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Viral transduction of hBMSCs

Lentiviral over-expression vectors (Plenti-CMV-Puro) and short hairpin RNA (shRNA) lentiviral vectors were transduced into 293T cells using lentiviral packaging plasmid psPAX2 and PMD2G. hBMSCs at the third passage were infected with lentiviral vectors. The target sequences used were as follows: AC132217.4, GCT TGC AAT CCC AAT AAA GCA and GCC AAA CAC TGA ATG TCA CCT; IGF2, GGC AAG TTC TTC CAA TAA and AAG TCG ATG CTG GTG CTT CTT; HNRNPA1, AGA TAT TTG TTG GTG GCA TTA; SC35, TCT CCC GAT TGC TCC TGT GTA; and ALX1, GCG TGA ACT ATG GG ATC ACT and CCG GAT GTG TAT GTC AGA GAA. 

Isolation of nuclear and cytoplasmic fractions and real-time reverse transcription polymerase chain reaction (RT-PCR)

Cytoplasmic and nuclear fractions containing RNA were prepared as previously described [23]. Total RNA extraction was performed using the TRIzol reagent (Invitrogen, Shanghai, China). Reverse transcription (RT) was conducted using 1 µg total RNA with the RevertAid First Strand cDNA synthesis kit (Thermo, Shanghai, China) according to the manufacturer’s instructions. Real-time quantitative polymerase chain reaction (qPCR) was used to detect the expression levels of AC132217.4, IGF2, alkaline phosphatase (ALP), collagen type I alpha 1 chain (COL1A1), runt-related transcription factor 2 (RUNX2), HNRNPA1, SC35, and ALX1. The RNA levels were normalized to that of glyceraldehyde 3-phosphate dehydrogenase. The primer sequences are shown in Table 1.

Fluorescence in situ hybridization (FISH)

Specific probes against AC132217.4 were used for fluorescence in situ hybridization (FISH). Biotin-labelled AC132217.4 was generated using in vitro transcription using the MEGAscript T7 kit and then purified with lithium chloride. Cells were fixed with 4% paraformaldehyde, washed twice with phosphate-buffered saline (PBS), treated with 0.1 M triethanolamine containing 0.25% acetic anhydride for 10 min, and then permeabilized with 0.2 M hydrochloric acid for 10 min. Then, hybridization was performed by incubating cells with 0.4 μg biotin-labelled RNA at 65 °C overnight in a dark humid chamber. Subsequently, the cells were washed three times in saline-sodium citrate buffer, incubated in blocking buffer (1% bovine serum albumin and 5% normal goat serum in phosphate-buffered saline), followed by incubation with fluorescein isothiocyanate-conjugated streptavidin solution at 25℃ for 1 h. Finally, the cells were imaged using a fluorescence microscope(FV 3000, OLYMPUS).

Immunofluorescence
Paraffin section gradient dehydration and then washed twice with phosphate-buffered saline (PBS), treated with blocking buffer (PBS containing 0.3% Triton X-100 and 1% BSA) for 60min. Antibodies against GFP was used for Immunofluorescence and incubated for overnight, followed by incubation with Alexa Fluor 594 secondary antibody at 25℃ for 1 h. Finally, the paraffin section were imaged using a fluorescence microscope(FV 3000, OLYMPUS).
Protein extraction and western blot analysis

Radio immunoprecipitation assay buffer was used for protein extraction. The supernatants of the cell lysates were separated using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10% or 12% acrylamide gels and then transferred onto a polyvinylidene difluoride membrane (Millipore, Shanghai, China). Antibodies against RUNX2 (1:1000, #12556, Cell Signalling Technology, Shanghai, China), COL1A1 (1:1000, #ab260043), IGF2 (1:1000, #ab9574), SC35 (1:1000, #ab204916), HNRNPA1 (1:1000, #ab123378), ALX1 (1:1000, #EPR11331; all from Abcam, Shanghai, China), and a horseradish peroxidase-conjugated secondary antibody (1:75000, Jeakson, Shanghai, China) were used for western blotting. A chemiluminescence western blotting detection system (Tanon, China) was used for protein detection.

Measurement of supernatant IGF2 

Osteogenesis was induced in control or viral-infected hBMSCs for 7 days and then the supernatant was collected for enzyme-linked immunosorbent assay (ELISA) analysis of IGF2 using a human IGF2 ELISA kit (Elabscience, E-EL-H6037, Shanghai, China) according to the manufacturer’s instructions. 

Luciferase reporter assay

To confirm the binding sites of ALX1 on the AC132217.4 promoter, luciferase reporter plasmids containing wild-type and mutant AC132217.4 promoters were subcloned into the PGL3B vector . hBMSCs undergoing osteogenesis were co-transfected with over-expressing ALX1, PGL3B-AC132217.4 promoter vectors, and Renilla luciferase control vector using Lipofectamine 3000 (Invitrogen, Shanghai, China) for 48 h. Then, the cells were harvested and luciferase activity was quantified using the Luciferase Reporter Assay System (Beyotime, China, RG089) and normalized to the Renilla luciferase activity level. 

Alizarin Red S staining and ALP functional assay

Control or viral-infected hBMSCs were treated to induce osteogenesis for 14 days and the mineral deposition of osteoblasts was measured. For mineral staining, cells were fixed with cold 95% ethanol for 5 min and stained with 1.0% Alizarin Red S solution (pH adjusted to 4.0–4.3, Sangon Biotech, China). Control or viral-infected hBMSCs were treated to induce osteogenesis for 7 days and ALP activity was measured using an ALP quantitative analysis kit (Nanjing Jiancheng Institute, China) and Gomori staining kit (Nanjing Jiancheng Institute) according to the manufacturer’s instructions.

Micro-computed tomography (μ-CT) and histology analysis

Micro-computed tomography (μ-CT) and histology with hematoxylin and eosin (H&E) and Masson’s trichrome staining were performed to analyse the bone healing process [25]. Briefly, tibial bone tissues were dissected, fixed overnight in 4% paraformaldehyde, and stored in 70% ethanol. The μ-CT was performed using the SkyScan1272 Micro-CT scanner (Bruker) with the integration time, X-ray energy, X-ray intensity, and resolution set at 300 ms, 70 kVp, 142 μA, and 12 μm, respectively. Each sample was scanner for 1 mm from the proximal head and manually segmented to generate a region of interest excluding the cortical bone over 90 slices, with the threshold set at 85–255 for all samples. 

Morphometric parameters, including tissue volume (TV), bone volume (BV), and bone mineral density (BMD), were measured using the SkyscanTM CT-analyser software (Bruker). Three-dimensional reconstruction was performed using the Amira-Avizo 3D Software (Thermo Fisher Scientific) using 150 slices covering the entire drill-hole area. For histological analysis, tibial bone tissues were subjected to CT scanning, decalcified in 10% ethylenediaminetetraacetic acid, embedded in paraffin, cut into 6-μm-thick sections, and then subjected to H&E,Safranin O and TRAP staining.

Table 1

	gene 
	forward primer
	reverse primer

	ALPL
	AACATCAGGGACATTGACGTG
	GTATCTCGGTTTGAAGCTCTTCC

	RUNX2
	CCGCCTCAGTGATTTAGGGC
	GGGTCTGTAATCTGACTCTGTCC

	COL1A1
	ATCAACCGGAGGAATTTCCGT
	ATCAACCGGAGGAATTTCCGT

	AC132217.4
	TCTGCCCATCGACCAGGTTTG
	CTAGGCACGGAGGTCAGACA

	IGF2
	GTGGCATCGTTGAGGAGTG
	CACGTCCCTCTCGGACTTG

	ALX1
	TGTGATAGCAATGTATCCAGCAG
	CACATCCGGGTAATGAGTTTTCT
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Fig S1. AC132217.4 expression was increased with osteoblast differentiation of human bone marrow mesenchymal stem cell (hBMSCs). a. The AC132217.4 gene expression profile of primary and osteogenic-differentiated hBMSCs were compared using RNA sequencing analysis. b. AC132217.4 gene expression was increased in hBMSCs infected with AC132217.4-overexpressing virus. c.  AC132217.4 gene expression was knock down in hBMSC when infected with lentivirus carrying AC132217.4-shRNA.
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Fig S2. AC132217.4 increased insulin growth factor 2 (IGF2) expression. a. b. The prediction of candidate target genes of AC132217.4 using Starbase datdabase. c. The IGF2 gene expression profile in primary and osteogenic-differentiated hBMSCs were compared using RNA sequencing analysis. d. IGF2 gene and protein expression was knock down when infected with lentivirus carrying IGF2-shRNA.
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Fig S3. SC35 and heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) regulated AC132217.4 splicing. A. The splice site in the pre-RNA of lncRNA AC132217.4 gene was also predicted in silico using the NetGene2. B. The sequencing of splicing site-mutated pre-RNA of AC132217.4. C. The existing splicing sites in the pre-RNA of AC132217.4 was predicted in silico using the NetGene2. D. The binding motif of HNRNPA1 and SC35 in AC132217.4 pre-RNA. 
