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Abstract

Bone has the potential for spontaneous healing. However, this process often fails in patients with 

co-morbidities requiring clinical intervention. Numerous studies have revealed that bone marrow-

derived mesenchymal stem/stromal cells (BMSCs) hold great potential for regenerative therapies. 

Common problems include poor cell engraftment, which can be addressed by irradiation prior to 

transplantation. Increasing evidence suggests that stromal cell-derived factor-1 (SDF-1) is 

involved in bone formation. However, osteogenic contributions of the beta splice variant of SDF-1 

(SDF-1β), which is highly expressed in bone, remain unclear. Using the tetracycline (Tet)-

regulatory system we have shown that SDF-1β enhances BMSC osteogenic differentiation in vitro. 

Here we test the hypothesis that SDF-1β augments bone formation in vivo in a model of local 

BMSC transplantation following irradiation. We found that SDF-1β, expressed at high levels in 

Tet-Off-SDF-1β BMSCs, augments the cell-mediated therapeutic effects resulting in enhanced 

bone formation, as evidenced by ex vivo μCT and bone histomorphometry. The data demonstrate 

the specific contribution of SDF-1β to BMSC-mediated bone formation, and validate the 
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feasibility of the Tet-Off technology to regulate SDF-1β expression in vivo. In conclusion, SDF-1β 

provides potent synergistic effects supporting BMSC-mediated bone formation and appears a 

suitable candidate for optimization of bone augmentation in translational protocols.
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Bone possesses the ability to heal spontaneously restoring function without significant 

scarring following injury. However, this regenerative process fails in patients with large 

bone defects (e.g., due to trauma, tumors, nonunion, etc.) or impaired wound healing, 

resulting in the need for clinical intervention.1 Mounting evidence suggests that bone 

marrow-derived mesenchymal stem/stromal cells (BMSCs) hold great promise for 

regenerative therapies in the musculoskeletal system.2 The controlled delivery of BMSCs is 

generally perceived as a safe procedure, which has set the stage for the rapidly increasing 

number of clinical trials that use ex vivo expanded cell populations.3

The rationale for the use of BMSCs in cell therapy protocols is three-fold. First, BMSCs are 

capable of differentiating into osteoprogenitors and osteoblasts.4 Second, BMSCs can 

suppress the host inflammatory response aiding in their post-transplantation survival.5 Third, 

the ability of implanted BMSCs to secrete trophic/paracrine factors confers anti-apoptotic 

and chemoattractive characteristics, among others.6 It has been postulated that BMSCs 

function as signaling centers to orchestrate and organize the multifaceted host response to 

the injury. To that end, it appears reasonable that indirect actions of implanted BMSCs may 

be as important in bone tissue regeneration as their direct osteogenic potential, which could 

lead to novel therapeutic approaches in the treatment of musculoskeletal diseases and 

injuries.7,8

Stromal cell-derived factor-1 (SDF-1)/CXCL12 is a member of the pro-inflammatory CXC 

chemokine family.9 Six identified human isoforms are derived from the same gene by 

alternative splicing, with SDF-1α and SDF-1β being the most abundant.10 SDF-1 and its 

main G-protein-coupled CXC chemokine receptor 4 (CXCR4) are widely expressed in 

postnatal tissues. The most important sources are the bone marrow (BM)-, lymph node-, 

muscle-, and lung-derived fibroblasts.11–13 Binding of SDF-1 to CXCR4 initiates diverse 

downstream signaling processes,14 including the chemotactic recruitment of regenerative 

cells to injury sites during the acute phase of bone healing.15–17 Increased ectopic bone 

formation in transplants containing SDF-1-overexpressing BMSCs was demonstrated in an 

early report.18 However, the authors found no correlation with in vitro mineralization or the 

expression of various bone-associated genes and concluded that the beneficial effects of 

SDF-1 in vivo were indirect.18 We and others have reported a direct regulatory role of 

SDF-1 signaling in bone morphogenetic protein-2 (BMP-2)-induced osteogenic 

differentiation of mesenchymal cells in vitro19–21 and in vivo22–26 using ectopic and 

orthotopic bone formation models. Collectively, these data suggest that CXCR4 may act as a 

critical signaling component necessary for bone formation.
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Recently, we described genetically engineered BMSCs that conditionally overexpress 

SDF-1β using the tetracycline (Tet)-regulatory system (Tet-Off-SDF-1β). 21 SDF-1β was 

chosen over the more abundant splice variant SDF-1α due to its greater resistance to 

proteolytic cleavage conferred by its additional 4 C-terminal amino acids relative to 

SDF-1α.21,27–29 We showed that, independent of SDF-1α, SDF-1β enhances mineralization 

and expression of key osteogenic markers, and modulates BMP-2 signal transduction and 

BMSC survival under oxidative stress through increasing autophagy in vitro.21,30

The objective of this study was to investigate BMSC-mediated new bone formation in 

skeletally mature C57BL/6J male mice following irradiation preconditioning, previously 

shown to be permissive for BMSC engraftment following local transplantation.8 Here, we 

tested the hypothesis that SDF-1β, expressed at high levels in genetically engineered Tet-

Off-SDF-1β BMSCs,21 augments endogenous bone formation in a model of direct 

intramedullary tibial transplantation.

MATERIALS AND METHODS

Animals

C57BL/6J male mice were purchased from Jackson Laboratories (Bar Harbor, ME). 

Animals were maintained at the Laboratory Animal Services research facility at Georgia 

Regents University and used at the age of 6 months. All aspects of the research were 

conducted in accordance with the guidelines set by the Georgia Regents University 

Institutional Animal Care and Use Committee following an approved Animal Use Protocol 

(protocol number 2011–0397).

Isolation and Culture of BMSCs

Six 18-month-old male C57BL/6J mice, purchased from the National Institute on Aging 

(Bethesda, MD) aged rodent colony, were used to obtain BMSCs at the Georgia Regents 

University Stem Cell Core Facility as described previously.8,21,30–32 First, mice were 

euthanized by CO2 overdose followed by thoracotomy. The femora and tibiae were 

dissected free of soft tissues, cut open at both ends, and flushed with complete isolation 

media (CIM) (RPMI-1640 (Cellgro, Mediatech, Manassas, VA), 9% heat-inactivated fetal 

bovine serum (FBS), 9% horse serum (both from Atlanta Biologicals, Lawrenceville, GA), 

and 12 μM l-glutamine (Gibco, Invitrogen, Carlsbad, CA) using a 22-gauge syringe 

followed by filtration through a 70 μm nylon mesh filter. The combined whole bone marrow 

aspirate was dispersed with a 25-gauge syringe to produce a single cell suspension. Next, 

BMSCs were isolated using a modified protocol33–35 by plating the single cell suspension in 

175-cm2 flasks at a density of 2 × 107 cells/flask. After a 3 h incubation at 37°C in 5% CO2, 

the nonadherent cells were removed and the adherent cells washed two times gently with 

PBS to reduce the degree of hematopoietic lineage cell contamination. The cells were 

cultured in CIM for 3–4 weeks with media change every 3–4 days. At 70–80% confluence, 

the cells were lifted with trypsin/EDTA, washed, and resuspended at a density of 5 × 106 

cells/ml in PBS containing 0.5% bovine serum albumin (BSA) and 2 mM EDTA followed 

by negative immunodepletion using magnetic microbeads conjugated to anti-mouse CD11b, 

CD45R/B220 (BD Biosciences Pharmingen, San Diego, CA), CD11c, and PDCA-1 
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(Miltenyi Biotec, Bergisch Gladbach, Germany) monoclonal antibodies according to the 

manufacturer’s instructions. Resulting CD11b, CD45R/B220, CD11c, PDCA-1-negative 

cells were subjected to positive immunoselection using anti-Sca-1 microbeads (Miltenyi 

Biotec) following the manufacturer’s recommendations. Enriched BMSCs (0.33% CD45, 

0.13% CD11b, 83.18% Sca-1 by FACS analysis31), which are depleted of monocytes, 

granulocytes, macrophages, myeloid-derived dendritic cells (DCs), natural killer cells, B-1 

cells, B lymphocytes, T lymphocytes, classical DCs, plasmacytoid DCs, and macrophage 

progenitors, were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Cellgro) 

with 10% heat-inactivated FBS (Atlanta Biologicals). Next, BMSCs were subjected to 

retroviral-mediated transduction with ΔU3-GFP plasmid DNA, constructed in the replication 

defective ΔU3nlsLacZ vector by inserting the full-length coding region of Gfp cDNA.32 

BMSCs were seeded at low density for clonal selection. Well-isolated, GFP-positive 

BMSCs (clone 2) were maintained in DMEM supplemented with 10% heat-inactivated FBS 

and used at 70–80% confluence.

Genetic Modification of BMSCs for Conditional Expression of SDF-1β

Next, BMSCs (passage 10) were transduced with retroviral Tet-Off expression vectors as 

previously described.21,30 A sequential protocol of retrovirus production, two-step infection, 

and selection was utilized to generate double-stable Tet-Off-SDF-1β and Tet-Off-EV (empty 

vector) BMSCs. Briefly, 293GPG packaging cells36 were transfected at passage 8 with 

retroviral Tet-Off expression vectors containing the full-length coding sequence of murine 

Sdf-1β (NM_013655) or empty control (Clontech Laboratories, Mountain View, CA). 

BMSCs (clone 2) were infected at passage 10 with 2 ml of the respective retroviral 

supernatant containing 4 μg/ml polybrene (Sigma–Aldrich) and 100 ng/ml doxycycline 

(Dox; Sigma–Aldrich) followed by selection with 400 μg/ml G418 (MP Biomedicals, Solon, 

OH) and 2.5 μg/ml puromycin (Sigma–Aldrich). Clonally selected, genetically engineered 

BMSCs were maintained in DMEM supplemented with 10% Tet-FBS (Clontech), 400 μg/ml 

G418, and 2.5 μg/ml puromycin.

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

qRT-PCR analyses were performed as described previously.8,21 Briefly, Tet-Off BMSCs 

(passage 16) were plated at 2.5 × 103 cells/cm2 in 12-well plates and then treated with 100 

ng/ml Dox starting the next day. After 24 h, cells were lysed in TRIzol® reagent (Invitrogen) 

for RNA isolation and subsequent cDNA synthesis (iScript™ kit; Bio-Rad, Hercules, CA). 

One hundred nanograms of cDNA were amplified in duplicates in each 40-cycle reaction 

using an iCycler™ (Bio-Rad) with annealing temperature set at 60°C, ABsolute™ QPCR 

SYBR® Green Fluorescein Mix (ABgene, Thermo Fisher Scientific), and custom-designed 

primers (Table 1; Thermo Fisher Scientific). A melt curve was used to assess the purity of 

amplification products. mRNA levels were normalized to β-actin and gene expression was 

calculated as fold change using the comparative CT method.

SDF-1α and SDF-1β Enzyme-Linked Immunosorbent Assay (ELISA)

SDF-1 splice variant-specific ELISAs (R&D Systems, Minneapolis, MN) were performed as 

previously described.8,21 Briefly, Tet-Off BMSCs were plated and treated as above. After 24 
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h, the media were collected and cell lysates prepared in Complete Lysis-M EDTA-free 

buffer containing protease inhibitors (Roche Diagnostics, Indianapolis, IN). The anti-SDF-1 

capture antibody (R&D Systems) in sodium bicarbonate buffer pH 9.4 was bound to 

MaxiSorp™ 96-well plates (Nunc, Thermo Fisher Scientific) overnight. Plates were blocked 

for 2 h with 1% BSA in PBS. Murine SDF-1α or SDF-1β (PeproTech, Rocky Hill, NJ) 

standards and samples (1:2 diluted) were incubated for 2 h prior to incubating with the 

biotinylated anti-SDF-1α and anti-SDF-1β detection antibody (2 h; R&D Systems), 

respectively. Streptavidin-horseradish peroxidase (R&D Systems) was incubated for 20 min 

followed by the substrate reagent (R&D Systems) for 20 min. Sulfuric acid (2 N) was added 

to stop the enzymatic color reaction and absorbance was read at 450 nm. SDF-1α and 

SDF-1β protein expression was calculated using standard curves and normalized to total 

protein, which was quantified using the EZQ® Protein Quantitation Kit (Invitrogen).

Osteogenic Differentiation

Osteogenic differentiation was performed as described previously.21,37 Briefly, Tet-Off 

BMSCs were plated at 5.0 × 103 cells/cm2 in 12-well plates and treated as above. Starting 

the next day, BMSCs were incubated in standard osteogenic induction medium comprised of 

DMEM supplemented with 5% Tet-FBS, 0.25 mM ascorbic acid (Sigma–Aldrich), 0.1 μM 

dexamethasone (Sigma–Aldrich), and 10 mM β-glycerophosphate (Sigma–Aldrich) ± 100 

ng/ml Dox for 21 days with daily medium exchange.

Detection and Quantification of Calcium Mineral Content

Alizarin Red S (ARS) staining was performed as described previously.21,37 After 21 days in 

culture, BMSC monolayers were washed with PBS and fixed in 3% paraformaldehyde 

(PFA; Sigma–Aldrich) for 30 min. Cells were stained with 40 mM ARS pH 4.1 (Sigma–

Aldrich) for 15 min followed by washing with excess dH2O. Stained monolayers were 

visualized by scanning the plates using a conventional flatbed scanner (Canon, Melville, 

NY). For quantitative destaining,38 cells were incubated for 10 min with 10% 

cetylpyridinium chloride (Sigma–Aldrich). Aliquots were diluted (1:10) with PBS, 

transferred to a 96-well plate (Nunc, Thermo Fisher Scientific, Waltham, MA), and 

absorbance was read at 570 nm.

Total Body Irradiation (TBI)

Twenty five 6-month-old C57BL/6 male mice received a lethal dose (8.25 Gy) of TBI at 

0.825 Gy/min for 10 min using a cesium-137 source (Gammacell 40 Exactor; Best 

Theratronics, Ottawa, Ontario, Canada) without shielding as previously described.8,39 This 

dose has been shown to result in 0% survival after 30 days in untreated mice.40 The next 

day, lethally irradiated mice were anesthetized with 2% isoflourane and transplanted with 

6.0 × 106 cells/ml of rescuing whole BM, obtained from femora and tibiae of donor litter 

mates, supplemented with 1% diprotin A to enhance BM cell engraftment8,39,41 (Peptide 

Institute, Osaka, Japan) by injection into the retro-orbital sinus.
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Intramedullary Tibial Transplantation

Direct intramedullary tibial transplantations were performed as described previously.8,39 

First, lethally irradiated recipient mice were anesthetized with 2% isoflourane followed by 

subcutaneous injection of 2.5 mg/kg carprofen for pre-surgical analgesia. The injection site 

was shaved and 10% betadine solution (Purdue Products L.P., CT) applied topically. The 

knee was flexed to 90° and the proximal end of the tibia drawn to the anterior. A 26-gauge 

needle was inserted into the joint surface of the tibia through the patellar tendon and then 

inserted into the medullary space. The needle was removed, a second 26-gauge needle 

inserted into the needle track, and extended into the BM space to flush with 100 μl 0.9% 

saline. Genetically engineered Tet-Off-SDF-1β or Tet-Off-EV BMSCs (passage 16)21 at 

1.32 × 107 cells/ml supplemented with 1% diprotin A to enhance BMSC engraftment41 

(Peptide Institute) were slowly injected into the left marrow cavity as the needle was 

withdrawn from the intramedullary space (70 μl; 9.24 × 105 cells total; n = 5/Tet-Off-

SDF-1β (−Dox); n = 5/Tet-Off-SDF-1β (+Dox); n = 10/Tet-Off-EV). Right tibiae were 

injected with vehicle control (n = 5/Tet-Off-SDF-1β (−Dox); n = 5/Tet-Off-SDF-1β (+Dox); 

n = 10/Tet-Off-EV). Recipient mice were fed with regular animal chow and had access to 

antibiotic-containing water (Hi-Tech Pharmacal, Amityville, NY) for 2 days before 

switching to water ad libitum. Drinking water was supplemented with 5% glucose ± 25 

μg/ml doxycycline (Dox; Sigma–Aldrich) for the duration of the study.42 After 4 weeks, 

animals were euthanized by subcutaneous administration of a ketamine HCl (85 mg/kg; IP)/

xylazine HCl (15 mg/kg; IP) cocktail followed by thoracotomy. Tibiae were removed, 

dissected free of soft tissues, and fixed in 3% PFA. After 24 h, specimens were washed in 

PBS and preserved in 70% ethyl alcohol at 4°C.

Micro Computed Tomography (μCT)

Tibiae were scanned with an ex vivo μCT system (Skyscan 1174; Skyscan, Aartselaar, 

Belgium) as previously described.8 The scanner was equipped with a 50 kV, 800 μA X-ray 

tube and a 1.3 megapixel CCD coupled to a scintillator. Four tibiae were placed in a plastic 

sample holder with the long axes oriented parallel to the image plane and scanned in air 

using 18 μm isotropic voxels, 400 ms integration time, 0.5° rotation step, 360° rotation, and 

frame averaging of 5. All samples were scanned within the same container using the same 

scanning parameters. All scans were then reconstructed using NRecon software v1.6.6.0 

(Skyscan) with exactly the same reconstruction parameters. For 3-D analysis (CTAn 

software v1.12.0.0 +, Skyscan), the grey scale was set from 60 to 140. This range allowed 

viewing of the normal bone architecture seen in the raw images. All reconstructed images 

were adjusted to this grey scale before running the 3-D analysis. Standard 3-D 

morphometric parameters43 were determined in a region of interest (ROI) starting 

immediately beyond the epiphyseal plate (transaxial tracing; 112 cuts = 2 mm distally; Fig. 

1) in all samples. Representative 3-D images were created using CTvox software v2.3.0 

r810 (Skyscan).

Histological Preparation and Analysis

Tibiae were decalcified in 0.25 M ethylenediaminetetraacetic acid (EDTA) at pH 7.4 for 7 

days at 4°C with changes of the EDTA solution every other day as described previously.8 
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Specimens were washed, dehydrated in a graded series of ethyl alcohol (70–100%), cleared 

in xylene, embedded longitudinally in paraffin, and sectioned at 5 μm thickness using a 

microtome (Leica Microsystems Inc., Buffalo Grove, IL) prior to mounting on Frost Plus 

glass slides for histology. Coronal sections through the center of the diaphysis were stained 

with standard hematoxylin & eosin (H&E) for histologic analysis. Light microscopy images 

were captured using a Carl Zeiss microscope (Carl Zeiss, Inc., Thornwood, NY) with 

AxioVision Image Analysis software v4.7.1.0.

Bone Histomorphometry

The standard 2-D histomorphometric parameter44,45 percent bone volume (BV/TV) was 

assessed in the proximal tibiae (n = 3 animals/group) as described previously.8 We utilized a 

876.9 × 657.1 μm rectangular ROI (H&E-stained coronal sections through the center of the 

diaphysis, 20×, 1388 × 1040 pixels per image, 576211.68 μm2 or 0.58 mm2 combined total 

area in four identical quadrants; Fig. 5A). Following an established protocol,46 black-and-

white image masks of the H&E-stained color images were created using the wand tool 

(tolerance: 10) in Photoshop CS6 software v13.0 (Adobe Systems, San Jose, CA) to 

highlight areas of bone. In all 20X images, bone tissue was designated in black while the 

remaining tissue was designated in white, creating the mask for analysis (Fig. 6B–D). Next, 

using ImageJ software 1.47v (NIH; Washington, DC), the entire image area was calculated 

as tissue area (T.Ar) and, using the default wand tool, the combined black-colored areas 

were summarized as bone area (B.Ar) to calculate percent bone volume (BV/TV). Per 

definition, BV/TV is numerically identical with the corresponding area/area ratio B.Ar/

T.Ar.44

Immunohistochemistry

Five-micrometer paraffin sections (coronal; through the center of the diaphysis) were 

deparaffinized in xylene, hydrated, and permeabilized in 0.1% TritonX100 for 10 min, as 

previously described.8 Antigen retrieval was performed using the Digest-All-3 solution 

(Invitrogen, Carlsbad, CA). Non-specific binding was blocked using 3% normal donkey 

serum (Jackson Immuno Research, West Grove, PA) for 1 h at room temperature in a 

humidifying chamber. Serial coronal sections were incubated with primary Rb (rabbit) anti-

GFP antibody (1:300; Molecular Probes, Invitrogen) overnight at 4°C. For detection of 

immunopositive signals, sections were incubated with Alexa Fluor® 488-conjugated 

secondary D (donkey) anti-Rb antibody (1:500; Jackson ImmunoResearch) for 2 h at room 

temperature in a humidifying chamber. Sections were cover-slipped with Vectashield 

mounting medium (Vector Laboratories Inc., Burlingame, CA) containing 4′,6-diamidino-2-

phenylindole (DAPI) nuclear stain. Differential interference contrast (DIC) and fluorescence 

microscopy images were captured using a Carl Zeiss microscope with AxioVision Image 

Analysis software v4.7.1.0 (Carl Zeiss).

Statistical Analysis

All data are expressed as means ±SD. In vitro experiments (n = 3) were performed two 

independent times. Transcript and protein levels, and in vitro mineralization were analyzed 

using the one-way analysis of variance (ANOVA). Tibial transplantation outcomes analyzed 
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were 3-D bone morphometric parameters; percent bone volume (BV/TV), and trabecular 

number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp). A two-way repeated measures 

ANOVA was used. The model included treatment (TRT: Tet-Off-SDF-1β [−Dox], Tet-Off-

SDF-1β [+Dox], Tet-Off-EV) as the fixed effect, BMSC transplantation (BMSC: no vs. yes) 

as the within animal repeated random effect, and the interaction between TRT and BMSC. A 

significant interaction effect would infer that the TRTs had a different effect on the outcome 

dependent on the presence or absence of BMSCs. The bone histomorphometric parameter 

BV/TV was analyzed using the one-way ANOVA and non-parametric Spearman’s rank 

correlation followed by the unpaired Student’s t test. A Tukey’s post hoc test was used to 

test for significant effects. The significance level was set at alpha = 0.05 and SAS© v9.3 

(SAS Institute, Inc., Cary, NC) was used for all analyses.

RESULTS

SDF-1β Transcript and Protein Analysis

We first determined the levels of SDF-1β mRNA and protein expression in genetically 

engineered Tet-Off-SDF-1β and Tet-Off-EV BMSCs. Similar to previous studies,21 SDF-1β 

mRNA levels in Tet-Off-SDF-1β BMSCs were significantly increased compared to Dox-

suppressed controls (29.9 ± 7.9-fold, p<0.0001) (Fig. 2A), which was similar to the results 

seen with the Tet-Off-EV control groups (Fig. 2A). Comparable levels of SDF-1α mRNA 

levels were found across all groups (Fig. 2A, inset). In accordance with transcript data, 

intracellular SDF-1β protein levels in Tet-Off-SDF-1β BMSCs were significantly increased 

relative to Dox-suppressed controls (5.4 ± 0.7-fold, p<0.0001) (Fig. 2B). This was reflected 

in SDF-1β levels secreted in the culture media (7.0 ± 1.6-fold, p<0.0001) (Fig. 2C). No 

differences were seen between Tet-Off-EV control groups (Fig. 2B, C). As seen with mRNA 

expression, overall SDF-1α protein levels were comparable among all groups (Fig. 2B and 

C, insets).

In Vitro Osteogenic Differentiation

Next, we assessed the role of SDF-1β in BMSC osteogenic differentiation in vitro. Tet-Off 

BMSCs were cultured for 21 days in osteogenic induction medium before calcium mineral 

content was detected and quantified by standard Alizarin Red S (ARS) staining. SDF-1β in 

Tet-Off-SDF-1β BMSCs significantly enhanced osteogenic differentiation relative to Dox-

suppressed controls (1.7 ± 0.3-fold, p <0.0001) (Fig. 2D and E). ARS staining of Tet-Off-

EV control BMSCs revealed no differences between groups (Fig. 2D and E). In agreement 

with our previous studies,21 this suggests that wild type-like Tet-Off-EV control BMSCs 

express basal levels of SDF-1α and SDF-1β under both Dox conditions, which does not 

affect their osteogenic differentiation potential in vitro. Hence, we included a single Tet-Off-

EV BMSC group for subsequent tibial transplantation.

BMSC-Mediated New Bone Formation

In previous studies we showed that irradiation preconditioning is permissive for BMSC 

engraftment following direct tibial transplantation.8 Therefore, we here investigated the 

specific contribution of SDF-1β over-expression to BMSC-mediated new bone formation in 

a model of direct tibial transplantation. Representative 3-D reconstructions of ex vivo μCT 
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images 4 weeks post-transplantation are depicted in Figure 3. Quantitative analyses of 

trabecular bone morphometric parameters in the proximal tibiae using an ROI starting 

immediately beyond the epiphyseal plate and extending 2 mm distally by transaxial tracing 

revealed significantly increased (2.2–3.1-fold, p <0.0001) percent bone volume (BV/TV) in 

all BMSC-transplanted groups relative to vehicle controls (Fig. 4A). Importantly, tibiae 

transplanted with Tet-Off-SDF-1β BMSCs showed significantly greater new bone formation 

in comparison to Dox-suppressed and Tet-Off-EV controls (BV/TV: Tet-Off-SDF-1β 

(−Dox), 45.2 ± 4.9%; Tet-Off-SDF-1β (+Dox), 35.2 ± 7.9%; Tet-Off-EV, 35.0 ± 8.2%, ap < 

0.05) (Fig. 4A), inferred by a significant interaction (p = 0.015). Measurements of trabecular 

number (Tb.N, 1.9–2.7-fold, p <0.0001, ap <0.05) showed a similar pattern (Fig. 4B) with 

significant interactions (p = 0.014, p = 0.007). Trabecular thickness (Tb.Th) in BMSC-

transplanted groups was significantly increased relative to vehicle controls (1.1–1.2-fold, p 

<0.05, p <0.0001) (Fig. 4C); no differential effect due to treatment was observed (p = 

0.663). Trabecular separation (Tb.Sp) was significantly decreased (0.7–0.9-fold, p <0.01, p 

<0.0001) compared to controls (Fig. 4D) with a trend towards interaction (p = 0.056).

Histology and Bone Histomorphometry

Qualitative histologic analysis mirrored the 3-D microstructural bone evaluation and 

revealed a mix of red and white (fatty) marrow with few trabeculi interspersed in vehicle 

controls (Fig. 5A). As reported previously, the rescuing whole BM transplant 24 h after 

irradiation allows for sufficient reconstitution of the BM progenitor and hematopoietic stem 

cell populations. Consequently, the marrow exhibited a typical composition without signs of 

irradiation-induced bone loss.8 However, there was an increase in bone marrow adipocytes 

in all irradiated mice as previously seen.8 Administered BMSCs across stem cell therapy 

groups induced significant de novo bone formation in the proximal tibiae predominantly 

localized along the track of injection. Trabecular bone was embedded in a cell-rich 

fibrovascular marrow with few mature adipocytes (Fig. 5B–D). A clear overall reduction of 

BM adipocytes in BMSC-transplanted tibiae was observed relative to vehicle controls. 

Notably, tibiae transplanted with Tet-Off-SDF-1β BMSCs suggested SDF-1β-enhanced new 

bone formation compared to Dox-suppressed and Tet-Off-EV controls, as evidenced by a 

greater density of new trabeculi (Fig. 5B–D). This was confirmed by quantitative 2-D bone 

histomorphometry. In agreement with the μCT data, significantly increased (3.7–6.0-fold, p 

<0.05, p <0.0001) percent bone volume (BV/TV) was observed in all BMSC-transplanted 

groups relative to vehicle controls (Fig. 6E). Importantly, tibiae transplanted with Tet-Off-

SDF-1β BMSCs showed significantly greater amounts of trabecular bone in comparison to 

Dox-suppressed and Tet-Off-EV controls (BV/TV: Tet-Off-SDF-1β (−Dox), 71.0 ± 16.5%; 

Tet-Off-SDF-1β (+Dox), 44.3 ± 6.5%; Tet-Off-EV, 42.6 ± 6.9%, ap <0.05) (Fig. 6E), 

thereby confirming the μCT data with significant correlation between methodologies 

(Spearman’s rank correlation coefficient r = 0.98, p <0.0001).

Immunohistochemistry

Immunohistochemistry using a combined DIC/fluorescence microscopy approach revealed 

no evidence of GFP signal in the marrow of vehicle controls (Fig. 7A), thereby confirming 

our previous results.8 In contrast, comparable levels of GFP-positive cells, predominantly in 

the marrow space and lining trabecular structures contributing to the endosteum, were 
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observed across all cell therapy groups (Fig. 7B–D). Furthermore, GFP-positive cells were 

found embedded in the trabecular bone matrix as osteocytes; however, the majority of the 

adjacent trabecular osteocytes were non-GFP expressing suggesting they were derived from 

endogenous progenitor cells (Fig. 7B–D1,2). This indicates that both the transplanted and 

endogenous BMSCs survived, engrafted, and contributed to new bone formation during the 

4-week healing period following myeloablative injury (Fig. 7B–D). Our data also suggest 

that while the transplanted cells exerted limited direct involvement in new bone formation, 

they drove endogenous osteogenic cell-mediated bone formation via paracrine actions, and 

this was enhanced in SDF-1β over-expressing BMSCs. Collectively, our findings show that 

SDF-1β enhances the osteogenic potential of BMSCs in a model of cell therapy. 

Furthermore, these studies validate the feasibility of the Tet-technology to conditionally 

regulate the expression of SDF-1β in vivo.

DISCUSSION

The aim of the present study was to investigate BMSC-mediated new bone formation in a 

mouse model of local cell therapy. We tested the hypothesis that SDF-1β, expressed at high 

levels in genetically engineered Tet-Off-SDF-1β BMSCs, enhances cell-mediated 

osteogenesis. Our data suggest that transplanted BMSCs in all groups significantly increase 

bone formation relative to vehicle controls following irradiation preconditioning. 

Importantly, SDF-1β was found to augment the osteogenic potential of transplanted BMSCs. 

Our findings also validate the feasibility of the Tet-Off technology to conditionally regulate 

the expression of SDF-1β in vivo.

Previous studies have suggested that the CXCR4/SDF-1 axis functions in postnatal bone 

formation by regulating osteoblast development in cooperation with BMP signaling, and that 

CXCR4 acts as an endogenous signaling component necessary for bone formation.25 Until 

recently the presence of SDF-1β in bone and osteogenic cells was poorly appreciated.21,47 

Further, we have recently shown that SDF-1β protein appears to be present at a higher level 

than the better studied alpha isoform.21 Importantly, we have demonstrated that SDF-1β 

potentiates osteogenic differentiation and chemotaxis of CXCR4-expressing BMSCs in 

vitro, suggesting both autocrine and paracrine activities independent of SDF-1α.21 The use 

of the Tet-Off regulatory system allows for tightly controlled trans-gene expression,48 which 

results in significantly increased SDF-1β mRNA (~30-fold) and protein (~5-fold) expression 

levels in engineered BMSCs.21 Hence, employing both an internal (+Dox) and external 

control (empty vector; +or −Dox are equivalent21) provides a suitable model to investigate 

the specific role of SDF-1β in different cell processes. The consistent, yet adjustable, cellular 

expression levels of SDF-1β are comparable to continuous endogenous exposure and avoid 

potential inconsistencies associated with exogenous preconditioning or transient genetic 

over-expression. SDF-1β was selected over the more abundant splice variant SDF-1α due to 

its greater resistance to C-terminal proteolytic cleavage and glycosaminoglycan-dependent 

stabilization on cell and extracellular surfaces.27,28 This raises the possibility that SDF-1β 

may be better suited for local applications directly in the BM microenvironment, particularly 

in bone injury sites with increased inflammatory and proteolytic activity. The differential 

processing could provide a mechanism for fine regulation of the local and distant functional 

activity of SDF-1, favoring SDF-1β over SDF-1α. It appears feasible that SDF-1α with a 
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shorter active half-life may stimulate more acute CXCR4 signaling in the BM, whereas the 

more stable SDF-1β may be critical in mediating chronic effects on BMSC osteoinduction.

Conditioning by radiation is widely used in preclinical and clinical protocols to ensure 

successful whole BM or BMSC transplantation.49–52 In allogeneic transplantation, 

irradiation also prevents the host immune response toward the graft.53 Accumulating 

evidence suggests that SDF-1 is quickly upregulated in the BM in response to irradiation (~2 

days), outlining the optimal time window for transplantation studies.53–57 The increase in 

SDF-1 expression during injury situations is believed to be part of the host defense 

mechanism counteracting the effects of DNA-damaging regimens, which often result in cell 

death and anemia.58,59 SDF-1 has been shown to increase the repopulation of the BM niche 

site following myeloablative injury by promoting the survival and proliferation of 

transplanted BM stem cells, including hematopoietic stem cells and BMSCs, in addition to 

enhancing the homing of macrophages, which aid in clearing apoptotic cells from the 

irradiated BM.39,41,50,53 Furthermore, SDF-1 is known to affect migration patterns of both 

injected and host BMSCs as well as circulating BM-derived osteoblast progenitors.15–17 In a 

recent study we showed that irradiation preconditioning is permissive for BMSC 

engraftment following direct tibial transplantation.8 Importantly, the number of BMSCs 

transplanted was linked to the ultimate number of BMSCs that engrafted and the degree of 

new trabecular bone formation, which is driven in large part by the recruitment of 

endogenous cells.8 The cell dose chosen here was the highest used in that study and showed 

maximal new bone formation. This was also the dose where the increase in new bone 

formation relative to the number of BMSCs transplanted plateaued. As such, the significant 

new bone formation shown by increasing SDF-1β expression at this cell dose is even more 

striking suggesting it can help optimize regenerative bone therapies. We hypothesize that 

BMSC engraftment occurs in the irradiated BM, in part, because intra-medullary injection 

permits large numbers of BMSCs to come into close physical contact with BMSC niche site 

cells that have been induced to express very high levels of SDF-1 on their surface, or in a 

narrow gradient near their surface.26 It has been shown that at very high concentrations, 

SDF-1 switches the downstream CXCR4 signaling (“biased agonism”), possibly by forming 

dimers,60,61 from G-protein-coupled- to β-arrestin-mediated pathways.60,62 Consequently, 

that switch can cause the inhibition of cell migration, effectively retaining cells in place.60,62 

This implies that following irradiation the levels of SDF-1 on, or near, the niche cell surface 

is high enough to induce a switch in CXCR4 signaling and retain the locally injected 

BMSCs permitting their engraftment. Once successfully engrafted, BMSCs have been 

suggested to confer a critical positive osteogenic influence on the BM microenvironment by 

secreting paracrine factors to prolong the modulation of the host response. As such, these 

indirect actions of implanted BMSCs are thought to be as important in bone tissue 

regeneration as their direct osteogenic potential.6

Our data demonstrate that SDF-1β, expressed at high levels in Tet-Off-SDF-1β BMSCs, 

augments the cell-mediated therapeutic effects resulting in enhanced bone formation relative 

to controls, as evidenced by 3-D morphometric analysis of standard ex vivo μCT 

parameters,43 histology, and bone histomorphometry.44,45 The use of high-resolution ex 

vivo μCT imaging to assess bone morphology and microarchitecture in experimental studies 

has grown immensely in recent years.43 Ideally, the smallest voxel size available would be 
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used for all scans (i.e., for our instrument 9 μm); however, this comes at the expense of 

significantly longer acquisition times. Here, we used voxels of 18 μm as a compromise that 

would still provide very good resolution of murine trabeculi, which typically have a 

thickness of 20–60 μm.63 As a consequence, we are potentially on average slightly 

overestimating object thickness of the smallest objects in this study. However, the Tb.Th 

data are consistent with the BV/TV, Tb.N, and Tb.Sp measurements, and in agreement with 

previous results.8 The μCT data furthermore showed excellent correlation with 2-D 

histomorphometry. In a relevant recent study we found no gross histological differences 

between irradiated and non-irradiated vehicle controls outside of increased adipogenesis,8 

suggesting that the commonly observed radiation-induced bone loss64 was not detectable 

after 4 weeks in our lethal irradiation model. This is most likely due to our rescuing 

transplantation of whole BM shortly after lethal irradiation, which reestablishes a significant 

portion of the BM progenitor and hematopoietic stem cell populations, and protects some of 

the surviving endogenous cells.8 Whole BM transplantation is generally not used in sub-

lethal irradiation models of bone injury.8,64 Importantly, the data support our previous in 

vitro21 and in vivo8 findings and demonstrate the specific direct contribution of SDF-1β to 

BMSC-mediated bone formation. We also provide in vivo proof of principle of the Tet-Off 

regulatory system.48 The current study presents new evidence on the importance of SDF-1β, 

newly recognized to be abundant in bone, in regulating BMSC-mediated osteogenesis in 

situ. Together with our recent reports showing SDF-1β-mediated BMP-2 healing of critical-

size calvarial defects using osteoconductive matrices for local delivery26,37, this study 

supports the potential translational use of SDF-1β in bone defect repair. Future studies aim 

to investigate in vivo the mechanisms of SDF-1β’s modulatory effects in terms of BMSC 

homing, capture, and osteogenic induction of transplanted as well as endogenous stem cells 

and osteogenic lineage cells.
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Figure 1. 
Schematic of the region of interest (ROI) for 3-D trabecular bone morphometric analysis 

using μCT. (A) Coronal and transverse views of a representative proximal tibia. (B) Using 

the epiphyseal plate (EP) as a reference level, quantitative analyses of trabecular bone 

morphometric parameters were performed using an ROI (delineated by the Skyscan CTAn 

software tool using freehand drawing depicted in red) starting immediately beyond the EP 

and extending 112 cuts/2 mm distally by transaxial tracing.
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Figure 2. 
SDF-1β mRNA and protein levels in Tet-Off-SDF-1β BMSCs are significantly increased 

relative to controls, which enhances BMSC osteogenic differentiation in vitro. (A) 

Normalized SDF-1β mRNA, (B) intracellular SDF-1β protein, and (C) extracellular SDF-1β 

protein levels. Insets show normalized SDF-1α mRNA and protein levels, respectively 

controls (24 h, ± 100 ng/ml Dox). (D) Representative Alizarin Red S (ARS)-stained wells 

(21 days, ± 100 ng/ml Dox). (E) Colorimetric quantification of extracted ARS at 570 nm. 

Tet-Off-SDF-1β or Tet-Off-EV BMSCs (± Dox) (***p <0.0001 Tet-Off-SDF-1β (−Dox) vs. 

Tet-Off-SDF-1β (+Dox) or Tet-Off-EV (±Dox), n = 3 per group).
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Figure 3. 
SDF-1β promotes BMSC-mediated new bone formation following direct tibial 

transplantation in irradiation-preconditioned animals. Representative 3-D reconstructions of 

μCT images 4 weeks post-transplantation (side, coronal, and transverse views; ROI: starting 

immediately beyond the epiphyseal plate and extending 2 mm distally by transaxial tracing 

for 112 cuts). (A) Vehicle-transplanted (right) tibiae. (B) Tet-Off-SDF-1β (−Dox), C) Tet-

Off-SDF-1β (+Dox), and D) Tet-Off-EV BMSC-transplanted (left) tibiae at 1.32 × 107 

cells/ml (n = 5/Tet-Off-SDF-1β (−Dox); n = 5/Tet-Off-SDF-1β (+Dox); n = 10/Tet-Off-EV).
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Figure 4. 
SDF-1β significantly increases 3-D bone morphometric parameters following BMSC tibial 

transplantation in irradiation-preconditioned recipients. 3-D bone morphometric paratmeters 

of the proximal tibia marrow space 4 weeks post-transplantation (ROI: starting immediately 

beyond the epiphyseal plate and extending 2 mm distally by transaxial tracing for 112 cuts). 

(A) Percent bone volume (BV/TV), (B) trabecular number (Tb.N), (C) trabecular thickness 

(Tb.Th), and (D) trabecular separation (Tb. Sp). Vehicle- and Tet-Off-SDF-1β (± Dox) or 

Tet-Off-EV BMSC-transplanted tibiae at 1.32 × 107 cells/ml (*p <0.05, **p <0.01, ***p 

<0.0001 BMSC-transplanted vs. vehicle controls; ap <0.05 Tet-Off-SDF-1β (−Dox) vs. Tet-

Off-SDF-1β (+Dox) or Tet-Off-EV, n = 5/Tet-Off-SDF-1β (−Dox); n = 5/Tet-Off-SDF-1β 

(+Dox); n = 10/Tet-Off-EV).
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Figure 5. 
SDF-1β promotes BMSC-mediated new bone formation following direct tibial 

transplantation in irradiation-preconditioned animals. Representative H&E-stained coronal 

sections (through the center of the diaphysis) of the proximal tibia marrow space 4 weeks 

post-transplantation (ROI: starting immediately beyond the epiphyseal plate and extending 2 

mm distally). (A) Vehicle-transplanted (right) tibiae. (B) Tet-Off-SDF-1β (−Dox), (C) Tet-

Off-SDF-1β (+Dox), and (D) Tet-Off-EV BMSC-transplanted (left) tibiae at 1.32 × 107 

cells/ml (EP: epiphyseal plate, A: adipocyte, M: marrow, T: trabecular bone, C: cortical 

bone, dashed lines: outline of needle track, 2.5×, bar 500 μm, 20×, bar 20 μm, n = 5/Tet-Off-

SDF-1β (−Dox); n = 5/Tet-Off-SDF-1β (+Dox); n = 10/Tet-Off-EV).
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Figure 6. 
SDF-1β significantly increases bone area by histomorphometry following BMSC tibial 

transplantation in irradiation-preconditioned recipients. The standard 2-D bone 

histomorphometric parameter BV/TV was assessed in the proximal tibiae 4 weeks post-

transplantation. (A) Overview of a representative H&E-stained coronal section through the 

center of the diaphysis (EP: epiphyseal plate, M: marrow, T: trabecular bone, C: cortical 

bone, 2.5×, bar 500 μm). The 876.9 × 657.1 μm rectangular ROI (20×, bar 20 μm, 1388 × 

1040 pixels per image, 576211.68 μm2 or 0.58 mm2 combined total area in 4 identical 

quadrants) is outlined in dashed lines. (B) One H&E-stained central coronal section 20X 
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ROI quadrant. (C) The same 20X ROI depicting bone tissue in black (Photo-shop wand tool, 

tolerance: 10). (D) Final black-and-white image mask of the 20X ROI showing bone tissue 

in black and all other tissue in white. Using ImageJ, the entire image area was calculated as 

tissue area (T.Ar) and the black-colored area was summarized as bone area (B.Ar; default 

ImageJ wand tool) to calculate BV/TV. Per definition, BV/TV is numerically identical with 

the corresponding area/area ratio B.Ar/T.Ar. E) BV/TV in vehicle- and Tet-Off-SDF-1β 

(±Dox) or Tet-Off-EV BMSC-transplanted tibiae at 1.32 × 107 cells/ml (*p <0.05, ***p 

<0.0001 BMSC-transplanted vs. vehicle controls; ap <0.05 Tet-Off-SDF-1β (−Dox) vs. Tet-

Off-SDF-1β (+Dox) or Tet-Off-EV, n = 3 animals per group).
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Figure 7. 
SDF-1β promotes BMSC-mediated new bone formation following direct tibial 

transplantation in irradiation-preconditioned animals. Representative combined DIC/

fluorescence micrographs of the proximal tibia marrow space (coronal sections through the 

center of the diaphysis) 4 weeks post-transplantation. (A) Vehicle-transplanted (right) tibiae. 

(B) Tet-Off-SDF-1β (−Dox), (C) Tet-Off-SDF-1β (+Dox), and D) Tet-Off-EV BMSC-

transplanted (left) tibiae at 1.32 × 107 cells/ml. A-D1,2) GFP-positive cells lining trabecular 

structures and embedded in the bone matrix (arrows) (A: adipocyte, M: marrow, T: 

trabecular bone, 20X, bar 20 μm, GFP = green, DAPI = blue, n = 5/Tet-Off-SDF-1β (−Dox); 

n = 5/Tet-Off-SDF-1β (+Dox); n = 10/Tet-Off-EV).
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Table 1

Oligonucleotide Primer Sequences for qRT-PCR

Gene Sequence (5′–3′) Product Size Accession Number

SDF-1β Fwd GCTGAAGAACAACAACAGACAAGT 98 NM_013655

Rev CTCACATCTTGAGCCTCTTGTTTA

SDF-1α Fwd GTGAGAACATGCCTAGATTTACCC 105 NM_021704

Rev ATAGGACTCAGGGACAATTACCAA

Housekeeping

 β-Actin Fwd TGACAGACTACCTCATGAAGATCC 103 NM_007393

Rev ACATAGCACAGCTTCTCTTTGATG
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