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Marioara F. Ciuculescu,1 Shin-Young Park,2 Kimberly Canty,2 Ronald Mathieu,1 Leslie E. Silberstein,2 and David A. Williams1

1Division of Hematology and Oncology and 2Division of Transfusion Medicine, Boston Children’s Hospital and Dana-Farber Cancer Institute, Harvard

Medical School, Harvard Stem Cell Institute, Boston, MA

Key Points

• Rac deletion in Nestin1 cells
reverses the arteriolar-to-
sinusoid ratio in marrow.

• Rac-deleted Nestin1 cells
differentially alter long-term
HSC and hematopoietic
progenitors.

Hematopoietic stem cells (HSCs) are localized within specialized microenvironments

throughout theBM.Nestin-expressing (Nestin1)mesenchymal stromal cells (MSCs) are

important in the perivascular space. Rac is critical for MSC cell shape in vitro, whereas its

function in MSCs in vivo remains poorly characterized. We hypothesized that deletion of

Rac in theNestin1 cellswouldperturb the perivascular space, alteringHSC localizationand

hematopoiesis.Nestin-Cre–directedexcisionofRac1 inRac32/2micereducesNestin1cells

in the marrow. We observed a 2.7-fold decrease in homing of labeled wild-type hemato-

poietic cells into Rac1D/DRac32/2 mice compared with control mice. Rac1D/DRac32/2 mice

demonstrated amarkeddecrease inarterioles and an increase in the number and volumeof

venous sinusoids in the marrow that was associated with a reduction in the numbers of

immunophenotypically and functionally-defined long-term HSCs in the marrow, a decrease in colony-forming cells and a reduction in

circulating progenitors. Rac-deleted animals demonstrated a significant increase in trabecular bone. These data demonstrate that Rac

GTPases play an important role in the integrity of perivascular space. Increased trabecular bone and sinusoidal space and decreased

arteriolar volume in thismodel were associatedwith decreased HSC, underscoring the complexity of regulation of hematopoiesis in the

perivascular space. (Blood. 2015;125(20):3105-3113)

Introduction

Hematopoietic stem cells (HSCs) reside in the bone marrow (BM)
cavity, a highly-organized and complex microenvironment that sup-
ports hematopoiesis and is commonly referred to as the “HSC niche.”1

Cellular and extracellular components of the niche have been
implicated in localization of HSCs and HSC self-renewal and
differentiation.2-6 Several previous studies have identified key cellular
components of the niche, includingprogenyofmesenchymal stemcells
such as osteoblasts, adipocytes, perivascular cells, and endothelial
cells.4,7-9 As improved profiling of cell surface markers and more so-
phisticated isolation techniques have become available, knowledge of
specific cell types within the hematopoietic microenvironment (HM)
and their functions has advanced, butwhethermultipleHSCniches that
servedistinct functions are present in themarrow remains controversial.
Key factors involved in regulation of HSCs by the HM include Stem
cell factor (Scf) and C-X-C motif chemokine 12 (Cxcl12, also known
as stromal cell–derived factor 1) (reviewed in Anthony and Link10).
Perivascular mesenchymal stromal cells and endothelial cells express
both membrane-bound and soluble forms of Scf, which promotes HSC
maintenance in the HM.11 Cxcl12 is mainly produced by CXCL12-
abundant reticular (CAR) cells, as well as other stromal cells, and has
been shown to be critical for the retention and maintenance of HSCs in
the BM.9,12-14

Genetic manipulation of discrete cellular components of the HM
often results in impaired HSC numbers but can also affect the function
of other cell types within the HM (reviewed in Joseph et al15). These

studies have underscored the complexity of cellular interactions
required to support hematopoiesis and contribute to the evolution of
competing models attributing importance to various HSC niches.
MSCs are progenitors of multiple cell types in the HM and produce
multiple factors important in the maintenance of HSCs.9,12,14 Recent
studies have focused on a specific subset of MSCs with predominant
perivascular distribution. These cells are present in both humans and
mice, colocalize with HSCs and marrow vessels, are believed to be the
main component of the vascular HSC niche, and are characterized
by expression of the intermediate filament protein, nestin (Nestin1

cells).4,16 Within the vascular niche, the venous sinusoidal compart-
ment represents the most abundant blood vessel type in the BM, and
both perivascularMSCs andHSCs colocalize to venous sinusoids.9,17,18

Two groups have reported that the marrow arteriolar vessel microen-
vironment may be critical to the maintenance of quiescent HSCs.19,20

Bone marrow–derived Nestin1 cells have been shown to retain
adipogenic, osteogenic, and chondrogenic capacity in vitro and can
give rise to stromal progenitors and early endothelial and osteoblast
cells invivo.4,20,21More recent studiesusingaNestin–greenfluorescent
protein (GFP) reporter transgenic line have shown that cells expressing
high levels of GFP are mainly found around arterioles, whereas low
GFP-expressing cells colocalize with marrow sinusoids.19 Several
groups have reported that variousNestin transgenes are associatedwith
different expression patterns within the HM9,15,20 (reviewed in Joseph
et al15) and have demonstrated an overlap between Nestin-GFP1
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perivascular cells and Leptin Receptor–expressing (LepR1) MSC
cells.9,21 Recent work has suggested that LepR1 cells are critical for
the maintenance of quiescent HSCs18 and represent the major source
of factors including Scf and Cxcl12 that regulate HSCs in the BM.9

Deletion of Scf in the LepR1 cells has been shown to be associated
with depletion of quiescent HSCs from theBM,9,22 whereas excision
of Cxcl12 in LepR1 cells induces HSC mobilization.23 In contrast,
Nestin-Cre–mediated deletion of Scf and Cxcl12 has not been
associated with a significant HSC phenotype.23 These differences in
importance of various cell types in the HM in supporting HSCs in
lineage-specific knockout mouse models may in part reflect func-
tional redundancies.

Rho GTPases are members of the Ras superfamily that regulate
cytoskeletal functions and signal transduction pathways in mammalian
cells.24 Of these, the highly homologous Rac1, the hematopoietic-
specific Rac2, and Rac3 GTPases have been the best studied in he-
matopoietic cells. Rac protein function in HSCs to regulate homing,
marrow retention, and engraftment25,26 (reviewed in Troeger and
Williams27). In addition, in vitro data suggest that Rac signaling is
important for fibroblast survival28 and osteoblast migration, adhe-
sion, proliferation, and spreading.29,30 Rac1 deletion in a preosteo-
blastic cell line inhibits differentiation into chondrocytes.31 Previous
work from our laboratory has demonstrated that lineage-specific
deletion of Rac genes in osteoblastic precursor cells in vivo leads
to a significant decrease in trabecular bone formation and abnormal
bone architecture, whereas hematopoiesis remains unaffected.2 Thus,
Rac signaling appears important in mesenchymal stem/stromal cells in
addition to hematopoietic cells.

To understand the role of Rac signaling within the perivascular
niche of HM, we deleted Rac1 and Rac3 genes in Nestin1 cells. Here
we show a marked increase and morphologic alteration in marrow ve-
nous sinusoid spaces accompaniedbya decrease in arteriolar structures,
reduced homing ofwild-type (WT) low-density bonemarrow (LDBM)
cells into the marrow of transgenic (TG) Rac1D/DRac32/2mice, and
a significant increase in trabecular bone. These alterations were ac-
companied by reduction in immunophenotypically and functionally
defined long-term repopulating cells and myeloid progenitor cells
associated with decreased expression of HSC-supporting chemokines
and cytokines in the marrow space.

Material and methods

Isolation of Nestin1 cells

Nestin1 cells were isolated as previously described.4,21 In brief, BM cells
from femora, tibia, and sacral boneswere gentlyflushed in L-15fluorescence-
activated cell sorting (FACS) buffer (Invitrogen, Carlsbad, CA). The plugs
were digested in 1mg/mL collagenase type IV (Sigma-Aldrich, Grand Island,
NJ) dissolved in Hank’s Balanced Salt Solution (HBSS, Gibco, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS; Thermo-Scientific,
Utah) for 30minutes at 37°C. The supernatant was collected and kept on ice in
sorting buffer. The stromal cells contained in the CD45-depleted fraction of
BM cells were enriched by immunomagnetic depletion using anti-CD45
magnetic beads (Miltenyi Biotec, Auburn, CA) according to the manufac-
turer’s instructions. The CD45-depleted cell fraction was incubated with
directly conjugated antibodies against CD45 (clone 30-F11), CD31 (clone
390), Ter119 (clone TER-119), CD140a (PDGFRa, clone APA5), and CD51
(clone RMV-7), all fromBDBioscience (San Jose, CA).We defined Nestin1

cells as the population of CD140a (PDGFRa) and CD51 double-positive,
CD45–CD31–Ter119– cells. Using FACSAria (BD Bioscience) the live
CD140a1CD511CD45–CD31–Ter119– cells were isolated. Postsort purity
was .95%.

Immunofluorescence microscopy of BM sections

Femurs of killed mice from each genotype were isolated, fixed in
paraformaldehyde-lysine-periodate buffer, and snap frozen in O.C.T. (Tissue-
Tek, Sakura,Torrance,CA)asdescribed inNombela-Arieta et al.32Five-micron
longitudinal femoral cryosections were obtained using the CryoJane tape
transfer system (Leica Microsystems). Slides were incubated with antibodies
against endoglin (polyclonal), laminin (polyclonal), and Sca-1 (clone E13-
161.7), followed byfluorescent dye-conjugated secondary antibodieswith 49,6-
diamidino-2-phenylindole (DAPI), and further analyzed by laser scanning
cytometry (LSC; Thorlabs, Newton, NJ). Whole-mount immunostaining of
femoral BM slices were prepared as described in Nombela-Arieta et al.32

Whole-mount femoral slices were stained with rabbit anti-laminin (polyclonal)
and rat anti-Sca1 (clone E13-161.7), goat anti-endoglin (polyclonal), followed
by DyLight488-labeled donkey anti-rabbit IgG, DyLight549-labeled donkey
anti-rat IgG, and DyLight649-labeled donkey anti-goat IgG (all from Jackson
ImmunoResearch, West Grove, PA). Fluorescent photomicrographs were
recorded using a confocal/multiphoton scanning microscope controlled by
Laser-Sharp software (Bio-Rad Laboratories, Waltham, MA). Confocal mi-
croscopy was performed with a Zeiss LSM510/710 system. Image stacks
were processed and rendered into 3-dimensional (3D) volumes using Volocity
Software (PerkinElmer, Waltham, MA).

Results

Rac deletion in the perivascular space reduces the number of

Nestin1 cells and impairs homing of LDBM cells to the marrow

Nestin1 cells are thought to be an important constituent of the
perivascular niche in the BM microenvironment, secreting several
growth and survival factors.21,33 Previous work from our laboratory
has shown that Rac proteins are essential for survival and pro-
liferation of MSCs.2 To understand the role of Rac GTPases in
the perivascular niche, Rac1 was conditionally excised in vivo in
Nestin1 cells using the Nestin-Cre transgenic mouse mated to Rac1fl/fl

mice in the Rac3null genetic background.34 Because the expression of
Rac2 is limited to hematopoietic cells, the resulting TGRac1D/DRac32/2

cross represents functional deletion of all Rac GTPases in the pe-
rivascular space. Nestin1 cells have been shown to be highly en-
riched in CD45–, CD31–, Ter119–, PDGFRa1, and CD511 stromal
cells.21 Following the gating strategy shown in supplemental
Figure 1A (available on the BloodWeb site), we isolated Nestin1 cells
from TG Rac1D/DRac32/2 and control mice. To validate the deletion
of Rac gene sequences in the Nestin1 cells, live CD45/CD31/
Ter119– and PDGFRa1CD511 cells were purified by FACS sorting
from 8- to 14-week-old animals. Postsort purity was shown by flow
analysis to be 97%. Genomic (g) DNA from the sorted Nestin1 cells
from TGRac1D/DRac32/2 and TGWT (Nestin-CreRac1WTRac3WT)
mice demonstrated significant, although not complete, deletion ofRac1
sequences in cells isolated from TG Rac1D/DRac32/2 (Figure 1A). As
expected, no deletion of Rac1 sequences was detected in the Nestin1

cells isolated from TG WT mice (Figure 1A). We also documented a
modest deletion ofRac1 inCD311Nestin– endothelial cell populations
(supplemental Figure 1B-C) and in osteoprogenitor cells (supplemental
Figure 1D-E). Conditional deletion of Rac1 sequences in the Rac3-null
background leads to a significant 2.7-fold decrease in the number of
Nestin1 cells in the BMcomparedwithWTmice (Figure 1B). Freshly-
sorted Nestin1 cells were seeded and cultured for 16 days in MSC-
based culture conditions. Cells derived from TG Rac1D/DRac32/2

mice showed a significantly impaired twofold reduction in growth in
vitro when compared with cells isolated from TG WT animals
(Figure 1C).Morphologically,Nestin1cells fromTGRac1D/DRac32/2

mice showed a pronounced spindle shape compared with cells derived
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from WT mice (supplemental Figure 1F), which was previously seen
when Rac1 was deleted from the osteoblastic OP9 cell line.2 To de-
termine themechanismof impaired in vitro growth ofRac1D/DRac32/2

Nestin1 cells, we analyzed the level of apoptosis of the cultured cells.
Nestin1 cells cultured from TG Rac1D/DRac32/2 showed a twofold
increase in apoptotic cells as determined by Annexin V staining when
compared with cells isolated from the control mice (Figure 1D). In
summary, deletion ofRac1 andRac3 in perivascular space is associated
with decreased numbers of Nestin1 cells in vivo and reduced growth,
with increased apoptosis of these isolated cells in vitro.

Previous studies using intravitalmicroscopyhavedemonstrated that
Nestin1 cells are critical for the directed migration of hematopoietic
stem and progenitor cells (HSPCs) to the HSC niche.4 We thus
hypothesized that reduction in the number of Nestin1 cells in TG
Rac1D/DRac32/2 mice would functionally impair homing of WT
hematopoietic cells to the BM. Freshly isolated and Vybrant DiD-
labeled LDBMs, which contain both HSC and progenitor populations,
were injected into lethally-irradiated Rac-deleted or control mice.
Twelve hours posttransplantation, analysis of homed LDBMs to BM
revealed a significant decrease in homing into the TGRac1D/DRac32/2

marrow compared with controls (Figure 1E). These data demonstrate
that deletion of Rac genes in Nestin1 cells in vivo impairs homing of
hematopoietic cells to BM microenvironment.

The vascular endothelial niche is regulated by Rac proteins

The BM vascular niche provides a microenvironment for quiescent
HSCs and possibly a site for HSCs to obtain entry to the peripheral

circulation.35,36 To evaluate the importance ofRac genes in the vascular
niche of the BM, we next performed anti-CD31 staining on femora
from TG Rac1D/DRac32/2 and TG WT mice. There was a significant
increase in thenumberofCD311vesselswithin theBMcavity (datanot
shown). To specifically identify the type of the vessels that contribute
to this increase in vasculature, a 3D reconstruction of a whole-mount
section stained for laminin (arteries and sinusoids), endoglin (sinus-
oids), and Sca-1 (arteries) was assessed for individual mice of each
genotype (Figure 2A). Analysis of the vascular architecture revealed
a significant increase in sinusoidal volume represented by endoglin-
containing vasculature (Figure 2B) and a reproducible decrease in ar-
teriolar volume observed by Sca-1–staining of vasculature (Figure 2C)
in 8- 12-week-old TG Rac1D/DRac32/2 compared with WT mice.
To further elucidate the vascular compartment, we used laser scanning
cytometry (LSC) (Figure 2D). Data collected from LSC was analyzed
using iCys software following the gating strategy as detailed in Ma-
terial and methods32 (supplemental Figure 2A) of the diaphyseal
regions (Figure 2D, left 3 panels) based on endoglin1 signals. There
is an increase in the number of sinusoids in the diaphysis of TG
Rac1D/DRac32/2 mice vs control animals. Moreover, high-resolution
field images from the indicated genotypes revealed an enlargement of
the sinusoidal lumen (as observed in supplemental Videos 1 and 2) in
the Rac-deleted vs TGWT animals. The diameters of sinusoids were
determined by measuring the distance between opposite walls of
sinusoidal lumens. To discriminate the nonsinusoidal vessels, we used
software basedonautomatic detectionof endoglin1vascular structures,
which creates peripheral contours around the endoglin1 signal events
(Figure 2D, right panel, contour niche signals, and supplemental

Figure 1. Rac excision from perivascular niche leads to enhanced apoptosis and decreased numbers of Nestin1 cells and reduced homing of WT cells into the BM of

perivascular Rac-deleted mice. (A) Confirmation of deletion of Rac1 sequences in Nestin1 cells isolated by flow cytometry from TG Rac1 D/DRac32/2mice. The DNA size ladder

is at the right. The position of floxed, deleted (D), and WT Rac1 bands are shown at the left. Genotypes are shown above. (B) Percentage of Nestin1 cells defined by expression of

CD511PDGFRa1 in the BM of the genotypes shown below each lane. Data represent mean 6 standard deviation (SD); N 5 5 experiments repeated four times, **P , .01. (C)

Growth of cultured Nestin1 cells from TGWT and TG Rac1D/DRac32/2 mice. CD511PDGFRa1 Nestin1 cells were sorted by flow cytometry from BM nucleated cells gated on live

CD45/CD31/Ter119– cells (as described in supplemental Figure 1A) and were cultured in vitro over 16 days. Data represent mean6 SD; N5 5 experiments repeated 3 times for

each condition, *P , .05 (day 8) and *P , .02 (day 16). (D) Apoptosis in Nestin1 cells isolated from TG WT and TG Rac1D/DRac32/2 mice as determined by Annexin V1 staining

using flow cytometric analysis. Data represent mean6 SD; N5 5 experiments repeated four times, ***P, .001. (E) Homing of DiD-labeled WT LDMB cells injected into recipient

mice of each genotype and measured by flow cytometry 12 hours after infusion as described in Material and methods. Data are expressed as % of WT and represent analysis of

the equivalent number of live cells/group and time point; mean 6 SD, ***P , .001, N 5 16 recipients (homing) and experiments were repeated 3 times.
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Figure 2B). Statistical analysis on data collected from endoglin-
stained structures using iCys software showed a predominant sinu-
soidal vessel distribution with the diameter mainly between 10 to
20 mm and above (Figure 2E). These data demonstrate that the de-
letion of Rac genes in the perivascular Nestin1 cells led to a
significant increase in sinusoidal area in the endothelial niche area
comparedwith the control group (Figure 2F). In summary, these data
suggest that Rac genes play a key role in the organization of the BM
vascular structure.

Deletion of Rac in Nestin1 cells is associated with increased

trabecular bone formation and increased osteoblasts in vivo

Nestin1 cells are multipotent progenitors that can differentiate into
osteoblasts, cartilage, and adipocytes.4,20,37 Previous work from our
laboratory has demonstrated that the expression of Rac proteins is
required in osteoblasts for normal bone formation in vivo, because
the deletion of Rac1 and Rac3 from osteoblasts and their precursors
leads to a marked reduction of trabecular bone volume and abnormal
bone architecture in mice.2 In hematoxylin and eosin–stained sec-
tions of femurs from TG Rac1D/DRac32/2 and TG WT mice, mul-
tiple aberrant medullary bone structures were seen in the trabecular
space in TG Rac1D/DRac32/2 mice (Figure 3A). The number and
volume of trabecular bones were determined on sectioned, randomly
selected femurs. Lineage-specific deletion of Rac in Nestin1 cells
in vivo led to a significant increase in the number of trabeculae
(Figure 3B) and an enhanced trabecular bone volume (Figure 3C).
Rac-deficient mice also demonstrated increased cortical bone

thickness (supplemental Figure 3A). To confirm this data, micro–
computed tomography imaging was performed on the femora of TG
Rac1D/DRac32/2 and TG WT mice. Rac-deficient mice showed
a marked increase in the trabecular bone formation within the med-
ullary cavity using CT imaging compared with the normal bone
architecture seen in TG WT animals (Figure 3D and supplemental
Videos 3 and 4).

To determine the mechanism of increased trabecular and cortical
bone inmice in which Rac genes were deleted in Nestin1 cells, more de-
tailed analysis of femora isolated fromTGRac1D/DRac32/2 and TGWT
micewas performed. Analysis of histologic slides assessed in a blinded
fashion demonstrated an increase in the number of osteoblast cells
that were aligned along the metaphyseal region and trabecular bone
surfaces (Figure 4A, arrows, and Figure 4B) in TG Rac1D/DRac32/2

mice. As expected, TG WT mice displayed a normal distribution of
osteoblasts predominantly on the metaphyseal plate of the bone
(Figure 4A-B). To confirm these data, the osteoblast progenitor pop-
ulations were assessed by flow cytometric analysis. FACS-based
analysis of live (7-AAD–) CD45/CD31/Ter119–, ALCAM1Sca1–

(osteoblast-enriched population) or ALCAM–Sca11 (immature
MSCs)38,39 (Figure 4C) BM cells demonstrated a significant two-
fold increase in osteoblasts in TG Rac1D/DRac32/2 compared with
WT mice (Figure 4D). These findings were further supported by
an increase in RNA expression levels of the osteoblast markers
osteopontin (Opn) (Figure 4E), alkaline phosphatase (ALP) (supple-
mental Figure 3B), and Runx2 (supplemental Figure 3C) in the
freshly isolated Nestin1 cells from TG Rac1D/DRac32/2 compared
with control mice. These findings suggest that Rac deletion in

Figure 2. Rac deletion in Nestin1 cells disturbs the vascular morphology in the medullary cavity. (A) Snapshot images of 3D reconstructed whole-mount sections

showing BM microvasculature in the endosteal region of the femoral diaphysis from each genotype after staining for laminin (green, arteries and sinusoids), endoglin (red,

sinusoids), and Sca-1 (blue, arteries) as detailed in Material and methods. (B) Sinusoidal volume and (C) arteriolar volume quantification of diaphysis from snapshot images

of 3D-reconstructed whole-mount sections (as shown in [A]) was determined using Volocity 3D imaging software. Data represent mean 6 standard error of the mean (SEM),

N 5 4 animals per group, *P , .05, 4-5 individual sections analyzed per mouse. (D) Changes in sinusoidal architecture as assessed LSC of whole longitudinal image of

femoral cryosection stained with DAPI (nuclei) showing proximal metaphysis (PM), diaphysis (DIA), and distal metaphysis (DM). Representative LSC images (middle panels)

of BM stained for endoglin (red), laminin (green), and DAPI (blue) of TG WT (top panel) and TG Rac1 D/DRac32/2 mice (bottom panel). The middle panel shows high-

resolution images of the indicated field. The right panel show images of contoured niche signals of indicated fields. Analysis of endoglin1 signal events as detailed in Material

and methods, based on fluorescence intensity (as shown in supplemental Figure 2A-B) and detected by the iCys software (teal marks). (E) Quantitative analysis of the

frequency of sinusoidal distribution by diameter of BM vessels of images in (D, middle panels) determined using iCys software, in a blinded manner. Data represent mean 6 SEM,

N 5 3 animals per group, *P , .05, **P , .01. (F) Vascular sinusoidal niche area quantification of diaphysis from photographs in (D, right panel) was assessed using iCys

software. Data represent mean 6 SEM, N 5 3 animals per group, *P , .05.
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Nestin1 cells leads to increased trabecular and cortical bone for-
mation in vivo by altering the differentiation of these cells into an
osteoblast population.

Changes in bone and sinusoids associated with deletion of

Rac in Nestin1 cells are associated with decreased HSC and

CXCL12 and SCF expression

Specialized regions of theBMdifferentiallyharbor quiescent or cycling
HSCs in an organized microenvironment.40 In particular, quiescent
HSCshavebeendemonstrated tobe localizedaroundNestin1arteries19

and perisinusoidal vessels.4,9 To determine the effect on hematopoi-
esis of alterations in Nestin1 cells, vascular spaces and trabecular
bone in TG Rac1D/DRac32/2 mice, we determined the number of
immunophenotypically-defined HSCP in the marrow and spleen of
these mice compared with WT mice at 8 to 14 weeks of age. Peri-
vascular deletion of Rac inNestin1 cells was associatedwith significant
decrease in BM cellularity compared with control mice (supplemental
Figure 4A). Analysis of BM HSC–enriched Lineage–/lowSca-11ckit1

(LSK) cells in Rac-deleted animals showed a significant decrease in
the frequency and absolute numbers of immunophenotypically-defined
primitive LSK, HSC-1 (Lineage–/lowSca-11ckit1CD1501/highCD48–)
and less primitiveHSC-2 (Lineage–/lowSca-11ckit1CD1501/lowCD48–)
cells (Figure 5A). Competitive repopulation assays confirmed a
significant decrease in reconstitution of HSCs in the BM of TG
Rac1D/DRac32/2 (Figure 5B-C). Multilineage progenitors (MPPs)
defined asLineage–/lowSca-11ckit1CD150–CD48–/low andHPC-1 cells
(Lineage–/lowSca-11ckit1CD150–CD481/high) were also decreased
in the marrow, although less primitive HPC-2 progenitors defined

as Lineage–/lowSca-11ckit1CD1501CD481 were preserved when
compared with TG WT animals (supplemental Figure 4B). To test
HSPCs’ functional capacity, colony-forming unit (CFU) progenitor
assays were performed. The total number of CFUs was significantly
decreased in the BM of TG Rac1D/DRac32/2 mice vs control mice
(supplemental Figure 4C). There was no difference in the number
of lineage-specified CFU-M, CFU-GM, or CFU-GMM when CFUs
were analyzed in Rac-deleted and TG WT animals (supplemental
Figure 4D). The peripheral blood of TG Rac1D/DRac32/2 also con-
tained significantly fewer hematopoietic progenitors compared with
WT animals (supplemental Figure 4E). Cell-cycle analysis demon-
strated a significant increase in the fraction of LSK cells in G0 and
concomitant decrease in LSK in S/G2/M (supplemental Figure 5A-B).
In contrast, Rac excision in the Nestin1 cells led to a significant
increase in the absolute number of HSC-1 and HSC-2 in the spleen
(Figure 5D) but no increase in LSK compared with WT mice. The
number of less primitiveMPP andHPC-2 were not increased, whereas
theHPC-1populationwasmodestlybut significantly increased (supple-
mental Figure 4F).

Published data have reported that Nestin1 cells, CAR cells, and
LepR1 cells represent overlapping cell populations and are major
sources of HSC maintenance factors, such as Scf and Cxcl12.4,18,19

Moreover, LepR1 cells are critical for themaintenance of quiescent
HCSs.18 Quantitative polymerase chain reaction (PCR) analysis of
freshly isolated Nestin1 cells from Rac-deleted mice compared with
WT mice showed that TG Rac1D/DRac32/2 had a significant decrease
in the expression of Scf, particularly the membrane-bound isoform
(m220 Scf) andCxcl12 (Figure 5E-G). In summary, changes in number
of Nestin1 cells post–Rac excision, was associated with a significant

Figure 3. Deletion of Rac genes in perivascular space leads to abnormal trabecular bone formation in the medullary cavity. Femurs from TG WT and TG

Rac1D/DRac32/2 TG Rac1D/DRac32/2 mice were prepared and quantification performed as detailed in Material and methods. (A) Hematoxylin and eosin staining of femurs of

TG WT and TG Rac1D/DRac32/2 mice. The scale bar represents 500 mm. Photomicrographs were viewed at 403 original magnification using a Nikon Eclipse 80i microscope,

and analyzed with NIS Elements Version 2BR imaging software. (B) Quantification of trabecular bone numbers and (C) trabecular bone volume in medullary cavity space.

Data generated using NIS Elements AR software. Data represent mean 6 SD, N 5 3 animals per group, **P , .01, ***P , .001. (D) Micro-CT images of distal and proximal

femoral trabecular bone structure in TG WT and TG Rac1 D/DRac32/2 mice.
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change in the ratio of arterioles to sinusoids, a marked alteration in tra-
becular bone spacewith reduced numbers ofHSCP, and their functions
in the marrow and blood of these animals.

Discussion

The Rac-signaling pathway, including the Rac-guanine exchange
factor Vav1, the effector p21–activated kinase (Pak)-2 and the Rho
GTPases Rac1 and Rac2, integrates critical signals between HSCs and
the HM.26,41,42 Rac proteins regulate HSC cell adhesion, cell polarity,
engraftment, and cell cycle and cell proliferation (reviewed in Troeger
and Williams27). Nestin1 stromal cells are thought to be required for
maintenance of HSC.4 Here we demonstrate that Nestin1 cells require
Rac activity for their growth, differentiation, and survival. Excision of
Rac genes in the perivascular niche leads to a significant decrease of
Nestin1 cells in vivo and an induction of cell death in vitro. These
changes were associated with a marked change in vascular and bone
architecture and alteration of the number of immunophenotypically and
functionally defined HSCs and progenitor cells in both the medullary
cavity and the spleen.

Previous studies have suggested that BM vascular compartments
maintainHSCs according tovessel type.19 Sinusoids represent themost
abundant vessels in the BM and colocalize with perivascular stem cells
and HSCs, whereas arterioles have been implicated in maintenance of
HSC quiescence.20 Here we show that Rac deletion in the perivascular
niche leads to a significant loss in the number of arterioles and

an increase in the sinusoidal vasculature. Previous studies using a
Nestin-GFP mouse model have demonstrated nestin expression along
larger vessels in the BM and in perisinusoidal stromal cells.9,20 In
contrast, reports of Nes-Cre mouse models showed that nestin ex-
pression was mainly identified around larger BM vessels.9 Mendez-
Ferrer et al4 have reported that Nestin1 cells contribute to the
osteochondral development when ROSA26/loxP-stop-loxP-lacZ
(R26R) reporter mice are crossed with the Nes-Cre transgenic line but
not when crossed with the Nes-creER line. Thus, different nestin
transgenic lines appear to target expression in a different subpopulation
of endothelial and perivascular stromal cells in the HM, complicating
interpretation of the phenotypes of these lines.23 Here we show that
Nes-Cre–directed excision of Rac1 in the Rac3-null genetic back-
ground leads to significant deletion of Rac in a defined population of
perivascular cells. One weakness of the approach reported here is
that there is amodest deletion of Rac in endothelial cells, although the
biological relevance of this deletion is unclear.

TheBMvascular niche creates a unique andorganized environment
for HSCs. The endosteal niche is a highly vascularized compartment
encompassing sinusoids and arteriolar vessels.32,43MSCsmaypromote
HSCs’ maintenance or proliferation depending on their localization
around the blood vessels or the endosteum. Quiescent HSCs have been
identified around arterioles in the marrow of long and sternal bones.19

Alternately, HSCs were also found around sinusoidal vessels and co-
localize with other mesenchymal cells.9 Here we show that deletion of
Rac genes in the perivascular niche is associated with depletion of
HSCs from theBM.Mechanistically, deletionofRac in theperivascular
space was accompanied by a significant decrease in the expression of

Figure 4. Deletion of Rac genes in Nestin1 cells leads to alterations in osteoblasts populations. (A) Photomicrographs of trabecular bone from mouse femurs after

hematoxylin and eosin staining demonstrating osteoblasts (white arrow) recognized as basophilic cells with a cuboidal-columnar shape, arranged in rows along trabecular

bone and the inner surface of BM space, and lining osteoblasts presenting a flat shape, lining the bone surface cells (*). The right panel shows expanded views of the boxed

area on left. The scale bar represents 100mm; images were viewed at 2003 original magnification using a Nikon Eclipse 80i microscope, and analyzed with NIS Elements

Version 2BR imaging software. (B) The number of morphologically-defined osteoblasts was quantified from representative animals of each genotype. Data represent mean 6 SD,

N 5 3 animals per group, **P , .01. (C) FACS gating strategy to define osteoblast progenitor cell populations by Sca-1 and ALCAM staining. (D) Percentages of ALCAM and

Sca-1–expressing cells in live CD45/CD31/Ter119– BM-associated cell fractions. Data represent mean 6 SD, *P , .05, **P , .01, N 5 4 individual experiments. (E)

Comparison of mRNA levels of HSCs maintenance genes and osteopontin (Opn) from freshly sorted Nestin1 cells from TG WT and TGRac1D/D/Rac32/2 mice by real-time

PCR. Data represent mean 6 SD, N 5 3 individual experiments, **P , .01.
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Figure 5. Rac excision in Nestin1 cells is associated with decreased HSCs and progenitors. Immunophenotypically-defined HSC (Lineage–/lowSca-11ckit1), respec-

tively, HSC-1 (Lineage–/lowSca-11ckit1CD1501/highCD48–), HSC-2 (Lineage–/lowSca-11ckit1CD1501/lowCD48–) in (A) BM. (B) Schematic representation of competitive repop-

ulation assay. (C) 1 000 000 of BM Lineage– cells from TG Rac1D/D Rac32/2 (CD45.2) were injected into lethally-irradiated recipients (CD45.1/CD45.2) along with 500 000 BM

Lineage– competitor cells (CD45.1). Percentages of donor-derived chimerism in peripheral blood (PB) are shown at 4, 8, and 12 weeks posttransplant. Data represent mean 6 SD

of the percentages of donor-derived cells in the PB of recipients after infusion from 1 experiment with 4 recipients for each population, ***P, .0001. (D) Immunophenotypically defined

(as in [A]) HSCs in spleen. All values are mean6 SEM, *P, .05, ** P , .01, N 5 6 mice from 3 independent experiments; ns, not significant. Comparison of mRNA levels of HSCs

maintenance genes, (E) stem cells factor (Scf) total, (F) m220 Scf (membrane-bound isoform), and (G) Cxcl12 from freshly sorted Nestin1 cells from TGWT and TGRac1D/D/Rac32/2

mice by quantitative real-time PCR. Data represent mean 6 SEM, N 5 3, *P , .05.
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Scf andCxcl12, factors implicated inHSCmaintenance.Recent studies
have demonstrated that LepR1 cells represent themajor source of these
factors in the BM.18 Thus, Scf deletion in LepR1 cells led to depletion
of quiescent HSCs from the BM,9,22 whereas excision of Cxcl12 in
LepR1 cells induced HSC mobilization.23 Several groups have
reported a close overlap among Nestin-GFP1 perivascular cells,
LepR1-expressing MSCs, and CAR cells.9,21 The data presented here
are consistent with these previous findings and further support the
importance of the perivascular niche in hematopoiesis. Our data reveal
a phenotype characterized by an inverted ratio between the arteriolar
and sinusoidal vascular compartments. Despite the increase in sinu-
soidal space and medullary bone formation that we observed in this
model, we did not observe an increase in HSC frequency.

We have previously shown that deletion of Rac genes in osteoblasts
resulted in a significant reduction of trabecular bone volume and
abnormal bone architecture.2 In contrast, Rac excision in the Nestin1

cells results in an increase in trabecular and cortical bone formation
and an increase in the number of osteoblast cells in vivo. The endosteal
MSCs reside in the perivascular region of the BM and migrate to the
endosteal surface to differentiate in osteoblasts.3,32,43 Our results
suggest that the deletion of Rac genes in the Nestin1 cells affects their
differentiation into bone-forming progenitors. Increased trabecular
bone formation in TG Rac1D/DRac32/2 mice was associated with in-
creasedRNAexpressionof theosteoblastmarkers osteopontin, alkaline
phosphatase, and Runx2 in isolated Nestin1 cells. Despite the sig-
nificant increase in trabecular bone in TGRac1D/DRac32/2mice, there
was a decrease in HSC frequency in these mice, suggesting that the
amount of trabecular bone does not correlate directly withmaintenance
of these cells in vivo.

In conclusion, Rac GTPase activity appears important for the
survival and differentiation of Nestin1 cells in the perivascular space.
Rac signaling within the perivascular niche and endothelial cells ap-
pears to be critical to the integrity of arteriolar and sinus vascular
structures and maintenance of hematopoiesis. The present study

provides new information regarding the role ofRac signaling in theBM
perivascular niche and further supports the importance of Rac reg-
ulation of HSCs and HM constituents and confirms the complexity of
the HM with respect to the contribution of different cell types to the
HSC niche.
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