown of microRNA
The mimics or inhibitor of miR-874-3p and corresponding negative controls were purchased from RiboBio (Guangzhou, 
China) and transfected into hMSCs cultured in serum-free Opti-Minimum Essential medium (31985062; Thermo Fisher 
Scientific) at a final concentration of 200 nM using Lipofectamine RNAiMAX™ (13778150; Thermo Fisher Scientific), 
as previously described.34 At 24 h after transfection, cells were grown in osteogenic medium for 6 days.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was isolated using TRIzol (15596018; Thermo Fisher Scientific), followed by cDNA synthesis using the 
miRcute Plus miRNA First-Strand cDNA Synthesis Kit (KR211; TIANGEN BIOTECH) according to the manufacturer’s 
instruction. cDNA was amplified using the Luna universal qPCR master mix (M3003L; NEB, Ipswich, MA, USA). The 
primers were summarized in Table 1. For microRNAs, amplification and detection were performed using the CFX96 
Touch Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA) and specific primers (RiboBio). U6 was used as 
an internal control.
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Statistical Analysis
Data were presented as the mean ± standard deviation. Statistical analysis was performed using GraphPad Prism 5 
(GraphPad, San Diego, CA, USA). The intergroup comparisons were performed using the two-tailed unpaired Student’s 
t-test. A P value < 0.05 was considered statistically significant.

Results
Identification of Differentially Expressed microRNAs in PHPT Patients with 
Osteoporosis
About 90% of reads ranged between 21 to 24 nucleotides in length (Supplementary Figure 1A). Pearson correlation 
analysis showed that the correlation within the group was greater than that between the groups (Supplementary 
Figure 1B). Position 1 of the reads contained the highest percentages of uridines compared with other positions 
(Supplementary Figure 1C). These data conform to the characteristics of mammalian microRNAs.35 Taken together, 
these results suggest an appropriate sampling strategy and reliable data quality of this study.

By comparing the microRNA expression profiles between PHPT patients with and without osteoporosis, we identified 32 
significantly upregulated and 18 significantly downregulated microRNAs in PHPT patients with osteoporosis. Hierarchical 
clustering assay showed that patients in each group displayed similar microRNA expression patterns (Figure 1A). GO analysis 
showed that the differentially expressed microRNAs target genes were mainly termed as “metabolic process”, “intracellular” 
component, and “binding” function (Figure 1B). KEGG pathway enrichment analysis revealed that these microRNAs were 
predominantly enriched in the “apoptosis” pathway (Figure 1C). In differential microRNAs, mir-874-3p target genes are 
involved in MAPK, Wnt/β-catenin pathways related to osteoporosis, may regulate the progression of osteoporosis.

MiR-874-3p Inhibits Osteogenic Marker Expression of hMSCs
To explore the role of miR-874-3p in osteogenic differentiation in hMSCs, we performed gain- and loss-of-function assays. 
Compared with those in uninduced hMSCs, the mRNA levels of osteogenic markers alkaline phosphatase (ALP) and osteocalcin 
2 (OCN 2) were dramatically increased in hMSCs at 14 days after growing in osteogenic medium (Figure 2A), along with 
a substantial decrease in miR-874-3p level (Figure 2B). Compared with corresponding negative controls, miR-874-3p mimics 
significantly suppressed the mRNA expression of ALP, OCN2, and Runx2 in hMSCs cultured in osteogenic medium 
(Figure 2C), whereas miR-874-3p inhibitor exhibited contrasting effects (Figure 2E). In addition, the results of Alizarin Red 
Staining showed that miR-874-3p mimics significantly inhibited the ostogenic differentiation of hMSCs (Figure 2D), inhibition 
of miR-874-3p significantly increase the ostogenic differentiation of hMSCs (Figure 2E). These results suggest that miR-874-3p 
might inhibit osteogenic differentiation of hMSCs, and thus contributing to the development of osteoporosis in patients with 
PHPT.

Table 1 Primers for Quantitative Real-Time PCR

Genes Primers

RUNX2 F:5’-CCGCCTCAGTGATTTAGGGC-3’
R: 5’-GGGTCTGTAATCTGACTCTGTCC-3’

ALP F:5’-TGAGGGTGTGGCTTACCAG-3’

R: 5’-GATGGACGTGTAGGCTTTGCT-3’
OCN2 F.5’-CCTCACACTCCTcGcCCTATT-3’

R: 5’-CCCTCCTGCTTGGACACAAA-3’

GAPDH F:5’-CGGAGTCAACGGATTTGGTCGTA-3’
R: 5’-AGCCTTCTCCATGGTGGTGAAGAC-3’
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Peripheral Blood Extracellular Vesicles miR-874-3p Was Increased in PHPT 
Osteoporosis Patients
microRNA sequencing results of peripheral blood extracellular vesicles of PHPT patients showed that miR-874-3p in 
peripheral blood extracellular vesicles of PHPT patients with osteoporosis was significantly up-regulated compared with 
non-osteoporosis patients (Figure 3C). KEGG results showed that upregulated microRNA was involved in the synthesis 
and secretion of parathyroid hormone (Figure 3D). The expression of miR-874-3p in serum extracellular vesicles of 
PHPT patients with osteoporosis and non-osteoporosis was detected by qRT-PCR, and the trend was consistent with the 
microRNA sequencing results of peripheral blood extracellular vesicles (Figure 3E). It is suggested that miR-874-3p may 
be released through extracellular vesicles.

miR-874-3p in Parathyroid Tissue of PHPT Osteoporosis Mice and miR-874-3p, PTH 
and Gcm2 Genes in Peripheral Blood Extracellular Vesicles Were Increased
Compared with control mice, the expression of miR-874-3p in the parathyroid tissue of PHPT osteoporosis mice was 
significantly increased (Figure 4A). The levels of miR-874-3p, PTH and Gcm2 in peripheral blood extracellular vesicles 

Figure 1 Identification of differentially expressed microRNAs in patients with primary hyperparathyroidism (PHPT)-induced osteoporosis. A total of 10 PHPT patients with 
(n = 5) or without (n = 5) osteoporosis were recruited. (A) Heatmap of hierarchical clustering assay of differentially expressed microRNAs. Upregulated and downregulated 
microRNAs (adjusted P-value < 0.05) are highlighted in red and blue, respectively. n = 5. (B) Gene ontology annotation of differentially expressed microRNAs. The 
microRNAs were classified into three functional categories. Twelve biological process annotations, thirteen cell component annotation, and five molecular function 
annotations are shown. (C) Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis. Top 20 KEGG pathways are shown. *P < 0.05.
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(Figure 4B) and bone marrow MSC extracellular vesicles (Figure 4C) of model mice were significantly higher than those 
of normal control mice. It is suggested that miR-874-3p may be mediated by extracellular vesicles, but its uptake by bone 
marrow MSC needs to be further clarified.

miR-874-3p Specifically Binds to FTO and Inhibits Its Expression
Bioinformatics related software predicted the targeting relationship between miR-874-3p and fat mass and obesity- 
associated protein (FTO) (Figure 5A). The results of the dual luciferase reporting system showed that miR-874-3p could 
reduce the luciferase activity of wild-type FTO-WT-3 ‘-UTR. However, there was no significant change in the luciferase 

Figure 2 MiR-874-3p inhibits osteogenic marker expression of hMSCs. (A) qRT-PCR was performed to determine the mRNA levels of ALP, OCN 2 followed by osteogenic 
induction in osteogenic medium for 14 days. Data are expressed as the mean ± SD. *P < 0.05, ** P < 0.01, n = 5. ALP, alkaline phosphatase; OCN 2, osteocalcin 2; RUNX2, 
Runt-related transcription factor 2. (B) qRT-PCR was performed to determine the mRNA levels of let-7p, and miR-874-3p. (C) hMSCs were transfected with miR-874-3p 
mimics, qRT-PCR was performed to determine the mRNA levels of ALP, OCN 2. (D) Alizarin Red Staining was performed to detected the osteogenic differentiation, x100. 
Data are expressed as the mean ± standard deviation (SD). n = 5. ALP, alkaline phosphatase; OCN 2, osteocalcin 2; D, days. (E) miR-874-3p inhibitor, or corresponding 
negative controls for 24 h, qRT-PCR was performed to determine the mRNA levels of ALP, OCN 2. (F) Alizarin Red Staining was performed to detect the osteogenic 
differentiation, x100.
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activity of the mutant compared with the control group (Figure 5B). Western Blot showed that overexpression of miR- 
874-3p decreased the level of FTP protein (Figure 5C). miR-874-3p was found to inhibit the loss of osteogenic 
differentiation by siRNA knockdown of FTO (Figure 5D-5F). These results indicated that miR-874-3p inhibited 
osteogenic differentiation by regulating FTO expression.

Discussion
In this study, we identified 32 significantly upregulated and 18 significantly downregulated microRNAs in PHPT patients 
with osteoporosis compared with those in PHPT patients without osteoporosis. Of these differentially expressed microRNAs, 
miR-874-3p was substantially upregulated in hMSCs undergoing osteoblastic differentiation. Overexpression of miR-874-3p 
suppressed mRNA expression of osteogenic markers in hMSCs cultured in osteogenic medium, whereas the inhibitor of 

Figure 3 Peripheral blood extracellular vesicles miR-874-3p was increased in patients with PHPT osteoporosis (A) Through transmission electron microscopy (TEM) and 
nano-size analysis (NTA), there was no difference in the morphology and particle size of extracellular vesicles between the control group and the PHPT group. (B) Flow 
chart of the Construction Method of strand specific Small RNA Library. (C) RNA-sequence volcano map (C-map) showed that miR-874-3p expression was different 
between the PHPT group and the control group. (D)The expression difference of miR-874-3p in PHPT group and control group KEGG pathway analysis showed that the 
differentially expressed genes between PHPT group and control group were mainly concentrated in autophagy and lysosomal related pathways. (E) qRT-PCR was performed 
to determine the mRNA levels of miR-874-3p. ** P < 0.01.
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miR-874-3p showed contrasting results. These findings suggest that miR-874-3p might inhibit osteogenic differentiation of 
hMSCs, serving as a potential diagnostic marker and therapeutic target for PHPT-induced osteoporosis.

Of the 50 differentially expressed microRNAs in PHPT patients with osteoporosis, 12 microRNAs were randomly 
selected and verified by qRT-PCR. Among these microRNAs, miR-1299, miR-193b-3p, let-7i-5p, miR-10a-3p, miR-138- 
5p, miR-363-3p, miR-365a-3p, miR-4423-5p, miR-33a-5p, miR-3607-3p, and miR-874-3p were upregulated, whereas 
miR-512 was downregulated, in PHPT patients with osteoporosis. Consistent with our findings, studies have linked some 
of these microRNAs with osteogenesis. Jia et al have shown that miR-193b-3p and let-7i-5p were significantly 
upregulated in adipose-derived stem cells during osteogenic differentiation.36 Zhang et al have demonstrated that let- 
7i-5p promotes osteogenic differentiation by targeting casein kinase 2-interacting protein 1, playing an important role in 
fracture healing.37 These findings suggest that these microRNAs and downstream targets form a complex network in the 
regulation of osteogenesis.

In this study, we demonstrated that miR-874-3p was significantly upregulated in PHPT patients with osteoporosis 
compared with those in patients without osteoporosis. miR-874-3p promotes mouse osteoblast differentiation, as 
evidence by increased ALP activity, mineralization, and Runx2 promoter activity, via repressing histone deacetylase 1 
expression.38 These findings collectively suggest that miR-874-3p is closely associated with bone metabolism. However, 
the roles of miR-874-3p in osteogenic differentiation of hMSCs remain unexplored. In this study, we demonstrated that 
miR-874-3p mimics suppressed the mRNA expression of ALP, OCN2, and Runx2, whereas miR-874-3p inhibitor 
showed contrasting results, suggesting that miR-874-3p might inhibit osteogenic differentiation of hMSCs, and thus 
contributes to the development of PHPT-induced osteoporosis. However, the direct role of miR-874-3p in osteogenesis 
needs further investigation. Each microRNA may suppress multiple mRNA targets.

Fat mass and obesity-associated protein (FTO) is a chromosomal N6-methyladenosine (m6A) demethylase involved in the 
metabolism of various types of RNA within cells. Studies have shown that FTO is significantly upregulated during the 
differentiation of BMSC into osteoblasts, and inhibition of FTO expression will hinder the osteogenic differentiation of 
BMSC. The preliminary biogenic analysis suggested that miR-874-3p might have a targeting relationship with FTO, and the 
applicant conducted cell experiments to explore the relationship between the two. The results suggest that miR-874-3p can 

Figure 4 miR-874-3p in parathyroid tissue of PHPT osteoporosis mice and miR-874-3p, Pth and Gcm2 genes in peripheral blood extracellular vesicles were increased (A) 
Expression of miR-874-3p in parathyroid tissue of PHPT osteoporosis mice. (B) Expression of miR-874-3p, Pth and Gcm2 in peripheral blood extracellular vesicles of mice in 
each group. (C) Expression of miR-874-3p, Pth and Gcm2 in bone marrow MSC extracellular vesicles of mice. ** P < 0.01.
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suppress the expression of FTO-LUc in luciferase reporting system detection, indicating that miR-874-3p can specifically bind to 
FTO UTR sequence. Further experimental results showed that miR-874-3p inhibited FTO expression. These results indicated 
that miR-874-3p inhibited osteogenic differentiation by regulating FTO expression.

However, this study still has limitations. Firstly, the regulatory effect of the miR-874-3p has only been preliminarily 
verified through in vitro cell experiments so far, and its correlation has not yet been confirmed in animal models; 
Secondly, the key targets regulated by m6A modification downstream of FTO have not been fully clarified, and whether 
there are other potential pathways of action for miR-874-3p also remains to be explored.

In conclusion, our data suggested that miR-874-3p was dramatically increased in hMSCs grown in osteogenic 
medium. Overexpression of miR-874-3p suppressed osteogenic marker expression, whereas miR-874-3p inhibitor 
enhanced osteogenic marker expression in hMSCs. Therefore, targeting miR-874-3p might serve as a potential ther
apeutic strategy to prevent or treat osteoporosis for patients with PHPT.

Figure 5 miR-874-3p specifically binds to FTO and inhibits its expression (A) Targeting relationship between miR-874-3p and FTO. (B) Mutant luciferase activity and control 
level. (C) Western Blot analysis of FTP protein levels. (D) mRNA of ALP after siRNA knockdown of FTO. (E) mRNA level of OCN2 with siRNA knockdown of FTO. (F) 
mRNA level of RUNX2 after siRNA knockdown of FTO. *P < 0.05, ns>0.05.
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