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Abstract
The bone marrow microenvironment plays an important role in acute lymphoblastic leuke-

mia (ALL) cell proliferation, maintenance, and resistance to chemotherapy. Annexin II

(ANX2) is abundantly expressed on bone marrow cells and complexes with p11 to form

ANX2/p11-hetero-tetramer (ANX2T). We present evidence that p11 is upregulated in refrac-

tory ALL cell lines and patient samples. A small molecule inhibitor that disrupts ANX2/p11

interaction (ANX2T inhibitor), an anti-ANX2 antibody, and knockdown of p11, abrogated

ALL cell adhesion to osteoblasts, indicating that ANX2/p11 interaction facilitates binding

and retention of ALL cells in the bone marrow. Furthermore, ANX2T inhibitor increased the

sensitivity of primary ALL cells co-cultured with osteoblasts to dexamethasone and vincris-

tine induced cell death. Finally, in an orthotopic leukemia xenograft mouse model, the num-

ber of ALL cells homing to the bone marrow was reduced by 40–50% in mice injected with

anti-ANX2 antibody, anti-p11 antibody or ANX2T inhibitor compared to respective controls.

In a long-term engraftment assay, the percentage of ALL cells in mouse blood, bone marrow

and spleen was reduced in mice treated with agents that disrupt ANX2/p11 interaction.

These data show that disruption of ANX2/p11 interaction results in reduced ALL cell adhe-

sion to osteoblasts, increased ALL cell sensitization to chemotherapy, and suppression of

ALL cell homing and engraftment.

Introduction
Acute lymphoblastic leukemia (ALL) is a systemic disease characterized by proliferation and
accumulation of leukemic cells within the bone marrow. Leukemic cells egress from the bone
marrow, enter the blood circulation and populate organs such as liver, spleen, lymph nodes,
thymus and the central nervous system. It is believed that while circulating leukemic cells are
sensitive to current therapies, survival of a sub-population of leukemic cells may be favored by
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localization to the hematopoietic stem cell (HSC) niche within the bone marrow, ultimately
leading to relapse. Bone marrow is the principal site of relapse, underlining the significance of
the bone marrow microenvironment in the progression and maintenance of malignancy [1].
Adhesion of leukemic cells to cells within the HSC niche increases their survival and maintains
them in a quiescent state (similar to HSCs), thereby inducing resistance to chemotherapeutic
drugs, which mostly target proliferating cells [2, 3].

The adhesive interactions between HSCs and osteoblasts in the bone marrow niche are
mediated by annexin II (ANX2), which acts as a ligand for adhesion, homing and engraftment
of HSCs following transplantation [4]. ANX2 is a calcium-dependent phospholipid-binding
protein that forms a heterotetramer composed of two subunits of ANX2 linked together by a
dimer of p11. The p11 protein (also called S100A10) is a member of the S100 EF-hand super-
family of calcium-binding proteins and serves as a regulatory subunit of ANX2T. ANX2/p11
heterotetramer (ANX2T) plays a role in malignancy by allowing metastatic prostate cancer
cells [5] and multiple myeloma cells [6] to reach the bone marrow.

p11 alone can associate with the plasma membrane in the absence of ANX2 and facilitate
plasmin activation and invasiveness in colorectal cancer cells [7]. Upregulation of p11 has been
reported in several cancers including renal cell carcinoma [8], squamous non-cell lung cancer
[9], anaplastic large cell lymphoma [10], and pediatric intracranial ependymoma [11]. How-
ever, the role of the p11 in the development and progression of acute lymphoblastic leukemia
has not been intensely investigated.

A function-blocking anti-ANX2 antibody or a peptide corresponding to the N-terminal
amino acids 1–12 of ANX2 containing the minimal p11 binding site prevents the homing and
engraftment of HSCs [4], prostate cancer cells [5], and multiple myeloma cells [6] to the bone
marrow in irradiated mice. A number of small molecule inhibitors (1-substituted 4-aroyl-
3-hydroxy-5-phenyl-1 H-pyrrol-2(5H)-one analogs) of the ANX2/p11 interaction (ANX2T
inhibitor) that are able to disrupt the physiological complex in cell lysates have been identified
by structure-based virtual screening [12]. In this manuscript, we show that p11 is upregulated in
bone marrow from relapsed B-cell ALL (B-ALL) patients, and p11 on the ALL cell surface medi-
ates adhesion of B-ALL cells to osteoblasts. Treatment with anti-ANX2 antibody or ANX2T
inhibitor resulted in suppression of homing and engraftment of ALL cells to the bone marrow
in a leukemia xenograft mouse model. Moreover, primary B-ALL cells co-cultured with osteo-
blasts were sensitized to standard chemotherapeutics in the presence of ANX2T inhibitor.

Methods

Cell lines, patient samples and amplification of patient cells by
passaging in mice
RS4;11 (CRL-1873), REH (CRL-8286) and Saos-2 (HTB-85) cells were obtained from American
Type Culture Collection (ATCC), Manassas, VA. Nalm6 cells were purchased from DSMZ-Ger-
man Collection of Microorganisms and Cell Cultures, Braunschweig, Germany. AG09390 and
AG15007 cells were from Coriell Institute for Medical Research, Camden, NJ. Leukemia or lym-
phoblastoid cell lines were cultured in RPMI culture medium supplemented with 10% fetal
bovine serum (FBS), 2 mM/L L-glutamine, 25 U/mL penicillin, and 25 μg/mL streptomycin.
Saos-2 cells were cultured in DMEM/F12 (1:1) with supplements described above.

Mononuclear cells were isolated from peripheral blood of healthy adult volunteers. Primary
B-ALL cells isolated from bone marrow aspirates or peripheral blood of patients treated at
Nemours/Alfred I. duPont Hospital for Children, are banked by the Nemours BioBank. Sam-
ples were collected under a Nemours Delaware Institutional Review Board (IRB) protocol
approved by the Nemours Office of Human Subjects Protection.
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Since the number of cells obtained from patients was limited, primary B-ALL cells were
amplified by passaging in mice as described previously [13], with some modifications. Non-
obese diabetic/severe combined immunodeficient (NOD/SCID) mice that also harbor null
alleles for interleukin-2-receptor gamma gene (IL2-Rγ) and the major histocompatibility com-
plex (MHC) class I molecule beta2-microglobulin gene (B2m) (referred to as NSG-B2m mice,
Jackson Laboratories) were used. Primary B-ALL cells (1–10 x 106) were transplanted into
NSG-B2m mice via tail-vein injections. Mice were maintained in the Nemours Life Science
Center following the guidelines established by the Nemours Institutional Animal Care and Use
Committee. Disease progression was monitored by flow cytometry of mouse peripheral blood
drawn weekly. Mice were sacrificed by carbon-di-oxide asphyxiation using a method consistent
with AVMA recommendations when they exhibited disease symptoms: increased leukemic
burden, persistent weight loss or hind-limb paralysis. Following sacrifice, leukemic cells were
harvested from the spleens and enriched by Ficoll gradient centrifugation. Flow cytometry
(described below) confirmed that more than 95% of the cell population consisted of human
leukemic cells. These mouse-passaged primary B-ALL cells were utilized for chemoresistance,
homing and engraftment assays described below. All studies involving mice were approved by
the Nemours Institutional Animal Care and Use Committee.

Antibodies and reagents
Mouse monoclonal antibodies against ANX2, p11 and β-catenin were obtained from BD Bio-
sciences (San Jose, CA). Rabbit polyclonal GAPDH antibody and horseradish peroxidase con-
jugated secondary antibodies were from Cell Signaling Technology (Lexington, KY). FITC-
conjugated anti-mouse secondary antibody was purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA). Alexa Flour 488 conjugated secondary antibody was from Life
Technologies (Grand Island, NY). FITC-conjugated human CD45 and APC-conjugated mouse
CD45 antibodies were obtained from eBioscience (San Diego, CA). Osteocalcin antibody was
from Santa Cruz Biotechnology (Dallas, TX) and CD45 antibody was from Leica (Buffalo
Grove, IL). Isotype-matched control IgG, dexamethasone and vincristine sulfate were obtained
from Sigma-Aldrich (St. Louis, MO). 5-Benzyl-4-methyl-2-(toluene-4-sulfonylamino)-thio-
phene-3-carboxylic acid amide was purchased from Asinex (Winston-Salem, NC).

Flow cytometry
Peripheral blood was stained with FITC-conjugated anti-human CD45 and APC-conjugated
anti-mouse CD45. Following lysis of red blood cells, the number of cells stained specifically for
either antibody within a cell population gated for lymphocytes (based on their forward and
side scatter parameters) was determined by flow cytometry. The percentage of human cells in
mouse peripheral blood was calculated using this formula–(No. of human CD45+ cells)/(No.
of human CD45+ cells + No. of mouse CD45+ cells) x 100.

ALL cells were fixed in 4% paraformaldehyde for 10 min at 37°C. Cells were blocked in
0.5% bovine serum albumin in phosphate-buffered saline (PBS) and incubated with primary
antibody for 1 h at room temperature. After washing, cells were incubated with FITC-conju-
gated secondary antibody for 30 min at room temperature. After washing, cells were resus-
pended in PBS and analyzed on a flow cytometer, BD Accuri C6, BD Biosciences. A sample
stained with secondary antibody alone was used as a control for non-specific staining.

Quantitative real-time PCR
Total RNA was extracted using Trizol reagent from Invitrogen (Carlsbad, CA). First-strand
cDNA was generated from total RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules,
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CA) according to the manufacturer’s protocol. Quantitative PCR reaction was performed using
SYBR qPCR master mix on ABI7900HT (Applied Biosystems, Grand Island, NY). Primer
sequences for ANX2: Forward primer 5’-GAAACAGCCATCAAGACCAAAGG-3’, Reverse
primer 5’-TGGTAGGCGAAGGCAATATCC-3’, p11 Forward primer 5’- AGGAGTTCCCTG
GATTTTTGG-3’, Reverse primer 5’- TACACTGGTCCAGGTCCTTCATTA-3’, glucose-
6-phosphate dehydrogenase (GAPDH) Forward primer 5’-GCTGTCCAACCACATCTCCTC-
3’, Reverse primer 5’-TGGGGCCGAAGATCCTGTT-3’. Relative gene expression was calcu-
lated by Applied Biosystems SDSv2.4 software using the comparative threshold method and
the values were normalized against the endogenous control GAPDH.

Immunoblotting and immunoprecipitation
Cells were lysed in a buffer containing 20 mMTris-HCl (pH 7.4), 100 mMNaCl, 1% v/v Triton
X-100, 1 mM EDTA, 1 mM EGTA, 1 mM sodium glycerol phosphate, 1 mM sodium orthovana-
date, 1 mM PMSF, and 5 μg/ml each of antipain, pepstatin and leupeptin. The lysates were soni-
cated and clarified by centrifugation at 16,000 g for 10 min at 4°C. Total protein in cell lysates was
estimated by Bio-Rad DC Reagent following manufacturer’s instructions. One hundred μg of total
protein was resolved by SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted
using a primary antibody, followed by HRP-conjugated secondary antibody diluted in Tris-buff-
ered saline containing 5% w/v non-fat dried milk and 0.1% v/v Tween-20. Enhanced chemilumi-
nescent lighting system, PerkinElmer Life Sciences (Boston, MA) was used for detection.

For immunoprecipitation, Nalm6 cells were treated with DMSO or ANX2T inhibitor for 6
h prior to lysis as described above. Lysates corresponding to 1 mg of total protein were incu-
bated overnight with anti-p11 antibody (25 μg per sample) coupled to Protein A Mag Agarose
beads, GE1 Biosciences (Pittsburg, PA), via rabbit anti-mouse antibody. The beads were
washed and the proteins bound to the beads were resolved on SDS-PAGE and detected by
immunoblotting as described above.

shRNA knockdown and transfections
For p11 knockdown, the pSilencer 5.1-U6 Retro vector from Ambion, Life Technologies, con-
taining specific siRNA targeting sequences (Seq 1—AGGAGGACCTGAGAGTACT or Seq 2—
GCAGAAGGGAAAGAAGTAG) was transfected into Nalm6 cells by nucleofection with Amaxa
Nucleofector, Lonza (Basel, Switzerland) using solution T and program C-005 following manu-
facturer’s protocol. Forty-eight hours after transfection cells were used for immunofluores-
cence or in a cell adhesion assay.

Immunofluorescence
Cells were layered gently on glass slides coated with poly-L-Lysine (Sigma-Aldrich). Once
adhered, the cells were fixed using 2% paraformaldehyde for 30 min at room temperature. Fixed,
non-permeabilized cells were incubated with primary antibody, followed by Alexa Flour 488 con-
jugated secondary antibody and mounted in ProLong gold antifade reagent (Life Technologies).
Single confocal sections were obtained using a Leica TCS SP5 Confocal Microscope (Leica
Microsystems) with the same laser power, gain and offset settings. The average fluorescence
intensity from at least 100 cells was quantitated using LAS AF software (Leica Microsystems).

Cell adhesion assay
Cell adhesion was assayed as described [4]. Briefly, ALL cells were labeled with 2.5 μg/ml of
lipophilic dye carboxyfluorescein diacetate (Molecular Probes—Life Technologies) for 30 min
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at 37°C. The excess dye was removed by washing with PBS and the cells were rested for 30 min
in dark to quench non-specific background. Labeled cells (1 x 105) were loaded on to osteo-
blasts plated in 96-well culture plates in the presence of anti-ANX2 antibody or isotype-specific
control antibody. Similar assay was performed in the presence of ANX2T inhibitor or vehicle.
After centrifugation at 100 g for 5 min and incubation for 30 min at 4°C, non-adherent cells
were removed by washing with PBS. A set of wells was left untouched and considered as
‘input’. The fluorescence intensity of input was similar in the presence or absence of antibody
or ANX2T inhibitor. The fluorescence corresponding to the number of adherent ALL cells was
quantified by using a Victor X4 plate reader (PerkinElmer). Binding efficiency was calculated
as the percentage fluorescence of adherent cells with respect to the total fluorescence of the
“input”.

Chemoresistance co-culture assay
Mouse passaged primary ALL cells with or without co-culture with Saos-2 cells were main-
tained in RPMI supplemented with 20% FBS and penicillin streptomycin as described under
“Cell lines and patient samples”. Cells were treated with 1 μM dexamethasone or 10 nM vin-
cristine in the presence or absence of ANX2T inhibitor (100 μM) for 24 h. ALL cells were
removed from adherent osteoblasts by vigorous pipetting and the number of viable cells in an
ungated population was determined by propidium iodide exclusion using a BD Accuri C6 flow
cytometer. The number of viable cells was expressed as a percentage of control cells co-cultured
with Saos-2 osteoblasts in the presence of DMSO (used as compound delivery vehicle). For
determination of osteoblast cell viability, CellTiter-Blue reagent from Promega (Madison, WI)
was used following manufacturer’s protocol.

Immunohistochemistry
Femurs isolated from NSG-B2mmice transplanted one week prior with 10 million ALL cells
were fixed in 10% NBF for 24–48 hours. The femurs were demineralized in RegularCal™
Immuno (BBC Biochemical, Mt. Vernon, WA) and checked for end point decalcification
before washing in running water. The samples were processed on a routine clock and paraffin
embedded in Histoplast LP (Thermo Fisher Scientific, Fremont, CA). All samples were cut at
5 μm on a RM2255 microtome (Leica Biosystems) and floated onto Superfrost1 Plus Gold
slides (Thermo Fisher Scientific). The sections were heat immobilized for 60 minutes at 60°C,
and stored at -20°C until ready to stain. Slides were equilibrated to room temperature then
deparaffinized in xylene and re-hydrated to deionized water (ddH20) prior to antigen retrieval.
Heat retrieval was performed in a 60°C oven with a sodium citrate buffer at pH 6 overnight,
and allowed to cool to room temperature. The slides were placed on Bond RX IHC stainer
(Leica Biosystems) for double staining. The first antibody, osteocalcin was applied to the slides;
then the slides were systematically moved through the Bond Polymer Refine Detection solu-
tions consisting of a post primary solution, a peroxide block, a polymer and DAB chromogen.
After which the second antibody, CD45, was applied and systematically moved through the
Bond Polymer Refine Red Detection solutions consisting of a post primary AP, a polymer AP,
Red Refine chromogen and finally counter stained with hematoxylin. When finished, the slides
were dehydrated, cleared and mounted in Permount1 (Thermo Fisher Scientific). Images were
captured using Nikon Eclipse 80i microscope (Nikon Instruments, Melville, NY).

Short-term homing assay
Anti-ANX2 antibody, anti-p11 antibody or control IgG (each at 10 μg/Kg) was injected into
the tail vein of NSG-B2mmice, followed after 1 h by an injection of 10 x 106 ALL cells. In a
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separate experiment, ANX2T inhibitor (10 mg/Kg) or vehicle (5% dextrose) was used instead
of the antibodies. Peripheral blood was drawn before mice were sacrificed twenty-four hours
post transplantation. Femurs were flushed to collect bone marrow cells. Spleen and liver tissue
was harvested and homogenized to generate a cell suspension. The percentage of human cells
in mouse tissue was determined by flow cytometry using FITC-conjugated anti-human CD45
and APC-conjugated anti-mouse CD45 as described above.

Engraftment assay
Antibody, ANX2T and ALL cell injections were performed as described above for the short-
term homing assay, except the number of ALL cells injected was 1x106. In addition, a second
dose of anti-ANX2 antibody or two more doses of ANX2T inhibitor were administered on the
following days via tail-vein injection. Engraftment was determined using flow cytometry to
estimate the proportion of human cells in mouse peripheral blood two weeks post cell
injection.

Statistical Analysis
Paired T-Test was used to evaluate the differences between average of two groups using data
from at least three independent experiments and a minimum P value of< 0.05 was considered
statistically significant.

Results

p11 is upregulated in pediatric B-cell acute lymphoblastic leukemia
Microarray data is available from a genomics study (GSE7440) using National Cancer Insti-
tute-defined high-risk pediatric B-precursor ALL patients treated on the Children’s Oncology
Group 1961 protocol [14]. In this study, bone marrow blast samples were obtained from 59
patients at diagnosis. Gene expression profiles from patients who remained in continuous com-
plete remission for more than 4 years (CCR; n = 28) were compared with those from patients
who relapsed within 3 years of initial diagnosis (Relapse; n = 31). Our analysis of the microar-
ray data revealed that ANX2 mRNA levels were not significantly different (P = 0.4) between
the two groups (Fig 1A). However, mRNA levels of p11 were elevated 2.5-fold in patients with
early relapse, indicating that p11 expression is associated with and could be predictive of
relapse (P = 0.0251). We next compared mRNA and protein levels of ANX2 and p11 between
relapsed ALL cell lines and pediatric B lymphocytes immortalized by Epstein-Barr virus trans-
formation (Coriell Institute for Medical Research), which are routinely used as control B-cells
[15, 16]. Compared to the control cells (AG09390 and AG15007), an increase of 35–120 fold in
the p11 mRNA levels was observed in all three human B-cell precursor leukemia cell lines
established from ALL patients at first relapse (Fig 1B). Western blot analysis of cell lysates
showed that p11 protein levels were also higher in the relapsed ALL cells (Nalm6 and RS4;11)
than in control cells (Fig 1C). REH cells possess high levels of p11 mRNA but very low levels of
the protein probably because of reduced ANX2 protein. It has been shown earlier that p11
mRNA is detected in ANX2 knockout mice, however p11 protein is very low, indicating that
ANX2 is required for p11 protein expression [17]. ANX2 mRNA and protein levels were not
increased in ALL cell lines (Fig 1B and 1C). p11 protein was also higher in five out of six pri-
mary B-ALL samples obtained from the Nemours Biobank compared to peripheral blood
mononuclear cells isolated from the blood of healthy donors or compared to immortalized B-
cell lines (Fig 1D). The levels of ANX2 protein did not show consistent changes between
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Fig 1. p11 is upregulated at mRNA and protein levels and is localized to the cell surface in ALL cells. A) Analysis of microarray data from GSE7440
showing fold-increase in transcript levels of ANX2 and p11. CCR = patients under continuous complete remission for more than four years (n = 28).
Relapse = patients who relapsed within three years of initial diagnosis (n = 31). Error bars denote Standard Deviation (SD) of the Mean. Asterisk indicates
statistical significance with a confidence limit of 95%.B)Quantitative RT-PCR data showing mRNA levels of ANX2 and p11 in pediatric normal immortalized
B-cells (AG09390 and AG15007) and pediatric (Nalm6, REH) or adult (RS4;11) pre B-ALL cell lines. Error bars denote SD of the Mean from four independent
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normal cells and patient samples. NTPL-84 had reduced levels of p11 likely because of reduced
ANX2 protein similar to REH cells.

p11 protein is localized to the cell surface and mediates binding of ALL
cells to osteoblasts
Although p11 is a secreted soluble protein, it is localized to the cell surface either as a hetero-
tetramer with ANX2 or by itself [7]. In our study, flow cytometry showed that p11 is localized
to the exterior of the cell membrane of>90% of RS4;11 cells (Fig 1E; p11 red trace and Fig 1F).
Some of these cells (~30%) also have ANX2 staining on the cell surface. As a control for non-
permeabilized fixation, cells were stained with an antibody against the intracellular protein β-
catenin. As expected, no specific cell surface staining for β-catenin was detected (Fig 1F). These
data indicate that p11 is localized to the exterior of ALL cells.

A recent study showed that p11 forms a molecular bridge with ANX2, which mediates bind-
ing of breast cancer cells to endothelial cells [18]. Similar to endothelial cells, osteoblasts within
the bone marrow have large amounts of ANX2 on their cell surface [4]. Therefore, we decided
to determine whether ANX2/p11 on cell surfaces plays a significant role in mediating adhesive
interaction between ALL cells and osteoblasts. RS4;11 cells were cultured on confluent mono-
layers of Saos-2, a human osteosarcoma cell line commonly used as a model system for osteo-
blasts [4], in the presence or absence of anti-ANX2 antibody. The function-blocking Anti-
ANX2 antibody has been shown previously to prevent adhesive interaction between osteoblasts
and HSCs [4]. We observed a 50% reduction in the binding of RS4;11 cells to Saos-2 cells in the
presence of anti-ANX2 antibody compared to control IgG or no IgG (Fig 2A). Similar results
were obtained using Nalm6 cells (data not shown). To determine if ANX2/p11 interaction was
involved in cell-cell binding, we used a small-molecule inhibitor to disrupt interaction between
ANX2 and p11. The most potent ANX2T inhibitor identified by the Dekker lab is 5-Benzyl-
4-methyl-2-(toluene-4-sulfonylamino)-thiophene-3-carboxylic acid amide (IC50 ~2.1 μM),
which is commercially available from Asinex [12]. First, we tested whether ANX2T inhibitor
can disrupt ANX2/p11 interaction in ALL cells. In a co-immunoprecipitation assay, the
amount of ANX2 protein in immunoprecipitates using anti-p11 antibody was reduced by 90%
in lysates from Nalm6 cells treated with ANX2T inhibitor (Fig 2B), indicating that the ANX2T
inhibitor indeed prevents interaction between ANX2 and p11. Treatment with this ANX2T
inhibitor reduced binding of Nalm6 and RS4;11 cells to osteoblasts in a dose-dependent man-
ner (Fig 2C). The binding of REH cells, which do not have p11 protein, was unaffected by
ANX2T inhibitor. Interestingly, a comparison between the binding efficiencies of the three cell
lines revealed that the binding of REH cells was greatly reduced compared to RS4;11 and
Nalm6 cells (Fig 2C). Taken together, these data indicate that p11 on ALL cell surface mediates
binding between ALL cells and osteoblasts.

To confirm the role of p11 in mediating the binding between ALL cells and osteoblasts,
Nalm6 cells were transiently transfected with a plasmid harboring shRNA against p11. Two
different shRNA targeting sequences were used. Immunofluorescence of scrambled shRNA
transfected, non-permeabilized Nalm6 cells showed p11 localization to the cell surface (Fig 3A)
consistent with the flow cytometry data (Fig 1E). Cells transfected with p11 shRNA had

experiments. Asterisks indicate statistical significance with a confidence limit of 95%.C) Immunoblots showing ANX2 and p11 levels in the indicated cell
lines. GAPDH was used as a loading control. Representative blots from three independent experiments are shown.D)Representative immunoblots showing
ANX2 and p11 levels in lysates frommononuclear cells isolated from healthy volunteers (Normal 1 and 2), or from leukemic cells from pediatric patients.
Samples were collected using IRB approved protocols. E) Flow cytometry profiles of fixed, non-permeabilized RS4;11 cells incubated with (red trace) or
without (blue trace) addition of the indicated primary antibodies. F)Mean fluorescence intensity was plotted from three independent experiments. Error bars
denote SD of the Mean. Asterisks indicate statistical significance (P < 0.01).

doi:10.1371/journal.pone.0140564.g001
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Fig 2. ANX2/p11 interaction mediates binding of ALL cells to osteoblasts. A)Cell adhesion assay showing the percentage of RS4;11 cells bound to
Saos-2 monolayer with respect to the input, which was considered 100%. Error bars denote SD of the Mean from three independent experiments. Asterisk
indicates statistical significance, P < 0.01.B) Immunoprecipitates using control IgG or anti-p11 antibody from lysates of Nalm6 cells treated with or without
ANX2T inhibitor (50 μM) were blotted using ANX2 or p11 antibodies. Cell lysate corresponding to 10% of the total protein input in the co-immunoprecipitation
assay was loaded in the lane denoted as “Lysate”. C)Graph shows the percentage of cells that bound to Saos-2 monolayer in the presence or absence of
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diminished surface staining. The average transfection efficiency achieved was 75% and the p11
protein was reduced by 67–68% as determined by quantitation of immunofluorescence using
anti-p11 antibody (Fig 3B). The levels of ANX2 protein did not change in the p11 knockdown
cells (data not shown). In a cell adhesion assay, the binding of Nalm6 cells with p11 knock-
down was reduced to 54–60% of scrambled (Fig 3C), confirming that p11 is involved in medi-
ating binding between ALL cells and osteoblasts.

ANX2T inhibitor increases the sensitivity of primary ALL cells co-cultured
with osteoblasts to dexamethasone and vincristine
Adhesion of ALL cells to stromal cells makes them more resistant to chemotherapeutics [2].
Therefore, we tested whether disruption of ALL cell interaction with osteoblasts by treatment
with ANX2T inhibitor could sensitize ALL cells to commonly used chemotherapeutics such as
dexamethasone and vincristine. For this purpose, we utilized primary ALL cells (NTPL-20),
which express p11 (Fig 1D). NTPL-20 cells showed reduced binding to osteoblasts in the pres-
ence of ANX2T inhibitor or anti-ANX2 antibody compared to vehicle or isotype-specific con-
trol antibody respectively (Fig 4A).

ANX2T inhibitor showed minimal change in cell viability when cells were cultured on tissue
culture plastic (Fig 4B, bar 1). Similarly, ANX2T inhibitor did not alter the viability of osteo-
blasts (88±5% compared to 100% of control) in a CellTiter-Blue cell viability assay. However,
this inhibitor induced cytotoxicity in cells co-cultured with osteoblasts (Fig 4B, bar 2). Simi-
larly, NTPL-20 cells co-cultured with osteoblasts were less sensitive to cell death induced by
either dexamethasone (Fig 4B, compare bars 3 and 4) or vincristine (Fig 4B, compare bars 6
and 7), indicating that the osteoblasts have a protective effect on ALL cells, as described previ-
ously in the case of acute myeloid leukemia cells [19]. Co-cultured ALL cells treated with both
dexamethasone and ANX2T inhibitor showed reduced viability compared to cells treated with
either compound alone (Fig 4B, compare bar 5 with bars 2 and 4). Similar results were obtained
in cells treated with vincristine in combination with ANX2T inhibitor (Fig 4B, compare bar 8
with bars 2 and 7). Taken together, these data indicate that ANX2T inhibitor increases the sen-
sitivity of primary ALL cells to dexamethasone and vincristine when co-cultured with
osteoblasts.

To determine the physiological significance of osteoblasts in ALL cell survival in vivo, we
performed dual immunohistochemistry labeling on femur sections from mice transplanted
with NTPL-20 one week prior to sacrifice. Osteoblasts were visualized by staining with osteo-
calcin, a known osteoblast-specific marker [20] and ALL cells were detected by using CD45
antibody. The CD45 positive ALL cells were seen in close proximity with osteoblasts (Fig 4C),
suggesting that the bone marrow osteoblasts are involved in supporting ALL cell survival, simi-
lar to their role in HSC maintenance.

Disruption of interaction between ANX2 and p11 suppresses short-term
homing and engraftment of primary ALL cells in immune-compromised
mice
To determine whether ANX2/p11 interaction is involved in short-term homing of primary
ALL cells to the bone marrow, NSG-B2mmice were first injected with either anti-ANX2 anti-
body (ANX2) or an isotype-matched control antibody (IgG) and then NTPL-20 cells were

ANX2T inhibitor with respect to the input. Error bars indicate SD of the Mean from three to four independent experiments. Note the dose dependent decrease
in the percentage of bound Nalm6 and RS4;11 cells post treatment with ANX2T inhibitor (*P < 0.05, **P < 0.01).

doi:10.1371/journal.pone.0140564.g002
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transplanted. Twenty-four hours post cell inoculation, the proportion of human leukemic cells
as a percentage of total CD45+ cells was determined in peripheral blood, spleen, liver and bone
marrow. The percentage of human leukemic cells in peripheral blood and liver was similar for
control and treated mice, indicating that numbers of ALL cells injected were similar for both
populations and that the antibody did not have a direct effect on cell viability. The percentage

Fig 3. Knockdown of p11 reduced ALL cell binding to osteoblasts. A) Nalm6 cells were transfected with either scrambled or p11-specific shRNA
(sequence 1 or sequence 2). Forty-eight hours post transfection, cells were plated on poly-lysine coated slides, fixed, stained with anti-p11 antibody followed
by Alexa Flour 488-conjugated anti-mouse secondary antibody, and visualized by confocal microscopy. Scale bar = 10 μm. Representative images in gray
scale are shown.B) The mean fluorescence intensity corresponding to p11 protein levels was determined from 100 cells per condition. The error bars denote
SD of the Mean (*P < 0.01). C) Transfected cells were subjected to adhesion assay as described in Materials and Methods. Error bars denote SD of the
Mean from two independent experiments in quadruplicates. Asterisks indicate statistical significance (*P < 0.001).

doi:10.1371/journal.pone.0140564.g003
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Fig 4. ANX2T inhibitor sensitizes primary ALL cells co-cultured with osteoblasts to dexamethasone and vincristine. A)Graph shows the percentage
of NTPL-20 cells that bound to Saos-2 monolayer in the presence or absence of ANX2T inhibitor or anti-ANX2 antibody with respect to the input. Error bars
indicate SD of the Mean from three independent experiments. Asterisks denote P < 0.01.B) Primary ALL cells (NTPL-20) were either plated on tissue culture
plastic or Saos-2 monolayers and treated with 1 μM dexamethasone or 10 nM vincristine. Twenty-four hours post incubation, leukemic cells were collected
by vigorous pipetting and stained with propidium iodide. The percentage of viable cells in the population was determined by flow cytometry based on
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was reduced by 60% in bone marrow isolated from femurs and by 49% in the spleens of treated
mice (Fig 5A), indicating that the antibody reduced homing of ALL cells to the bone marrow
and spleen. Similar to anti-ANX2 antibody, pre-inoculation with anti-p11 antibody also
reduced the percentage of human cells in the bone marrow and spleen by 57% and 44% respec-
tively (Fig 5B). Next, we tested the effect of ANX2T inhibitor on homing of two patient samples
(NTPL-20 and NTPL-90) to the bone marrow. Similar to antibody treatment, ANX2T inhibi-
tor also affected homing of ALL cells to the bone marrow (Fig 5C and 5D), confirming the sig-
nificance of ANX2/p11 interaction in mediating homing of ALL cells.

To determine whether disruption of ANX2/p11 interaction affects tumor engraftment and
progression, a cohort of mice treated as described above were then injected with a second dose
of anti-ANX2 antibody the day after cell transplantation. The percentage of leukemic cells in
blood was determined every week. The percentage of human cells in mouse blood increased
rapidly in mice treated with control IgG (doubling time = 4.66 ± 0.29 days), while the mice
treated with anti-ANX2 antibody showed a slower progression (doubling time = 2.92 ± 0.03
days) (Fig 5E), suggesting that anti-ANX2 antibody reduced NTPL-20 engraftment and leuke-
mia progression. A separate cohort of mice was treated with two additional doses of vehicle or
ANX2T inhibitor following NTPL-20 cell transplantation as described above. Mice were sacri-
ficed two weeks later and bone marrow and spleens were harvested. The percentage of engraft-
ment in bone marrow and spleen was significantly reduced in ANX2T inhibitor treated mice
compared to the vehicle treated mice (Fig 5F). Taken together, these data suggest that dis-
engagement of ANX2 and p11 interaction reduces short-term homing of ALL cells and sup-
presses engraftment of cells in bone marrow and spleen.

Discussion
Adhesive interaction between osteoblasts in the bone marrow and ALL cells is believed to facil-
itate the retention of leukemic cells in the bone marrow niche and provide a sanctuary for the
leukemic cells to evade chemotherapy. We discovered that the ANX2/p11 protein-protein
interaction between the cell surface of osteoblasts and ALL cells not only mediates adhesion
but also regulates homing and engraftment of ALL cells to the bone marrow. Furthermore, dis-
rupting this interaction sensitized ALL cells to chemotherapy, indicating that inhibition of the
ANX2/p11 axis has potential therapeutic value to treat ALL, especially when used in combina-
tion with existing drugs. A pictorial representation depicting these results is presented (Fig 6).

Cell surface bound ANX2T has been shown to mediate heterotypic cell-cell adhesion
between a variety of malignant cell types and host cells within the tumor microenvironment.
For example, the role of extracellular ANX2 in mediating the adhesion of liver-metastatic
RAW117 large-cell lymphoma cells to hepatic sinusoidal endothelial cells has been demon-
strated [21]. Similarly, adhesion of metastatic breast cancer cells to microvascular endothelial
cells is mediated by ANX2/p11 interaction [18]. The role of ANX2T is not limited to endothe-
lial cell binding: prostate cancer cells [5] and multiple myeloma cells [6] bind to osteoblasts in
the bone marrow through adhesive association between ANX2T and its receptor [22]. ANX2
influences the bone marrow microenvironment via its involvement in osteoclastogenesis [23]

exclusion of propidium iodide. Graph represents the percentage of viable cells in each sample normalized to the control (cells plated on osteoblasts in the
presence of DMSO considered as 100%). Asterisks indicate statistical significance (*P < 0.05, **P < 0.01). C) Representative images of histological
sections of femur from a mouse transplanted with NTPL-20 cells. Dual immunohistochemistry staining was performed showing osteocalcin (osteoblast
specific marker, in brown) and CD45 (marker for ALL cells, in red). The black square in the upper panel marks the region of the slide, which is magnified in the
lower panel. Scale bars = 100 μm. Similar data was obtained in three different mice.

doi:10.1371/journal.pone.0140564.g004
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Fig 5. Disruption of interaction between ANX2 and p11 suppresses short-term homing and engraftment of primary ALL cells in immune-
compromisedmice. A) NSG-B2mmice were injected with either anti-ANX2 antibody or an isotype-matched control antibody (IgG) before transplantation of
10 million NTPL-20 cells. Twenty-four hours post cell injection, mice were sacrificed and peripheral blood, spleen, liver, and femurs were harvested. Femurs
were flushed to collect bone marrow. The percentage of human cells was detected by flow cytometry. The error bars denote SE of the Mean (n = 6 each).
Asterisks indicate statistical significance with P < 0.05.B) NSG-B2mmice were injected with either anti-p11 antibody or an isotype-matched control antibody
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and regulates initial adhesion, homing and engraftment of hematopoietic stem cells to the bone
marrow endosteal niche following transplantation [4]. However, the role of ANX2/p11 interac-
tion in leukemia was not known. Therefore, the data presented here that ANX2/p11 interaction
mediates binding, homing and engraftment of ALL cells to the bone marrow supports the
evolving theme that localization of leukemic cells in the bone marrow niche aids their survival
and promotes chemoresistance.

Although the disruption of ANX2/p11 interaction reduced ALL cell binding to osteoblasts,
and homing and engraftment of ALL cells in the bone marrow, there was no complete abolish-
ment of these effects. It is possible that the levels of the antibody or the inhibitor were not suffi-
cient to completely inhibit the interaction. Another possibility is that similar to the complex
and dynamic interplay between osteoblasts and HSCs, other cell adhesion molecules (such as
CD44) also contribute to the interactions between osteoblasts and ALL cells [24]. Nonetheless,
the significance of ANX2/p11 interaction is highlighted by this study.

How does p11 on the surface of ALL cells interact with ANX2 on osteoblasts? Although it is
believed that ANX2 must be complexed with p11 to translocate to the cell surface, p11 alone
has been detected on the cell exterior in colorectal cancer cells in the absence of ANX2 [7].
Also, p11 binds to several cell surface proteins other than ANX2 [25], and it is possible that
such binding is involved. Alternatively, the low levels of ANX2 present on the surface of ALL
cells by flow cytometry could be sufficient to anchor p11 to the cell membrane as described pre-
viously [18]. However, the specificity of p11 in mediating adhesive interaction was shown by
specific knockdown of p11, which did not alter the levels of ANX2 (data not shown), as
reported by other groups [7].

p11 may have additional roles in ALL progression, besides mediating ALL cell binding
within the bone marrow niche. It is known to facilitate the activation of plasminogen by tissue
plasminogen activators [7]. Thus, p11 on the surface of ALL cells could promote plasmin-
mediated degradation of extracellular matrix, thereby facilitating tissue infiltration and homing
to the bone marrow. A similar role for p11 in promoting migration and invasiveness has been
demonstrated by several studies [26]. Additionally, intracellular p11 also mediates glucocorti-
coid resistance in MLL-rearranged infant ALL by regulating ANX2 phosphorylation [27].
Studies are in progress in the laboratory to identify other mechanisms by which p11 contrib-
utes to leukemogenesis and progression.

Interactions between cell surface molecules that mediate cell adhesion are known to activate
signaling pathways such as Akt and ERK1/2 [5, 6]. It is possible that ANX2/p11 interaction
similarly induces survival pathways in ALL cells. The observation that ANX2T inhibitor
reduced ALL cell survival in the presence of osteoblasts but did not affect cell viability in mono-
culture indicates that loss of the survival signals in the presence of osteoblasts by ANX2T inhib-
itor could suppress cell viability. It is also possible that osteoblasts secrete growth inhibitory
factors following disruption of ANX2/p11 interaction. Furthermore, ANX2T inhibitor sensi-
tized ALL cells in co-culture to chemotherapeutics, suggesting a synergisism between ANX2T

(IgG) before transplantation of 10 million NTPL-20 cells. The percentage of human cells in mouse organs was detected by flow cytometry twenty four hours
post transplantation as described in A. The error bars denote SE of the Mean (n = 5 each). Asterisks indicate statistical significance with P < 0.05. C) Mice
were pre-treated with either ANX2T inhibitor or vehicle before NTPL-20 cell transplantation. The graph shows the percentage of human cells in indicated
organs determined twenty-four hours post cell injection. The error bars represent SE of the mean (n = 5). Asterisk denotes P < 0.05.D) Mice were pre-treated
with either ANX2T inhibitor or vehicle before NTPL-90 cell transplantation. The graph shows the percentage of human cells in indicated organs determined
twenty-four hours post cell injection. The error bars represent SE of the mean (n = 5). Asterisk denotes p < 0.05. E) The graph shows the increase in the
percentage of human cells in mouse blood over time. Error bars denote SE of the mean from five mice each. *P < 0.05. F) Percentage of engraftment in bone
marrow and spleen in mice at two weeks post transplantation with NTPL-20 cells is shown in the graph. Error bars represent SE of the mean from four mice
each. *P < 0.01.

doi:10.1371/journal.pone.0140564.g005
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and chemotherapy drugs. Thus, a combination therapy with ANX2T inhibitor and dexametha-
sone could prove beneficial to prevent relapse and reduce side effects by lowering the dose of
chemotherapy. Experiments to test such an approach are currently being conducted in our lab-
oratory. Finally, our data showing elevation of p11 in pediatric B-ALL cells warrants further
investigation to determine whether p11 may be used as a diagnostic biomarker for pediatric
ALL.

Acknowledgments
This study was funded by the Delaware INBRE program, with a grant from the National Insti-
tute of General Medical Sciences—NIGMS (8 P20 GM103446-13) of the National Institutes of
Health; Leukemia Research Foundation of Delaware; and Nemours Foundation. This project
was also supported by Delaware-CTR ACCEL (U54GM104941) and Nemours BioBank, the
Cell Science Core, and the Biomolecular Core of the Center for Pediatric Research
(P20GM103464). We thank Heather Hardy and Roberta Boyce, Histotechnology Core of Dela-
ware INBRE for bone immunohistochemistry.

Fig 6. Cartoon summarizing the role of ANX2/p11 interaction in facilitating ALL cell-osteoblast association. The interaction of p11 (on ALL cell
surface) to ANX2 (on osteoblast surface) promotes ALL cell binding, homing and engraftment to the bone marrow, and imparts resistance to chemotherapy
drugs. Disruption of interaction between these two proteins using ANX2T inhibitor, anti-ANX2 antibody, anti-p11 antibody or p11 knockdown results in
reduced binding, homing and engraftment, and sensitizes ALL cells to chemotherapy. Red circles represent ANX2 protein and green semicircles denote p11
protein.

doi:10.1371/journal.pone.0140564.g006

Annexin2/p11 Interaction in Leukemia Cell Binding and Homing

PLOS ONE | DOI:10.1371/journal.pone.0140564 October 14, 2015 16 / 18



Author Contributions
Conceived and designed the experiments: AG EAK RWM SPB. Performed the experiments:
AG PD SPB. Analyzed the data: AG PD EAK RWMAN SPB. Contributed reagents/materials/
analysis tools: AG EAK AN SPB. Wrote the paper: AG SPB. N/A.

References
1. Brown VI, Seif AE, Reid GS, Teachey DT, Grupp SA. Novel molecular and cellular therapeutic targets

in acute lymphoblastic leukemia and lymphoproliferative disease. Immunol Res. 2008; 42(1–3):84–
105. Epub 2008/08/22. doi: 10.1007/s12026-008-8038-9 PMID: 18716718.

2. Mudry RE, Fortney JE, York T, Hall BM, Gibson LF. Stromal cells regulate survival of B-lineage leuke-
mic cells during chemotherapy. Blood. 2000; 96(5):1926–32. Epub 2000/08/29. PMID: 10961896.

3. Jung Y, Wang J, Havens A, Sun Y, Wang J, Jin T, et al. Cell-to-cell contact is critical for the survival of
hematopoietic progenitor cells on osteoblasts. Cytokine. 2005; 32(3–4):155–62. doi: 10.1016/j.cyto.
2005.09.001 PMID: 16256361.

4. Jung Y, Wang J, Song J, Shiozawa Y, Havens A, Wang Z, et al. Annexin II expressed by osteoblasts
and endothelial cells regulates stem cell adhesion, homing, and engraftment following transplantation.
Blood. 2007; 110(1):82–90. Epub 2007/03/16. doi: blood-2006-05-021352 [pii] doi: 10.1182/blood-
2006-05-021352 PMID: 17360942.

5. Shiozawa Y, Havens AM, Jung Y, Ziegler AM, Pedersen EA, Wang J, et al. Annexin II/annexin II recep-
tor axis regulates adhesion, migration, homing, and growth of prostate cancer. J Cell Biochem. 2008;
105(2):370–80. Epub 2008/07/19. doi: 10.1002/jcb.21835 PMID: 18636554.

6. D'Souza S, Kurihara N, Shiozawa Y, Joseph J, Taichman R, Galson DL, et al. Annexin II interactions
with the annexin II receptor enhance multiple myeloma cell adhesion and growth in the bone marrow
microenvironment. Blood. 2012; 119(8):1888–96. doi: 10.1182/blood-2011-11-393348 PMID:
22223826; PubMed Central PMCID: PMCPMC3293642.

7. Zhang L, Fogg DK, Waisman DM. RNA interference-mediated silencing of the S100A10 gene attenu-
ates plasmin generation and invasiveness of Colo 222 colorectal cancer cells. J Biol Chem. 2004; 279
(3):2053–62. Epub 2003/10/23. [pii]. PMID: 14570893.

8. Teratani T, Watanabe T, Kuwahara F, Kumagai H, Kobayashi S, Aoki U, et al. Induced transcriptional
expression of calcium-binding protein S100A1 and S100A10 genes in human renal cell carcinoma.
Cancer Lett. 2002; 175(1):71–7. Epub 2001/12/06. doi: S0304383501007248 [pii]. PMID: 11734338.

9. Remmelink M, Mijatovic T, Gustin A, Mathieu A, Rombaut K, Kiss R, et al. Identification by means of
cDNAmicroarray analyses of gene expression modifications in squamous non-small cell lung cancers
as compared to normal bronchial epithelial tissue. Int J Oncol. 2005; 26(1):247–58. Epub 2004/12/09.
PMID: 15586247.

10. Rust R, Visser L, van der Leij J, Harms G, Blokzijl T, Deloulme JC, et al. High expression of calcium-
binding proteins, S100A10, S100A11 and CALM2 in anaplastic large cell lymphoma. Br J Haematol.
2005; 131(5):596–608. Epub 2005/12/15. doi: BJH5816 [pii] doi: 10.1111/j.1365-2141.2005.05816.x
PMID: 16351635.

11. Rand V, Prebble E, Ridley L, Howard M, Wei W, Brundler MA, et al. Investigation of chromosome 1q
reveals differential expression of members of the S100 family in clinical subgroups of intracranial paedi-
atric ependymoma. Br J Cancer. 2008; 99(7):1136–43. Epub 2008/09/11. doi: 6604651 [pii] doi: 10.
1038/sj.bjc.6604651 PMID: 18781180.

12. Reddy TR, Li C, Guo X, Myrvang HK, Fischer PM, Dekker LV. Design, synthesis, and structure-activity
relationship exploration of 1-substituted 4-aroyl-3-hydroxy-5-phenyl-1H-pyrrol-2(5H)-one analogues as
inhibitors of the annexin A2-S100A10 protein interaction. J Med Chem. 2011; 54(7):2080–94. doi: 10.
1021/jm101212e PMID: 21375334; PubMed Central PMCID: PMC3081224.

13. Lock RB, Liem N, Farnsworth ML, Milross CG, Xue C, Tajbakhsh M, et al. The nonobese diabetic/
severe combined immunodeficient (NOD/SCID) mouse model of childhood acute lymphoblastic leuke-
mia reveals intrinsic differences in biologic characteristics at diagnosis and relapse. Blood. 2002; 99
(11):4100–8. Epub 2002/05/16. PMID: 12010813.

14. Bhojwani D, Kang H, Menezes RX, YangW, Sather H, Moskowitz NP, et al. Gene expression signa-
tures predictive of early response and outcome in high-risk childhood acute lymphoblastic leukemia: A
Children's Oncology Group Study [corrected]. J Clin Oncol. 2008; 26(27):4376–84. Epub 2008/09/20.
doi: 26/27/4376 [pii] doi: 10.1200/JCO.2007.14.4519 PMID: 18802149.

15. Meucci MA, Marsh S, Watters JW, McLeod HL. CEPH individuals are representative of the European
American population: implications for pharmacogenetics. Pharmacogenomics. 2005; 6(1):59–63. Epub
2005/02/23. doi: PGS060109 [pii] doi: 10.1517/14622416.6.1.59 PMID: 15723606.

Annexin2/p11 Interaction in Leukemia Cell Binding and Homing

PLOS ONE | DOI:10.1371/journal.pone.0140564 October 14, 2015 17 / 18

http://dx.doi.org/10.1007/s12026-008-8038-9
http://www.ncbi.nlm.nih.gov/pubmed/18716718
http://www.ncbi.nlm.nih.gov/pubmed/10961896
http://dx.doi.org/10.1016/j.cyto.2005.09.001
http://dx.doi.org/10.1016/j.cyto.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16256361
http://dx.doi.org/10.1182/blood-2006-05-021352
http://dx.doi.org/10.1182/blood-2006-05-021352
http://www.ncbi.nlm.nih.gov/pubmed/17360942
http://dx.doi.org/10.1002/jcb.21835
http://www.ncbi.nlm.nih.gov/pubmed/18636554
http://dx.doi.org/10.1182/blood-2011-11-393348
http://www.ncbi.nlm.nih.gov/pubmed/22223826
http://www.ncbi.nlm.nih.gov/pubmed/14570893
http://www.ncbi.nlm.nih.gov/pubmed/11734338
http://www.ncbi.nlm.nih.gov/pubmed/15586247
http://dx.doi.org/10.1111/j.1365-2141.2005.05816.x
http://www.ncbi.nlm.nih.gov/pubmed/16351635
http://dx.doi.org/10.1038/sj.bjc.6604651
http://dx.doi.org/10.1038/sj.bjc.6604651
http://www.ncbi.nlm.nih.gov/pubmed/18781180
http://dx.doi.org/10.1021/jm101212e
http://dx.doi.org/10.1021/jm101212e
http://www.ncbi.nlm.nih.gov/pubmed/21375334
http://www.ncbi.nlm.nih.gov/pubmed/12010813
http://dx.doi.org/10.1200/JCO.2007.14.4519
http://www.ncbi.nlm.nih.gov/pubmed/18802149
http://dx.doi.org/10.1517/14622416.6.1.59
http://www.ncbi.nlm.nih.gov/pubmed/15723606


16. Cheung VG, Conlin LK, Weber TM, Arcaro M, Jen KY, Morley M, et al. Natural variation in human gene
expression assessed in lymphoblastoid cells. Nat Genet. 2003; 33(3):422–5. Epub 2003/02/05. doi: 10.
1038/ng1094 [pii]. PMID: 12567189.

17. He KL, Deora AB, Xiong H, Ling Q, Weksler BB, Niesvizky R, et al. Endothelial cell annexin A2 regu-
lates polyubiquitination and degradation of its binding partner S100A10/p11. J Biol Chem. 2008; 283
(28):19192–200. doi: 10.1074/jbc.M800100200 PMID: 18434302; PubMed Central PMCID:
PMC2443646.

18. Myrvang HK, Guo X, Li C, Dekker LV. Protein interactions between surface annexin A2 and S100A10
mediate adhesion of breast cancer cells to microvascular endothelial cells. FEBS Lett. 2013; 587
(19):3210–5. doi: 10.1016/j.febslet.2013.08.012 PMID: 23994525.

19. Kremer KN, Dudakovic A, McGee-Lawrence ME, Philips RL, Hess AD, Smith BD, et al. Osteoblasts
protect AML cells from SDF-1-induced apoptosis. J Cell Biochem. 2014; 115(6):1128–37. PMID:
24851270.

20. Garcia T, Roman-Roman S, Jackson A, Theilhaber J, Connolly T, Spinella-Jaegle S, et al. Behavior of
osteoblast, adipocyte, and myoblast markers in genome-wide expression analysis of mouse calvaria
primary osteoblasts in vitro. Bone. 2002; 31(1):205–11. PMID: 12110436.

21. Tressler RJ, Updyke TV, Yeatman T, Nicolson GL. Extracellular annexin II is associated with divalent
cation-dependent tumor cell-endothelial cell adhesion of metastatic RAW117 large-cell lymphoma
cells. J Cell Biochem. 1993; 53(3):265–76. doi: 10.1002/jcb.240530311 PMID: 8263043.

22. Lu G, Maeda H, Reddy SV, Kurihara N, Leach R, Anderson JL, et al. Cloning and characterization of
the annexin II receptor on humanmarrow stromal cells. J Biol Chem. 2006; 281(41):30542–50. Epub
2006/08/10. doi: M607072200 [pii] doi: 10.1074/jbc.M607072200 PMID: 16895901.

23. Menaa C, Devlin RD, Reddy SV, Gazitt Y, Choi SJ, Roodman GD. Annexin II increases osteoclast for-
mation by stimulating the proliferation of osteoclast precursors in humanmarrow cultures. J Clin Invest.
1999; 103(11):1605–13. Epub 1999/06/08. doi: 10.1172/JCI6374 PMID: 10359570.

24. Taichman RS. Blood and bone: two tissues whose fates are intertwined to create the hematopoietic
stem-cell niche. Blood. 2005; 105(7):2631–9. Epub 2004/12/09. doi: 2004-06-2480 [pii] doi: 10.1182/
blood-2004-06-2480 PMID: 15585658.

25. Liu L, Tao JQ, Zimmerman UJ. Annexin II binds to the membrane of A549 cells in a calcium-dependent
and calcium-independent manner. Cell Signal. 1997; 9(3–4):299–304. PMID: 9218131.

26. Choi KS, Fogg DK, Yoon CS, Waisman DM. p11 regulates extracellular plasmin production and inva-
siveness of HT1080 fibrosarcoma cells. FASEB journal: official publication of the Federation of Ameri-
can Societies for Experimental Biology. 2003; 17(2):235–46. doi: 10.1096/fj.02-0697com PMID:
12554702.

27. Spijkers-Hagelstein JA, Mimoso Pinhancos S, Schneider P, Pieters R, Stam RW. Src kinase-induced
phosphorylation of annexin A2 mediates glucocorticoid resistance in MLL-rearranged infant acute lym-
phoblastic leukemia. Leukemia. 2013; 27(5):1063–71. doi: 10.1038/leu.2012.372 PMID: 23334362.

Annexin2/p11 Interaction in Leukemia Cell Binding and Homing

PLOS ONE | DOI:10.1371/journal.pone.0140564 October 14, 2015 18 / 18

http://dx.doi.org/10.1038/ng1094
http://dx.doi.org/10.1038/ng1094
http://www.ncbi.nlm.nih.gov/pubmed/12567189
http://dx.doi.org/10.1074/jbc.M800100200
http://www.ncbi.nlm.nih.gov/pubmed/18434302
http://dx.doi.org/10.1016/j.febslet.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/23994525
http://www.ncbi.nlm.nih.gov/pubmed/24851270
http://www.ncbi.nlm.nih.gov/pubmed/12110436
http://dx.doi.org/10.1002/jcb.240530311
http://www.ncbi.nlm.nih.gov/pubmed/8263043
http://dx.doi.org/10.1074/jbc.M607072200
http://www.ncbi.nlm.nih.gov/pubmed/16895901
http://dx.doi.org/10.1172/JCI6374
http://www.ncbi.nlm.nih.gov/pubmed/10359570
http://dx.doi.org/10.1182/blood-2004-06-2480
http://dx.doi.org/10.1182/blood-2004-06-2480
http://www.ncbi.nlm.nih.gov/pubmed/15585658
http://www.ncbi.nlm.nih.gov/pubmed/9218131
http://dx.doi.org/10.1096/fj.02-0697com
http://www.ncbi.nlm.nih.gov/pubmed/12554702
http://dx.doi.org/10.1038/leu.2012.372
http://www.ncbi.nlm.nih.gov/pubmed/23334362

