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Sonic Hedgehog Expands Diaphyseal
Trabecular Bone Altering Bone Marrow
Niche and Lymphocyte Compartment
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Bone marrow contains distinct microenvironments that
regulate hematopoietic stem cells (HSCs). The endosteal
HSC niche includes osteoblasts, mineral, and extracellular
matrix proteins that interact through various molecu-
lar signals to control HSCs. Sonic hedgehog (Shh) is a
morphogen involved in the regulation of skeletal develop-
ment and hematopoiesis, but the effects of Shh on bone
in relation to the HSC niche are not well understood. We
demonstrate that systemic overexpression of Shh in mice
increases osteoblast number with the resultant forma-
tion of new trabeculae in the femoral diaphysis. Sugges-
tive of a functional change in the hematopoietic niche,
numbers of Lin~ Sca-1% c-Kitt cells with hematopoietic
progenitor function expand, although cells with in vivo
repopulating capacity in the wild-type environment
do not increase. Instead, Shh mediates a decrease in
number of bone marrow lymphocytes accompanied by a
decreased expression of stromal-derived growth factor 1
(SDF-1) and a decrease in Flk2-expressing Lin~ Sca-1%
c-Kit* cells, indicating a modulation of early lymphopoi-
esis. This is caused by a microenvironment-induced
mechanism as Shh treatment of bone marrow recipients,
but not donors, results in a dramatic depletion of lym-
phocytes. Together, these data suggest that Shh medi-
ates alterations in the bone marrow hematopoietic niche
affecting the early lymphoid differentiation.

Received 28 July 2008; accepted 3 April 2009; published online
12 May 2009. doi:10.1038/mt.2009.102

INTRODUCTION

Hematopoiesis is maintained by hematopoietic stem cells (HSCs)
that are able to self-renew and differentiate into all mature
hematopoietic lineages. A critical component in the regulation
of HSCs is the stem cell niche, the microenvironment within
bone marrow that provides the physical interaction and inhibi-
tory and stimulatory signals required to maintain HSC numbers,
and to modulate the HSC response to changes in physiological
conditions.'”® HSCs reside in the bone marrow in the proximity

of the endosteal surfaces of bones in close contact with osteoblasts
or close to marrow sinusoidal vessels.>* Current concepts suggest
that it is the combination of endosteal bone surface, mineral
content, osteoblasts, stromal cells, and extracellular matrix
proteins, that controls the maintenance and differentiation of
HSCs in the marrow.'”

The signaling networks involved in the regulation of HSCs
include the Wnt, Notch, bone morphogenetic protein, and hedge-
hog pathways, as well as molecules including N-cadherin, parathy-
roid hormone, hyaluronic acid, osteopontin, angiopoietin-1, and
Kit ligand.'**7 Of these, we focused on Sonic hedgehog (Shh), a
secreted morphogen that mediates cell differentiation in a vari-
ety of embryonic and adult tissues. Although Shh is well known
to be involved in the development of skeletal and hematopoietic
systems,>*!” the effects of Shh on bone in relation to the HSC
niche and HSCs, particularly in postnatal animals, are not well
understood. As hedgehog signaling has been shown to regulate
the expansion of HSCs in adult organisms,>”~"* we hypothesized
that Shh is a regulator of the bone marrow endosteal niche, and
consequently affects the HSC number and function in the post-
natal bone marrow.

Our experimental strategy was to transiently elevate systemic
levels of Shh in mice by administering AdShhN, an adenovirus
(Ad) gene transfer vector coding for the 19kd N-terminal portion
of Shh that is responsible for all of the biological effects of Shh.?*%!
The C-terminal portion of the AdShhN coding sequence was
modified to prevent the covalent attachment of cholesterol,
enhancing the diffusion of Shh through tissues.?*** The results
demonstrate that Shh mediates an increase in osteoblasts and the
appearance of new trabeculae in the femoral diaphysis of mice.
Concomitantly, the number of Lin~ Sca-17 c-Kit" cells with
hematopoietic progenitor function is increased, although cells
with in vivo repopulating capacity in the wild-type environment
do not increase. Instead, Shh mediates decreases in numbers of
bone marrow lymphocytes and lymphoid engraftment by a micro-
environment-induced effect. Together, the data show that Shh is a
regulator of the bone marrow hematopoietic niche, likely impair-
ing the early lymphocyte development resulting in depletion of
the bone marrow lymphocyte compartment.
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RESULTS Administration of AdShhN induces the formation
Systemic delivery of Shh with intravenous of new trabeculae in diaphyseal bone
administration of AdShhN To examine the effect of systemic elevation of Shh levels on

Our previous studies showed that administration of AAShhN  bone in vivo, femurs were harvested 18 days after vector admin-
to mice provides a transient (3 weeks) augmentation of Shh  istration and analyzed by brightfield microscopy. Hematoxylin
levels.**?! As systemic administration of Ad via a peripheral and eosin-stained sections of femurs from AdShhN-treated
vein results in elevated serum levels of the protein product mice displayed a marked increase in trabecular bone in the
primarily due to transgene expression in the liver; 5 days after ~ bone marrow cavity of the femoral diaphysis (Figure la)
AdShhN was administered intravenously to 6-8-week-old  with increased endosteal surface (Figure 1a, middle panels).
C57BL/6 mice, the serum of AdShhN-treated mice, but not  Quantitative analysis confirmed that AdShhN-treated mice
phosphate-buffered saline (PBS) or AdNull (an identical had a significant increase in trabecular area (Figure 1b; P <
Ad vector without the ShhN ¢cDNA) treated mice, showed high ~ 0.0001, AdShhN versus both controls), trabecular perim-
levels of murine Shh (Supplementary Figure Sla; P < 0.05, eter (Figure 1c; P < 0.0001, AdShhN versus both controls)
AdShhN versus both controls) (see Supplementary Materials  (see Supplementary Materials and Methods), and endosteal
and Methods). Based on our previous studies showing that  tortuosity ratio (endosteal surface length divided by bone
Ad-mediated expression of Shh induces anagen, the active phase  length; Figure 1d; P < 0.001, AdShhN versus both controls).
of hair follicle cycling,”’ mice were assessed for hair growth.  The trabeculae were also present in femurs harvested 30 days
Gross examination and histology of AdShhN-treated mice after vector administration but disappeared by 8 months
showed induction of anagen as previously described confirming  (Supplementary Figure S2a,b). In addition, serum osteocal-
the activity of Shh (Supplementary Figure S1b,c).?>! cin level, a marker for new bone formation, was significantly
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Figure 1 Appearance of new trabeculae in femoral diaphysis induced by elevated levels of Sonic hedgehog (Shh). Femurs were harvested
18 days after intravenous administration of an adenovirus vector encoding a soluble form of Shh (AdShhN), a control vector with no transgene
(AdNull), or vehicle (phosphate-buffered saline, PBS) to C57BL/6 mice, fixed and stained with hematoxylin and eosin (H&E) and examined by bright-
field microscopy. (a) H&E images of femurs: PBS (left panels), AdNull (middle panels), and AdShhN (right panels). For middle panels, arrow points at
the endosteal surface. For upper panels, bar = 200 um; for middle panels, bar = 100 um; and for lower panels, bar = 50 um. (b—d) Quantification of
diaphyseal trabecular bone. Measurements were made on H&E images, n = 5 measurements/mouse, n = 5 mice/group. (b) Percentage of trabecular
area/bone marrow area in the femoral diaphysis; (c) percentage of trabecular perimeter/bone marrow area in the femoral diaphysis; and (d) tortuosity
ratio (endosteal surface length/bone length) of femur endosteal surface. For b-d, data shown as mean + SE.

Molecular Therapy vol. 17 no. 8 aug. 2009 1443



. i . © The American Society of Gene & Cell Thera
Sonic Hedgehog Alters Hematopoietic Niche ' “ w

Procollagen | and immunochemistry

Procollagen | area
—P<0.0001—

P> 0.9+ <0.000%

o
(¢}

Runx2 mRNA
——P<0.05—
rP>0.591P<0.05¢

IS

w

Procollagen positive area/
bone marrow area (%)
. h pooC b
=N wasoao
mRNA level/18S RNA
- N W A oo

o

PBS  AdNull AdShhN PBS

AdNull  AdShhN

3D reconstructions of femurs

e
c £

Osteopontin mRNA
—P<0.0001—
rP>0.3wP<0.001

Tissue mineral density g Xylenol orange and calcein labeling h
—P<0.05—,

\P> 0.05¢P < 0.05,

[}
IS}
o

310

NN W
® © S
S oo

Tissue mineral density (mg/ml) ==k
n
~
=)

AdNull AdShhN PBS  AdNull AdShhN

) l Angiopoietin-1 mRNA k Jagged 1 mRNA
1 Osteopontin immunohistochemistry —P<0.01— —P>07—
f T Adul R P> 0.64P<0.05) P> 0.44P > 0.07

P
| AdShhN

PBS  AdNull AdShhN PBS  AdNull AdShhN

Figure 2 Changes in the bone marrow hematopoietic niche components in the bone marrow of AdShhN-treated mice. Analyses were
carried out in femurs and/or tibias 18 days after vector administration. (a) Immunofluorescence and immunohistochemistry staining of femurs with
antibody against procollagen type |, a marker of osteoblasts: phosphate-buffered saline (PBS) (left); AdNull (middle); and AdShhN (right). For upper
panels, white indicates positive staining (a grayscale image of immunofluorescence staining). Bar = 100 um. For lower panels, brown indicates posi-
tive staining. Bar = 50 um. (b) Percentage of procollagen type | positive area/bone marrow area in the femoral diaphysis (five measurements/mouse,
five mice/group). (c) Runx2 mRNA expression (n = 4, each condition). RNA was extracted from tibial bone marrow cells and relative quantification
of gene expression was analyzed by TagMan real-time PCR. (d) Immunohistochemical staining of femurs with antibody against N-cadherin: PBS
(left); AdNull (middle); and AdShhN (right). Bar = 50 um. Brown indicates positive staining. (e) Examples of 3D images of femoral diaphyses by
micro-computed tomography: PBS (left); AdNull (middle); and AdShhN (right). The increased tortuosity of the bone endosteal surface is apparent
in the right panel. (f) Tissue mineral density in the femoral diaphysis excluding cortical bone (PBS, n = 3; AdNull, n=4; AdShhN, n = 5) as measured
in micro-computed tomography images. Although the resolution >17um is not sufficient to visualize trabecular bone within the marrow space,
increased tissue mineral density in the femoral diaphysis was detected in AdShhN-treated animals. (g) Active mineralization of trabeculae in the
diaphysis of AdShhN-treated animals. Mice were injected with xylenol orange and calcein, which are deposited at active sites of mineralization,
4 days and 1 day before killing, respectively. PBS (left), AdNull (middle), and AdShhN (right). Xylenol orange (red), calcein (green), and autofluores-
cence (purple). Bar = 100 um. (h-k) Gene expression changes in the bone marrow of AdShhN-treated animals. (h) Osteopontin mRNA levels (n = 4,
each condition); (i) osteopontin protein expression; (j) angiopoietin-1 mRNA levels (PBS, n = 4; AdNull, n = 5; AdShhN, n = 5); and (k) Jagged 1
mMRNA levels (n = 4, each condition). For b,c,f and h,j,k, data shown as mean + SE. Ad, adenovirus; Runx2, runt-related transcription factor 2; Shh,
Sonic hedgehog.

increased in Shh-treated mice 18 days after vector administra-
tion (Supplementary Figure S3; P < 0.0001, AdShhN versus
both controls) (see Supplementary Materials and Methods).
These data demonstrate that systemic elevation of Shh levels
results in the formation of new trabeculae in the diaphyseal
trabecular bone and an increase in the endosteal surface area,
increasing the site of the HSC niche.
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Alterations in the structure of the bone marrow niche
after administration of AdShhN

To further characterize the Shh-induced changes in the
structure of the endosteal HSC niche, we analyzed known
components of the niche. First, as osteoblasts are an essential
component of the HSC microenvironment,?* we quantified
osteoblasts by procollagen type I staining and found a marked
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increase in osteoblasts in the femoral diaphysis (see Figure 2a
for example; Figure 2b for quantification; P < 0.0001, AdShhN
versus both controls) (see Supplementary Materials and
Methods). Although type I collagen is an extracellular matrix
protein, the antibody recognizes the procollagen form of the
protein, before secretion to the extracellular matrix, localizing
to the osteoblasts. The osteoblasts displayed spindle-shaped
fibroblast-like morphology instead of cuboidal form typical
for mature osteoblasts,”® suggesting an increase in immature
osteoblasts. Supporting the data, mRNA expression of runt-
related transcription factor 2 (Runx2, also known as core-binding
factor a 1, or Cbfal), a transcription factor that is a marker
for early osteoblastic cells,” was elevated (Figure 2¢; P < 0.05,
AdShhN versus both controls) (see Supplementary Materials
and Methods). The osteoblasts also expressed N-cadherin
(Figure 2d). The spindle-shaped N-cadherin® osteoblasts are
associated with the HSC niche,** although it remains controversial
whether HSCs depend on N-cadherin-mediated interactions
to osteoblasts.” Second, as calcium gradients around areas of
bone remodeling affect engraftment and retention of HSCs to
the endosteal niche,"* we analyzed bone mineralization. Micro-
computed tomography (see Figure 2e for example) showed
an increase in the inner perimeter of the femoral diaphysis in
AdShhN-treated mice (PBS, 3.86 = 0.09 mm; AdNull, 3.90 *
0.03mm; AdShhN, 4.26 + 0.10mm; P < 0.05, AdShhN versus
both controls) as well as an increase in tissue mineral density in
the femoral diaphysis excluding the cortical bone (Figure 2f; P <
0.05, AdShhN versus both controls). Active mineralization was
also detected by labeling the mineralization front of the bone by
intraperitoneal injections of xylenol orange and calcein 4 days
and 1 day before killing, respectively (see Figure 2g for example).
Surprisingly, decreased tissue mineral density was detected in
the distal metaphysis of the femurs (distal metaphysis: PBS, 508 £
8 mg/ml; AdNull, 525 + 19 mg/ml; AdShhN, 456 + 11 mg/ml; P <
0.05, AdShhN versus PBS; P < 0.01, AdShhN versus AdNull;
proximal metaphysis: PBS, 547 * 5mg/ml; AdNull, 565 *
7mg/ml; AdShhN, 527 + 11mg/ml; P > 0.1, AdShhN versus
PBS; P < 0.05, AAShhN versus AdNull). In these areas with pre-
existing trabeculae, AdShhN appeared to increase surface area
at the expense of bone density, with more numerous, but smaller
trabeculae apparent in histologic sections. Third, the expression
of osteopontin was assessed, as it is an important extracellular
matrix component of the niche, functioning to constrain HSC
proliferation.?*® Expression of osteopontin mRNA and protein
was markedly increased in the bone marrow of AdShhN-treated
mice (Figure 2h; P < 0.0001, AdShhN versus PBS; P < 0.001,
AdShhN versus AdNull; see Figure 2i for example of protein
expression). Finally, mRNA expression of the HSC niche-
associated molecules angiopoietin-1 and Jagged 1 in the bone
marrow cells was assessed with the knowledge that angiopoietin-1
is reported to regulate HSC quiescence® and Jagged 1 to regulate
HSC function through interaction with its ligand Notch.?
Interestingly, angiopoietin-1 mRNA expression was decreased
in AdShhN-treated mice (Figure 2j; P < 0.01, AdShhN versus
PBS; P < 0.05, AdShhN versus AdNull), but no change in the
marrow Jagged 1 mRNA levels was detected (Figure 2k; P > 0.7,
AdShhN versus both controls). Together, these data suggest an
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alteration in the structure of the bone marrow microenvironment
including remodeling of the existing trabeculae in metaphyseal
bone and the appearance of new trabeculae in diaphyseal bone
with an increase in osteoblasts, mineralization, and N-cadherin
and osteopontin expression.

Increase in primitive hematopoietic compartment
and decrease in the number of lymphocytes in

the bone marrow of AdShhN-treated mice

To test whether the Shh-mediated structural changes in the bone
marrow alter the niche function, the number of bone marrow
primitive hematopoietic cells with Lin™ Sca-1* ¢-Kitt immuno-
phenotype was quantified. Assessment of femoral bone marrow
cells harvested 18 days after vector administration demonstrated
that AdShhN-treated mice had an increase in the percentage
of Lin~ Sca-11 c-Kit?t cells/total bone marrow nucleated cells
(Figure 3a; P < 0.01, AdShhN versus PBS; P < 0.0001, AdShhN
versus AdNull). Due to a trend of a decrease in the total num-
ber of marrow cells recovered from AdShhN-treated mice
(Supplementary Figure S4a; P > 0.3, AdShhN compared to both
controls), the total number of Lin~ Sca-11 ¢-Kit™ cells was not
statistically significant (Supplementary Figure S4b; P > 0.1,
AdShhN versus both controls).

As Lin™ Sca-17 c-Kit™ cells consist of distinct subpopulations
of HSCs, including HSCs capable of bone marrow reconstitution
as well as multipotential hematopoietic progenitor cells,’ we tested
whether the increase is due to HSCs or hematopoietic progeni-
tors. To assess the hematopoietic progenitor function, colony-
forming unit assay was performed. Cells from AdShhN-treated
mice had an increase in marrow progenitor colonies (Figure 3b;
P<0.0001, AdShhN versus PBS; P< 0.01, AdShhN versus AdNull)
(see Supplementary Materials and Methods). To assess HSCs,
we first conducted a long-term culture-initiating cell (LTC-IC)
assay by culturing Lin~ cells from AdShhN-treated mice on naive
marrow stromal cells, but found no differences in the frequency
of colony formation compared to controls (Figure 3¢; P > 0.3,
AdShhN versus both controls) (see Supplementary Materials
and Methods). To validate the data in vivo, we performed a
competitive transplantation assay by transplanting cells from
C57BL/6 (CD45.2) donor mice treated 18 days before with PBS,
AdNull, or AdShhN to lethally irradiated naive B6.SJL (CD45.1)
recipients (see Figure 3d for experimental design). The donor
cells were mixed in a 1:1 ratio with congenic cells of the recipient
strain. The results showed no significant differences in donor cell
engraftment in myeloid or lymphoid lineages in peripheral blood
5 or 8 weeks after transplantation or in bone marrow 10 weeks
after transplantation (Figure 3e; AdShhN P > 0.05 compared
with both controls). As downstream activation of the hedgehog
pathway is shown to result in decreased cycling of HSCs leading
to HSC exhaustion over time,'” we performed a cell cycle analysis
in Lin~ cells 18 days after AAShhN administration. Consistent
with the previous report, a decrease in the percentage of Lin™
cells in G2/M phase was detected in AdShhN-treated animals
(Supplementary Figure S5a; P < 0.05, AdShhN versus PBS;
P <0.01, AdShhN versus AdNull).

To further assess the Shh-mediated changes in the HSC
population, we assessed FIk2 (fms-related tyrosine kinase 3, F1t3)
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expressionin Lin™ Sca-1% ¢c-Kit™ cells, as FIk2 is expressed on short-
term HSCs, multipotent progenitors, as well as common lymphoid
progenitors but not long-term HSCs.*** Surprisingly, the results
demonstrated a decrease in the percentage of Flk2 expression in
Lin~ Sca-1% c-Kit™" cells in AdShhN-treated mice (Figure 3f; P <
0.05, AdShhN versus PBS; P < 0.01, AAShhN versus AdNull) and
the percentage of FIk2™ Lin™ Sca-17 ¢-Kit™ cells was significantly
increased (Figure 3g; P < 0.0001, AdShhN versus PBS; P < 0.0001,
AdShhN versus AdNull). As no changes were detected in HSC
numbers in the LTC-IC assay, competitive repopulation assay, or
the percentage of Lin~ CD34~ Sca-1* c-Kit* cells (Supplementary
Figure S5b; AdShhN P > 0.05 versus both controls), the decrease
in FIk2 expression may suggest a decrease in common lymphoid
progenitors.

a Lin-Sca-1+ c-Kit- b GFU number c
——P<00—— ——P < 0.000+——

(]

2

s ® 0.35 P> 0.059P < 0.0001 o 70 P >0.057P< 0.0 18

g2 03 2860 P

38025 S5 g

37 T 5 50 c 12

oL €0 £

o® 02 S = 40 2 10

$3 2 2

> § 0.15 ; @30 5 :

58 o £ 8w S0

g £

ﬁ 8005 2 10 -,

£

PBS

AdNull  AdShhN PBS AdNull AdShhN

Engraftment %, treated donors

Engraftment %, lymphocytes (B220) Engraftment %, granulocytes (Ly6G/6C)

PBS

Engraftment %, monocytes (CD11b)

© The American Society of Gene & Cell Therapy

To further investigate Shh overexpression-mediated changes
in lineage differentiation, we analyzed hematopoietic lineages in
the bone marrow of mice 18 days after AdShhN administration.
Results from staining with lineage antibodies against granulocytes,
monocytes, B lymphocytes, and T lymphocytes followed by
flow cytometry showed a 40% decrease in the percentage of B
lymphocytes (Figure 3h; P < 0.001, AdShhN versus both controls)
and a 35% decrease in T lymphocytes (Figure 3h; P < 0.01, AdShhN
versus both controls). As one of the mechanisms supporting
B lymphocyte proliferation is mediated by lymphoid enhancer—
binding factor 1 (Lefl), a member of Lef/Tcf transcription factor
family of the Wnt pathway, we analyzed Lefl expression in the
bone marrow of Shh-treated mice.*> Consistent with the reduction
in B-lymphocyte numbers, Lefl expression was significantly
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decreased in Shh-treated mice (Figure 3i; P < 0.05, AAShhN
versus both controls). To further investigate the mechanism of
lymphocytopenia, we determined the bone marrow expression
levels of stromal-derived growth factor 1 (SDF-1), interleukin 2
(IL-2), and IL-7, all of which are essential factors in lymphopoiesis,
SDEF-1 being the earliest acting on the pre-pro-B cells.** Although
the expression levels of IL-2 and IL-7 did not change in the Shh-
treated mice (Figure 3j,k; P > 0.1, AdShhN versus both controls),
there was a significant 60% decrease in the expression of SDF-1
(Figure 3L; P < 0.001, AdShhN versus PBS; P < 0.01, AdShhN
versus AdNull). As SDF-1 is also an important factor for stem
cell homing in the bone marrow,*® we investigated whether the
decrease in marrow SDF-1 expression in AdShhN-treated mice
was associated with an increase in hematopoietic stem/progenitor
cell mobilization. Consistent with this concept, the percentage of
Lin™ c-Kit* cells, which contain the population of hematopoietic
stem/progenitors cells, was significantly increased in peripheral
blood (Supplementary Figure S6a; P < 0.05, AAShhN versus PBS;
P < 0.01, AdShhN versus AdNull). As the percentage Lin™ Sca-1*
c-Kit* cells did not change (Supplementary Figure S6b; P > 0.5,
AdShhN versus both controls), the increase was due to Lin™ Sca-1~
c-Kit* cells (Supplementary Figure S6c; P < 0.05, AdShhN versus
PBS; P < 0.01, AdShhN versus AdNull).

To examine the effects of Shh on other adult HSC niches, we
performed a histological analysis of the spleens of Shh-treated
mice. The analysis showed a 50% increase in the number of
multinucleated megakaryocytes in the spleen (Supplementary
Table S1; P < 0.01, AdShhN compared to both controls), sugges-
tive of extramedullary hematopoiesis. No change was detected in
the number or size of the germinal centers, indicating no major
effect on mature lymphocytes (see Supplementary Figure S7 for
examples of spleen histology; Supplementary Table S1; P > 0.1,
AdShhN versus both controls) (see Supplementary Materials
and Methods). The Shh-treated spleens were also characterized
by an increase in fibroblastic-appearing cells, suggestive of the
possibility that a stimulation of the stromal compartment may be
responsible for the extramedullary hematopoiesis.

Together, these findings demonstrate that overexpression
of Shh causes an increase in bone marrow Lin~ Sca-11 c-Kit*
cells with characteristics of increased hematopoietic progenitor
function and a decrease in bone marrow B- and T-lymphocyte

Sonic Hedgehog Alters Hematopoietic Niche

numbers with a decrease in the expression of Lefl and SDF-1.
Together with a decrease in Flk2-expressing Lin~ Sca-11 c-Kit™"
cells, the decrease in SDF-1 expression suggests that the Shh-
mediated defect in lymphopoiesis likely affects the earliest stage of
lymphocyte development.

AdShhN treatment induces a functional change

in the bone marrow hematopoietic niche in vivo
resulting in lymphocyte depletion

As we detected extensive changes in the structure of the bone
marrow niche accompanied by an increase in hematopoietic
progenitors and a decrease in bone marrow lymphocytes, we
sought to elucidate whether this was due to a microenvironment-
induced mechanism. To investigate this, we first transplanted cells
from PBS-, AdNull-, or AdShhN-treated C57BL/6 mice into wild-
type B6.SJL recipients (see Figure 3d for experimental design).
Consistent with a microenvironment-induced effect, there were
no differences in engraftment (Figure 3e; P > 0.05 AdShhN versus
both controls) or peripheral blood cell counts (Figure 4a; P >
0.05 AdShhN versus both controls). Next, we transplanted bone
marrow cells from naive B6.SJL donor mice to lethally irradiated
C57BL/6 recipients treated with PBS, AdNull, or AdShhN (see
Figure 4b for experimental design). Corresponding to an increase
in LTC-IC frequency when naive Lin™ cells were cultured on
stromal cells from Shh-treated mice (Supplementary Figure S8;
P<0.01 AdShhN versus PBS; P<0.001, AdShhN versus AdNull), we
detected small but statistically significant differences in donor cell
engraftment. Engraftment increased in granulocyte population in
AdShhN-treated recipients 5 and 8 weeks after transplantation
(Figure 4c; P < 0.01 AdShhN compared to both controls) and
in monocyte population 8 weeks after transplantation (Figure 4c;
P < 0.01 AdShhN versus both controls). By contrast, engraftment
decreased in lymphocyte population in AdShhN-treated
recipients 5, 8, and 10 weeks after transplantation (Figure 4c; P <
0.01 AdShhN versus both controls). Furthermore, there was a
striking 80% decrease in lymphocyte number in peripheral blood
(Figure 4d; P < 0.0001 AdShhN compared to both controls)
leading to a dramatic decrease in total peripheral blood cell
counts (Figure 4d; P < 0.001 AdShhN versus both controls) while
other lineages were comparable with control animals (Figure 4d;
P > 0.05 AdShhN versus both controls). Similar decrease in

Figure 3 Increase in primitive bone marrow hematopoietic compartment and decrease in bone marrow B and T lymphocytes by elevated
levels of Sonic hedgehog (Shh). (a) Percentage of Lin™ Sca-17 c-Kit* (LSK) cells/total bone marrow nucleated cells (n = 9, each condition). Femoral
bone marrow cells were harvested 18 days after AdShhN vector administration and stained with antibodies against lineage markers (CD3e for T cells,
CD11b for monocytes, CD45R for B cells, TER119 for erythrocytes, Ly6G/6C for granulocytes; combination of all markers defined as “Lin”) and
antibodies against stem cell markers Sca-1 and c-Kit and analyzed by flow cytometry. (b) Number of hematopoietic progenitor colonies assessed by
colony-forming unit assay (n = 5 each condition, each sample in triplicate). Femoral bone marrow cells were harvested 18 days after AdShhN vector
administration and plated in methylcellulose medium for colony-forming unit assay. (€) Long-term culture-initiating cell (LTC-IC) assay. Lin™ bone
marrow cells were isolated from bone marrow of phosphate-buffered saline (PBS) (n = 4), AdNull (n = 4), or AdShhN-treated (n = 4) mice 18 days after
vector administration and plated on irradiated naive bone marrow stromal cells in limiting dilutions in LTC-IC assays. (d,e) Competitive repopulation
assay. B6.SJL (CD45.1) mice were lethally irradiated and transplanted with a 1:1 mixture of bone marrow cells from C57BL/6 (CD45.2) mice treated
18 days before with PBS, AdNull, or AdShhN and wild-type B6.SJL mice (PBS cells, n = 4; AdNull cells, n = 4, AdShhN cells, n = 5). (d) Schematic
representation of the experimental design; and (e) percentage of donor cells in different lineages in peripheral blood 5 and 8 weeks after transplanta-
tion and in bone marrow 10 weeks after transplantation. (f,g) FIk2 expression in the LSK population. (f) FIk2* cells/LSK cells; and (g) percentage of
FIk2™ LSK cells/total bone marrow nucleated cells. (h) Percentage of hematopoietic lineages in the bone marrow. Bone marrow cells were stained
with antibodies against lineage markers (Ly6G/6C for granulocytes, CD11b for monocytes, CD45R for B cells, and CD3e for T cells) and analyzed by
flow cytometry (n = 9, each condition). (i-1) Bone marrow mRNA expression of regulators of lymphoid development. (i) Lef1, (j) IL-2, (k) IL-7, and
(I) SDF-1. RNA was extracted from bone marrow cells and relative quantification of gene expression was analyzed by TagMan real-time PCR (PBS,
n=>5; AdNull, n=4; AdShhN, n=5). For a-c and e-l, data shown as mean + SE. Ad, adenovirus; IL-2, interleukin 2; Lef1, lymphoid enhancer-binding
factor 1; SDF-1, stromal-derived growth factor 1.
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Figure 4 Microenvironment-induced depletion of lymphocytes after bone marrow transplantation and AdShhN treatment. Naive (untreated)
B6.SJL mice were lethally irradiated and transplanted with bone marrow cells from C57BL/6 mice treated 18 days before with either phosphate-
buffered saline (PBS), AdNull, or AdShhN (PBS cells, n = 4; AdNull cells, n = 4; AdShhN cells, n = 5) (a) or C57BL/6 mice were lethally irradiated and
transplanted with cells from naive B6.SJL mice and treated with either PBS (n = 6), AdNull (n = 6), or AdShhN (n = 5) (b-d). (a) Peripheral blood cell
counts 8 weeks after transplantation in mice transplanted with cells from PBS-, AdNull-, or AdShhN-treated donors (see Figure 3c for experimental
design); (b) schematic representation of the experimental design of bone marrow transplantation and treatment of recipients with PBS, AdNull, or
AdShhN; (c) percentage of donor cells in different lineages in peripheral blood 5 and 8 weeks after transplantation and in bone marrow 10 weeks
after transplantation in recipients treated with PBS, AdNull, or AdShhN; and (d) peripheral blood cell counts 8 weeks after transplantation in recipients
treated with PBS, AdNull, or AdShhN. Data shown as mean * SE. Ad, adenovirus; Shh, Sonic hedgehog.

lymphocytes was detected in the bone marrow of Shh-treated
recipients (Supplementary Figure §9; P < 0.01 AdShhN versus
both controls). Together, these data suggest that Shh mediates a
functional change in the bone marrow microenvironment in vivo
that results in a striking decrease in lymphocyte number likely due
to impaired lymphoid differentiation of HSCs.

DISCUSSION

This study demonstrates that transient overexpression of Shh
mediates structural and functional changes in the bone marrow
hematopoietic microenvironment, which leads to depletion of
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lymphocytes in the bone marrow. The structural alterations are
suggestive of an expanded HSC niche, including the appearance
of new trabeculae in the diaphyseal bone, with accompanying
increases in the osteoblast number and tissue mineralization.
Although the overall mineralization decreased in the metaphysis,
an area of pre-existing trabeculae, this was also due to an increase
in the trabecular surface area, site of the hematopoietic niche.
Secondary to these structural changes in the niche, the Shh-treated
mice displayed an elevation in the bone marrow Lin ™~ Sca-17 c-Kit™*
cell number with increased hematopoietic progenitor function,
surprisingly, however, the functional in vivo repopulating stem
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cells were not increased in the wild-type environment. Instead,
Shh treatment resulted in a decrease in bone marrow lymphocytes
that was accompanied by a decrease in SDF-1, an early regulator
of lymphopoiesis, as well as a decrease in Flk2-expressing Lin™
Sca-1* c-Kitt cells, which contain the common lymphoid pro-
genitors. Finally, Shh treatment of bone marrow recipients, but
not donors, resulted in depletion of peripheral blood and bone
marrow lymphocytes and decreased lymphoid engraftment, sug-
gesting a microenvironment-induced mechanism likely affecting
the early lymphopoiesis.

After systemic administration of Ad via a peripheral vein, the
major site of adenoviral transduction is the liver. Protein products
expressed by the hepatocytes are secreted into the serum at high
levels, mimicking sustained serum release of soluble proteins.
As the marrow space is highly vascularized, it is likely that the
marrow cells are exposed to the high serum levels, as previously
shown in analyzing the effects of IThh, SDF-1, VEGE, and angio-
poietin on bone marrow.*””® In this study, we used intravenous
administration of an Ad vector coding for the soluble N-terminal
form of Shh to achieve systemic overexpression of Shh, which
was demonstrated by elevated serum levels of Shh and induction
of hair growth. Future studies are needed to make further dis-
tinction between the direct and indirect effects of Shh by specific
blocking studies.

Although Shh is a known critical regulator of limb
development and osteoblastogenesis,®>'!~'>!> the present Shh-
mediated appearance of bone trabeculae within the diaphysis
of the femurs in postnatal animals was a striking finding, as
trabeculae are normally present only at the metaphyses of long
bones.” Mechanically, bone trabeculae distribute mechanical
stresses and are usually absent from the diaphyseal bone where
the cortical bone serves this function.* The unusual location of
the Shh-generated trabeculae may suggest that Shh signaling is
capable of shifting the function of bone from a mechanical to a
hematopoietic function. In support of this concept, trabeculae in
the metaphyseal region become smaller, favoring an increase in
the surface area (the site of the hematopoietic niche) over tissue
mineral density. We have also recently observed similar changes
in the trabecular bone of the vertebrae of these mice, where an
increase in immature osteoblasts due to ShhN treatment resulted
in a secondary increase in bone remodeling.** Future exami-
nation of the effects of controlled mechanical loading on Shh-
treated bone is required to understand better the ramification of
these observed changes.

The increase in trabecular bone formation in the diaphyseal
bone marrow cavity may have affected the number of bone
marrow nucleated cells recovered from Shh-treated mice. To
circumvent this problem, alternative methods of bone mar-
row harvesting include mechanic and enzymatic digestion for
the osteopetrotic mouse model and for harvesting endosteal
HSCs."! However, as Shh-treated bone is not osteopetrotic as
demonstrated by our micro-computed tomography results,
other explanations for the decreased number of cells include the
defect in lymphopoiesis affecting the total marrow cell number
or the possibility of replicative exhaustion of HSCs as in the
patched-deficient mouse, in which Shh pathway signaling is
increased."” With regard to endosteal HSCs, although harvesting

Molecular Therapy vol. 17 no. 8 aug. 2009

Sonic Hedgehog Alters Hematopoietic Niche

of endosteal HSCs is optimized by the techniques described by
Haylock et al.,** the flushing technique, used as a standard in
many studies, likely resulted in similar efficiencies in cell har-
vesting in Shh-treated and control groups.

Previous studies have demonstrated the expansion or
contraction of the HSC niche through changes in osteo-
blasts.!2324293L243 Tny agreement with these previous studies,
we observed an increase in Lin~ Sca-1t c-Kit" cells with
enhanced hematopoietic progenitor function in association
with Shh treatment, although we did not observe an increase
in the functional repopulating cells in wild-type environment
in vivo. This may seem surprising, particularly as the Shh-treated
microenvironment promoted LTC-IC frequency and myeloid
engraftment; however, our findings regarding the lymphoid
progenitors, as well as previous findings in mice with hedgehog
pathway overactivation offer cogent insights into the relevant
mechanisms. With regard to Shh effects on the HSCs, our results
are consistent with those reported in a study by Trowbridge et al."”
of mice in which hedgehog signaling is overactivated by deletion of
one copy of the patched gene.” As in our model, the heterozygous
patched mice exhibit an increase in Lin™ Sca-1* c-Kit* cells and
hematopoietic progenitors. However, while an initial increase
in engraftment and cell cycling of patched heterozygous cells is
observed, engraftment and cell cycling eventually decrease due
to exhaustion of HSCs."” Although the present results showed a
decrease in cycling Lin™ cells being consistent with the previous
study, an investigation of the cell cycle profile at multiple time
points in a more enriched HSC population might show a similar,
transient increase. Although the effects of the microenvironment
were not investigated by Trowbridge et al.,”” the properties of HSCs
appeared cell autonomous. That we did not observe increased
engraftment of Shh-treated donor cells may be due to a similar
mechanism, i.e., cell-autonomous properties of HSCs, which
become evident in a wild-type microenvironment. However, as
the donor cells were harvested from AdShhN-treated animals
and may have been secondarily affected by the changes in the
microenvironment, future investigations are needed to study
purely cell-autonomous effects of Shh by a more direct method,
such as transducing HSCs ex vivo before transplantation.

Although we observed a coordinated increase in osteoblasts
and hematopoietic progenitors, overexpression of Shh also affected
mature hematopoietic cell composition by mediating a striking
reduction in the lymphocyte number, which appeared to be due to
a microenvironment-mediated mechanism. AdShhN-treated mice
had a decrease in the Flk2-expressing Lin~ Sca-1% ¢c-Kit™ cells, sug-
gesting a deficit in the common lymphoid progenitors.*** In addi-
tion, we found a decrease in the expression of Lefl, a transcription
factor necessary for lymphoid development,* suggesting that this
may have occurred due to a block in lymphopoiesis. Consistent with
this, we detected a significant decrease in the expression of SDF-1, a
factor normally expressed by marrow stromal cells and osteoblasts
that support B lymphopoiesis.** These findings are in agreement
with a recent study demonstrating that an inducible ablation of
the hedgehog receptor patched and secondary overactivation of
hedgehog signaling results in a blockade in the development of
T- and B-lymphoid lineages at the level of the common lymphoid
progenitor in the bone marrow with a critical involvement of the
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stromal cell compartment.* Hedgehog proteins have been shown
to play a positive regulatory role in the differentiation of thymic T
lymphocytes and peripheral B lymphocytes.*** Although the focus
of this study was the endosteal bone marrow niche, we also exam-
ined the effects of Shh overexpression in the spleen. Histological
analysis suggested an increase in extramedullary hematopoiesis
in AdShhN-treated mice, but no major effect on mature lympho-
cytes. The AdShhN-treated spleens were also characterized by an
increase in fibroblastic-appearing cells, suggestive of a stimula-
tion of the stromal compartment. These findings suggest that Shh
overexpression may change the interaction between the niche and
hematopoietic cells also in the spleen, but further investigation is
needed to fully understand the extramarrow effects of Shh. That we
have found a suppressive role in the bone marrow may reflect the
different roles of Shh in lymphopoiesis in the peripheral lymphoid
organs compared to the bone marrow. Our findings suggest that
in the bone marrow, microenvironment-mediated effects of Shh
predominate, leading to decreases in lymphoid progenitor engraft-
ment and differentiation.

Multiple types of niches likely coexist to provide different
stem cell-niche functions, such as self-renewal,® as well as
differentiation.**** Furthermore, the network of multiple stromal
cell types, including osteoblasts, endothelial cells, and other
stromal cells, is likely critical in establishing the niches.*** The
impact of developmental stages of osteoblasts may play a role in
the niche function.”® This study demonstrates that Shh alters the
interaction between the microenvironment and the hematopoi-
etic cells altering the maintenance of hematopoietic progenitors
and differentiation of their lymphoid progeny, providing a basis
to further explore the mechanisms through which these inter-
actions occur. Furthermore, as drugs depleting lymphocytes
are used for treatment of B-cell malignancies and autoimmune
diseases, it remains to be explored whether mediators of the Shh
microenvironment-induced lymphocytopenia could be exploited
in the development of future therapies.

MATERIALS AND METHODS

Gene transfer vectors. All Ad vectors were serotype 5 and replication
deficient, with deletions in the Ela, Elb, and E3 regions of the Ad
genome.* The expression cassette of AdShhN contains the cytomegalo-
virus promoter/enhancer and codes for N-terminal portion of murine
Shh, with a stop codon introduced to terminate translation downstream
of the glycine residue at position 198 of the Shh peptide.”’ The Ad vector
used as a control was AdNull, a vector identical to AAShhN but lack-
ing a cDNA coding sequence. The vectors were propagated in human
embryonic kidney 293 cells, purified through 2 CsCl gradients, and
characterized with respect to particle concentration (particle units, pu)
and transgene expression.*

Experimental animals. C57BL/6 male mice 6-8-week old (Jackson
Laboratories, Bar Harbor, ME or Taconic, Germantown, NY) were admin-
istered into the lateral tail vein with PBS, AdNull 5 x 10" pu, or AAShhN
5 x 10"pu in 100l volume diluted in PBS. Unless otherwise stated, all
mice were killed by CO, asphyxiation 18 days after vector administration
under an approved institutional animal committee protocol.

Bone histology. Femurs were fixed with 4% paraformaldehyde for 48 hours,
decalcified, embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (Histoserv, Germantown, MD). To measure area and perimeter of
the trabecular bone and tortuosity ratio of the endosteal surface (endosteal
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surface length divided by bone length), five fields/femoral diaphysis and
six fields/endosteal surface of hematoxylin and eosin-stained slides were
imaged by brightfield microscopy and images analyzed using MetaMorph
imaging software (Universal Imaging, Downingtown, PA).

Immunofluorescence and immunohistochemistry. Incubation with a
mouse anti-procollagen type I (SP1.D8; 1:100 dilution; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA), a rabbit
anti-human N-cadherin antibody (clone YS; 1:250 dilution; Immuno-
Biological Laboratories, Minneapolis, MN), and a goat polyclonal anti-
osteopontin antibody (Santa Cruz, Palo Alto, CA) was carried out at +4°C
overnight. Procollagen staining was visualized by incubation with a goat
anti-mouse Cy5 conjugated AffiniPure F(ab’)2 (1:100 dilution; Jackson
ImmunoResearch, West Grove, PA), N-cadherin staining was visual-
ized with the Vectastain Elite Rabbit ABC kit and osteopontin with the
Vectastain Elite Goat ABC kit (Vector Laboratories, Burlingame, CA).

Micro-computed tomography of bone. Femurs were harvested 18 days
after vector administration and imaged in a micro-computed tomography
scanner (MS-8 Small Specimen Scanner; GE Medical Systems, London,
Ontario, Canada) along with a standard SB3 (a polymer with an X-ray
attenuation equivalent to bovine cortical bone, 1.1 g of hydroxyapatite/ml)
phantom (GE Medical Systems). 3D images were reconstructed at 17 pm
isotropic resolution (EVS Beam and eXplore Reconstruction Utility
softwares; GE Medical Systems). The inclusion of a standard was used
for conversion of the attenuation values to bone mineral density (mg/ml;
GEHC Microview Software; GE Medical Systems). Threshold was set to
2,500 for cortical analysis and 800 for trabecular analysis and using the
threshold data, inner perimeter and tissue mineral density (excluding
cortical bone) in the femoral diaphysis were separately analyzed (GEHC
Microview software; GE Medical Systems).

Quantitative PCR. Total tibial bone marrow was flushed out 18 days after
vector administration and RNA extracted using TRIzol (Invitrogen, Grand
Island, NY) and RNeasy MinElute Cleanup Kit (Invitrogen), and first
strand cDNA synthesized using Superscript First Strand Synthesis System
for reverse transcriptase-PCR (Invitrogen). Gene expression assays for
TagMan real-time reverse transcriptase-PCR analysis included primers
and probes for Runx2, osteopontin, angiopoietin-1, Jagged 1, Lefl, IL-2,
IL-7, and SDF-1 (Applied Biosystems, Foster City, CA).

Flow cytometry. Femoral and tibial marrow cells were flushed out with
equal amounts/bone of minimal essential medium o (Invitrogen) with 2%
fetal bovine serum (Invitrogen) and filtered through a 100-um cell sepa-
rator (BD Biosciences, San Jose, CA) as described by Spangrude et al.*®
Marrow nucleated cells were blocked with 5% rat serum on ice and stained
with a lineage (Lin) antibody cocktail conjugated with allophycocyanin
including anti-CD3e (T lymphocytes), anti-CD45R (B lymphocytes),
anti-CD11b (monocytes), anti-TER119 (erythrocytes), and anti-Ly6G/6C
(granulocytes) antibodies (BD Biosciences Pharmingen, San Jose, CA)
followed by staining with anti-Sca-1-FITC, anti-c-Kit-PE (BD Biosciences
Pharmingen), Flk2-PE-Cy5, and CD34-PE-Cy7 antibodies with cor-
responding isotype controls. For analysis of marrow lineages, cells were
stained with allophycocyanin-conjugated antibodies against CD3e,
CD45R, CD11b, and Ly6G/6C. For cell cycle analysis, cells were stained
with Lin antibody cocktail, fixed and permeabilized in 4% paraformalde-
hyde and 70% ice-cold ethanol, and stained with propidium iodide. To
quantify engraftment of donor cells in bone marrow transplant recipients,
peripheral blood or bone marrow mononuclear cells were blocked with
5% rat serum on ice and stained with anti-CD45.1-PE and anti-CD45.2-
FITC antibodies (BD Biosciences Pharmingen, San Jose, CA) followed by
staining with allophycocyanin-conjugated anti-lineage markers (CD45R,
CD11b, Ly6G/6C). Cells were acquired on a FACScalibur cytometer (BD
Biosciences Pharmingen) using Cell Quest software and analyzed using
Flow]Jo software (BD Biosciences Pharmingen).
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Colony-forming unit assay for hematopoietic progenitors. To quantify
the number of bone marrow hematopoietic progenitors, femoral bone
marrow was harvested from PBS-, AdNull-, and AdShhN-treated animals
18 days after vector administration, and 2 x 10* nucleated cells were plated
on 35-mm dishes in triplicate in MethoCult methylcellulose medium con-
taining appropriate cytokines (M3434; StemCell Technologies, Vancouver,
British Columbia, Canada). Colonies were scored by brightfield micros-
copy after 12 days incubation at 37°C and 5% CO,.

LTC-IC assay. The modified LTC-IC assay was performed as follows.
To establish feeder layers, marrow was harvested from naive and PBS-,
AdNull-, and AdShhN-treated mice 18 days after vector administra-
tion and cell suspensions were plated into MyeloCult medium (StemCell
Technologies), cultured at 33 °C and 5% CO,, and irradiated at 80% conflu-
ency. To prepare Lin™ cells, marrow of either PBS-, AdNull-, and AdShhN-
treated animals or naive mice were harvested, Lin™ cells were enriched by
magnetic beads (Miltenyi Biotec, Auburn, CA) and then plated on feeder
layers (naive Lin™ cells on feeder layers from PBS-, AdNull-, and AdShhN-
treated mice or Lin™ cells from PBS-, AdNull-, and AdShhN-treated mice
on naive feeder layers) in limiting dilutions from 6,000 to 1,500 cells/well
in eight wells each and cultured for 5 weeks at 33°C and 5% CO, with
weekly half-medium changes. Thereafter medium was replaced with 100 pl
MethoCult medium and colonies were scored after 10-day incubation
at 33°C and 5% CO,. LTC-IC frequencies were calculated using L-Calc
software (Stem Cell Technologies).

Bone marrow transplantation. Transplantation assays were performed to
assess bone marrow repopulation ability and microenvironment-induced
effects. First, recipient B6.SJL mice (strain B6.SJLPtprc<a>; CD45.1; 7-10-
week-old; male; Jackson Laboratories) were irradiated with 10 Gy 24 hours
before transplantation. The bone marrow donor cells were obtained from
C57BL/6 mice (CD45.2; 7-10-week-old; male) treated 18 days before with
PBS, AdNull, or AdShhN (prepared as described in the Flow Cytometry
section). In each group, the cells were pooled from three donors. A mixture
of equal amounts of the PBS-, AdNull-, or AdShhN-treated C57BL/6 bone
marrow cells along with B6.SJL bone marrow cells were injected intra-
venously into the recipients. Second, recipient C57BL/6 mice (CD45.2;
7-10-week-old; male) were irradiated with 10 Gy 24 hours before trans-
plantation. The bone marrow donor cells were obtained from B6.SJL mice
(CD45.1; 7-10-week-old; male) and were injected intravenously into
the recipients. After 24 hours, the recipients were injected intravenously
with PBS, AdNull 5 x 10"pu, or AdShhN 5 x 10"pu. In both experi-
ments described, the mice were bled 5 and 8 weeks after transplantation
and killed 10 weeks after transplantation for analysis of engraftment and
differential blood cell counts.

Peripheral blood analysis. Retro-orbital blood was collected 5 and 8 weeks
after bone marrow transplantation with microcapillary tubes (Fischer
Scientific, Pittsburgh, PA). Differential blood counts were obtained using
an automated Bayer Advia 120 MultiSpecies Hematology Analyzer (Bayer
HealthCare, Tarrytown, NY).

Statistical analysis. All data sets included four to nine animals per
group. Groups were compared using analysis of variance. For multiple
measurements in the in vitro assays and image analyses, data were
analyzed with repeated measurement analysis of variance with post
hoc testing where differences were detected using StatView software
(SAS, Cary, NC). Significance was accepted where P < 0.05. Results are
expressed as mean + SEM.

SUPPLEMENTARY MATERIAL

Table $1. Spleen analyses.

Figure $1. Demonstration of the function of the AdShhN vector.
Figure $2. Reversal of bone phenotype in AdShhN-treated mice by
8 months after vector administration.
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Figure $3. Increased serum levels of osteocalcin in AdShhN-treated
mice.

Figure S4. Total number of nucleated cells and Lin~ Sca-11 c-Kit*
cells in the bone marrow after AdShhN treatment.

Figure $5. Characterization of primitive hematopoietic compartment
after AdShhN treatment.

Figure $6. Increase in Lin~ c-Kit* cells hematopoietic cells in peripheral
blood after AdShhN treatment.

Figure $7. Spleen histology demonstrating no change in the number
or size of germinal centers in the spleens of AdShhN-treated mice.
Figure $8. Increased capacity of bone marrow stromal cells from
AdShhN-treated mice to support long-term culture-initiating cells.
Figure $9. Depletion of lymphocytes in the bone marrow after bone
marrow transplantation and AdShhN treatment.

Materials and Methods.
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