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Fig. S1. Endochondral ossification over time of GFP-labeled 14.5dpc CD45(-)Tie2(-)alphaV(+) 

limb progenitors transplanted under the renal capsule. a) Ectopic bones forming at time points 

8d-32d for each row; type of image or stain is indicated as the column heading. In (Movat’s) 

pentachrome, bluish green indicates cartilage, yellow indicates osteoid. The tartrate resistant acid 

phosphatase (TRAP) stain shows osteoclast (red) infiltration. b) (Left) , MicroCT showing ossified 

graft (arrow) in kidney 32 days after transplantation. (Right) 3-D reconstruction of MicroCT scan 

from pelvic to lumbar region showing ectopic bone (arrow). (Scale bar in bright field and GFP images 

= 500 μm, in pentachrome and TRAP image = 100 μm)  

 



 

 

 

Fig. S2. BCSPs are committed to differentiate into skeletal tissues. GFP(+) extraskeletal bones 

formed 1 month after transplantation of GFP(+) BCSPs into subcutaneous fat (a-c), skeletal muscle 

(d-f), and lung (g-h). Top, middle, and bottom rows show brightfield, GFP, and pentachrome images 

of BCSP-derived bone. (j) BCSP progenitors do not contribute to significant adipogenesis in vivo .  Top 

panels- Pentachrome images of skin from nestin-GFP mouse and GFP –labeled  BCSP-derived bone in 

kidney capsule. Middle panels- immunodetection of perilipin (adipocyte marker) in skin versus lack 

of perilipin-positive cells in GFP-BCSP-derived bone. White arrows point to sebaceous glands. Yellow 

arrows point to adipocytes. Lower panels- Higher magnification of middle panels showing 

immunodetection of perilipin positive cells in skin and GFP-BCSP derived bone. White arrows point 

to sebaceous glands. Yellow arrows point to adipocytes.  No perilipin positive cells were detectable in 

BCSP derived bone even at higher magnification. Scale bar = 10um Top Panels 100 μm lower panels) 

 



 

Fig. S3. Identification of 6C3 as a marker of skeletal progenitor-derived stromal cells. a)  (Top 

panel) The gating scheme for FACS analysis of 6C3 expression in skeletal lineages. (Lower panels) 

FACS profiles of 6C3 expression in the AC6.21 stromal line and limb bone cells at distinct 

developmental stages. The percentage of parental population within the boxed population is 

inidicated. Limb bone cells were dissociated by collagenase digestion and stained without prior 

enrichment for skeletal lineage cells. 6C3 is coexpressed with CD105 in a subset of CD45(-)Tie2(-

)alphaV(+) skeletal progenitors, expression of Thy1 and 6C3 appears to be mutually exclusive. 6C3 

expression first appears at E17 dpc in fetal limb elements, when hematopoiesis migrates from the 

fetal liver to the bone marrow, as denoted by side bars.   

 

 

 

 



 

Fig. S4. Stromal and perivascular localization of both Thy1+ and 6c3+ populations. 

Immunofluorescent staining of Tie2Cre transgenic mice crossed to  mTmG (TomatoRed to GFP 

floxed-reporter mice) bone marrow showing that 6c3+ and Thy1+ cells (arrow) surround the Tie2+ 

vasculatures (green) and stromal compartment. Scale bar = 10 µm. 



 

 

Fig. S5. Thy1 and 6C3 stroma are derived from BCSP.  a) Immunofluorescent detection of 6C3 (+) 

and Thy(+) stroma in sections of GFP (+) ectopic bone formed in renal capsule one month after 

transplant of 100 thousand GFP(+)BCSP.  b) FACS analysis of collagenase digested BCSP derived GFP 

(+) bone as described in (a) showing both Thy(+) and 6C3(+) stromal populations. c) FACS analysis 

of marrow in BCSP derived GFP (+) bone as described in (a) showing colonization by host-derived 

hematopoietic stem cells (HSC). 



 

Fig. S6. CD105(-)Thy(+)6C3(-) stroma derived from CD105(+)Thy(-)6C3(-) BCSPs drives 

specific HSC commitment to B-lymphpoiesis. a) FACS profile of in vitro derivation of CD105(-

)Thy(+)6C3(-) stroma from 200,000 CD45(-)Tie2(-)CD51(+)CD105(+)Thy(-)6C3(-) BCSP after three 

weeks in culture.  Percent indicates fraction of CD105(-)Thy(+)6C3(-) population (boxed green) in 

parental population. After 21 days, CD105(-)Thy(+) cells were reisolated and plated with 250 freshly 

isolated Lin(-) Ckit(+)Sca1(+)CD34(-)Slamf1(+) HSCs and cultured for 10 days in serum free media 

containing SCF, TPO, IGF1 and FGF2 followed by transplant into lethally irradiated congenic 

recipients.  b) Donor derived contribution to peripheral blood at 5, 10 and 20 weeks post-transplant.   

c) Representative FACS profile of peripheral blood in (b) after 20 weeks showing exclusive donor 

contribution to B lineages. d) Illustrated scheme of experiment.. * indicates P<0.05 by ANOVA, ** 

indicates P<0.0001 by ANOVA 

 



 

Fig. S7. Long-term multilineage engraftment  by HSCs cultured on skeletal progenitor-derived 

stroma. Representative FACS profile of peripheral blood in lethally irradiated Ly5.1 congenic mice 

20 weeks post-transplantion with Ly5.1 syngenic helper bone marrow and, a)   250 Ly5.2 HSCs 

cocultured without stroma, b) 20 fresh-sorted  Ly5.2 HSCs, c) 250 Ly5.2 HSCs cocultured with 

CD105(+)Thy(-) 6C3(+) stroma derived from in vitro differentiation of CD105(+)Thy(-)6C3(-) 

skeletal progenitors, d) 400 Ly5.2 HSCs co-cultured with osteo-chondral-stromal colony derived 

from clone-sorted CD105(+)Thy(-)6C3(-) skeletal progenitors.  



 

Fig. S8. Thy1+ and 6C3+ populations are in close contact with HSCs in the bone marrow. 

Transplantation of RFP labeled HSCs (red arrows) following lethal irradiation showed endosteal 

localization of HSCs as shown by intravital imaging of the mouse tibia in vivo (a). These HSCs (white 

arrows) are in close contact with both Thy1+ (red) and 6c3+ (green) populations as demonstrated by 

immunofluorescence microscopy (b,c). Nearly all HSCs detected were localized within 1 cell distance 

from 6c3+ cell populations and 2 cell distance away from Thy1+ cells (c,d). In fact, nearly 40% of the 

cells within 1 cell radius surrounding the HSCs are 6C3+CD45- and 15% are Thy1+CD45-, with the 

rest being CD45+ hematopoietic lineages. For b), blue = CD45. For c), blue = DAPI. Scale bar = 20 µm. 



 

Fig. S9. Both Thy1+ and 6C3+ cell populations express nestin. Immunofluorescence stain for both 

Thy1 (a) and 6C3/BP-1  (b) of nestin-GFP bone marrow showed expression of Thy1 and 6C3 in 

nestin-GFP+ cells as demonstrated by co-localization of both fluorescence channels. Arrays point to 

nestin  Co-staining for both Thy1 and 6C3/BP-1 (c) demonstrate that they are distinctive populations 

that express nestin as a common marker. Scale bar = 10 µm. 



 

Fig. S10. FACS Analysis of Nestin-GFP Expression in Bone Marrow Subsets. Limbs from adult 

nestin-GFP transgenic mice were dissociated and stained with CD45, Tie2, CD51, CD105, Thy1, 6C3. 

Arrows indicate gating strategy. For each plot gates were determined based on both FMO (blue) and 

Isotype (red) controls.  The numbers on the plot indicate the percentage of nestin positive cells in 

10,000 collected events. 



 

Fig. S11. Intracellular FACS Analysis of Nestin Protein Expression in Bone Marrow Subsets. 

Limbs from post-natal day 3 animals were dissociated and stained with CD45, Tie2, CD51, CD105, 

Thy1, 6C3 and nestin.  For each plot gates were determined based on both FMO (blue) and Isotype 

(red) controls.  The numbers on the plot indicate the percentage of nestin positive cells in 10,000 

collected events. 



 

Fig. S12. Nestin expression is not specific to any one type of tissue or cells. Nestin postitive cells 

detected by Nestin-GFP reporter activity in the a) olfactory bulb, b) skin, c) stomache, and d)heart. 

Right panels shows nestin-GFP distribution in whole tissue. Left panel shows distribution of nestin-

GFP in sectioned tissue co-stained with DAPI. e) FACS analysis of fresh-isolated bone marrow cells 

indicating that both CD31(-)non-endothelial cells(i), and CD31(+) endothelial cells in bone marrow 

express nestin-GFP. f) 2-photon microscopy of live bone marrow in nestin-GFP mice showing nestin-

GFP (+) endothelium. g) 2-photon microscopy of live bone marrow in nestin-GFP mice showing 

nestin-GFP (+) mature osteocytes in cortical bone (i&ii). Lower panels shows osteocytes indicated by 

arrows in higher magnification. Nestin-GFP(+) processes of individual osteocytes projecting into 

canaliculi are visible.  

 

 

 



Materials and Methods  

Mice  

C57BL/Ka-Thy1.1-CD45.1 (HZ), C57BL/Ka-Thy1.1-CD45.1 (BA), C57BL/Ka-Thy1.2-

CD45.1 (Ly5.2) and C57BL/Ka-Thy1.2-CD45.1- actin GFP, and rosa26-mRFP  

(C57BL/6[B6]) strains were derived and maintained in our laboratory. Timed embryos 

from GFP transgenic B6 mice were used in most of the experiments in transplantation of 

fetal skeletal elements . Nestin-GFP mice were a kind gift of Grigori Enikolopov (43). 

Tie2/Cre and mT/mG (membrane-Tomato/membrane-Green) floxed reporter mice were 

obtained from Jackson Labs (52). All animals were maintained in Stanford University 

Laboratory Animal Facility in accordance with Stanford Animal Care and Use Committee 

and National Institutes of Health guidelines.  

 

Isolation and transplantation of adult and fetal skeletal progenitors.  

Fetal skeletal elements (humerus, radius, tibia, femur, and pelvis) were dissected from 

C57/BL6 BA strain fetuses and digested in collagenase with DNase at 37°C for 40 

minutes under constant agitation. After collagenase treatment, undigested materials 

were gently triturated by repeated pipetting. Total dissociated cells were filtered through 

40-mm nylon mesh, pelleted at 200g at 4°C, resuspended in staining media (2% fetal 

calf serum in PBS), blocked with rat IgG and stained with fluorochrome-conjugated 

antibodies against CD45, Tie2, αV integrin, CD105, and Thy1.1 for purification by flow 

cytometry sorting. Sorted and unsorted skeletal progenitors were pelleted and 

resuspended in 2 ml of matrigel (regular), then injected underneath the renal capsule of 

8-12 week old anesthetized mice.  

http://www.cshl.edu/Faculty/enikolopov-grigori.html


For transplantation of adult limb bones (humerus, radius, tibia, femur, and pelvis) the 

same process was used as described in the previous paragraph, except the bones were 

gently crushed with a mortar and pestle after dissection and before digestion with 

collagenase.   

 

Histological analysis of endochondral ossification.  

Dissected specimens were fixed in 2% PFA at 4oC overnight, then decalcified in 0.4M 

EDTA in PBS (pH 7.2) at 4°C for 2 weeks. Specimens were then processed for 

embedding in paraffin (by dehydration in alcohol or xylene) or OCT (by cryoprotection in 

sucrose) and sectioned. Representative sections were stained with either hematoxylin 

and eosin, Movat’s modified pentachrome, Saffranin-O, or Alizarin red, depending on the 

experiments.            

  

Immunofluorescence  

Immunofluorescence on cryopreserved ectopic bone specimens were performed using 

an M.O.M. immunodetection kit from Vector Laboratories (CA) according to the 

manufacturer’s instructions. Briefly, specimens were treated with a blocking reagent; 

probed with monoclonal antibody at 4oC overnight; washed with PBS; probed with alexa-

dye conjugated antibodies; washed; coverslipped; and imaged with a Leica DMI6000B 

inverted microscope system.  

Immunofluorescence on tissue cultured cell specimens was performed with a method 

similar to that used for cryopreserved specimens. Briefly, cultured cells in 6-well to 96-



well culture plates were washed with PBS and fixed in 2% PFA at 4°C overnight. 

Specimens were treated with a blocking reagent, than probed with monoclonal antibody 

at 4°C overnight. 

Paraformaldehyde fixed mouse bone marrow was labeled with anti-Thy1 (Santa Cruz) 

and biotinylated anti-6c3/BP-1 (eBiosciences) antibodies using a standard 

immunofluorescence staining protocol. After 3 rounds of washing with staining buffer, 

secondary antibodies were added.  Specimens were next washed with PBS, probed with 

alexa-dye conjugated antibodies, washed, immersed in PBS, cover-slipped, and  imaged 

with a the Zeiss LSM 510 Meta laser scanning confocal microscope. All images were 

analyzed using the NIH ImageJ software.  Monoclonal antibody to mouse collagen II was 

purchased from NeoMarkers, monoclonal antibody to osteocalcin was purchased from 

Abcam. Alexa-dye conjugated secondary antibodies were purchased from Molecular 

Probes.  

Cell culture.  

Skeletal progenitors are cultured in vitro in MEM alpha medium with 20% FCS under low 

O2 (2% atmospheric oxygen, 7.5% CO2) conditions. Culture vessels were first coated 

with 0.1% gelatin. Cultured cells were lifted for analysis or passaging by incubating with 

M199 supplemented with 1mg/ml Collagenase II (Sigma)  

 

HSC-stromal co-culture and transplant.  

To establish stromal populations for HSC co-culture experiments, 200,000 CD105+Thy1-

6C3-CD45-Tie2-alphaV+ BCSPs were fresh-sorted from dissociated bone and bone 



marrow stroma of e15.5 dpc, e17.5 dpc, or newborn (post-natal day 0-3) mice, and 

plated on 0.1% gelatin coated 15-cm culture dish and supported with MEMalpha medium 

supplemented with 20%FCS and PenStrep (Invitrogen) antibiotic. Cells were cultured 

under low O2 conditions (2% atmospheric oxygen, 7.5% CO2). Two weeks after culture, 

cells were lifted by incubating with M199 medium supplemented with Collagenase II at 

1mg/ml and then stained and FACs-sorted for indicated populations. A total of 5,000–

10,000 cells of the indicated population were plated per well in 0.1 % gelatin-coated flat-

bottom 96-well dishes. Populations were cultured for 1 week before HSC co-culture. For 

HSC co-culture, wells plated with stromal cells were first washed with StemPro 

(StemCell.com) stem cell culture medium to remove serum. Then 250 fresh sorted HSCs 

were added to the stromal cells and co-cultured in StemPro serum-free stem cell culture 

media supplemented with 10 ng/ml mouse recombinant steel factor (Peprotech), 5 ng/ml 

mouse recombinant Thrompopoietin (Peprotech), 20ng/ml basic fibroblast growth factor 

(R&D), and 25 ng/ml insulin growth factor (R&D). Culture medium was changed by 

removing and replacing half of it with fresh medium every other day for 10 days. On the 

10th day, cells were removed for analysis and or transplanted to irradiated mice. For 

HSC transplants, the contents of each well corresponding to approximately 250 plated 

HSCs were combined with 300,000 unsorted host bone marrow cells as helper marrow 

and injected retro-orbitally into lethally irradiated (800 rad) congenic mice. Engraftment 

was assessed by FACS analysis of tail blood samples collected at 5, 10, and 15 week 

intervals for analysis of expression of congenic CD45.1 or CD45.2 and blood lineage–

specific markers—i.e., B-cell (B220+CD3-), T-cell (CD3+B220-), and granulocyte (B220-

CD3-Gr1hi-ssc(hi)) markers.  

For HSC co-culture with clonal BCSP-derived colonies, multipotent colonies, as 

illustrated in Fig. 4d, were established by clone-sorting e15.5 BCSPs into 0.1% gelatin 



coated flat-bottom 96-well plates. Colonies were allowed to grow for 3 weeks before 

HSC co-culture. Subsequently, 500 fresh-sorted HSCs were added to stromal colonies 

and co-cultured as described. 

 

In vivo HSC tracking 

For single HSC in vivo imaging and tracking, 15,000 RFP labeled HSCs were injected 

retro-orbitally into each GFP mouse and the bone marrow cavity were imaged within 5 

hours of transplantation. The bone marrow window was prepared as previously 

described (1), and the mouse was immobilized onto the microscope stage using a 

custom-built platform to minimize micro-motion due to breathing and circulation. The 

mouse was kept alive on a heating pad and anesthesized via inhaled isofluorane. All 

imaging was done with a Prairie Ultima IV (Prarie Technologies, WI) upright in vivo two-

photon microscope equipped with a 20X objective (N.A. 0.95). For the GFP channel, the 

emission filter used was 525±25 nm, and for RFP, the emission filter was 620±30 nm. All 

fluorophores were excited with a Ti:sapphire two-photon laser at an excitation 

wavelength of 900 nm (500 mW) (50).  

 

 

MicroCT imaging.   

Anesthetized or newly sacrificed animals were imaged on a GE Medical Systems 

eXplore RS MicroCT System.  

 



Nestin Intracellular FACS. 

Limbs from post-natal day 3 mice were isolated and dissociated as described above. 

Total dissociated cells were filtered through 40-um nylon mesh, pelleted at 200g at 4°C, 

resuspended in staining media (2% fetal calf serum in PBS), blocked with rat IgG, and 

stained with anti-mouse CD51 (clone RMV7) PE, anti-mouse CD45 (clone F30) PE-CY5, 

anti-mouse Ter119 PE-CY5, anti-mouse biotinylated CD105, anti-mouse 6C3, anti-

mouse Tie2 (clone tek2) AlexaFluor680, and anti-mouse CD90.1 AlexaFluor 780.  The 

secondary antibodies used were streptavidin PE-CY7 and goat anti-rat Quantum Dot 

605.  Following staining, propidium iodide was added and 100,000 cells from each of the 

specified populations was sorted on a BD FACS Aria II.  The cells were then pelleted at 

200g at 4°C and fixed in 2% parafomaldehyde for 1 hour at 4°C.  Each population was 

permeabilized for 30 minutes with the detergent saponin and then stained with APC 

conjugated anti-mouse nestin (clone NESTIN) overnight at 4°C. A total of 10,000 events 

were then collected using a BD FACS Aria II.      

 

 

 

Nestin-GFP FACS. 

Femurs were harvested from 4-week old nestin-GFP transgenic mice.  The marrow plug 

was flushed into collagenase buffer containing DNAse, using a 20-gauge needle. The 

remaining portion was minced in collagenase buffer using a razor blade. The marrow 

plug was placed in a 37°C incubator for 30 minutes.  The minced cortical bone was 



digested at 37°C for 45 minutes under constant agitation. The cells were then triturated 

and passed through a 40-μm mesh filter. Dissociated cells were pelleted at 200g at 4°C, 

resuspended in staining media (2% fetal calf serum in PBS), blocked with rat IgG, and 

stained with fluorochrome-conjugated antibodies against CD45, Tie2, aV integrin, 

CD105, 6C3, and Thy1.1 for flow cytometric analysis.  

 

Microarray analyses of BM Stromal progenitors. 

We performed microarrays on BCSPs, Thy1+ cells, 6C3+ cells, and BLSPs. Each 

population was sorted in three independent sorts from limbs from 3- to 5-day-old male 

neonate. RNA was isolated with RNeasy Micro Kit (Qiagen) per manufacture’s 

instructions. mRNA amplification was performed using a two-cycle target labeling system 

for 3’ in vitro transcription, hybridized to a mouse genome 430 2.0 array, and scanned 

according to the manufacturer’s protocol (Affymetrix). Background correction and signal 

normalization was performed using the standard multichip average algorithm (54-55). 
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