Supplemental Materials and Methods

Generation of Runx1ffCKO, Alk3ffOsx-cre, and Runx2-/- Mice 
All animal experimentation was carried out according to the legal requirements of the Association for Assessment and Accreditation of the Laboratory Animal Care International and the University of Alabama at Birmingham Institutional Animal Care and Use Committee. Jackson Laboratory, strain name B6.129P2- Runx1tm1Tani/J, JAX no. 008772 were crossed with skeletal tissue cell (MSCs and osteoblasts) using the Twist2-Cre, Col1α1-Cre (2.3 kb) and Col2α1-Cre mouse lines, respectively. Twist2-cre mouse line was from Jackson Laboratory, strain name, B6.129X1-Twist2tm1.1(cre)Dor/J, JAX no. 008712). Col1α1-Cre (2.3 kb) mouse line was kindly provided by Dr. Crombrugghe from the University of Texas, Houston, TX 77030. Col2α1-Cre mouse line was from Jackson Laboratory, strain name B6;SJL-Tg(Col2a1-cre)1Bhr/J, JAX no.003554. Runx1f/f mice and Alk3f/f [1] mice with tissue specific promoter-driven Cre were crossed to generate heterozygous mice, which were intercrossed to obtain homozygous CKO mice. Alk3 strain mouse was kindly provided by Dr. Kai Jiao from the University of Alabama at Birmingham (UAB). Runx2 heterozygous mice (Runx2+/-) intercrossed to obtain homozygous mice (Runx2-/-). All mice were maintained under a 12-h light–dark cycle with ad libitum access to regular food and water at the UAB Animal Facility. Both male and female mice of each strain were randomly selected into groups of five animals each. The investigators were not blinded during allocation, animal handling, and endpoint measurements. The study was approved by the UAB Animal Care and Use Committee, conformed to National Institutes of Health guidelines, and followed all recommendations of Animal Research: Reporting in Vivo Experiments guidelines.
Histology and Tissue Preparation 
Histology and tissue preparation were performed as described previously [2]. Murine femurs and tibiae were harvested, skinned, and eviscerated before fixing in 4% paraformaldehyde (PFA) in 1×PBS overnight. Samples were then dehydrated in ethanol and decalcified in 10% EDTA for 3 wk. For paraffin sections, samples were dehydrated in ethanol, cleared in xylene, embedded in paraffin, sectioned at 6μm with a Leica microtome, and then mounted on Superfrost Plus slides (Fisher). For frozen sections, samples were infiltrated in 30% sucrose, embedded in optimum cutting temperature (OCT) compound, sectioned at 8 μm with a freezing microtome, and then mounted on Superfrost Plus slides (Fisher).

H&E and IHC Staining 
H&E staining was performed as described previously [2]. Mice were skinned and eviscerated, and then fixed in 4% PFA overnight. Specimens were dehydrated in ethanol and embedded in paraffin. Sections were cut at a thickness of 6 μm with a microtome and then mounted on Superfrost Plus slides (Fisher). Sections were deparaffinized and hydrated through a xylene and graded ethanol series, rinsed in hematoxylin, in 1% acid alcohol and ammonia-H2O, and then in eosin. Slides were dehydrated in graded ethanol and xylene. The 6-μm paraffin sections were deparaffinized, and antigens retrieval was achieved by heat treatment with a commercial reagent (Abcam AB970). Immunohistochemistry staining was performed using a commercial kit (Mouse on Mouse Basic kit CAT#BMK-2202; Vector Laboratories) and mouse anti-Runx1 (sc-101146; Santa Cruz), goat anti-Runx2 (sc-12988; Santa Cruz), rabbit anti-Atf4 (sc-200; Santa Cruz), rabbit anti-Opn (ab8448; Abcam), mouse anti-Ocn (sc-365797; Santa Cruz) and rabbit anti-Opn (ab8448; Abcam). Mice femurs and tibias were analyzed by immunofluorescence using the following primary antibodies: rabbit-anti-pSmad1/5/9 (#13820S; Cell signaling), rabbit-anti-pSmad2/3 (#8828S; Cell signaling); and these secondary antibodies: TR-goat-anti-rabbit IgG (H+L). The procedure followed the manufacturer’s instructions. Slides were counterstained by hematoxylin.

Cell Culture and Osteoblast Function. 
Primary calvarial osteoblasts were isolated from newborn mice and BMSCs and seeded in culture at 3×103 cells per square centimeter as described [3, 4]. Subsequently, cells were induced using osteogenic medium and BGJb medium (12591; Gibco) supplemented with 10% (vol/vol) FBS, 50 μg/mL L-ascorbic acid (A4544; Sigma-Aldrich), and 5 mM glycerol phosphate (G9891; Sigma-Aldrich). Bone marrow MSCs were isolated as described [5]. Cells were passaged and osteoblastogenesis were induced using osteogenic medium (α-MEM medium supplemented with 50 μg/mL L-ascorbic acid, 5 mM β-glycerol phosphate, and Dexamethasone). Osteoblastogenesis was analyzed by ALP staining according to manufacturer’s manual (A2356; Sigma-Aldrich). Osteoblast mineralization was examined by Von Kossa staining. Oil-red staining was conducted in cultured dishes as previously descried [4].

Western Blot Analysis. 
Protein samples were prepared from calvaria-derived osteoblasts and BMSCs in protein lysis buffer as described [2, 6].. Proteins were resolved on SDS/PAGE and electrotransferred on nitrocellulose membranes. Osteoblast- regulators and marker genes including Runx1, Cbfβ, Runx2, Osterix, Atf4, Ocn, Opn, Bmp7, Alk3 and GAPDH were detected using primary antibodies as follows: rabbit anti-Runx1 (8529s;  Cell Signaling), rabbit anti-cbfb (61284s;  Cell Signaling) rabbit anti-Runx2 (12556s;  Cell Signaling), rabbit anti-Sp7/Osterix (ab22552; Abcam), rabbit anti-Atf4 (sc-200; Santa Cruz), mouse anti-Ocn (sc-365797; Santa Cruz), rabbit anti-Opn (ab8448; Abcam), mouse anti-Bmp7 (ST1631; Millipore), rabbit anti-Alk3 (ABD51; Millipore), mouse anti-GAPDH (sc-25778; Santa Cruz) and mouse–anti–β-tubulin (E7; DSHB). Horseradish peroxidase-linked anti-rabbit IgG (7074) and Horseradish peroxidase-linked antimouse IgG (7076) were from Cell Signaling.

qRT-PCR Analysis. 
Total RNA was isolated from cultured cells at day 7 and day 14 (as indicated) with TRIzol reagent (15596018; Life Technologies). Mouse cDNA was reverse-transcribed from 0.5 g total RNA with SuperScript VILO Master Mix (11755050; LifeTechnologies). The qRT-PCR was performed using the one step RT-PCR System as previously described [2, 6]. Primer sequences are presented in the Table S1.

Nile Red Staining. 
Differentiated cells are fixed by paraformaldehyde, rinsed by PBS, stained by 25 ng/mL Nile Red, counterstained by DAPI, and visualized by fluorescent microscope.

Chromatin Immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was performed as described using primary osteoblast lysates [3]. After immunoprecipitation using rabbit polyclonal anti Runx1 antibody (ab23980; Abcam) and DNA extraction, quantitative PCR was performed using the primers in the promoter region of mouse Bmp7, Alk3 and Atf4 genes (primer sequences are presented in the Table S2). 

Promoter Luciferase Assay. 
The promoter region (−) and (+) of the mouse Bmp7, Alk3 and Atf4 gene was amplified by PCR using Bmp7, Alk3 and Atf4 Bac clone (cat#CH29-27K23; CHORI). Primer sequences are available in Table S3. Then the promoter regions were inserted into the pGL3-basic vector to construct the pGL3-Bmp7, Alk3 and Atf4 promoter vectors and respectively. The insertions of the constructs were confirmed by sequencing. C3H10T1/2 cells were cultured in 24-well plates, and were transiently transfected with a DNA mixture containing the pGL3- Bmp7, Alk3 and Atf4 construct  respectively (0.3μg) and β-GAL-expressing plasmids (0.03 μg using Lipofectamine and Plus reagents. Luciferase was detected using Glo Luciferase Assay System (Promega) 48 h post transfection as described [3]. The β-GAL activity of the cell lysates was analyzed using β-Galactosidase Enzyme Assay System (E2000; Promega). The level of luciferase activity was normalized to the level of β-GAL activity.

Virus production and infection.
For retrovirus production, pMXs vectors was transfected into 293GPG cells (gift from Dr Xu Feng) and for lentivirus production, pLX-304 vectors was transfected into 293T cells, using a calcium phosphate co-precipitation method and retrovirus supernatant were harvested between 48–96 h [7]. And lentivirus or retrovirus titers were determined by transfecting HEK293T cells with serial dilutions of virus supernatant. AAV was produced and tittered according to the manufacturer's instructions (Life Technology, Inc). BMSCs were transduced with virus supernatant in the presence of 8 μg ml−1 polybrene (Sigma) for 24 h before induced with osteogenesis induction medium.

RNA-Sequencing Analysis
[bookmark: _GoBack]Total mRNA was isolated using TRIzol reagent (Invitrogen Corp., Carlsbad, CA) from the osteoblasts that were  cultured  for  14 days in osteogenic differentiation medium following the manufacturer's protocol and was submitted to Admera Health (South Plainsfield, NJ) who assessed sample quality with the Agilent Bioanalyzer and prepared the library using the NEBnext Ultra RNA - Poly-A kit.  Libraries were analyzed using Illumina next generation sequencing and relative quantification was provided by Admera Health.
Read counts were subjected to paired differential expression analysis using the R package DESeq2. Volcano plot of differentially expressed genes was generated using log2 (fold change) and –log10 (p value) values. Genes were considered significant for upregulation/downregulation if p<0.05. GO analysis was carried out using DAVID online tool (https://david.ncifcrf.gov/). Top GO downregulated categories were selected according to the P-values and enrichment score, and illustrated as number of genes downregulated in respective category. 
Signaling pathway data were analyzed through the use of IPA (QIAGEN Inc.,https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). We used online heatmap generator tool (http://www.heatmapper.ca/expression/) to graph the differential expression genes analyzed by IPA.

OVX-induced bone destruction and AAV-Runx1 and AAV-Cbfβ treatment. 
OVX or sham was performed on two-month-old female mice. One week later and two weeks later those mice were administered with a local calvarial injection of 30ul AAV (titer 109-10/ml) expressing YFP, Runx1, or Cbfβ. Mice were harvested 5 weeks after OVX operation and ﬁxed in 4% PFA. Calvaria bone were analysed by X-ray, u-CT and whole-mount TRAP staining. Calvarial were also decalciﬁed for 3 days, immersed in 30% sucrose overnight and then submitted to frozen section and ALP staining.

Statistical Analysis. 
The number of animals used in this study was determined in accordance with power analysis and our previous studies [2, 6]. In brief, our study used five mice per group per experiment. Data are presented as mean ± SD (n ≥ 3). Statistical significance was assessed using Student’s t test. Values were considered statistically significant at P < 0.05. Results are representative of at least three individual experiments. Figures are representative of the data.
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