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Abstract
Objectives—Previously we reported that annexin 2 (anxa2) plays an important role in
hematopoietic stem cell (HSC) localization to the endosteal/osteoblastic marrow niche. The study
explored the role that annexin 2 plays in presenting stromal derived factor-1 (SDF-1 or CXCL12)
to HSCs.

Materials and Methods—Competitive long-term bone marrow transplant (CLT-BMT) assays
were used to determine if HSC engraftment is altered in annexin 2-deficient animals. Colony-
forming cell assays, CXCL12 Elisa, and real-time RT-PCR analyses were employed to determine
stem or progenitor cell mobilization by G-CSF. Immunohistochemistry, immunoprecipitation,
binding assays, and chemotactic assays were employed to determine if annexin 2 is associated
with CXCL12. Degradation assays were also used to determine if annexin 2 and CXCL12 protect
each other from proteolytic degradation.

Results—Anxa2−/− animals have fewer HSC in their marrows, and the HSCs in anxa2−/−

animals express less CXCR4 and CXCR7 suggesting a cell intrinsic defect. Transplantation
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studies of wild-type marrow into anxa2−/− animals demonstrated a cell extrinsic defect in the
anxa2−/− animals. CXCL12 binds directly to annexin 2, and this interaction facilitates the
presentation of CXCL12 to HSCs. Yet the binding of CXCL12 to annexin 2 does not protect
CXCL12 from proteolytic cleavage following stem or progenitor cell mobilization by G-CSF.

Conclusions—These results suggest that annexin 2 serves as an anchor for CXCL12 to help in
the localization of HSCs to the niche.
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INTRODUCTION
In adult mammals nearly all tissues maintain a population of stem cells that sustains normal
tissue homeostasis and are able to respond to injury. Under basal conditions, the slowly
cycling stem cells are supported and regulated by their microenvironment, commonly
referred to as the stem cell niche. Hematopoietic stem cell (HSCs) activities are now known
to reside almost exclusively in bone marrow niches in post-fetal life. Within the niche, HSCs
are believed to receive both quiescence and growth stimulating signals originating from
diverse sources, including fibroblasts, endothelial, reticular cells, adipocytes, and
osteoblasts1-5.

As early as the 1970’s, investigation suggested that events localized to endosteal surfaces,
suggesting osteoblasts play a central role in hematopoiesis 6,7. Since then it has been shown
that osteoblasts are crucial components of the normal HSC niche 3-5,8,9, where HSCs reside
in close proximity to endosteal bone surfaces rather than being randomly distributed in the
marrow cavity 10,11. Moreover, HSCs lodge near endosteal surfaces during bone marrow
transplantation, further suggesting a role for osteoblasts as niche regulators 12,13. In
addition, significant progress has been made in determining the role that niche-derived
cytokines and adhesion molecules play in HSC activities including VCAM-1, ICAM-1,
CD44, CD164, osteopontin, N-cadherin, calcium, Wnt signaling pathways, Notch-1/
Jagged-1 interactions, and Ang-1/Tie2-mediated events 2,14-17. Many of these signals are
regulated by osteoblasts.

Recently, it was determined that cell-to-cell contact is critical for the survival of HSCs on
osteoblasts 18. In addition, it was established that osteoblasts express stromal-derived
factor-1 (SDF-1 or CXCL12)15, a key regulator of stem cell migration, homing, retention,
and mobilization 19-21. We identified that annexin 2 (anxa2) regulates HSC binding to
osteoblasts and homing to the bone marrow microenvironment22. Based upon these set of
observations, it was hypothesized that annexin 2 may regulate the presentation of CXCL12
to HSCs.

This study explored the role that annexin 2 plays in presenting CXCL12 to HSCs. It is
demonstrated that HSC number, engraftment, and the expression of the two CXCL12
receptors (CXCR4 and CXCR7) are compromised in the marrow of annexin 2-deficient
(anxa2−/−) animals. Moreover, the loss of annexin 2 is associated with decreased levels of
CXCL12 in marrow. Critically, it was shown that CXCL12 and annexin 2 directly bind to
one and other, and this interaction facilitates hematopoietic progenitor cell migration in
response to CXCL12. Yet the binding of CXCL12 to annexin 2 does not prevent degredation
of CXCL12 under conditions that stimulate HSC mobilization. Together these results
demonstrate that annexin 2 expressed by osteoblasts is critical for the HSC localization,
homing, retention, and mobilization of HSCs from the marrow and provides an important
link with CXCL12 function in the marrow.
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MATERIALS AND METHODS
Anxa2−/− animals

Ling et al. generated the annexin 2-deficient (anxa2−/−) animals employed in our study 23.
Dr. K. A. Hajjar (Weill Medical College of Cornell University, New York, NY) graciously
provided a pair of the homozygous anxa2−/− animals for breeding.

HSC isolation
Bone marrow cells were flushed from femurs and tibias with Hanks buffered salt solution
without calcium or magnesium, supplemented with 2% heat-inactivated calf serum HBSS
(Invitrogen, Carlsbad, CA). Cells were triturated and filtered through nylon screens (40 μm;
BD Falcon, Bedford, MA) to obtain single-cell suspensions. Cells were incubated first with
a biotinylated anti-lineage (CD5, CD45R [B220], CD11b, Gr-1 [Ly-6G/C], and Ter-119)
antibody cocktail (Miltenyi Biotec, Auburn, CA) and an antibody cocktail of anti-CD150PE
(Clone TC15-12F12.2, BioLengend, San Diego, CA), CD48FITC (Clone BCM-1, BD
Pharmingen, San Diego, CA), CD41FITC (Clone MWReg30, BD Pharmingen), c-KitPE/
Cy7 (Clone 2B8, eBioscience, San Diego, CA), and Sca1APC (clone D7, eBioscience) for
20 min on ice, then rinsed, and stained with anti-BIO micro beads (Miltenyi Biotec) and
streptavidin-APC/Cy7 conjugated secondary antibody (BD Pharmingen) for another 20 min.
Lin− cells were then enriched by magnetic separation (AutoMACS, Miltenyi Biotec), and
then resuspended in 2 mg/ml 7-AAD (eBioscience) to discriminate live from dead cells.
Only live (7-AAD) cells were included in analyses and sorts. HSCs isolated on the basis of
the signaling lymphocyte activation molecule (SLAM) family of receptors (SLAM HSCs)
were sorted on a FACS Vantage dual laser flow cytometer (Becton Dickinson, San Jose,
CA) by gating on cells that are CD150+Lin−CD48−CD4−Sca1+c-Kit+. In some cases,
Lin−Sca1+c-Kit+ (LSK) cells were obtained using an antibody cocktail of anti-Sca1APC, c-
KitPE/Cy7, and anti-Biotin FITC antibody/biotinylated anti-lineage antibody cocktail.

Competitive long-term bone marrow transplant (CLT-BMT) Assays
CLT-BMT assays were used to determine if HSC engraftment is altered in annexin 2-
deficient animals. Recipient animals were exposed to 570 cGy twice in three hours in a
gamma cell 40 cesium source. SLAM HSCs were obtained from C57BL/Ka-CD45.1
animals, and then 25 HSCs were transplanted intravenously (i.v.) into anxa2+/+ (CD45.2) or
anxa2−/− (CD45.2) animals with a radioprotective dose (RPD) of cells (2×105 cells) from
recipient animal strains. Starting at 4 weeks after transplantation and continuing for at least
16 weeks, the CD45.1 phenotypes were determined in peripheral blood including circulating
granulocytes (anti-Gr1 [Ly-6G], clone RB6-8C5, eBioscience), monocytes (anti-Mac1
[CD11b], clone M1/70, eBioscience), B cells (anti-B220 [CD45R], clone RA3-6B2,
eBioscience), and T cells (anti-CD3 [CD3e], clone 145-2C11, eBioscience).

Isolation of primary murine calvarial cells
Primary calvarial cells were isolated as previously described 24. Briefly, calvariae of mice
(1-4 day old) were dissected, isolated from periosteum, and subjected to sequential
digestions of 20, 40, and 90 min in collagenase A (2 mg/ml; Roche Molecular Biochemicals,
Indianapolis, IN) with 0.25% trypsin (Invitrogen). Cells from the third digestion were
washed, and cultured in α-MEM (Invitrogen) with 10% FBS, 1% penicillin, and
streptomycin.

RNA analysis and real-time RT-PCR
Total RNA was harvested from cells using with RNeasy Mini or Micro Kit (Qiagen,
Valencia, CA). First-strand cDNA synthesis and real-time RT-PCR were performed
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following the manufacturers directions (Applied Biosystems, Foster City, CA).
MessageBooster™ cDNA synthesis kit was utilized when using mRNA isolated from HSCs
(Epicentre Biotechnologies, Madison, WI). Taqman predeveloped assay reagents were used
for detection of annexin 2 (anxa2), CXCL12, CXCR4, CXCR7, Cyclin D1, Cyclin A1, and
β–actin (FAM/MGB probes, Applied Biosystems). A universal mouse reference RNA
(Stratagene) was used to generate a relative standard curve. Real-time detection of RT-PCR
products was performed using an ABI PRISM 7700 sequence detector (Applied Biosystems)
(School of Dentistry’s Molecular Biology Core Facility). mRNA expression was calculated
based on a relative standard curve and normalized to β–actin.

Binding assays
Purified bovine lung annexin 2 tetramer (Biodesign International, Saco, ME), CXCL12
(R&D systems, Minneapolis, MN), parathyroid hormone (PTH; Bachem Bioscience Inc.,
King of Prussia, PA) or BSA (Sigma-Aldrich, St. Louis, MO) was coated onto ELISA plates
for 12h at 4°C. Subsequently the plates were washed and blocked with 1% BSA for 1h at
room temperature, and then incubated with CXCL12 for 2 h at room temperature. PTH,
fibronectin (FN, Sigma-Aldrich), collagen type 1a (COL 1a, Sigma-Aldrich) or anti-annexin
2 antibody (BD Pharmingen, San Diego, CA) was also included in selected assays to
evaluate if CXCL12 to annexin 2 is specific binding. After washing, bound CXCL12 was
detected with a biotin labeled mAb against CXCL12 (R&D Systems, clone 79014) and
strepavidin HRP. In other assays, biotinylated CXCL12 was mixed with BSA or annexin 2
and immunoprecepitation (IP) was performed with an antibody to annexin 2 (BD
Pharmingen) that was collected on protein G sepharose beads (Sigma-Aldrich). CXCL12
detection was performed with strepavidin HRP and chemiluminesence.

Chemotactic assays
Whole bone marrow cells recovered from anxa2+/+ or anxa2−/− animals were resuspended
in serum-free α-MEM containing antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin,
Invitrogen). Lin−Sca1+c-Kit+ (LSK) bone marrow cells were isolated by a FACS Vantage
dual laser flow-cytometer (Becton Dickinson) and equilibrated for 10 min at 37°C. 5,000
LSK cells or 1×106 whole bone marrow cells were seeded onto the top well of dual
chamber, 5-μm TranswellR microporous membranes in 24-well plates (Costar Corp,
Cambridge, MA) containing 650 μl serum-free α-MEM containing 0.5% BSA. CXCL12
(200ng/ml) and/or purified bovine lung annexin 2 tetramer (200ng/ml) were placed in the
bottom well of the chamber as chemotaxis targets. The plates were incubated at 37°C in
95% humidity and 5% CO2. The number of cells that had migrated into the lower chambers
was determined by manual counting on a hemocytometer. To determine the effects on
progenitor cells, whole bone marrow was plated into the top chamber. Migrated cells into
the bottom chambers were separately collected and 2×105 cells were cultured in
methylcellulose medium for 2 weeks for hematopoetic progenitor colony formation.

Evaluation of Erk Pathway
Bone marrow cells from wild-type (anxa2+/+) animals were treated with annexin 2, CXCL12
or the combination of annexin 2 and CXCL12 for 1h at 37 °C. The cells were incubated with
the antibodies to phosphorylated p44/42 MAP kinase (Erk1/2) or p44/42 MAP kinase
(Erk1/2) (Cell Signaling Technology, Danvers, MA) for 20 min at 4°C, and were
subsequently stained with anti-Sca1APC, anti-c-KitPE/Cy7, and biotinylated-anti-lineage
(CD5, CD45R [B220], CD11b, Gr-1 [Ly-6G/C], and Ter-119) antibody cocktail for another
20 min at 4°C. p-Erk or Erk activation was analyzed on a FACS Vantage dual laser flow-
cytometer (Becton Dickinson) by gating on Lin−Sca1+c-Kit+ populations.
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CXCL12 Degradation assays
To determine if annexin 2 and CXCL12 protect each other from proteolytic degradation,
purified bovine lung annexin 2 tetramer (200 ng/ml; Biodesign International) was incubated
with 200 ng/ml biotinylated CXCL12 (bCXCL12; R&D systems) for 2.5 h at 4°C, and then
incubated with 10 μg/ml of elastase (Genway Biothech, San Diego, CA) or rhCD26/
dipeptidyl peptidase IV (DPPIV; 35 μU/mg of protein; EMD Chemicals, Gibbstown, NJ) for
2h at 37°C. The proteins were run on 20% Tricine gels, and the remaining annexin 2 and
bCXCL12 were detected using biotinylated antibodies and strepavidin-horseradish
peroxidase (HRP) with enhanced chemiluminescence (ECL).

Immunohistochemistry
Murine bones were harvested and fixed in 10% neutral buffered formalin overnight,
decalcified in 10% EDTA pH 7.5 for 10 days at 4°C. Paraffin-embedded slides (5 to 8 μm)
were prepared and stained with antibodies to annexin 2, CXCL12 or an IgG matched isotype
control in conjunction with a HRP-AEC staining system kit using anti-mouse biotinylated
antibodies following the manufactures protocols (R&D Systems), and counter stained with
hematoxylin (Sigma-Aldrich). In some cases, frozen sections were stained with antibodies to
annexin 2 or CXCL12. Images were acquired on a Zeiss LSM510 microscope. The
percentage of the field stained by immunohistochemistry was quantified using an Image Pro
Plus v.5.1 image analysis system.

BrdU Injections
Anxa2+/+ and anxa2−/− animals were administered vehicle (0.9% saline) or a single dose
(180 μg) of bromodeoxyuridine (BrdU; Sigma-Aldrich) by intraperitoneal injection and then
fed continuously with water containing 800 μg/ml BrdU and 5% glucose for 48 h. HSCs
were stained using the BrdU labeling kit (BD Pharmingen). Percent BrdU positive of HSCs
from anxa2+/+ and anxa2−/− animals was measured from at least three individual
experiments and results are expressed as mean SD.

In Vivo G-CSF administration
Anxa2+/+ and anxa2−/− animals were administered granulocyte-colony stimulating factor
(G-CSF) (Neupogen; Amgen, Thousand Oaks, CA) or vehicle (0.9% saline) by
intraperitoneal injection at 250μg/kg (100 μl) per day for 5 days. Four hours after the final
injection of G-CSF, bone marrow cells, peripheral blood cells, marrow extracellular fluids,
and the bone samples were collected.

Colony-forming cell assays
Bone marrow and peripheral blood cells were collected from anxa2+/+ and anxa2−/− animals
(n = 5). Test cells (2 × 105 cells) were plated onto 35-mm tissue culture dish in a
methylcellulose medium with recombinant cytokines for colony assays of murine cells
(Methocult M3434; Stem Cell Technologies, Vancouver, BC, Canada). Cultures were plated
in triplicate and placed in a humidified chamber with 6% CO2 at 37°C. The burst-forming
unit-erythroid (BFU-E), colony-forming unit-granulocyte, monocyte, and macrophage
(CFU-GM), colony-forming unit-granulocyte, erythroid, monocyte, macrophage, and
megakaryocyte (CFU-GEMM), and the total progenitor colony numbers (CFU-C) were
counted at 14 day after plating.

CXCL12 ELISA
The bone marrow extracellular fluids were obtained by flushing each femur with 500 μl ice-
cold PBS and the supernatant was harvested by centrifugation at 400g for 5 minutes.
CXCL12 levels in the marrow fluids were analyzed by antibody sandwich ELISA
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(sensitivity 31.25 pg/ml, detection range 62.5 to 5000 pg/ml CXCL12; R&D Systems).
MC3T3-E1 conditioned medium was used as positive controls for CXCL12. CXCL12 levels
were normalized by total protein (BioRad, Hercules, CA).

Statistical analyses
Results are presented as mean ± SEM. Significance of the difference between two
measurements was determined by unpaired Student’s t test, and multiple comparisons were
evaluated by the Newman-Keuls multiple comparison test. Values of P <0.05 were
considered significant.

RESULTS
Annexin 2 deficiency alters HSCs activities

Recently we reported that annexin 2 regulates the homing and binding of HSCs to the bone
marrow microenvironment15. To further explore the role that annexin 2 plays in regulating
HSC functions, it was first determined if HSCs and annexin 2 co-localize in marrow. As
shown in Figure 1A, the majority of HSCs (CD150+Lin−CD48−CD41− phenotype) that
were located in the endosteal regions were associated with annexin 2 protein.

As HSCs and the expression of annexin 2 are located in the same region in marrow, it was
next determined what the loss of annexin 2 expression would be HSC numbers in marrow.
For these studies, the HSC numbers in marrow of anxa2−/− vs anxa2+/+ animals were
determined by FACS analysis. Fewer HSCs were observed in the marrows of anxa2−/−

compared with wild-type anxa2+/+ animals (Figure 1B, C). One possibility as to why fewer
HSCs found in the marrows of anxa2−/− animals, and annexin 2 could regulate HSC
proliferation so that HSCs from the anxa2−/− animals may progress through the cell cycle
faster than wild-type HSCs. Therefore, BrdU staining was performed on HSCs obtained
from both anxa2+/+and anxa2−/− animals to determine if annexin 2 regulates stem cell
renewal. More BrdU positive HSCs in marrow of anxa2−/− vs anxa2+/+ animals were
identified (Figure 1D). In addition, an increase of mRNA expression of cyclin A1 was
observed in the fast proliferating HSCs in the anxa2−/− animals (Figure 1E).

A second possibility as to why anxa2−/− animals have fewer HSCs in their marrows is that
annexin 2 may be required for HSCs to home to the marrow. Therefore, competitive
engraftment studies were performed in which twenty-five HSCs
(CD150+Lin−CD48−CD4−Sca1+cKit+ cells) derived from C57BL/Ka-CD45.1 wild-type
mice were transplanted into anxa2+/+ (CD45.2) or anxa2−/− (CD45.2) animals. The level of
engraftment was determined as a percentage of CD45.1 cells in the peripheral blood over
time. Significantly lower levels of engraftment were observed when the anxa2−/− animals
were transplanted with wild-type marrow cells compared with wild-type animals receiving
the same cells as transplants (Figure 1F). Moreover, the engraftment defect encompassed all
lineages evaluated including granulocytes, monocytes, B-cells, and T-cells (Figure 1G).
These data suggest that the loss of annexin 2 changes the ability of HSCs to home to the
marrow.

Annexin 2 is associated with CXCL12 expression In Vivo and In Vitro
Since both annexin 2 and CXCL12 are required for HSC engraftment and both annexin 2
and CXCL12 are expressed at endosteal surfaces, studies were designed to determine if a
relationship exists between the expression of annexin 2 and CXCL1215,22. Accordingly,
long bones of anxa2+/+ and anxa2−/− animals were stained for both annexin 2 and CXCL12.
As expected, annexin 2 expression was not observed in the anxa2−/− animals, whereas
strong staining for annexin 2 was observed in the epiphysis region of wild-type (anxa2+/+)
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animals (Figure 2A). Likewise, CXCL12 expression was robustly expressed in marrows of
anxa2+/+ animals, but little expression was observed in the marrows of anxa2−/− animals
(Figure 2A). In previous studies it was noted that CXCL12 expression was primarily
observed early in osteoblastic differentiation15. Therefore primary osteoblasts were cultured
from anxa2+/+ and anxa2−/− animals and stained for annexin 2 and CXCL12. As expected,
osteoblasts derived from anxa2−/− animals did not express annexin 2, whereas strong
expression of annexin 2 was observed for osteoblasts obtained from wild-type animals
(Figure 2B). Osteoblasts derived from the anxa2+/+ animals stained as intensely for
CXCL12 as compared with osteoblasts isolated from anxa2−/− animals (Figure 2B) and the
levels of CXCL12 mRNA expression were correlated with protein expression (Figure 2C).

The previous results suggest that the loss of annexin 2 expression is associated with a
reduction in the expression of CXCL12 by components of HSC niche. Since CXCL12 is
critical for homing and engraftment of HSCs, the CXCL12 receptors CXCR4 and CXCR7
expressed by HSCs were examined. The expression of mRNA for CXCR4 and CXCR7 from
HSCs were significantly reduced in annexin 2-deficient animals (anxa2−/−) compared to
wild-type animals (Figure 2D). The combination of the receptor levels and staining data
suggests that annexin 2 may regulate the presentation of CXCL12 to HSCs, and HSCs
express fewer CXCL12 receptors in the absence of annexin 2.

Annexin 2 binds CXCL12
CXCL12 is known to bind to several extracellular matrix molecules 25,26. It was next
hypothesized that CXCL12 may bind to annexin 2, as both annexin 2 and CXCL12 are
expressed at endosteal marrow surfaces and CXCL12 levels are reduced in the anxa2−/−

animals. Therefore annexin 2-CXCL12 in vitro binding assays were performed to test this
possibility (Figure 3A). When non-specific binding to the assay plates was blocked with
bovine serum albuman (BSA), little or no CXCL12 bound to the plates. When annexin 2
was first added to the plates and non-specific binding was blocked with BSA, CXCL12
bound to annexin 2 (Figure 3A). Further competition binding assays were performed using
saturating concentrations of parathyroid hormone (PTH), fibronectin (FN), collagen type 1a
(COL1a) or anti-annexin 2 antibody to determine if CXCL12 binding to annexin 2 is
specific. Here PTH was chosen as an example of a systemic hormone, FN and COL1a
served as models of bone matrix proteins. PTH, FN or COL1a was not able to compete with
CXCL12 for annexin 2 binding (Figure 3A). Moreover, PTH did not directly bind CXCL12
(Figure 3A). However, anti-annexin 2 antibody prevented the binding of CXCL12 to
annexin 2 (Figure 3A).

To validate that CXCL12 binds directly with annexin 2, biotinalyated-CXCL12 and annexin
2 were incubated together, and immunoprecipitation was performed using an anti-annexin 2
antibodies. Subsequently, the proteins separated on SDS-PAGE gels and the resulting
Western blots were probed with strepavidin HRP to detect the biotinylated CXCL12.
CXCL12 was detected when CXCL12 was incubated with annexin 2 and
immuneprecipitation of annexin 2 was performed (Figure 3B). No CXCL12 was detected in
the immuneprecipitations when CXCL12 was incubated with BSA alone or when annexin 2
alone was included in the assay (Figure 3B). These data demonstrate that CXCL12 binds to
annexin 2. To determine if annexin 2 binds CXCL12 in vivo, co-localization studies were
performed. Annexin 2 and CXCL12 were widely expressed by marrow osteoblasts. Co-
localization studies demonstrated that the expression of annexin 2 and CXCL12 overlaps on
the marrow endosteum (Figure 3C).
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Functional consequences of CXCL12 binding to annexin 2
To determine if the binding of CXCL12 to annexin 2 has functional consequences the ability
of CXCL12-annexin 2 interactions to alter HSC migration was determined. For these
studies, Lin−Sca1+cKit+ (LSK) cells were isolated from anxa2+/+ or anxa2−/− animals and
placed in the upper chamber of a dual chamber 5-μm TranswellR microporous membranes in
24-well plates. CXCL12, annexin 2 or the combination was added into the lower chamber.
Without CXCL12, few anxa2+/+ LSK cells migrated into the bottom chamber (Figure 3D).
Both CXCL12 and annexin 2 stimulated the migration of the LSK cells. A synergistic
migration response was seen when CXCL12 bound to annexin 2 was used as the
chemoattractant for the LSK cells compared to either control group alone (Figure 3D).
Interestingly, the migration of LSK cells obtained from anxa2−/− animals followed a similar
pattern of migration, as did LSK cells isolated from wild-type animals, except that the
response to either of the stimuli was muted.

To explore if CXCL12 bound to annexin 2 is able to activate signaling cascades, we next
examined the effects of annexin 2, CXCL12 or the combination of annexin 2 and CXCL12
on Erk signaling. Marrow cells from the wild-type (anxa2+/+) animals were treated with
CXCL12, annexin 2 or the combination, and Erk and phosphorylated Erk levels in LSK cell
populations were evaluated by FACS analysis. The data demonstrate that CXCL12 induces
Erk phosphorylation, whereas signaling of CXCL12 bound to annexin 2 was inhibited
(Figure. 3E). These data suggested that once HSCs have localized by CXCL12 to the stem
cell niche, annexin 2 regulates CXCL12 signaling.

Migration studies were also performed using whole bone marrow cells. In this case however,
hematopoietic colony assays were performed on the cells that had migrated in response to
CXCL12, annexin 2 or the combination. As expected, significantly more hematopoietic
progenitors were found in the marrows of the anxa2+/+ animals relative to the numbers
found in the marrows of the anxa2−/− animals (Figure 3F). The migrated cells from both
animals were responsed to either CXCL12 or annexin 2 for the hematopoietic progenitors
(Figure 3F). The numbers of hematopoietic progenitors were enhanced when CXCL12
bound to annexin 2 served as the chemoattractant (Figure 3F). These data demonstrate that
CXCL12 bound to annexin 2 produces a synergistic effect on the migratory response of
hematopoietc stem/progenitor cells.

CXCL12 bound to annexin 2 is not protected from proteolysis
Previously it was demonstrated that CXCL12 bound to syndecin IV protects CXCL12 from
proteolysis 25,26. To determine if annexin 2 also protects CXCL12 from degradation,
biotinylated CXCL12 (bCXCL12) was incubated with annexin 2, and then incubated with
elastase or CD26/DPPIV for 12h at 37°C. After incubation, the proteins were separated on
20% Tricine gels and Western blots performed. The data demonstrates that the binding of
CXCL12 to annexin 2 was not protected from enzymatic degradation (Figure 4A). Likewise,
annexin 2 was not protected from proteolysis when bound to CXCL12 (Figure 4B).

To determine if annexin 2 regulates HSC mobilization, anxa2 +/+ and anxa2−/− animals
were administered G-CSF (250μg/kg) or vehicle (0.9% saline) for 5 days. As predicted, in
response to G-CSF treatments, both annexin 2 (Figure 4C, D) and CXCL12 levels (Figures
4E, F, G) were decreased in the animals marrow. Importantly, more hematopoetic progenitor
cells were mobilized out of the marrows of anxa2−/− animals compared to the wild-type
animals (Table 1, and Supplemental Table 1). Taken together, these data provide direct
evidence that while annexin 2 participates in the presentation of CXCL12 to HSCs, and
annexin 2 participates in regulating HSCs/HPCs mobilization.
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DISCUSSION
HSCs and osteoblasts are both located near endosteal surfaces in which suggested a
functional relationship between these two cellular populations. Recently it was demonstrated
that annexin 2, an osteoblast-expressed adhesion molecule, participates in localizing HSCs
to endosteal surfaces22. Where adhesion of HSCs to osteoblasts derived from annexin 2-
deficient animals (anxa2−/−) was significantly impaired compared to osteoblasts obtained
from wild-type animals (anxa2+/+). In the current work the role that annexin 2 plays in
regulating HSC engraftgment was studied. Using transplantion of wild-type HSCs into
anxa2+/+ and anxa2−/− animals, it was observed that fewer HSCs were able to engraft into
the marrow of anxa2−/− anmals. Since engraftment was impaired in anxa2−/− animals, it
was determined if HSCs derived from annexin 2-deficient animals express normal levels of
CXCR4 and CXCR7. Both of the CXCL12 receptor mRNA levels were reduced in HSCs
derived from the anxa2−/− animals. These data suggest that annexin 2-deficient
environments may also represent a cell autonomous defect, not restored with normal HSC
functions. Importantly, osteoblastic cells of the HSC niche expressed lower levels of
CXCL12 in the anxa2−/− animals. From these observations it was found that annexin 2
binds to CXCL12 (See model; Figure 5). Using immunohistochemistry, it was observed that
annexin 2 present at endosteal surfaces co-localize with CXCL12. These findings suggest
annexin 2 plays a role in presenting CXCL12 to HSCs, in addition to its role in localizing
HSCs into the bone marrow niche.

Previous studies have shown that CXCL12 may be presented to cells as either a secreted
form or associated with the extracellular matrix proteins 25-28. In fact, differential expression
of proteoglycans on the luminal side of bone marrow endothelial cells has been shown to
capture and present CXCL12 to HSCs and direct their migration through the endothelial
barriers 29. These observations along with our data suggest that CXCL12 binds to a number
of proteins in the marrow. Yet it is not clear, what the biologic consequences of these
different interactions are. A possibility is that the different molecules interact with CXCL12
provide different signals to a number of cell types in the marrow. For example, the binding
of CXCL12 to annexin 2 does not protect CXCL12 from degradation, whereas CXCL12
binding to syndecin IV protects CXCL12 from degradation. Proteolytic degradation of
CXCL12 in the bone marrow is known to play a critical role regulating stem and progenitor
cell mobilization into the peripheral circulation30-32. CXCL12 is cleaved by
metalloproteinases, CD26/dipeptidyl peptidase IV, serine proteases, and leukocyte
elastase33-38. Our data show that annexin 2 may localize CXCL12 in marrow but these
interactions do not protect CXCL12 from degradation. Intrigingly, while CXCL12 bound to
annexin 2 was not protected from degradation, CXCL12 bound to annexin 2 was a potent
stimulator of stem/ progenitor cell migration. These findings suggest that different
mechanisms have envolved over time to regulate CXCL12 presentation to target cells, and
when CXCL12 bound to different molecules may have illicit different responses in target
cells.

In the current work, we found that HSCs co-localize with annexin 2, and annexin 2 co-
localizes with CXCL12. This raises the possibility that CXCL12/annexin 2 may serve as a
marker for the HSC niche. Identification of the HSC niche has relied most heavily on co-
localization studies of transplanted labled HSC cells39. In addition, histological analyses of
the distribution of HSCs in the marrow against spindle-shaped N-cadherin+ osteoblastic or
“SNO” cells possibly representing osteoblastic lining cells have been proposed as cells that
also constitute the HSC niche2. This is in contrast to larger, more “oval-shaped, matrix-
forming osteoblasts”2. Yet the findings that N-cadherin is a suitable marker for the HSC
niche has generated considerable controversy 40-43, and more recent work suggests that
osteoprogenitor cells may represent cells which constitute the HSC niche44. This
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observation would be consistent our previous findings that CXCL12 is expressed early
during osteoblastic maturation15. Yet, clearly there is a need for the identification of markers
for the HSC niche. Our observations that HSCs co-localize with CXCL12, and by inference
annexin 2, suggests a novel set of tools that may be useful to define the location of the HSC
niche.

In summary, recent works in mice 3,4,9 and in human systems 45,46 have demonstrated that
HSCs are regulated by, and localized to, endosteal cells. One common feature of endosteal
osteoblast-HSC cross-talk is the requirement for cell-cell contacts. The data presented here
suggest that annexin 2 plays a role in the homing and retention of HSCs to the marrow.
Likewise, CXCL12 has been shown to be a critical regulator of HSC homing, retension, and
mobilization. That CXCL12 binds to annexin 2 suggests a functional relationship between
the two molecules that heretofore has not been appreciated and may well extend beyond
HSC-osteoblastic interactions, but could include osteoblastic-osteoclastic coupling and
tumor metastasis. Further studies are required.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Annexin 2 deficiency alters HSCs activities
(A) Co-localization of HSCs with annexin 2 in marrow wase determined by H&E stain and
immunofluorecent staining. Mouse femurs were stained with H&E (original magnification at
20x and 60x). Lin+CD48+CD41+ cells (blue) were detected by the cocktail antibodies to
lineages. Differential interference contrast (DIC) image showed bone structure. HSCs were
detected by the antibody to CD150+ (red) without blue coloring
(CD150+Lin−CD48−CD41−). Annexin 2 positive cells were detected by anti-annexin 2
antibody (green). Co-localization of HSCs with annexin 2 (yellow) was showed on endosteal
surfaces. Merged image showed with DIC and co-localization of HSCs with annexin 2.
Original magnification at 60x. Bar = 25 microns. The numbers of co-localization of HSCs
with annexin 2 (CD150+HSC/anxa2) were quantified on the serial sections of the 10 long
bones from normal wild-type (anxa2+/+) animals. Endosteal regions and non-endosteal
region were defined as 12 cell diameters from bone surfaces. (B) The absolute number and
percent of HSCs present in the marrow of anxa2−/− vs anxa2+/+ animals were determined by
FACS analysis. (C) Histograms of HSCs using SLAM families by FACS analysis. (D) Cell
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cycle analysis of SLAM HSCs stained with BrdU staining was determined by FACS
analysis. (E) mRNA expression of cyclin D1 and cyclin A1 were examined by real-time RT-
PCR and normalized to β–actin to determine the proliferating status on HSCs. (F) The
percentages of HSC (CD45.1) engraftment in anxa2+/+ (CD45.2) or anxa2−/− (CD 45.2)
animals were determined by competitive long-term bone marrow transplant assays at 4 to 16
weeks post-transplant. (G) The repopulating lineages (MAC-1, B220, Gr-1 or CD3 cells) in
peripheral blood of anxa2+/+ (CD45.2) or anxa2−/− (CD 45.2) animals were also determined
at 4 to 16 weeks post-transplant. Data are presented as the mean ± standard error of the
mean. *P< 0.001 significant differences from anxa2 +/+ control groups.
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Figure 2. Reduced expression of CXCL12 in the marrows of annexin 2-deficient animals
(A) Immunohistochemistry for annexin 2 and CXCL12 were performed on the long bones of
anxa2 +/+ and anxa2−/− animals using monoclonal antibodies (mAbs) or isotype-matched
immunoglobulin G (IgG) controls. Original magnification at 20x. Bar = 100 microns. (B)
Immunohistochemistry for annexin 2 and CXCL12 were performed on the primary murine
osteoblasts derived from anxa2 +/+ and anxa2−/− animals using the monoclonal antibodies
(mAbs) or isotype-matched immunoglobulin G (IgG) controls. Original magnification at
40x. Bar = 100 microns. (C) The CXCL12 mRNA expression was examined by real-time
RT-PCR for quantification of CXCL12 expression on the primary murine osteoblasts in
Figure 2B. (D) CXCR4 and CXCR7 mRNA expression by HSCs isolated from anxa2 +/+ or
anxa2−/− animals were examined by real-time RT-PCR. Data are presented as the mean ±
standard error of the mean. *P< 0.001 significant differences from anxa2 +/+ control groups.
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Figure 3. CXCL12 binds to annexin 2
(A) In vitro binding assays between CXCL12 and annexin 2 were performed to determine
binding specificity. Annexin 2 was used as a binding target for CXCL12 and non-specific
binding was blocked with bovine serum albuman (BSA). Parathyroid hormone (PTH),
fibronectin (FN), collagen 1a (COL1a) or anti-annexin 2 antibody was used as competitors.
(B) Biotinylated CXCL12 (bCXCL12) was incubated alone or together with annexin 2.
Immune precipitation (IP) was performed with an antibody to annexin 2 and the proteins
were collected on protein G sepharose beads. bCXCL12 detection accomplished by Western
blot using strepavidin-HRP. Control-proteins were run without IP. (C) Co-localization of
CXCL12 with annexin 2 was determined by immunofluorecent staining on the frozen
sections of the long bones in the wild-type (anxa2 +/+) animals. Annexin 2 positive cells
were detected by anti-annexin 2 antibody (red). CXCL12 positive cells were detected by
anti-CXCL12 antibody (green). DAPI stained nuclei (blue). Co-localization of CXCL12
with annexin 2 (yellow-orange) was showed on the endosteal surfaces. Original
magnification at 60x. Bar = 100 microns. (D) Migration assays of LSK cells from anxa2+/+

and anxa2−/− animals were performed using dual chambers to determine the hematopoietic
progenitor cell migration in response to CXCL12-annexin 2 interactions. (E) Erk and Erk
phosphorylation in LSK cells were evaluated by FACS analysis to determine the signaling in
response to CXCL12-annexin 2 interactions. (F) Hematopoietic progenitor colony-forming
cell assays performed on 2×105 cells that migrated to CXCL12, annexin 2 or the
combination. Data are presented as the mean ± standard error of the mean. *P<0.05 as
determined by Student-T test.
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Figure 4. CXCL12 bound to annexin 2 is not protected from proteolytic degradation
(A) To determine if annexin 2 is able to prevent degradation of CXCL12, biotinylated
CXCL12 (bCXCL12) was incubated with annexin 2 for 2.5h at 4°C, and then incubated with
elastase or CD26/dipeptidyl peptidase IV. Degradation of bCXCL12 was determined by
Western blots. (B) Identical studies were performed as reported for (A), however in this case
the Western blots were stained for annexin 2. (C-G) To validate that annexin 2 does not
regulate CXCL12 degradation, anxa2+/+ and anxa2−/− animals were administered G-CSF or
vehicle (0.9% saline) by intraperitoneal injection at 250μg/kg (100 μl) per day for 5 days.
The bones were harvested and processed for (C) immunohistochemistry (original
magnification at 40x, Bar = 100 microns) or (D) Real time RT-PCR was performed to
determine annexin 2 levels. (E) Representitive immunohistochemistry for CXCL12 was
performed (original magnification at 40x. Bar = 100 microns). (F) CXCL12 mRNA was
examined by real time RT-PCR. (G) CXCL12 expression in the marrow extracellular fluids
was evalulated by Elisa. Data are presented as the mean ± standard error of the mean.
*P<0.05 as determined by Student-T test.
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Figure 5. Model of CXCL12 bound to annexin 2
A model for how annexin 2 regulates CXCL12 presentation to HSCs. HSC homing and
engraftment is dependent on CXCL12 and annexin 2 expression in marrow. The two
CXCL12 receptors (CXCR4 and CXCR7) function to localize to the endosteal niche and
annexin 2 and its receptor (anxa2r) serve as binding factors. That CXCL12 and annexin 2
directly bind to one and another, and this interaction facilitates HSCs migration in response
to CXCL12. Yet the binding of CXCL12 to annexin 2 does not prevent degredation of
CXCL12 under HSC mobilizating conditions, as both CXCL12 are degraded by enzymes
activated by G-CSF during mobilization. Together these results demonstrate that annexin 2
expressed by osteoblasts is critical for the HSC localization, homing, and mobilization of
HSCs from the marrow and provides an important link with CXCL12 function in the
marrow.
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