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Abstract

The cellular constituents forming the haematopoietic stem cell (HSC) niche in the bone marrow
are unclear, with studies implicating osteoblasts, endothelial and perivascular cells. Here we
demonstrate that mesenchymal stem cells (MSCs), identified using nestin expression, constitute an
essential HSC niche component. Nestin® MSCs contain all the bone-marrow colony-forming-unit
fibroblastic activity and can be propagated as non-adherent ‘mesenspheres’ that can self-renew
and expand in serial transplantations. Nestin* MSCs are spatially associated with HSCs and
adrenergic nerve fibres, and highly express HSC maintenance genes. These genes, and others
triggering osteoblastic differentiation, are selectively downregulated during enforced HSC
mobilization or B3 adrenoreceptor activation. Whereas parathormone administration doubles the
number of bone marrow nestin® cells and favours their osteoblastic differentiation, in vivo nestin*
cell depletion rapidly reduces HSC content in the bone marrow. Purified HSCs home near nestin*
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MSCs in the bone marrow of lethally irradiated mice, whereas in vivo nestin* cell depletion
significantly reduces bone marrow homing of haematopoietic progenitors. These results uncover
an unprecedented partnership between two distinct somatic stem-cell types and are indicative of a
unique niche in the bone marrow made of heterotypic stem-cell pairs.

The identity of the cells forming the HSC niche remains unclear. Previous studies have
shown that osteolineage cells control the niche sizel=3 and HSCs have been found
preferentially localized in the endosteal region?4-10. However, haematopoiesis can be
sustained in extramedullary sites and selective osteoblast depletion!1:12 or expansion®3 does
not acutely affect HSC numbers. HSCs have also been located preferentially in perivascular
regions4, near reticular cells that express high levels of the chemokine CXCL12 (also called
SDF-1)15. However, the identity and function of these cells have not been clearly defined.

The movement of HSCs may provide an insight into their niche because it is directly
regulated by the microenvironment. HSC mobilization requires signals from the sympathetic
nervous system (SNS)16:17 which under homeostasis lead to clock-controlled rhythmic
oscillations of Cxcl12 expression through the Bs-adrenergic receptor (B3-AR, encoded by
Adrb3)18. Sympathetic fibres in the bone marrow are associated with blood vessels and
adventitial reticular cells connected by gap junctions, thereby forming a structural network
called the neuro-reticular complex1®. Here we have studied the stromal elements involved in
this complex.

Nestin identifies rare SNS-innervated perivascular stromal cells

Through unrelated investigations, we have noted that bone marrow cells expressing the
green fluorescent protein (GFP) under the regulatory elements of the nestin promoter2°
(hereafter referred to as Nes-GFP™* cells) were relatively rare non-haematopoietic cells (4.0 +
0.6% of the stromal CD45™ population), representing a small subset of nucleated cells (0.08
+ 0.01% by fluorescence-activated cell sorting (FACS); 0.044 + 0.001% by histology; Fig.
1a and Supplementary Fig. 1). Nes-GFP™* cells also expressed the intermediate filament
protein nestin (Fig. 1b and Supplementary Fig. 2) and were distinct from vascular
endothelial cells because they did not express CD31 (also called PECAM) (Fig. 1c, d),
CD34 or VE-cadherin (data not shown). However, they showed exclusively a perivascular
distribution (Fig. 1d and Supplementary Fig. 3) in regions adjacent to the bone (Fig. 1e) or
within the bone marrow parenchyma (Fig. 1f). Catecholaminergic nerve fibres were closely
associated with Nes-GFP™ cells (Fig. 1e, f, red staining; Supplementary Fig. 4).
Furthermore, Adrb3 expression was highly enriched in CD45~ Nes-GFP* cells (Fig. 1g).
Cxcl12 expression was >50-fold higher in Nes-GFP™ than in CD45~ Nes-GFP~ cells, tenfold
higher than in primary osteoblasts and undetectable in osteoclasts (Fig. 1h). Expression of
angiopoietin-1 was also several-fold higher in Nes-GFP* cells than in CD45~ Nes-GFP~
cells or mature osteoblasts (Supplementary Fig. 5). Therefore, these results indicated that
Nes-GFP* cells met the requirements (for example, innervated cell expressing Cxcl12)!8 for
a candidate stromal cell regulating steady-state HSC traffic.

Nestin* cells co-localize with HSCs in the bone marrow

To evaluate the spatial relationships between Nes-GFP* cells and HSCs, we immunostained
femoral sections of Nes-Gfp transgenic mice for haematopoietic lineage markers (anti-
Terl19, Gr-1, CD3e, B220 and Mac-1), CD48 and CD150. In agreement with previous
studies!4, CD150*CD48Lin~ HSCs represented a very rare subset (~0.005%) of bone
marrow nucleated cells. Despite the rarity of both HSCs and Nes-GFP™ cells, the vast
majority (88%; 37 out of 42) of CD150*CD48~Lin™~ cells were located within five cell
diameters from Nes-GFP™* cells, and most (60%; 25 out of 42) were directly adjacent to Nes-
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GFP* cells outside (62%) or within (26%) the endosteal region (Fig. 1li—k and
Supplementary Figs 6 and 7). This co-localization was highly significant (P < 10716;
Supplementary Fig. 8). In long-term bone marrow cultures, very few Nes-GFP* cells
contributed to the adherent stromal layer, but were frequently associated with cobblestone-
forming areas enriched in haematopoietic progenitors (Fig. 11). Thus, there is a close
physical association between Nes-GFP* cells and HSCs in the bone marrow.

Nestin* cells are mesenchymal stem cells

Our previous studies have indicated that CXCL12-producing bone marrow stromal cells
innervated by the SNS may be osteoprogenitorsi8. In addition, other studies have reported
that perivascular human CD45-CD146" cells contain MSC activity?1:22, and recent data
indicate that cells capable of endochondral ossification are required for HSC niche
formation in the fetal bone marrow?3. On the basis of this and the characteristic nestin
expression in neuroectoderm stem cells?%:24, we hypothesized that bone marrow Nes-GFP*
cells might be MSCs. Indeed, the entire mesenchymal activity and clonogenicity of CD45~
cells reside within the Nes-GFP* subset (Fig. 2a). In adherent culture, the cells rapidly lost
GFP expression (Fig. 2b) and differentiated into mesenchymal lineages, as shown by
progressive upregulation of osteoblastic (Fig. 2c), adipocytic (Fig. 2e) and chondrocytic
(Fig. 29) differentiation genes and a mature phenotype after Imonth in culture (Fig. 2d, f, h),
whereas CD45~ Nes-GFP~ cells did not generate any progeny.

Nestin* cells form multipotent, self-renewing mesenspheres

Because neural stem cells expressing nestin can self-renew when cultured as non-adherent
spheres?®, we adapted conditions from neural crest26 and pericyte?” culture to expand Nes-
GFP* cells. Bone marrow Nes-GFP* cells, but not CD45~ Nes-GFP~ cells, formed clonal
spheres with a frequency similar to neural-crest-derived stem cells?® when plated at low
density (6.5 + 0.7%) or by single-cell deposition (6.9 + 0.7%; Fig. 2i-k). Nes-GFP*
mesenchymal spheres, hereafter referred to as mesenspheres, were 85 + 6 um in diameter
and generated 4.4 + 0.8 secondary spheres after dissociation (n = 19). After 2 weeks in
culture, clonal mesenspheres, like bulk cultures (Fig. 21), progressively lost GFP expression
and spontaneously differentiated into mesenchymal lineages (Fig. 2m). To study their
differentiation potential, we intercrossed Nes-Gfp transgenic mice with a line expressing the
Cre recombinase under the osteoblast-specific 2.3-kilobase proximal fragment of the al(l)-
collagen promoter (Col2.3-cre)2® and the ROSA26/loxP-stop-loxP-lacZ30 (R26R) reporter
line. After 2 weeks in culture, clonal mesenspheres obtained from triple-transgenic animals
exhibited spontaneous multilineage differentiation into Oil red O* adipocytes and
osteoblasts unambiguously identified by Col2.3-driven B-galactosidase activity (~53%; 27
out of 51; Fig. 2n, 0). Under conditions that favour chondrogenic differentiation, clonal
mesenspheres that had previously shown adipogenic potential accumulated Alcian blue*
mucopolysaccharides (Fig. 2p) and upregulated genes involved in chondrocytic
differentiation (Fig. 2q). These data demonstrate that Nes-GFP* mesenspheres are self-
renewing and multipotent in vitro.

Nestin* MSCs self-renew in serial transplantations

To study in vivo self-renewal, single spheres derived from triple-transgenic animals were
allowed to attach onto phosphocalcic ceramic ossicles and then implanted subcutaneously
into littermate mice that did not carry the transgenes (Fig. 3a). Ossicles harvested after 2
months contained numerous B-galactosidase™ osteoblasts derived from Nes-GFP* cells (Fig.
3b, d, e), whereas the seeding of 30,000 CD45~ Nes-GFP™ cells did not generate j3-
galactosidase* cells (Fig. 3c). Nes-GFP* cells were often associated with haematopoietic
activity in the ossicles (Fig. 3b, ). Enzymatic digestion yielded 310 + 32 new GFP* spheres
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per ossicle (n = 6), 38.6 + 1.9% of which showed multilineage differentiation
(Supplementary Table 1). These secondary spheres were subsequently implanted into
secondary recipients (Fig. 3a). Numerous Col2.3* (hence donor-derived) osteoblasts (Fig.
3f) and haematopoietic activity (Fig. 3g; confirmed by CD45 immunostaining) were
observed in contact with Nes-GFP* cells in secondary ossicles harvested after 8 months.
Notably, ~8,500 GFP* spheres were recovered from each secondary ossicle (Fig. 3h),
indicating robust in vivo self-renewal. These GFP* spheres also generated Col2.3*
osteoblasts (Fig. 3i), a further proof of their mesenchymal differentiation potential and donor
origin. Thus, these results demonstrate that nestin* cells are indeed bona fide MSCs capable
of self-renewal in serial transplantations.

Physiological contribution to osteochondral lineages

We carried out lineage-tracing studies to evaluate whether nestin-expressing MSCs
contribute physiologically to skeletal formation. Analyses of R26R mice intercrossed with a
transgenic line expressing the Cre recombinase under Nes regulatory elements (Nes-cre)3!
revealed the contribution of nestin® cells to osteoblasts, osteocytes and chondrocytes
(Supplementary Fig. 9). To track more specifically the progeny of adult nestin* MSCs, we
intercrossed the conditional transgenic line Nes-creERT2 (ref. 32) with RCE:loxP transgenic
mice33. Consistent with a slow turnover of the skeleton, we could not detect GFP* bone-
forming cells after a 1-month chase. However, GFP* osteoblasts, osteocytes and
chondrocytes were observed after 8 months (Fig. 3j—m). These results indicate that adult
nestin* MSCs contribute to skeletal remodelling through differentiation into cartilage- and
bone-forming cells.

Because pre-osteoblasts and mature osteoblasts have been associated with HSCs in the bone
marrow?42:10 we also studied their relationship with Nes-GFP* MSCs. Col2.3* mature
osteoblasts were distinct from, but frequently localized near, Nes-GFP* perivascular MSCs
(Fig. 3n, 0). N-cadherin™ cells were largely bone-lining osteoblasts and pre-osteoblasts, as
previously reported1?, distinct from Nes-GFP* cells (Supplementary Fig. 10). Cells
expressing osterix, a transcription factor required during osteoblastic differentiation34, were
also significantly more abundant than Nes-GFP* MSCs in the trabecular bone and were
localized between Nes-GFP™ cells and the bone margin (Fig. 3p, q), with a ratio of Nes-
GFP*/osterix™ cells in keeping with that of stem cell/progenitor. Therefore, despite their
osteoblastic differentiation potential, Nes-GFP* MSCs are distinct from pre-osteoblasts and
osteoblasts.

Nestin* MSCs are quiescent and metabolically active

Nestin expression and sphere-forming capacity suggested a neuroectodermal origin of these
MSCs. Indeed, the presence of multipotent bone-marrow neural-crest-derived cells has been
suggested3® and Sox1* neuroepithelial cells supply the first embryonic MSC wave36. To get
a molecular signature of bone marrow Nes-GFP* cells, we have compared their genome
profile with various stem cells obtained from public databases. Non-biased hierarchical
clustering and principal coordinates analyses revealed that bone marrow Nes-GFP* cells
were different from all stem cells analysed. However, in agreement with their MSC
function, their overall expression profile appeared closest to human MSCs (Supplementary
Fig. 11a, e).

We performed gene ontology analyses and predicted protein—protein interactions from
transcripts significantly up- or downregulated in bone marrow Nes-GFP™* cells compared to
all stem cells analysed. Most upregulated transcripts (Supplementary Fig. 11b, d) were
associated with metabolic processes (cyan nodes), whereas most downregulated transcripts
(Supplementary Fig. 11c, d) were involved in cell cycle progression (yellow nodes).
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Differential effects of G-CSF, SNS and parathormone

Previous studies indicate that the haematopoietic cytokine granulocyte colony-stimulating
factor (G-CSF) inhibits osteoblasts3” through the SNS6. By contrast, in vivo parathormone
administration expanded osteoblasts and also doubled the HSC pool®-3. We investigated how
these physiological stimuli affected the proliferation and differentiation of bone marrow
Nes-GFP* cells. Cell cycle studies confirmed that bone marrow Nes-GFP* cells are
significantly more quiescent than other stromal CD45~ Nes-GFP™ cells. Within the CD45™
population from flushed bone marrow samples, the proliferative fraction of Nes-GFP™ cells
was significantly greater after chemical sympathectomy or parathormone administration. In
contrast, G-CSF treatment inhibited proliferation of both Nes-GFP* and CD45~ Nes-GFP~
cells (Supplementary Fig. 12a, b).

The inhibitory effects of the SNS and G-CSF on bone marrow Nes-GFP* cells did not only
concern the cell cycle but also differentiation, as G-CSF, a non-selective B- or a selective B3-
AR agonist downregulated osteoblastic differentiation genes specifically in Nes-GFP* cells
(Supplementary Fig. 12c, d). By contrast, in vivo parathormone administration increased by
~2-fold the number of bone marrow Nes-GFP* cells (Supplementary Fig. 12e) and primed
them to differentiate more rapidly (<1 week) into Col2.3* osteoblasts (Supplementary Fig.
12f, g). The effect of parathormone was direct because it was also observed in vitro in
purified bone marrow Nes-GFP™ cells, which express parathormone receptor
(Supplementary Fig. 13). These results raise the possibility that HSC expansion previously
associated with parathormone administrationl:3 could be due to expansion of nestin® MSCs
rather than mature osteoblasts.

Expression and regulation of HSC maintenance genes

To gain more insight into the regulation of the HSC niche by G-CSF and the SNS, we
analysed the expression of genes that regulate HSC maintenance and attraction in the bone
marrow38 (Cxcl12, c-kit ligand, angiopoietin-1, interleukin-7, vascular cell adhesion
molecule-1 and osteopontin) in mice treated with G-CSF or B-AR agonists. The expression
of these genes was extremely high (close to or higher than Gapdh) in Nes-GFP* cells, and—
with the exception of Angpt1—50-700-fold higher than in the other bone marrow stromal
cells. Moreover, these genes, except osteopontin, were significantly and selectively
downregulated in Nes-GFP™ cells by G-CSF (Fig. 4a) or B3-AR agonists (Supplementary
Fig. 14a). Very similar results were obtained when B-actin was used as a housekeeping gene
instead of Gapdh (Supplementary Fig. 15). The expression of connexin-45 and connexin-43
was also 200-500-fold higher in Nes-GFP* cells than in CD45~ Nes-GFP~ cells
(Supplementary Fig. 14b), indicating the existence of electromechanical coupling involving
nestin* cells innervated by noradrenergic nerve terminals'6-18.19,

Nestin* cells maintain HSCs in the bone marrow

To determine whether nestin® cells are required for HSC maintenance in the bone marrow,
we performed selective depletion experiments by intercrossing a Cre-recombinase-inducible
diphtheria toxin receptor line3? (iDTR) with Nes-creERT2 mice. In adult Nes-creERT2/iDTR
mice, tamoxifen and diphtheria toxin treatment severely reduced bone marrow nestin* cells,
as estimated by mesensphere-forming efficiency (92.9 £ 1.8% reduction; n = 6). Whereas
bone marrow cellularity and Lin"CD48™ cell numbers were not affected in Nes-creERT2/
iDTR mice up to 2 weeks after treatment with diphtheria toxin (Fig. 4b, c), the more
immature CD48~Lin~Sca-1*c-kit* (LSK) cells (Fig. 4d) and CD150* CD48~ LSK cells
(Fig. 4e) were reduced by ~50%. This was associated with a proportional and selective
increase in the number of LSK and CD150*CD48~ LSK cells in the spleen (Fig. 4f-i),
without detectable difference in cell cycle profile or apoptotic rates (Supplementary Fig. 16).
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Moreover, long-term culture-initiating cell (LT-CIC) assay using limiting dilutions of bone
marrow cells obtained from Nes-creERT2/iDTR double transgenic or control iDTR mice 1
month after tamoxifen and diphtheria toxin treatment showed a ~4-fold reduction in bone
marrow HSC activity after depletion of nestin* cells (Fig. 4j). Thus, these studies indicate
that HSCs/progenitors are reduced in the bone marrow after the depletion of nestin* cells,
owing at least in part to mobilization towards extramedullary sites.

Nestin* cells are required for HSC/progenitor homing

To evaluate further the impact of nestin* cells in progenitor trafficking to bone marrow, we
assayed haematopoietic progenitor homing to the bone marrow, and found it to be markedly
reduced (by 90%) in diphtheria-treated, lethally irradiated Nes-creERT2/iDTR mice (Fig. 4k).
To assess more specifically the homing of HSCs, we tracked by intravital microscopy highly
purified, fluorescently labelled HSCs after transplantation into lethally irradiated Nes-Gfp
transgenic mice, as described*?. Calvarial Nes-GFP* cells were also perivascular
(Supplementary Fig. 17), contained all colony-forming units-fibroblast (CFU-F) and sphere-
forming cells (data not shown). Analyses of average shorter distances of homed HSCs from
Nes-GFP* cells and the bone surface revealed that HSCs rapidly home near Nes-GFP™ cells
in the bone marrow (Fig. 41, m), indicating that bone marrow nestin™ cells participate in
directed HSC migration.

Discussion

These studies indicate that nestin* cells represent bona fide niche cells in that they show a
close physical association with HSCs, very high expression levels of core HSC maintenance
genes, selective down-regulation of these genes by G-CSF or B3-AR stimulation, and
significant reductions in bone marrow HSCs upon their deletion. In addition, they behave
functionally as MSCs based on their exclusive CFU-F content, multilineage differentiation
towards mesenchymal lineages, robust self-renewal in serial transplantation and in vivo
contribution to osteochondral lineages under homeostasis. Furthermore, we provide
evidence for a balanced regulation of haematopoietic and mesenchymal lineages at the stem-
cell level where homeostatic neural (for example, SNS) and hormonal (for example,
parathormone) mechanisms tightly regulate in tandem HSC maintenance and MSC
proliferation and differentiation.

The present studies reconcile divergent views about the cellular components of the HSC
niche, because nestin* cells encompass features previously attributed to osteoblasticl:2 or
endotheliall® niches. The data indicate a structurally unigque niche in the bone marrow made
of MSC-HSC pairings, tightly regulated by local input from the surrounding
microenvironment and by long-distance cues from hormones and the autonomic nervous
system.

METHODS SUMMARY

Nes-Gfp (ref. 20), FVB-Tg(Collal-cre)1Kry/Mmcd (ref. 29), B6.Cg(SJL)-TgN(Nes-
cre)1KIn (ref. 31), Nes-CreERT2 (ref. 32), RCE:loxP (ref. 33), C57BL/6-
Gt(ROSA)26Sortm1(HBEGF)Awai/J3%, B6.129S4-Gt(ROSA)26Sortm1Sor/J30 transgenic
mice (Jackson Laboratories) and C57BL/6-CD45.1 mice (Frederick Cancer Research
Center) have been used in these studies. Detailed procedures for cell isolation and culture, in
vitro differentiation, LT-CIC and heterotopic bone ossicle assays, histological analyses of
ossicles, in vivo treatments and cell depletion experiments, homing assay, RNA isolation,
quantitative real-time RT-PCR, gene chip and analyses of microarray experiments, gene
ontology and protein—protein interactions are available in the Methods.
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Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nes-GFP™ cells are perivascular stromal cells targeted by the SNS, express high levels
of Cxcl12 and are physically associated with HSCs

a—c, Flow cytometry characterization of bone marrow Nes-GFP™ cells; representative
diagrams were obtained from bone marrow nucleated cells (a, c) or GFP* cells (b); the
percentage of the population in each quadrant is indicated. d, Projection image from ~10 um
Z-stack showing fluorescent signals from Nes-GFP (green), CD31* vascular endothelial
cells (red) and nuclei counterstained with DAPI (blue). e, f, Nes-GFP* cells are directly
innervated by tyrosine hydroxylase* (red) catecholaminergic fibres in the endosteum (e) and
the bone marrow parenchyma (f). g, h, Q-PCR from the same number of sorted CD45~ Nes-
GFP* and CD45~ Nes-GFP~ cells, and from primary osteoblasts (OB) and osteoclasts (OC;
n =5-10); *P < 0.05, **P < 0.01, ***P < 0.001; unpaired two-tailed t-test. Error bars
indicate s.e.m. i, j, Immunostaining for CD150 (red), CD48 and haematopoietic lineages
(blue) in femoral sections of Nes-Gfp mice. Stacked images of CD150"CD48 Lin™ cells
(arrow) adjacent to Nes-GFP* cells in the endosteum (i) and the sinusoids (j). i,
CD150*CD48*/Lin* megakaryocytes (asterisks). k, Localization and number of
CD150*CD48~Lin~ cells relative to Nes-GFP* cells in different bone marrow regions. I,
Nes-GFP* cells (green) and cobblestone-forming area (dashed line) in 4-week primary
myeloid culture. e, f, I, Overlapped fluorescence and phase contrast images. All scale bars,
50 pm.
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Figure 2. Nes-GFP* cells are mesenchymal stem cells

a, Number of colony-forming units-fibroblast*! (CFU-F) in sorted CD45~ Nes-GFP™* and
CD45~ Nes-GFP~ cells (n = 12). b-h, Differentiation of sorted CD45~ Nes-GFP* cells (n =
4). Q-PCR of Gfp and (b) genes associated with osteoblastic (c; alkaline phosphatise (Alpl),
Runx2, bone morphogenetic protein-4 (Bmp4), osteoglycin (Ogn), osterix (Sp7), osteocalcin
(Bglap), osteoactivin (Gpnmb)), adipogenic (e; adipsin (Cfd), peroxisome proliferator-
activated receptor gamma 2 (Pparg)) and chondrogenic (g; aggrecan (Acan)) differentiation
is shown. d, f, h, Fully differentiated phenotypes of sorted CD45~ Nes-GFP* cells shown by
alkaline phosphatase (pink) and Von Kossa (black) staining (d), Oil redO (red) staining (f)
and Alcian blue (blue) staining (h). CD45 Nes-GFP~ cells did not generate any progeny (d,
f; inset). i—q, Nes-GFP™* cells, but not the remaining CD45~ bone marrow population,
formed self-renewing and multipotent clonal spheres after 7-10 days in low-density culture.
I, m, Adherent bulk-cultured CD45~ Nes-GFP* cells (I) or clonal spheres (m) lost GFP
expression and differentiated into GFP™ adipocytes (refringent lipoid droplets). n, o,
Representative mesenspheres showing spontaneous multilineage differentiation into Col2.3-
LacZ* osteoblasts (blue) and Oil red O* adipocytes (red). p, g, Chondrogenic differentiation
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of mesenspheres shown by Alcian blue staining (p; blue) and Q-PCR for sex determining
region Y-box 9 (Sox9), aggrecan (Acan), collagen type llal (Col2a1) and collagen type
Xla2 (Collla?2) (n = 4-11) (q). i, j, m, p, Bright field; k, Fluorescence. I, Overlapped
fluorescence and bright field. Scale bars: 100 um (f, I, k, n, p); 500 pm (h); 50 pm (I, m, 0).
Asterisks, where indicated, are: *P < 0.05; **P < 0.01; ***P < 0.001; unpaired two-tailed t-
test. All error bars indicate s.e.m.
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Figure 3. Adult nestint MSCs self-renew, differentiate and transfer haematopoietic activity in
VIVO

a—i, In vivo self-renewal of adult bone marrow CD45~ Nes-GFP* cells in secondary
transplants. a, Scheme showing the experimental paradigm. b—e, Primary ossicles showing
numerous B-galactosidase® osteoblasts derived from CD45~ Nes-GFP* cells (b, blue; d, e,
dark deposits, arrowheads) but none from CD45~ Nes-GFP™ cells (c); haematopoietic areas
(b, €; circled by dashed line) were detected only in the former group and frequently
associated with GFP* cells (e, green). f, Secondary ossicle showing numerous B-
galactosidase* osteoblasts derived from CD45~ Nes-GFP* cells (blue) and also
haematopoietic areas (circled by dashed line). g, CD45* haematopoietic cells (red) localized
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near Nes-GFP* (green) cells in the ossicles; cell nuclei have been stained with DAPI (blue);
grid, 50 um per square. h, i, Secondary ossicles yielded 8,557 + 537 GFP* spheres (h) that
generated Col2.3* osteoblasts (i; blue precipitates). j-m, Adult nestin* MSCs contribute to
endochondral lineages. j—I, Femoral sections from 11-month-old Nes-creERT2/RCE:loxP
double-transgenic mice 8 months after tamoxifen treatment showing the contribution of
adult nestin* cells to bone-lining osteoblasts (j), osteocytes (k; asterisks indicate GFP* cells,
arrowheads indicate GFP™~ osteocytes) and collagen al type 2* (red) chondrocytes (I). m,
GFP* (green) perivascular cells (asterisk) identical in frequency, morphology and
distribution to Nes-GFP* cells and osteoblasts (arrowhead) co-stained with anti-GFP
antibodies (red). n, o, Bone marrow section of Nes-Gfp/Col2.3-cre/R26R triple-transgenic
mouse showing X-gal* osteoblasts (dark precipitates), GFP* (green) and CD31* vascular
endothelial cells (red); Col2.3* osteoblasts localized near Nes-GFP™* perivascular cells are
indicated with arrowheads. p, g, Immunostaining for osterix (red) in trabecular bone section
of a 5-week-old Nes-Gfp (green) mouse. g, j-m, 0—q, Nuclei have been stained with DAPI
(blue). j, I,m, p, q, Bone (b) margins are indicated with dashed lines. b, c, f, i, n, Bright
field; g, j, k, p, q, fluorescence; d, e, h, I, m, o, overlapped fluorescence and bright field.
Scale bars: 100 pm (c-f, h, i); 20 pm (j—q).
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Figure 4. Regulation of HSC maintenance by nestin* MSCs
a, Expression and regulation of core HSC maintenance genes by CD45~ Nes-GFP* cells. Q-
PCR for Cxcl12, stem cell factor/kit ligand (Kitl), angiopoietin-1 (Angptl), interleukin-7
(17), vascular cell adhesion molecule-1 (Vcam1) and osteopontin (Sppl) in CD45™ Nes-
GFP* and CD45~ Nes-GFP~ cells sorted from the bone marrow of mice injected with G-
CSF or vehicle (n = 6). b—k, Bone marrow (BM) and spleen nucleated (b, f), Lin™ CD48~
(c, g), CD48™ LSK (d, h) and CD150*CD48~ LSK (e, i) cells 3-16 days after tamoxifen and
diphtheria toxin administration in Nes-creERT2/iDTR double- and control iDTR single-
transgenic mice (n = 6-12). j, Long-term culture-initiating cell assay using limiting dilutions
of bone marrow cells from Nes-creERT2/iDTR (red) or control iDTR mice (black) 1 month
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after tamoxifen and diphtheria toxin treatment; the percentage of culture dishes in each
experimental group that failed to generate colony-forming units is plotted against the
number of test bone marrow cells; bone marrow HSC frequencies are indicated; Pearson chi-
squared test (n = 4-6). k—-m, Nestin* cells are required for the homing of haematopoietic
stem and progenitor cells. k, Bone marrow homing of haematopoietic progenitors (CFU-C)
in tamoxifen- and diphtheria-toxin-treated Nes-creERT2/iDTR and control iDTR mice (n = 4-
8). I, m, HSCs rapidly home near GFP™ cells in the bone marrow of Nes-Gfp transgenic
mice. |, Average shorter distances between bone marrow HSCs, Nes-GFP* cells and the
bone surface 2 h (n = 16), 48 h (n = 30) and 96 h (n = 14) after HSC transplantation into
lethally irradiated mice. m, Representative DyD-stained (red) HSC, Nes-GFP* (green) cell
and bone matrix (blue). *P < 0.05, **P < 0.01, ***P < 0.001; unpaired two-tailed t-test. All
error bars indicate s.e.m.
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