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LETTERS Detection of functional haematopoietic stem cell niche using real-time imaging Yucai Xie1,2*, Tong Yin1*, Winfried Wiegraebe1, Xi C. He1, Diana Miller3, Danny Stark1, Katherine Perko1, Richard Alexander1, Joel Schwartz1, Justin C. Grindley1, Jungeun Park1, Jeff S. Haug1, Joshua P. Wunderlich1, Hua Li1, Simon Zhang1, Teri Johnson1, Ricardo A. Feldman3 & Linheng Li1,4



Haematopoietic stem cell (HSC) niches, although proposed decades ago1, have only recently been identified as separate osteoblastic and vascular microenvironments2–6. Their interrelationships and interactions with HSCs in vivo remain largely unknown. Here we report the use of a newly developed ex vivo real-time imaging technology and immunoassaying to trace the homing of purified greenfluorescent-protein-expressing (GFP1) HSCs. We found that transplanted HSCs tended to home to the endosteum (an inner bone surface) in irradiated mice, but were randomly distributed and unstable in non-irradiated mice. Moreover, GFP1 HSCs were more frequently detected in the trabecular bone area compared with compact bone area, and this was validated by live imaging bioluminescence driven by the stem-cell-leukaemia (Scl) promoter– enhancer7. HSCs home to bone marrow through the vascular system. We found that the endosteum is well vascularized and that vasculature is frequently localized near N-cadherin1 preosteoblastic cells, a known niche component. By monitoring individual HSC behaviour using real-time imaging, we found that a portion of the homed HSCs underwent active division in the irradiated mice, coinciding with their expansion as measured by flow assay. Thus, in contrast to central marrow, the endosteum formed a special zone, which normally maintains HSCs but promotes their expansion in response to bone marrow damage. To study the functional interaction between the HSC and its niche, we developed a method of ex vivo imaging stem cells (EVISC) (Fig. 1a and Supplementary Fig. 1). This method combines real-time imaging technology8 (Supplementary Movie 1) and the ability of HSCs to home to their niche after transplantation into irradiated mice9,10 (Supplementary Methods). To identify and track the transplanted HSCs, we isolated Flk22Lin2Sca-11c-Kit1 (Flk22LSK) cells that are enriched with purified HSCs9 from actin-driven GFP-transgenic mice (Supplementary Fig. 1a, b). We compared the behaviour of these cells after transplantation into irradiated and non-irradiated mice using two-photon microscopy11,12 (Fig. 1a, b). It has been documented that HSCs migrate from tail vein to bone marrow in a few hours13,14. We obtained real-time images of HSC arrival in BM around 5–8 h after transplantation. In non-irradiated mice, we detected GFP1 HSCs in bone marrow (Fig. 1b and Supplementary Movie 2). In irradiated mice, however, we more frequently observed GFP1 HSCs homing to the endosteal region (Fig. 1c and Supplementary Movie 3). Our real-time imaging method enabled observation of dynamic interactions between HSCs and their niches. As the EVISC assay targeted limited areas, we obtained a more complete picture of the distribution of the transplanted GFP1 HSCs



by immunostaining multiple longitudinal sections of femurs and tibias from three experiments. Positions of GFP1 HSCs were measured as cell distance (where 1 cell distance (CD) 5 6–8 mm) from the endosteal surface. (Fig. 1d, e). We generated a cumulative percentage plot to display distribution patterns under irradiated versus non-irradiated conditions (Fig. 1f). In non-irradiated recipients, GFP1 HSCs accumulated steadily with increasing distance from the endosteum. In contrast, in irradiated recipients, the GFP1 HSCs accumulated rapidly close to the endosteum, but more gradually from 3 CD outwards. Two-sided Fisher’s exact test confirmed that the cells were significantly more likely to be located within #2 CD under irradiated than non-irradiated conditions (58.1% versus 12.5% respectively, P 5 0.009, Fig. 1g and Supplementary Table 1). Cell distribution patterns 3 CD from the endosteum and beyond were not significantly different between the two conditions (P 5 0.9576). In addition, we observed substantial reduction in bone marrow cellularity and enlarged blood vessels in irradiated bone marrow (Fig. 1d, e). Thus, after bone marrow damage, HSCs showed biased homing favouring the ‘endosteal zone’ (# 2 CD) rather than central marrow ($3 CD). We also observed that GFP1 HSCs homed predominantly to the trabecular bone area (83.8%) compared with the compact bone area (16.2%) (P 5 0.001) under irradiated conditions, but showed no preference to either trabecular or compact bone area (42.3% compared with 57.7%) under non-irradiated conditions (Fig. 1h and Supplementary Table 2). We wondered what would be the mechanism underlying the biased HSC homing, and found that expression of Sdf1 (ref. 15), a key chemotactic factor, was increased (2.7-fold) in trabecular bone area in response to irradiation (Fig. 1i). To confirm the location of HSCs in live mice, we used Scl-TVA transgenic mice in which an avian retrovirus receptor is driven from Scl-promoter-39enhancer regulatory elements that are active predominantly, but not exclusively, in HSCs16,17. When these mice were injected with an avian virus containing a luciferase reporter (RCAS-Luc), only the Scl-TVA1 cells were susceptible to infection, allowing this population to be visualized by live-imaging bioluminescence, which reflected the luciferase activity7,18 (Supplementary Fig. 2). Bioluminescence imaging displayed only transient signals in liver and spleen (comparing 13 days with 4 months in Fig. 1j), reflecting short-term mobilization and potential expansion of HSCs in response to bone marrow damage, but showed strong and persistent signals (.10 months) in the trabecular bone area of both legs and other regions (Fig. 1j, k and Supplementary Fig. 2c), reflecting self-renewing HSCs. The tendency of HSCs to home to the endosteum suggested preferential homing to the osteoblastic niche, which was thought to be
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Figure 1 | Detection of HSCs using EVISC, immunoassaying and the Scl-TVA animal model. Differential interference contrast (DIC) images show bone structure. Diamidino-2-phenylindole (DAPI) staining is blue. BM, bone marrow; BV, blood vessel. a, A diagram showing the process of EVISC. b, c, Detection of a GFP1 HSC (GFP–HSC) using EVISC. d, e, Representative images of GFP1 HSCs (red arrow) at different positions. The average bone marrow cell diameter (6–8 mm) was used as one cell distance (CD). f, Cumulative percentage plot of GFP1 HSC numbers at each position away from endosteum (d, e). g, h, GFP1 HSC distribution in endosteal and central marrow zones (g) and in trabecular bone area (TBA) and compact bone area (CBA) (h). The Fisher’s exact test was used for the statistical analysis (Supplementary Tables 1 and 2). CM, central marrow. i, Messenger RNA level of Sdf1 (also known as Cxcl12) in bonemarrow-depleted trabecular bone area (n 5 3, error bars represent standard deviation, s.d.). j, k, Live bioluminescence imaging of Scl-TVA animals injected with RCAS-Luc virus; ventral (j) and dorsal (k) views are shown.
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physically distant from the vascular niche6,19,20. Therefore, we examined the relationship between osteoblastic and vascular structures and found that vasculature was distributed throughout bone marrow, extending into most endosteal zones (Fig. 2a). We next determined to what extent N-cadherin1 osteoblastic cells, a key niche component2,5, and vasculature were juxtaposed (Fig. 2b–f, Supplementary Fig. 3 and Supplementary Table 3). The overall distribution of N-cadherin1 osteoblastic cells in the femur was revealed by immunoassaying (Fig. 2b) and in N-cadherin-LacZ21 transgenic mice (Supplementary Fig. 4). Overall, the coverage rates by vasculature were higher (57% of trabecular bone area; 85% of compact bone area) than that of N-cadherin1 osteoblastic cells (47% of trabecular bone area; 45% of compact bone area) (Fig. 2g). This might result in different microenvironments: N-cadherin1 osteoblastic cells devoid of vasculature (13% of trabecular bone area; 6% of compact bone area); vasculature and N-cadherin2 cells (23% of trabecular bone area; 45% of compact bone area); and vasculature plus N-cadherin1 osteoblastic cells (34% of trabecular bone area; 40% of compact bone area)
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(Fig. 2h). We calculated the proportion of the endosteum expected to be covered by both vasculature and N-cadherin1 cells (given the individual frequencies of these properties and assuming independent distribution). We noted that the proportion was higher than expected in trabecular bone area (34% versus 29%, P 5 4.0 3 1025) but similar to expectation in compact bone area (40% versus 38%, P 5 0.47) (Fig. 2i and Supplementary Table 4), indicating their non-random co-association in the trabecular bone area. Osteoblasts have been viewed as a key component of the HSC niche; however, there are different types: pre-osteoblastic cells (stroma-derived (Supplementary Movie 4) and normally inactive but which can be activated to give rise to osteoblasts) and osteoblasts (precursors for osteocytes, a component of the bone structure)22. We examined cells expressing a known osteoblast marker, osterix23 (Osx, a nuclear factor, also called Sp7), and N-cadherin. Osx1 cells revealed a typical osteoblast distribution pattern (Fig. 2j). Sections co-stained with these two markers showed expression of N-cadherin in some Osx1 cells and in some Osx2 cells that localized either along the bone
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surface or adjacent to Osx1 osteoblasts (Fig. 2k). This distribution pattern of N-cadherin1 cells adjacent to Osx1 cells suggested that N-cadherin1 cells were more probably pre-osteoblastic cells. We also validated the relationship between N-cadherin1 cells and osteoblasts (Fig. 2l, m) through staining sections derived from a Col2.3-GFP1 transgenic mouse in which GFP was driven by the collagen-Ia2.3 promoter and specifically expressed in osteoblasts22 (Fig. 2l). The endosteum offers homing or resident HSCs a range of possible microenvironments as discussed above. To determine with which type of cells GFP1 HSCs tended to interact, we co-stained with N-cadherin and GFP. GFP1 HSCs were observed directly attaching to N-cadherin1 cells (Fig. 2n, o, and Supplementary Fig. 5a) and were close or adjacent to such cells in 10 out of 17 cases (59%; Supplementary Fig. 5a, b). This is consistent with our previous observation of endogenous HSCs (identified using CD201 (ref. 24)) interacting with N-cadherin1 osteoblastic cells2,20. Notably, some of the GFP1 HSCs were also adjacent to N-cadherin1 cells in central marrow (Supplementary Fig. 5c). However, not all GFP1 HSCs were close to N-cadherin1 cells (Supplementary Fig. 5b), indicating the existence of additional N-cadherin2 niche components. Although the level of N-cadherin measured as fluorescence intensity in the GFP1 HSCs was much lower (average ninefold) compared to adjacent osteoblastic cells (Fig. 2p, q and Supplementary Table 5), its asymmetric distribution at the interface between HSCs and preosteoblastic cells (Fig. 2p and Supplementary Movie 5) validates our previous observation2. HSCs normally maintain a steady number but this can be increased in response to bone marrow damage25. We compared proliferation of homed GFP1 HSCs 4–6 h after transplantation using an immunoassay with a marker Ki67 (Fig. 3a–d). In the non-irradiated bone marrow, clusters of proliferating cells were typically seen in the
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Figure 2 | Relationships between osteoblastic and vascular structures and between GFP1 HSCs and osteoblasts. a, b, Distribution of vasculature (CD31, red; a) and N-cadherin1 cells (N-cad, green; b) in bone (DIC, grey) and bone marrow (DAPI, blue). c–f, Representative images of endosteal surface covered by CD31 only (c), N-cadherin only (d), and both (e) in the trabecular bone (TB) area and compact bone (CB) area (f). g, h, Percentage coverage by CD31 and N-cadherin (g), and quantification of the percentage coverage by CD31 only, N-cadherin only, both and neither (h; see also Supplementary Table 3). The data were based on fluorescent signal intensity within 16 mm of endosteal surface. i, Statistic analysis of co-association between N-cadherin1 cells and vasculature (Supplementary Table 3). j–l, Co-staining Osx (j) with N-cad (k) and with GFP (l). m, Costaining GFP with N-cad. n, o, A GFP1 HSC attaches to N-cadherin1 pre-osteoblastic cells. p, Three-dimensional view of cell in o showing asymmetric N-cadherin distribution in GFP1 HSC. q, N-cadherin expression (fluorescent intensity) in pre-osteoblasts versus GFP1 HSCs (average from four GFP1 HSCs). All error bars indicate s.d.
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central marrow, and isolated proliferating cells were often seen in the endosteum (Supplementary Fig. 6a). In the irradiated host, however, proliferating cells were substantially increased in the endosteal region (Supplementary Fig. 6b). Furthermore, we found that GFP1 HSCs were rarely Ki671 in non-irradiated hosts but were five times more often Ki671 in irradiated hosts (7% compared with 35%) (Fig. 3a–c and Supplementary Table 6). Notably, Ki671GFP1 HSCs were frequently found in locations adjacent to clusters of proliferating cells, and this was particularly obvious under irradiated conditions (Fig. 3b). Irradiation-induced changes in the location of proliferating cells were also reflected by more Ki671GFP1 HSCs but fewer Ki672GFP1 HSCs being detected in the endosteal compared to the central marrow regions (Fig. 3d and Supplementary Table 7). All these observations indicate that irradiation induced a dynamic change in the endosteal microenvironment from normal inhibition to stress-induced stimulation of proliferation, favouring the expansion of homed GFP1 HSCs. Using EVISC, we were also able to observe directly HSC proliferation. We performed this experiment at different time points. At 5–8 h after transplantation (Fig. 3e), a GFP1 HSC located at the deepest part of a recess in bone gave rise to two daughter cells (Fig. 3f–i and Supplementary Movie 6). In another case, we observed two homed HSCs in the same field of view with different behaviours over 15-h real-time imaging: one was stable and the other was actively mobile and dividing (Fig. 3j, k and Supplementary Movie 8). At 36–40 h after transplantation (Supplementary Movie 7), three out of four GFP1 HSCs in the same area were stable at the endosteal region. We recorded active division of homed GFP1 HSCs in three out of twenty-one cases (14.2%) in three independent experiments. Our immunoassays identified the endosteal zone of irradiated recipients as a site of increased HSC proliferation after transplantation. Our 99
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Figure 3 | Real-time imaging and immunoassaying of homed GFP1 HSCs and measurement of HSC proliferation and expansion. a, b, Co-staining GFP1 HSCs with Ki67. c, d, Percentage (c) and distribution (d) of proliferating GFP1 HSCs. (See Supplementary Tables 6 and 7 for statistics.) e, Real-time imaging of homed GFP1 HSCs. Bone structure (DIC). f–i, Division of GFP1 HSCs. j, k, Inactive (yellow arrow) and active (white arrow) GFP1 HSCs during 15-h real-time imaging. Blue indicates bone (dotted line). l, Haematoxylin and eosin staining shows separation of trabecular bone area (TBA) and compact bone area (CBA). m–p, Measuring the percentage of GFP1 HSCs (Flk22LSK). q, Absolute number of GFP1 HSC cells. Calculation of HSC number in whole body based on femurs and tibias containing 15% of total HSCs6. r, Number of GFP1 HSCs in trabecular bone area and compact bone area (P 5 0.01, Supplementary Table 8). Error bars indicate s.d.
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ability to detect division of homed HSCs by EVISC correlates well with this finding. The key advantage of EVISC is that we can monitor the diverse dynamic behaviour of individual HSCs over many hours of real-time imaging versus a snap-shot of a static picture. To confirm the observed expansion of homed HSCs in irradiated mice, we measured the HSC number using flow cytometry assay 2 weeks after transplantation of 2,000 GFP1 HSCs (Flk22LSK; Fig. 3l–r). First we found that HSCs were not stable in non-irradiated bone marrow, as GFP1 HSCs were rarely detected (Fig. 3m, n). In contrast, HSCs transplanted into irradiated mice underwent rapid expansion (Fig. 3o, p). There were 1,959 GFP1Flk22LSK cells in all the legs (two femurs plus tibias, 15% of the whole body6) determined by flow assay (Fig. 3q), and this equates to 13,065 (1,959, 15%) GFP1Flk22LSK cells in the whole mouse body (Supplementary Table 8). Interestingly, we also found a higher number of expanded HSCs in the trabecular bone area than in the compact bone area (Fig. 3r), separated as indicated in Fig. 3l. Here we developed an ex vivo system to image the homing and proliferation of HSCs in real time, facilitating detection of functional niches and monitoring the behaviour of stem cells. We showed that the endosteal region forms a special zone to maintain HSCs normally but can support their expansion in response to bone marrow damage. We clarified that HSCs tend to (but do not always)
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home to and directly interact with N-cadherin1 pre-osteoblastic cells (Fig. 4a). Osteoblastic-cell-generated signals normally inhibit cell proliferation26; however, vascular signals can also be a major component of the endosteal zone (Fig. 4a). Bone marrow damage results in a changed microenvironment that favours HSC transient expansion. We speculate that this might result from an enhanced vascular signal and potentially attenuated inhibitory signals from osteoblastic cells (Fig. 4b). Moreover, signals from osteoblastic cells can directly promote HSC proliferation in the context of mobilization27 (Fig. 4b). In contrast, the central marrow may form a different zone where dominant vascular signals favour cell proliferation, as has been proposed19 and is further supported by the transient proliferation of HSCs in the vasculature-dominant spleen in response to bone marrow damage (Figs 1j and 4b). Although we focused on investigating osteoblastic and vascular components, other cell types (osteoclasts28, reticular cells29, neuronal cells30, haematopoietic progenitors) within the immediate environment can also influence the behaviour and states of HSCs. The EVISC method allows us to study the behaviour of individual HSCs and their dynamic interactions with niches in an ex vivo setting, and to study the stem cell fate determination in combination with different types of animal models in which HSC marking and lineage tracing are available.



100 ©2009 Macmillan Publishers Limited. All rights reserved



LETTERS



NATURE | Vol 457 | 1 January 2009



a



Endosteal zone



Central marrow zone



5.



Inhibitory



7. 8. 9.



Irradiation



11.



b



Endosteal zone



Central marrow zone



bone



Stimulatory



Trabecular



Bone marrow



10. Homeostasis



Trabecular bone



Compact bone



Trabecular bone



Trabecular bo ne



6. Stimulatory



Inhibitory



12. 13. 14. 15. 16.



?



17.



18. Osteoblast PreOsteoblast HSC Progeny Osx+ osteoblasts Osx+ of HSCs Collagen-1+ N-cadherin+ N-cadherin+



Vasculature (normal) (irradiated)



Figure 4 | Illustration of endosteal zone and central marrow zone. a, The endosteal zone is the inner bone surface and is under homeostasis. HSCs residing in this zone normally receive inhibitory signals from osteoblastic cells but are also exposed to vascular signals. In the central marrow zone, vascular signals might be dominant. b, When bone marrow, including HSC, is damaged by irradiation, the endosteal environment transiently converts into a stimulatory environment. This might be due to both reduction in osteoblastic inhibitory and increase in vascular stimulatory signals.



Mice were handled according to Institutional and NIH guidelines. Ex vivo imaging was achieved using a confocal laser scanning microscope LSM 510 META equipped with a pulsed NIR laser Chameleon Ultra for two-photon excitation. Fluorescence intensity measurement was processed using the Imaris 6.0.0 software (Bitplane) to facilitate three-dimensional rendering and fluorescence quantification. For immunofluorescent assay, anti-N-cadherin (1:50, YS, IBL), anti-CD31 (1:100, BD Pharmingen), anti-GFP (1:200, Novus Biologicals), anti-Osx (1:200, Abcam) and anti-Ki67 (1:25, Dako) were used. X-gal and TRAP1 staining followed our previous procedure2,20. To measure the coverage percentage by CD31 vasculature and N-cadherin1 osteoblasts, for each image, a line was drawn along the bone surface; then we ran a custom java script which encompassed the area within 16 mm of the bone surface, generating a straightened image and creating a line profile from that straightened image. Flow cytometry analysis of haematopoietic cells was described previously20. To compare HSCs in trabecular bone area and compact bone area, femurs and tibias were separated before collecting bone marrow. The Scl-TVA mice were injected intravenously with 150 mg kg21 of 5-fluorouracil 4 days before injection of RCAS-Luc18 virus. Bioluminescence imaging of live mice was done using a Xenogen IVIS-200 imager. The live imaging could only detect strong bioluminescence signals, which might be attenuated by thick bone, muscle and fur. For real-time PCR we followed our reported procedure20. Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. Received 28 April; accepted 14 November 2008. Published online 3 December 2008.
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METHODS Ex vivo imaging of stem cells. We isolated the femurs and tibias from the transplanted mice and cut the bone in the vertical orientation (2–3 mm in height, Fig. 1a). The isolated bone (especially trabecular bone) was embedded vertically in 0.5% agarose in DMEM medium (phenol-red free) in a 3.5-cm dish facing the coverslip bottom, allowing the laser beam to penetrate into the bone marrow from the open end of bone/bone marrow (Fig. 1a). All live cell images were acquired using a confocal laser scanning microscope, LSM 510 META (Carl Zeiss), equipped with a pulsed NIR laser Chameleon Ultra (Coherent) for two-photon excitation. Before imaging live cells, we established 920 nm to be the optimal wavelength for two-photon excitation of GFP. We used a 32-channel META detector for spectral analysis and positive identification of GFP-labelled cells. After positive identification, we imaged the cells using an internal PMT detector with a band-pass filter of 500–550 nm, well separating the specific fluorescence signal from autofluorescence and second harmonic signals. The pinhole was set to its most open position. We used the Carl Zeiss objectives Plan Apochromat with a magnification of 320 or C-Achroplan NIR with a magnification of 340 with a numerical aperture of 0.8. These objectives are optimized for two-photon NIR excitation and a coverslip thickness of 0.170 mm. The images shown in Figs 1 and 3 were not processed except for cropping, 3 3 3 median filter, and linear contrast adjustment. Caution needed to be exercised when a particular area was constantly exposed to the laser beam. The targeted cells might be damaged, resulting in the appearance of some large cells (,10–20 mm) converted from GFP2 into GFP1 cells by actively fusing with GFP1 donor cells, indicating that they were probably macrophages (not shown). The 3.5-cm glass bottom culture dishes were from MatTek Corporation. Probability to detect HSCs in single femur. An average adult mouse weights 20 g. Assuming an average density of the mouse body of 1 g per 1 cm3 (equal to the density of water) we estimate the volume of a mouse body to be 20 3 103 mm3. A femur is about 10 mm long and has a radius of 0.5 mm, resulting in a volume of 8 mm3. Thus, the volume of a femur is 4 3 1024 times the volume of a mouse body. If we inject 50,000 HCS and assume even distribution throughout the whole mouse body, we would expect to find 20 cells per femur. Immunohistochemical and immunofluorescent assay. The femurs and tibias were fixed in Zn21-formalin and processed for paraffin sections. For immunofluorescent staining, after antigen retrieval using EZ Retriever Microwave (BioGenex), nonspecific antibody binding was blocked by incubating slides with 13 universal blocking reagent (BioGenex, HK085-5k) at room temperature for 1 h. Anti-N-cadherin (1:50, YS, IBL), anti-CD31 (1:100 dilution, BD Pharmingen), anti-GFP (1:200, Novus Biologicals), anti-Osx (1: 200, Abcam), or anti-Ki67 (1:25, Dako) was added to the tissue section slides. YS polyclonal antibody was used for immunoassaying because the monoclonal antibody



MNCD2 was not efficient. However, we cannot exclude the possibility that YS antibody may recognize other cadherins in stromal cells, as MNCD2 is not efficient to block the staining of the non-LSK cells out of lineage-negative bone marrow. The slides were incubated at 4 uC overnight. Donkey anti-rabbit 546/ 568/488 or anti-rat 546/568 or donkey anti-goat 488 Alexa Fluor conjugate (1:200, Invitrogen) was added at room temperature for 1 h. For CD31 staining, we used the TSA Biotin System (PerkinElmer, NEL700). DAPI was used to stain the nucleus and the slides were then observed under a fluorescent microscope. X-gal and TRAP1 staining has been described previously2,20. Fluorescence intensity measurement. The data sets were processed using Imaris 6.0.0 software (Bitplane) to facilitate three-dimensional rendering and fluorescence quantification. The Surpass Scene in Imaris was used to create a contour surface object that encapsulated cells of interest based on DAPI fluorescence signal. The mean fluorescence intensity of the channel of interest in each contour surface was recorded. A manual background subtraction was then performed by measuring the mean red intensity of a uniform background area and subtracting the background mean intensity value from each of the cell intensity mean values. Analysis of CD31 and N-cadherin coverage of the endosteum. Expected ‘double positive’ coverage of the endosteum by both CD31 and N-cadherin, assuming they are independently distributed, was calculated for each line profile as the product p3q where p and q are the total fractions of the line profile covered by CD31 and N-cadherin, respectively. The observed and expected double positive rates were compared using two-tailed paired t-tests. Flow cytometry analysis of HSCs. Bone marrow cells were flushed from the femurs and tibias and the red blood cells were lysed using a 0.15 M ammonium chloride solution. HSCs were enriched using FACS as lineage PeCy5-negative (the lineage cocktail contained CD3, CD4, CD5, CD8, Gr1, CD11b, B220, IgM and Ter119), Sca-1 PE-positive, c-Kit APC-positive, Biotin-Flk2 streptavidin PEcy7-negative. For transplantation experiments, donor HSCs were isolated from GFP transgenic mice (Jackson lab). Rescue bone marrow cells (2 3 105) were from Ptprc. To compare HSCs in trabecular bone area and compact bone area, two ends of femurs and one end of tibias were cut as trabecular bone area (2–3 mm away from the end); the other end of tibia (3–4 mm away from the end) was cut and discarded; and the middle part of femurs and tibias was combined as compact bone area. Bone marrow cells were flushed from trabecular bone area and compact bone area separately then followed the regular HSCs analysis protocol. Real-time RT–PCR. We followed the procedure reported previously24. Primers used for amplification of Sdf1 were as follows: forward, 59-GGACGCCAAGGTCGTCGCCGT-39; reverse, 59- TAATTTCGGGTCAATGCACA-39. HPRT was used as an internal control for normalization of input mRNA.
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