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Abstract

In the bone marrow cavity, hematopoietic stem cells (HSC) have been shown to reside in the
endosteal and subendosteal perivascular niches, which play specific roles on HSC maintenance.
Although cells with long-term ability to reconstitute full hematopoietic system can be isolated
from both niches, several data support a heterogenous distribution regarding the cycling behavior
of HSC. Whether this distinct behavior depends upon the role played by the stromal populations
which distinctly create these two niches is a question that remains open. In the present report, we
used our previously described /n vivoassay to demonstrate that endosteal and subendosteal
stromal populations are very distinct regarding skeletal lineage differentiation potential. This was
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further supported by a microarray-based analysis, which also demonstrated that these two stromal
populations play distinct, albeit complementary, roles in HSC niche. Both stromal populations
were preferentially isolated from the trabecular region and behave distinctly /in vitro, as previously
reported. Even though these two niches are organized in a very close range, in vivo assays and
molecular analyses allowed us to identify endosteal stroma (F-OST) cells as fully committed
osteoblasts and subendosteal stroma (F-RET) cells as uncommitted mesenchymal cells mainly
represented by perivascular reticular cells expressing high levels of chemokine ligand, CXCL12.
Interestingly, a number of cytokines and growth factors including interleukin-6 (IL-6), IL-7,
IL-15, Hepatocyte growth factor (HGF) and stem cell factor (SCF) matrix metalloproteases
(MMPs) were also found to be differentially expressed by F-OST and F-RET cells. Further
microarray analyses indicated important mechanisms used by the two stromal compartments in
order to create and coordinate the “quiescent” and “proliferative” niches in which hematopoietic
stem cells and progenitors reside.
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Introduction

Hematopoietic stem cells (HSCs) are able to self-renew and differentiate into lympho-
hematopoietic cells through a finely controlled balance between intrinsic signals and
microenvironment derived factors (Wilson and Trumpp, 2006; Morrison and Spradling,
2008). In order to maintain this balance, HSCs reside and lodge in highly specialized niches
— endosteal and perivascular — composed by stromal cells that modulate HSCs behavior —
self-renewal, quiescence, proliferation, and commitment (Heissig et al., 2002; Calvi et al.,
2003; Zhang et al., 2003; Arai et al., 2004; Visnjic et al., 2004; Kiel et al., 2005; Kollet et
al., 2006; Sugiyama et al., 2006; Bourke et al., 2009; Butler et al., 2010; Robey 2011). The
role of endosteal osteoblasts on HSC maintenance and self-renewal was first proposed in
vitroby Taichman and Emerson (1994a; 1994b; 1996; 1998) and later /in vivo evidence was
acquired by others (Calvi et al., 2003; Zhang et al., 2003; Visnjic et al., 2004). An increased
number of osteoblasts in the marrow cavity lead to an increased number of long-term HSC,
without affecting any other hematopoietic subpopulation in the bone marrow (Calvi et al.,
2003; Zhang et al., 2003). Furthermore, osteoblast ablation from the marrow cavity results in
a loss of HSCs (Visnjic et al., 2004). These data provide evidence that osteoblasts play a
crucial role in HSC maintenance and behavior.

HSCs also reside in the perivascular niche (Arai et al., 2004; Kiel et al., 2005; Sugiyama et
al., 2006), in the abluminal side of bone marrow sinusoids, interacting with the endothelial
and perivascular reticular cells. Sugiyama et al.® observed that HSCs residing in the
perivascular niche were in close association with reticular cells, which express high levels of
CXCL12, a chemokine required for HSC maintenance and lodging (Jung et al., 2006). /n
situ observation demonstrated that most of hematopoietic stem cells are concentrated in the
trabecular zone of the marrow cavity, which also harbors high numbers of niche osteblasts,
sinusoids, and CXCL12-positive reticular cells (Calvi et al., 2003; Zhang et al., 2003;
Sugiyama et al., 2006). Functional assays indicated that HSC maintenance by both endosteal
and perivascular niches are, at least in part, mediated by Jagged-Notch (Calvi et al., 2003)
and angiopoietin-1-Tie2 interactions (Arai et al., 2004).

Several studies demonstrate that fast-cycling HSCs preferentially reside in vascular niche,
also referred as to “the proliferative niche”, whereas quiescent/slow-cycling HSCs are found
in close association with endosteal osteoblasts, which create a “quiescent niche” (Zhang et
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al., 2003; Arai et al., 2004; Wilson and Trumpp, 2006; Parmar et al., 2007; Robey 2011).
This is evidenced in /n vivo myelosuppressive models, in which HSCs colonizing the
vascular niches in the subendosteal region are mostly ablated. Although still controversial,
and depending on the ablation protocol used, almost all HSCs in contact with endosteal
osteoblasts are preserved (Arai et al., 2004; Kiel et al., 2007). Whether this heterogeneous
distribution and/or HSC cycling behavior regarding the two niches depend upon the role
played by the two stromal populations is a question that remains open.

Different markers, such as Osteopontin and Sca-1, have been used to distinguish and isolate
osteoblasts from other stromal cells (Mayack and Wagers, 2008; Winkler et al., 2010).
However, most of the markers tested are not only expressed by osteoblasts, but also
mesenchymal cells at distinct stage of differentiation. In our previous work, we established a
protocol to isolate and culture separately endosteal osteoblasts (F-OST) and subendosteal
reticular cells (F-RET) from the marrow cavity of murine long bones (Balduino et al., 2005)
and suggested that F-OST and F-RET fractions mainly comprised osteoblasts and
undifferentiated mesenchymal cells, respectively. In the present study, our main objective
was to elucidate the /n vivo potential of these two closely associated stromal populations,
which are responsible for HSC niche creation in the marrow cavity. Despite the close range,
an /n vivo ectopic ossicle formation assay (Taichman et al., 2010) allowed us to demonstrate
that cells from the two fractions are totally distinct regarding the commitment to the skeletal
lineage differentiation cascade. Following /n7 vivo assays, global gene analyses establishes
the differences between these two stromal populations and also give us directions to better
understand the possible roles played by the stromal cells in the creation of HSC niches.

Animals and Cells

Pathogen-free C57BL/6 and BALB/c mice were purchased from Jackson Laboratories (Bar
Harbor, ME) and Charles River Laboratories (Wilmington, MA), respectively, and housed in
environmentally controlled rooms with a 12h light-dark cycle according to the procedures
outlined in the "Guide for the Care and Use of Laboratory Animals" [NIH publication no.
86-23, 1985]. Cells were harvested from 8 — 12 week old mice, as previously described
(Balduino et al., 2005). Briefly, femurs were removed, cleaned of all connective tissue, and
digested in trypsin and collagenase (1:1 — 5x30 min; both from Sigma, St. Louis, MO,
USA). Epiphyses were removed and marrows were flushed with DMEM supplemented with
10% FBS. Bones were sectioned and washed, and fragments were digested twice with 0.1%
collagenase, for 30 minutes each. Cells were harvested separately, suspended and plated in
DMEM 10% FBS. Bone fragments were plated together with cells harvested from the
second collagenase digestion. Cells harvested from the first and second collagenase
treatments were named F-RET and F-OST, respectively. All experiments on animals were
performed following institutional guidelines.

Scanning Electron Microscopy

Femurs were excised and marrows were flushed. A few femurs underwent collagenase
digestion. All bones were fixed, post-fixed, and dehydrated as previously described. Using a
scalpel, femurs were cut longitudinally (half-pipe-/ike). Bone inner face was metalized and
examined with ZEISS DSM 940A scanning electron microscope at 15 kV.

In Vivo Assessment of Multi-lineage Activity

Flushed bone marrow (BM), subendosteal (F-RET), and endosteal (F-OST) populations
were tested for in vivo multipotency (Taichman et al., 2010). Cells were isolated from
animals as described above. In some cases the donor mice were treated with 5-FU
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(American Pharmaceutical Partners, Schaumburg, IL) administrated intravenously via the
lateral tail vein at a dose of 150 mg/kg body weight in 100 pL PBS five days prior to
marrow harvest. Control animals were injected with an equal volume of 0.9% sodium
chloride vehicle solution. Cell/scaffold constructs were transplanted subcutaneously into 5-
week -old male mice (NIH-bg-nu-xid BR, Harlan Sprague Dawley, Indianapolis, IN), as
previously described (Wang et al., 2006). The implants were harvested 5 weeks post
surgery, fixed, and analysed in an EVS corp. UCT scanner (London, Ontario, Canada).
GEMS MicroView® software was used to make a 3-D reconstruction from the set of scans.
For histology, the specimens were decalcified for 3 days in 10% formic acid, embedded in
paraffin and 5-um serial sections prepared and stained with hematoxylin and eosin.

Microarray Analyses

Flushed bone marrow (BM), F-RET, and F-OST populations were isolated as previously
described (Balduino et al., 2005), and cultured in DMEM 10% FBS (Invitrogen Life-
Technologies, Carlsbad, CA) up to 90% confluence. Hematopoietic cell distributions on the
three niches were evaluated by flow cytometry (Supplemental Figure 1). CD45+ Lin+ cells
were magnetically depleted (Miltenyi Biotec Inc., Auburn, CA). Stromal cells were analyzed
in triplicate. Microarray and Real Time RT-PCR were achieved as previously described
(Lustig et al., 2009). Functional grouping was performed on the Ingenuity Pathways
Analysis tool (https://analysis.ingenuity.com/pa/login/login.jsp). Further distance-based
gene selection was done on the Microarray Data Analysis website of the National Human
Genome Research Institute (http://arrayanalysis.nih.gov).

Real Time RT-PCR

One microgram of RNA was used to generate cDNA. The SYBR Green | assay and the
GeneAmp 5700 Sequence Detection System (PE Applied Biosystems) were used for the
detection of real-time PCR products as previously described (Lustig et al., 2009). Primers
are listed in Table 1.

Statistical Analysis

For the microarray analysis, the Z score statistical analysis method (Cheadle et al., 2003)
was used. Genes presenting a 1.5 fold Z-Score difference (positive or negative) were
included. For RT-RT-PCR and bone density analysis significant results were determined by
Students’s ¢test. Pvalue less than 0.05 was considered statistically significant.

Results

Isolation of Stromal Cells from the Trabecular Bone Zone

Several studies indicate that most of HSC are concentrated in the trabecular zone, the same
region in which CXCL12-reticular perivascular cells preferentially reside, as described by
Sugiyama et al. (2006). We observed that, after the bone marrow was flushed, most of the
cells that remained attached to the bone surface were in the trabecular zone of the
metaphysis and epiphysis (Figure 1A). As previously described, after the first round of
collagenase digestion, subendosteal cells (F-RET) were extracted, as osteoblasts (F-OST)
remained attached to the bone surface (Figure 1B). Osteoblasts were extracted after a second
round of collagenase digestion (Figure 1C). When in culture, flushed bone marrow (Figure
1D) and F-RET cells (Figure E) presented myofibroblast pattern of growth /n vitro. In
contrast, endosteal osteoblasts presented in a cuboidal shape and maintain good contact
inhibition, as previously observed (Figure 1F). Macrophages were found in all three primary
stromal cells culture (Figures 1D, E, and F, arrow heads). When we compared hematopoietic
cells in the three niches, we observed that a higher frequency of myeloid cells, mostly
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granulocytes, reside in the subendosteal and endosteal regions, as compared to flushed
central marrow (Supplemental Figure 1). Conversely, B-lymphocytes frequency decreases
slightly in the subendosteal and endosteal regions when compared to central flushed
marrow. No differences were observed for the T lymphocyte cell distribution in the three
niches. In addition, nonadherent cells were removed (at least, the majority of them) after
three days of incubation. Only a few myeloid cells remained attached in all three stromal
cultures.

In Vivo Multipotency Detained by Subendosteal Stromal Cells

In our previous work, we suggested that F-OST and F-RET populations comprised stromal
cells with distinct potential regarding the skeletal differentiation cascade (Balduino et al.,
2005). Using the same techniques, we found that the isolated the F-OST populations were
quite homogenous regarding their committment to the osteogenic lineage, and all cells
expressed high levels of bone sialoprotein, osteopontin and alkaline phosphatase. On the
other hand, all F-RET cells were also positive for alkaline phosphatase, osteonectin, and
osteopontin. Even though immunocytochemistry isn’t a quantitative assay, no differences on
the expression levels of these markers was observed among all cells on the F-RET
population (Balduino et al., 2005)..

To define stromal cells potency, all three fractions were isolated combined to a scaffold, and
subcutaneously implanted following the method described in Taichman et al., 2010. After 5
weeks of implantation, cells from BM and F-RET fractions gave rise to significant amount
of cortical bone, with a recruited hematopoietic marrow. Cells from F-OST fraction, on the
other hand, only gave rise to compact bone ossicles, with no bone marrow. These data
establish that stromal cells from F-OST fraction are fully committed osteoblasts.
Conversely, stromal cells distributed in the subendosteal region contain uncommitted
mesenchymal cells. These observations further validated the method used to isolate
separately bone marrow endosteal and subendosteal fractions. These data support that, once
implanted /n vivo, multipotent mensenchymal cells will give rise to bone tissue,
hematopoiesis supporting stroma and marrow adipocytes. All these cells/tissue could be
observed when FRET cells were implanted. On the other hand, committed osteoblasts
(FOST), upon implantation, gave rise only to bone tissue and no hematopoietic supporting
stroma or adipocytes were observed. Based on this /in vivo data, we support the potential of
each population, and that while the in vitro studies examing the differentiating potential of
these isolated cells, we feel that such assays would not add any major new perspective to the
present work.

Gene Expression Profiling

We identified 749 known genes differentially expressed by stromal cells from subendosteal
and endosteal fractions: 430 and 319 transcripts were up-regulated in the F-RET and F-OST
cells, respectively. In order to confirm microarray data, several genes were tested on real
time RT-PCR analyses (Table 2). As expected, endosteal cells expressed higher levels of
osteogenic lineage and bone extracellular matrix related genes. Subendosteal stromal cells
expressed higher levels of MMP3, MMP13, and TIMP1, and osteoblasts expressed higher
levels of MMP2, MMP14, and TIMP3 (Figure 3).

For adhesion molecules and cell surface membrane markers, osteoblasts expressed higher
levels of contactins-3 and -6, NCAM, and, unexpectedly, CD146, all known to participate in
cell-cell and cell-matrix interactions (Figure 4). Expression of CD29 and glypican-1 was
also higher in the endosteal cells compared with subendosteal stroma. In contrast,
subendosteal cells expressed higher levels of ICAM1, VCAML1, CD164, CD109, Thyl, and
Cadherin-13.

Exp Cell Res. Author manuscript; available in PMC 2013 November 15.
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Among several cytokines and growth factors tested, osteoblasts express higher levels of
endothelin-1 (End1) and angiopoietin-like 6 (Angptl6). Osteoblasts also expressed higher
levels of Pdgfa, Pdgfc, and Pdgfd, members of the Platelet-Derived Growth Factor family,
which signal through two receptors: Pdgfra and Pdgfrb. Subendosteal stroma expressed
higher levels of Pdgfra (Figure 3, Table 2).

Members of the CCN family (Cystein-rich61 / Connective Tissue Growth Factor /
Nephroblastoma Overexpressed), which belong to the TGFp family, were also detected in
the two stromal populations. Ctgf (CCNZ2) and Wispl (CCN4) expression were higher in
osteoblasts than in subendosteal stroma. Conversely, the subendostal fraction expressed
higher levels of Wisp2 (CCN5) and TGFp3. Subendosteal stroma also expressed higher
levels of Ltbp-2 and -3, which are thought to play a role in TGF@ deposition into the
extracellular matrix (Table 2).

Members of Wnt family were also evaluated. No differences in the expression of Wnt3 and
Whnt5a were noted between the two stromal cell populations were detected. However,
expression of Wnt4 and Wnt10b was higher osteoblasts than subendosteal stroma. Fzd6
(Frizzled-6) was also expressed at higher levels by osteoblasts (Table 2). Interestingly,
subendosteal reticular cells expressed higher levels of Fzd9, as well as critical Wnt
modulators including Sfrp1, Sfrp2, and Frzb. Subendosteal stroma expressed higher levels
of IGF-I and -II.

Also very interestingly, subendosteal reticular cells were observed to express higher levels
of IL-6 (interleukin 6), HGF (Hepatocyte Growth Factor), and SCF (Stem Cell Factor), all
shown to stimulate HSC high proliferation /n vitro and pool expansion /n vivo. Additionally,
subendosteal reticular cells expressed higher levels of IL1r1, IL11ral, Osmr (Oncostatin M
Receptor), Egfr (Epidermal Growth Factor Receptor). In contrast, subendosteal reticular
cells expressed higher levels of many chemokines (CXCL1, CXCL5, CXCL14, CCL2, and
CCLY7). Interestingly, subendosteal stroma also expressed higher levels of CXCL12
(SDF1a). This difference was not observed in the microarray data as statistical analyses
indicated a 0.6 value for 2. However, the difference in the expression of CXCL12 by
endosteal and subendosteal stroma was confirmed using real time RT-PCR analysis (Figure
5).

Discussion

In the present work, we establish a method to isolate separately the stromal populations from
the endosteal and the subendosteal/perivascular niches, also known as HSC “quiescent” and
“proliferative” niches. Even though these two niches are organized in a very close range, the
isolation protocol herein presented allowed us to identify endosteal stroma cells as fully
committed osteoblasts and subendosteal stroma cells as uncommitted mesenchymal cells.
Microarray analyses further indicated a few possible mechanisms used by the two stromal
compartments to create and coordinate the “quiescent” and “proliferative” niches in which
hematopoietic stem cells and progenitors reside.

Early histological and functional analyses showed that hematopoietic stem cells and
progenitors preferentially colonize the endosteal and subendosteal/perivascular niches (Lord
etal., 1975; Lambertsen and Weiss, 1984; Eliasson and Jonsson, 2001; Nilsson and
Simmons, 2004; Haylock et al., 2007; Lo Celso et al., 2009). Based on a stereological study,
Lambertsen and Weiss (1984) demonstrated that the endosteal niche extended 0.02mm
(20um) from the bone surface, and the subendosteal niche extended 0.08mm (80um) from
the endosteal niche limit. A similar extension was observed in our previous work (Balduino
et al., 2005). Importantly, the authors showed that HSCs were heterogeneously distributed in
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these two niches, in which long-term HSC would be mostly concentrated in the endosteal
fraction. This observation has been corroborated by recent studies in which slow-cycling
HSC are found in association with endosteal osteoblasts, and fast-cycling HSC mostly reside
in the perivascular niches distributed in the subendosteal zone (Sugiyama et al., 2006; Kiel
et al., 2007). The method used in the present work is exclusively based on a time-dependent
enzymatic digestion separation procedure (Balduino et al., 2005), and is in agreement with
the bone marrow compartment organization set by Lambertsen and Weiss (1984). We show
that, regardless the close range distribution, as for the HSC, the endosteal and subendosteal
zones, identified by Lambertsen and Weiss, are created by two very distinct stromal
compartments.

As widely discussed, osteoblasts play crucial role on HSC self-renewal and maintenance /n
vivo (Calvi et al., 2003; Zhang et al., 2003; Visnjic et al., 2004). In addition to the endosteal
niche, hematopoietic stem cells also reside in the abluminal side of bone marrow sinusoids,
in association with perivascular reticular cells and endothelial cells, identified as the
perivascular niche (Kiel et al., 2005; Sugiyama et al., 2006). On the same study mentioned
before, Lambertsen and Weiss (1984) showed that most of the perivascular niches harboring
HSC are distributed in the subendosteal zone. Sugiyama et al. (2006) demonstrated that
HSCs in the perivascular niches are in close association with the perisinusoidal reticular
cells, which express high levels of CXCL12, also known as SDF1a, a critically important
chemokine which plays a significant role on HSC retention, homing, and lodging in the
marrow cavity. Using the real time RT-PCR, it was demonstrated that subendosteal stromal
cells expressed higher levels (almost 10 times more) of CXCL12 than osteoblasts. When
compared to the stroma isolated from a regular flushed marrow, CXCL12 level was also
high in subendosteal cells (Figure 5). In accordance with these observations, our data
suggest that the subendosteal stromal cells isolated using the method described in the present
study are likely comprised of perivascular CXCL12-positive reticular cells described by
Sugiyama et al. (2006) Furthermore, both stromal cell populations described by both groups,
are derived mostly from the trabecular zone (Figure 1). Thus, our data demonstrate the
validity of a method to isolate and study two critical components of the HSC niche stromal
populations. As such this approach provides an opportunity to further explore the
mechanisms that regulate HSC control and behavior. Different markers, such as Osteopontin
and Sca-1, have been evaluated for osteoblasts identification and isolation from endosteal/
subendosteal niches (Mayack et al., 2008; Nakamura et al., 2010). However, these markers
are not only expressed by endosteal cells, but also by osteoprogenitors and uncommitted
mesenchymal cells found in the subendosteal niche.

As previously described, slow-cycling hematopoietic stem cells are found in close
association with endosteal osteoblasts, as fast-cycling HSC reside in the perivascular niche
(Calvi et al., 2003; Zhang et al., 2003; Stier et al., 2005; Sugiyama et al., 2006). This has
been well demonstrated in /in vivo long-term BrdU retaining assays and myeloablation
models. Although it is clear that HSC behavior in either niche is very distinct, how much of
this behavior is controlled by the niche stromal cells it is not known. Therefore, both stromal
cells must be compared. A wide molecular comparison would provide clues on the
mechanisms used by stromal cells to drive HSC quiescence and/or proliferation; on how
these two niches communicate in order to maintain a balanced hematopoiesis; and how
peripheral factors may influence HSC behavior. Yet both stromal cells herein evaluated
express many overlapping and similar levels of HSC self-renewal inducing factors as well.
In our previous work, we found that osteoblasts expressed higher levels of Jagged-1 as
compared to the subendosteal stroma. However, in that study we analyzed the cells after
several passages, thus the culture conditions may have influenced cell phenotype and,
consequently, Jagged-1 expression. Among all cytokines tested, our major finding was that
subendosteal reticular cells express higher levels of three of the most important cytokines
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known to increase HSC proliferation. Hepatocyte Growth Factor (HGF), Stem Cell Factor
(SCF), and Interleukin-6 (IL-6) have been shown to induce HSC proliferation and to
increase HSC pool /n vivoand in vitro (Petzer et al., 1996; Miller and Eaves, 1997; Han et
al., 1993; Miura et al., 1993; Taichman et al., 2001), thus providing an explanation for the
fast-cycling behavior of HSCs and how perivascular reticular cells create a “proliferative”
niche. In addition, the high concentration of different chemokines secreted by these stromal
cells may indicate that the subendosteal zone is also responsible for harboring intermediate
progenitors, which also present fast-cycling profile.

Two major MMPs were detected on endosteal and subendosteal stromal cells: MMP2 and
MMP3, respectively. Both MMPs are able to activate MMP9, which plays a very crucial
role on HSC mobilization from the quiescent to the proliferative niche (Heissig et al., 2002).
Both endosteal and perivascular niches thus appear to participate on HSC mobilization. The
mechanisms of HSC mobilization in G-CSF stimulated or myeloablated animals have been
elucidated in the last few years (Heissig et al., 2002; Levesque et al., 2003; 2004; Lucas et
al., 2008; Shirvaikar et al., 2010). Nonetheless, the physiological exit of HSC from the
quiescent niche and its transition to the proliferative niche is not clear. Osteoblasts higher
expression of Timp3, a potent inhibitor of MMP9 activity (Brew et al., 2000), suggests a
“protective” activity played by endosteal niche over the slow-cycling HSC pool (Figure 3).
Furthermore, HSC exit from quiescent niche does not seem to happen randomly, but in a
niche controlled fashion. Complementarily, the fact that subendosteal cells express higher
levels of Wnt modulators (Fzdb, Sfrpl, and Sfrp2) supports the hypothesis that
subendosteal-perivascular niche play a significant role upon over HSC recruitment from a
quiescent niche into a proliferative niche and/or, maybe, its engagement into the
differentiation cascade (Figure 3, Table 2). Active egression and/or release of HSC from
their protective and restrictive environment seems to be the result of a finely controlled
balance between the endosteal and subendosteal/perivascular reticular cells, and may not
represent a random process, just like mentioned before. Additionally, expression of
receptors for cytokines known to increase or decrease production of different types of blood
cells were highly expressed on subendosteal reticular cells as compared to osteoblasts,
suggest that the perivascular niche may be best positioned to promptly respond to a
peripheral demand. Based on our results, we propose that the hematopoietic stem cell niche
in the marrow cavity is the result of a fine balance between endosteal and perivascular/
subendosteal regions (Figure 6). To our knowledge, it is the first time that these two stromal
cell types have been shown to play active and complementary roles on maintaining and/or
recruiting hematopoietic stem cells under physiological conditions. Endosteal and
subendosteal niches may be generated by two separate stroma compartments. Several
quantitative and qualitative analyses /n vivoare definitely needed to fully describe the HSC
niche organization. Further molecular evaluations of the stromal components contributing to
all HSC niches will be crucial in order to understand how both contribute to hematopoiesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of theinner surface of femursand morphology of the stromal populations
isolated

After bone marrow was flushed, subendosteal and endosteal stromal cells which remained
attached were mainly distributed in the trabecular region (A, white arrow heads) at the
metaphysis and epiphysis. After the first round of collagenase digestion procedure,
subendostal stromal cells were removed (B) and osteoblasts remained attached (B, white
arrow heads and arrow), being retrieved only after the second collagenase digestion (C,
white arrow heads pointing to osteoblast-free trabecular bone). When in culture, flushed
bone marrow (D) and subendosteal stromal cells (E) presented similar myofibroblastic
morphology. Conversely, endosteal osteoblats (F) presented a cuboidal morphology, as
expected. A few macrophage-like cells were observed in all three primary cultures (arrow
heads). Primary cells were cultured to confluence in DMEM 10% FBS.
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Figure 2. Histological and mor phometric analyses of stromal cellsfractionsimplants

As described in the Materials and Methods, 2x10° of flushed bone marrow cells (BM),
subendosteal stroma (F-RET), and endosteal osteoblasts (F-OST) isolated from normal and
5-FU treated mice were mixed up in gelatin sponge and transplanted into SCID mice
subcutaneously. After 5 weeks, the implants were harvested for micro-CT scanning (inserts)
and sectioned for histological staining using hematoxylin and eosin of the BM, F-FRET and
F-OST tissues (lower panels). Original Magnification of 400x. Bone mass density (BMD)
and tissue volume were measured (upper panels).
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Figure 3. Gene expression profile based on gene function and physiology of subendosteal stromal
cells (F-RET) compared to endosteal osteoblasts (F-OST)

Functional clustering was achieved and gene groups of particular interest are shown. The
profile was created using the Ingenuity program. The brighter the red, the higher the gene
expression level observed. The brighter the green, the lower the gene expression level
observed. Only gene expression differences statistically significant are shown.
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Figure 4. Gene expression profile of membrane-associated molecules of subendosteal stromal
cells (F-RET) compared to endosteal osteoblasts (F-OST)

Functional clustering was achieved and gene groups of particular interest are shown. The
profile was created using the Ingenuity program. The brighter the red, the higher the gene
expression level observed. The brighter the green, the lower the gene expression level
observed. Only gene expression differences statistically significant are shown.
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Figure 5. Differencesin relevant HSC niche gene expression by subendosteal stromal cells (F-
RET) compared to endosteal osteoblasts (F-OST)
Real time RT-PCR analysis was performed on the subendosteal cells (SUB) and ostecoblasts

(OST) for the following genes identified using the microarray profiles: (A) Bone

sialoprotein (lbsp), Cbfa-1, osterix (Otx), Pth receptor (PthR), lipoprotein lipase (LPL) and
CD164 and (B) interleukin 6 (IL-6), interleukin 7 (IL-7), interleukin 15 (IL-15), stem cell
factor (SCF), hepatocyte growth factor (HGF), and stromal derived factor-1a (CXCL12) are
presented. The results were normalized to GAPDH, which was also used to determine
relative gene expression (dCT). Primers used are listed on Table 1.
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Figure 6. Potential differencesand rolesfor endosteal osteoblasts (F-OST) and subendosteal
stromal cells (F-RET) in maintaining the HSC nichein the bone marrow

Our hypothesis says that, in the HSC niche, endosteal osteoblasts (F-OST) may supply the
specific signals for self-renewal and quiescence (SRF). However, subendosteal stromal cells
(F-RET) secrete growth factors and chemokines (PF) that, in a balance with stemness
inducing factors secreted by osteoblasts, will promote HSC pool expansion (). Conversely,
subendosteal stromal cells (F-RET) secrete factors (SR blocking factors) which neutralize
self-renewal factors presented by endosteal osteoblasts (F-OST), promoting HSC exit from
the niche, proliferation and migration towards the central space.
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Table 1

Primer sequences for the real time reverse transcriptase polymerase chain reaction

Gene Gene Name Primer set (5" —-3')
B-actin  actin, B SCCTAAGGCCAACCGTGAAAA 3
A CCATCACAATGCCTGTGGTA
CD16411 CD164 sialomucin-like 1 SATGAGTGCCAGATTGCTGGT
A AGCTGATACCATCTGCCTCAA
CD34 CD34 antigen SCACATCTAGCATCCCTGGAA
A TTGGGGAAGTCTGTGGTTGT
Cdh13  cadherin 13 SGGAGTGGATCAAGACCCTAAA
A ACTGGCCCTTCCAGAGTTTT
Cebpb CCAAT/enhancer binding protein (C/EBP), beta SGTTTCGGGACTTGATGCAAT
A ACCCCGCAGGAACATCTTTA
Cebpd CCAAT/enhancer binding protein (C/EBP), delta SCCTTTGAGACTCTGAACGACCT
A ATAGCTTCTCTCGCAGTCCA
Ctgf connective tissue growth factor SATCTCCACCCGAGTTACCAA
A GACAGGCTTGGCGATTTTAG
Fzd6 frizzled homolog 6 (Drosophila) SACCCTGTCGGAAATTGTGTG
A AAGCTCTGTGTGTGGATGAGAA
Fzd9 frizzled homolog 9 (Drosophila) SAACCCCGAGAAGTTCCAGTA
A AGGAAGGTGAACACGGTGAA
Gpcl glypican 1 STATTGCCGAAATGTGCTCAA
A TGAGTGTGTCCTTGTTGTCCT
Hgf hepatocyte growth factor SCCCATTACTGAAGATTAAAACCAAA
A CCACTTGACATACTATTGAAAGGA
Ibsp integrin binding sialoprotein (bone sialoprotein) SGAAAATGGAGACGGCGATAG
A TGGAAAGTGTGGCGTTCTCT
IL11ral interleukin 11 receptor, alpha chain 1 SAGCCCTGATGAAGGCACTTA
A TGGACTCCAAGTACAGGAGAAG
1L15 interleukin 15 SATCCTGCTGTGTTTGGAAGG
A GCTGACATGGGTTTCTGTGTT
IL6 interleukin 6 SCGATGATGCACTTGCAGAAA
A TGTTCTTCATGTACTCCAGGTAGC
Kitl stem cell factor STCTCAAATATTTCTGAAGGCTTG
A CAGGAGTAAAGGATCTAGTTTCTGG
Mgp matrix gamma-carboxyglutamate (gla) protein STCAACAGGAGAAATGCCAAC
A ATCTCGTAGGCAGGCTTGTT
Mmpl13  matrix metalloproteinase 13 SAGTGCCTGATGTGGGTGAAT
A TGGTGAAATTCAGTGGTGTCA
Mmp3 matrix metalloproteinase 3 STGATGCATAAGCCCAGGTGT
A CAAAGCTTTTTCAATGGCAGA
Osmr oncostatin M receptor SAATCAGGGCTCTGGTAGATGA
A ATGGTGACATTGGAGCCTTC
Osx Osterix (Osx-pending) STTCTCTCCATCTGCCTGACT
A AGCGTATGGCTTCTTTGTGC
Otc Bone gamma-carboxyglutamate protein 1 (Osteocalcin) SAAGCAGGAGGGCAATAAGGT
A AGGCGGTCTTTAAGCCATAC
Pdgfa platelet derived growth factor, alpha STCCCATGCCATTAACCATGT
A ATCAGGAAGTTGGCCGATGT
Pdgfra  platelet derived growth factor receptor, alpha polypeptide = SGCTTCAACGGAACCTTCA
A TCGTTGTTAAAGACGGCACA
Runx2 runt related transcription factor 2 SGCCGGGAATGATGAGAACTA

A TGGGGAGGATTTGTGAAGAC
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Gene Gene Name Primer set (5 —3')
Sdc4 syndecan 4 SGGGATGACATGTCCAACAAA
A TCGTAACTGCCTTCGTCCTT
Sfrpl secreted frizzled-related sequence protein 1 STGCTCAAATGTGACAAGTTCC
A TGCACAGAGATGTTCAATGATG
Sfrp2 secreted frizzled-related sequence protein 2 SACGACAACGACATCATGGAA
A CAGCACGGATTTCTTCAGGT
Tgfb3 transforming growth factor, beta 3 STTTCGTTTCAATGTGTCCTCA
A ATGTAGCGCTGCTTGGCTAT
Timp3 tissue inhibitor of metalloproteinase 3 SACATTCACACGGAAGCCTCT
A CCTCTCCACAAAGTTGCACA
Wispl WNT1 inducible signaling pathway protein 1 STCGGATCTCTAACGTCAATGC
A GTACACAGCCAGGCATTTCT
Wisp2 WNT1 inducible signaling pathway protein 2 STGTGATGACGGTGGTTTCAC
A AGGAGTGACAAGGGCAGAAA
Wntl0b  wingless related MMTYV integration site 10b STTCTCTCGGGATTTCTTGGA
A CCCTCCAACAGGTCTTGAAT
Wnt4 wingless-related MMTYV integration site 4 SAACGGAACCTTGAGGTGATG
A CTGCTGAAGAGATGGCGTAT
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Comparison between microarray and Real-Time RT-PCR analysis. F-RET/F-OST ratio.

LogRatio (F-RET/F-OST)

Entrez GenelD Gene Microarray RT-RT-PCR
NM_054042 CD16411 0.53 0.60
NM_133654 CD34 0.52 0.61
NM_019707 Cdh13 0.65 0.83
NM_009883 Cebpb 0.35 0.47
NM_007679 Cebpd 0.66 0.84
NM_010217 Ctgf -0.43 -0.35
NM_008056 Fzd6 -0.26 -0.37

AKO021164 Fzd9 0.23 0.53
NM_016696 Gpcl -0.34 -0.46
X82046 Hgf 112 2.15
NM_008318 lbsp -0.31 -0.61
NM_010549 IL11ral 0.51 0.48
NM_008357 IL15 0.40 1.04
NM_031168 IL6 0.66 1.53
BC009120 Mgp 111 1.12
NM_008607 Mmp13 0.25 0.24
NM_010809 Mmp3 1.89 2.74
NM_011019 Osmr 0.48 0.49
NM_130458 Osx -0,18 -0.72
BC005483 Otc -0.41 -0.45
NM_008808 Pdgfa -0.23 -0.27
NM_011058 Pdgfra 1.13 1.40
D14636 Runx2 -0.18 -0.72
NM_011521 Sdc4 0.22 0.48
NM_013834 Sfrpl 0.73 1.07
NM_009144 Sfrp2 0.69 1.49
NM_009368 Tgfb3 -0.25 -0.27
NM_011595 Timp3 -0.71 -0.74
NM_018865 Wispl -0.75 -0.89
NM_016873 Wisp2 0.59 0.59
NM_011718 Wnt10b -0.28 -0.86
NM_009523 Wnt4 -0.31 -0.67

Table 2

Page 20

Real Time RT-PCR was used to verify array results. Thirty microarray-present samples were tested and results (log ratio) were compared to

microarray data.
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