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Homing and engraftment, a determining factor in hematopoietic stem cell transplantation success is defined as a
process through which hematopoietic stem/progenitor cells (HSPCs) lodge recipient bone marrow. SDF-1/CXCR4 axis
acts as a principle regulator in homing and engraftment, however, CXCR4 signaling is dependent upon expression of
CXCR4 and its ligand SDF-1, which is highly dynamic. Hence, present investigation was aimed to explore the potential
of CXCR4 constitutive active mutants (CXCR4-CAMs) in overcoming the limitation of CXCR4 signaling and up-modulate
its efficiency in homing and engraftment. Regulated transgene expression study of these mutants revealed their
significantly enhanced cell adhesion efficiency to endothelium and extracellular matrix protein. This altogether
indicates promising prospects of CXCR4-CAMs in research aimed to improve HSPCs engraftment efficiency.

Introduction

SDF-1/CXCR4 axis plays a key role in bone marrow (BM)
homing and engraftment of HSPCs, a biological process through
which intravenously transfused HSPCs reach and lodge the BM
niche of recipient. However, the low homing and engraftment
efficiency of HSPCs act as a limiting factor in wide range impli-
cations and success of hematopoietic stem cell transplantation
(HSCT).1 Gene knockout studies of SDF-1 and CXCR4 as well
as transfusion of human HSPCs in murine recipients revealed
the principle role of SDF-1/CXCR4 signaling in homing and
engraftment.2-5 CXCR4 (a G protein coupled receptor) is
expressed on surface of HSPCs which upon binding to its ligand
SDF-1, switches to active conformation, highly permissible for
interaction to G protein and other downstream effectors, thus
resulting in CXCR4 downstream signaling.6 This signaling cas-
cade regulates the integrins mediated cell adhesion on BM endo-
thelium and subsequent transmigration and lodgment of cells

into BM stroma that altogether elicit homing and engraftment.7,8

Functional activation of CXCR4 signaling is therefore dependent
on CXCR4 interaction to SDF-1, thus indicating the necessity of
optimal hematopoietic microenvironment wherein both receptor
and ligand should express fully. However, expression of SDF-1/
CXCR4 axis is highly variable and regulated by several factors in
BM.1,9 Under present scenario, specific modification of CXCR4
to make it active without ligand binding to induce autonomous
signaling may prove beneficial via overcoming the necessity of
consistent optimal expression of ligand and receptor.

NYSS is a highly conserved motif in transmembrane three
(TM3) domain of CXC chemokine receptors, and play a crucial
role in CXCR4 signaling through regulation of dynamic confor-
mational equilibrium of receptor between inactive to active
state.10 Conversion of Asn-119 of this motif in CXCR4 to Ser or
Ala induces active conformation of CXCR4 which results its
autonomous signaling. Autonomous coupling of these CAMs to
G protein subunits is further augmented by SDF-1 binding,
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thus, indicates the consistent optimal active conformation of
receptor.11 Hence, the regulated implication of CXCR4-CAMs
may turn the cell as a more potent player over its native type in
the cellular events crucial to elicit homing and engraftment pro-
cess. Therefore, in present study we used Tet-on inducible gene
expression system for regulated transgene expression of CXCR4-
CAMs (N119A and N119S) in hematopoietic stem progenitor
cell line K-562, and assessed the response of CXCR4 mutant
expressing K-562 cells in the key cellular events of homing that
are cell adhesion/binding ability to extracellular matrix (ECM)
protein fibronectin and to endothelial cells as compared with
wild type.

Results and Discussion

CXCR4 transgene expression in stable transfected
K-562 cells

The K-562 cell population is highly undifferentiated hematopoi-
etic stem progenitor cells,12 and is CXCR4 null at m-RNA tran-
script level,13 hence, provides opportunity for transgene expression
study of CXCR4-transgene constructs without any interference of
host endogenous CXCR4 gene. Further, to analyze the function of
transgene of interest, it is critical to regulate the target gene expres-
sion in mammalian cell system or preclinical models in a conditional
manner. The ability to turn the transgene gene expression on or off

in the selected cell line at specific times, allows the flexibility in dis-
secting the target gene functions in various biological process.
Pioneering studies in conditional transgene expression have brought
about the development of variety of controlled gene expression sys-
tems. Among them, the tetracycline-controlled expression systems
(e.g., Tet-off system and Tet-on system) have been used extensively
in vitro and in vivo.14,15 Therefore, using Tet-on inducible gene
expression system we derived three different subsets of CXCR4 sta-
ble K-562 cells which express the wild type (wtCXCR4-pTRE2-
hyg), mutant 1(N119ACXCR4-pTRE2hyg) and mutant 2
(N119SCXCR4-pTRE2hyg) gene respectively in each subset. Fur-
ther, doxycycline dependent CXCR4 target gene activation in stable
transfected cells was confirmed by immunofluorescence microscopic
analysis which detected the doxycycline inducible regulated expres-
sion of CXCR4 surface protein at 48 h of incubation in all the sub-
sets as evident by their significantly increased fluorescence intensity
as compared with control (doxycycline induced untransfected K-
562 cells) (Fig. 1).

CXCR4 mutants revealed significantly enhanced cell
adhesion to endothelial cells as compared with native type

Following intravenous transfusion of HSPCs, their journey to
home recipient BM mainly relies upon three consecutive cellular
events principally mediated by CXCR4 signaling; 1- firm adhesion
of HSPCs on BMEC, 2- their subsequent trans-endothelial migra-
tion and chemotaxis toward SDF-1 gradient in BM stroma, and 3-

lodgment of transmigrated HSPCs into BM
stroma through binding to BM ECM pro-
tein, mainly fibronectin.1,9 BMEC form
inner lining of blood vessels and serve as the
cellular interface between the circulating
blood and vessel wall. The role of SDF-1/
CXCR4 axis has shown to be crucial for
translating the rolling of HSPCs into firm
adhesion over BMEC by increasing the adhe-
siveness of integrins to bind endothelial
ligands.8 This event in cell homing is not
only essential for preventing the back move-
ment of HSPCs to circulation, but also an
essential prerequisite cellular step to proceed
further the next step of cell transmigration
and subsequent lodgment in BM. We there-
fore, aimed to assess the endothelium adhe-
sion efficiency of K-562 cells expressing
CXCR4-CAMs in comparison to wild type
CXCR4 expressing cells by endothelial cell
adhesion assay using human umbilical vein
endothelial cells (HUVECs) monolayer. The
cytokine activated HUVECs monolayer is a
well established vascular endothelial cell sys-
tem which act as a standard model for BM
endothelium in ex vivo study.16,17 As evident
(Fig. 2) K-562 cells expressing wild type
CXCR4, Mutant 1 (N119ACXCR4) and
mutant 2 (N119SCXCR4) showed 35%,
66%, and 52% cell adhesion respectively as

Figure 1. Immunofluorescence microscopy of doxycycline induced CXCR4 surface protein expres-
sion in stable transfected K-562 cells. (A) Control untransfected K-562 cells, (B) Wild type CXCR4
stable transfected K-562 cells, (C) N119ACXCR4-pTRE2hyg stable transfected K-562 cells,
(D) N119SCXCR4-pTRE2hyg stable transfected K-562 cells.
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compared with 11% of control untransfected K-562 cells. Further,
in comparative analysis among CXCR4-CAMs, mutant 1 (N119A)
and mutant 2 (N119S) expressing cells have revealed significantly
increased cell adhesion as compared with wild type (P< 0.05), thus
indicating the improved ability of mutants expressing cells to adhere
on endothelium vasculature as compared with wild type.

CXCR4 mutants revealed significantly enhanced cell binding
ability to fibronectin as compared with native type

After extravasations through BM vascular endothelium,
HSPCs must adhere in BM stroma via interaction with ECM
proteins in order to retain and home finally in BM niche. FN
protein is a main component of ECM, and HSPCs interaction to
FN through VLA-4 and VLA-5 receptors is shown to be regu-
lated by SDF-1/CXCR4 axis resulting in cell adherence and
anchorage to BM niche.8 We therefore studied the FN binding/
adhesive ability of stable transfected cells by fibronectin cell adhe-
sion assay. As shown (Fig. 3) CXCR4 stable K-562 cells express-
ing wild type CXCR4, mutant 1 (N119ACXCR4) and mutant 2
(N119SCXCR4) showed 22%, 49.5%, and 43.6% cell adhesion
to FN respectively as compared with 6.6% of control untrans-
fected cells. In similar manner to endothelial cell adhesion, we
found significantly increased FN cell adhesion of mutant 1
(N119ACXCR4-pTRE2hyg) and mutant 2 (N119SCXCR4-
pTRE2hyg) as compared with wild type CXCR4 (P < 0.05),
thus indicating their up-modulated cell binding ability to FN
matrix protein.

Taken together, these results revealed that CXCR4 null
untransfected cells are though able to bind and adhere on endo-
thelial cells and matrix protein fibronectin, the % cell adhesion is
much below (3.2-fold in endothelial cell adhesion, and 3.3-fold
in fibnonectin adhesion) than the cells expressing wild type
CXCR4 gene. Supporting the dogma of pivotal role of CXCR4
signaling in homing and engraftment, this altogether indicate
that firm adhesion of cells either to endothelium or matrix

protein fibronectin is though not solely dependent on CXCR4
signaling, but, is indeed regulated by a co-operative mechanism
of homing pathways wherein CXCR4 signaling cascade act as a
dominant player to significantly regulate the mechanistic of hom-
ing and engraftment.

Further in focus of our study, it is noteworthy that mutants
expressing cells revealed significantly increased endothelial cell
adhesion as well as fibronectin adhesion efficiency as compared
with wild type expressing cells. This may indicate the upregulation
of CXCR4 downstream signaling pathways in these mutants,
which altogether regulate the functional activation of cell adhesion
molecules; integrins and focal adhesion proteins, ultimately result-
ing in up-modulated adhesion potential of mutants in comparison
to wild type. This postulation is strengthened further by differen-
tial gene expression profile of CXCR4 stable K-562 transfected
cells through microarray comparative study which revealed the
upregulation of group of genes in these mutants with respect to
native type that have crucial role in CXCR4 mediated homing
and engraftment via acting as downstream effectors or positive reg-
ulators of CXCR4 signaling. Among these in particular the genes
which encode the proteins acting as molecular players of MAPK,
PI3K pathways, as well as the cytokine LIF have been shown to
play the role in cell adhesion of hematopoietic and/or non-
hematopoietic cells.18-22 We can thus postulate that CXCR4
mutants have improved cell adhesion potential as compared with
wild type via likely activation of CXCR4 mediated downstream
effectors and pathways which altogether regulate the cell adhesion
machinery in these cells to bind their endothelial receptors and
BM matrix proteins. Further, the % increase of cell adhesion to
FN as well as endothelium was found comparable but not signifi-
cantly different among these two mutants of CXCR4. This may
indicate their similar mode of action in up-modulation of adhe-
sion efficiency, and signals further studies in this direction that
would be definitely helpful to provide additional insights to
decode fully the molecular mechanism of these mutants, as well as

Figure 2. A bar graph depicts % cell adhesion of mutant 1
(N119ACXCR4) and mutant 2 (N119SCXCR4) expressing cells as com-
pared with wildtype CXCR4 expressing cells on the human umbilical vein
endothelial cells (HUVECs) monolayer. The results shown represent aver-
age of triplicates plus or minus SD (Error bars indicate standard deviation
and * indicates P < 0.05 with respect to wild type).

Figure 3. A bar graph showing % cell adhesion of mutant 1
(N119ACXCR4) and mutant 2 (N119SCXCR4) expressing cells as com-
pared with wildtype CXCR4 expressing cells on fibronectin coated 24-
well plate. The results shown represent average of triplicates plus or
minus SD (Error bars indicate standard deviation and * indicates P < 0.05
with respect to wild type).
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to unravel their multi-dimensional hidden aspects. Moreover, to
extend this investigative idea to the next phase of research is fur-
ther important as it offers a better prospect over previously tried
other method of virus mediated CXCR4 overexpression.23 In
comparison to viral mediated CXCR4 overexpression, this
approach may be helpful in not only overcoming the limitation of
necessary requirement of constant maintenance of optimal level
ligand availability in BM microenvironment which is difficult to
maintain especially in various adverse conditions, but is also free
from risk of malignant transformation of viral vector in later
stages. Ultimately, the regulated up-modulation of CXCR4 signal-
ing may have potential prospects in improving the HSPCs
engraftment in BM transplantation as well as in gene therapy and
stem cell regenerative medicine, as the backbone of these two areas
are based on the specific infusion or targeted delivery of stem cells
in body which fundamentally implies the similar cell molecular
events of directed cell trafficking, adhesion and lodgment in spe-
cific niche.

Conclusion

In conclusion, this study was aimed to establish an approach
for up-modulation of homing and engraftment mechanistic via
targeting its key molecular regulator. Present investigation was
thus performed to explore the regulated implication of CXCR4-
CAMs and evaluate their functional efficiency in cellular pro-
cesses that are crucial in journey of cells to home and engraft in
BM. Although this is a preliminary study but indeed a pioneering
that enlightens the potential of CXCR4-CAMs as a molecular
players in homing and engraftment by revealing their signifi-
cantly improved cell adhesion efficacy to endothelium and matrix
protein over native type. Altogether, present study serves as a
opening point in research strategy aimed to develop and unwind
the promising role of CXCR4-CAMs in cell molecular process
that elicit homing and engraftment, and indicates further investi-
gations that may ultimately prove breakthrough to improve the
HSPCs homing and engraftment efficiency in clinical transfu-
sion, as well as in regenerative medicine for targeted delivery of
corrected stem/progenitor cells.

Materials and Methods

Sub-cloning of CXCR4 gene into Tet-on gene expression
vector

Wild type CXCR4-cDNA present in pcDNA3 vector was
kindly gifted from Dr. S.C. Peiper (Henry Vogt Cancer Research
Institute). This CXCR4 cDNA of 1.1 kb was sub-cloned into
Multi Cloning Site (MCS) of pTRE2hyg between Nhe1 and
Sal1 restriction sites.

In vitro site directed mutagenesis
The site specific substitution mutation of CXCR4 wild type gene

to derive the CXCR4-CAMs; Asn119 to Ser (N119SCXCR4-
pTRE2hyg) and Asn119 to Ala (N119ACXCR4-pTRE2hyg) was

done by in vitro site directed mutagenesis system (Invitrogen, USA)
following manufacturer protocol.

Cell lines and stable transfection
Chronic myelogenous leukemia K-562 cell line (ATCC No.

CCL-243TM) was obtained from National Centre of Cell Science,
Pune, India. Cells were maintained in IMDM (Invitrogen, USA)
supplemented with 10% fetal bovine serum (Gibco, USA), and
antibiotics; penicillin and streptomycin (HiMedia, India), in a
humidified CO2 incubator under 37 �C temp., 5% CO2 and
98% humidity (Thermo Scientific, USA). Double stable transfec-
tion of cells with pTet-on plasmid DNA and recombinant
CXCR4-pTRE2hyg plasmid construct was done by using lipofect-
amine-2000 (Invitrogen, USA) following manufacturer protocol.

Immunofluorescence microscopy
Cells were seeded into 24-well plate at cells seeding density of

0.5 £ 106 cells/ml and induced for CXCR4 transgene expression
by 1mg/ml doxycycline (Sigma, USA). Antibody staining was
done by incubation of cells with 10 mg/ml mouse anti-human
CXCR4 monoclonal antibody (clone 12G5) (BD Biosciences,
USA) for two hours at 4 �C. PBS washed twice and incubated
again with 200 ml of 1:100 FITC-conjugated rat anti-mouse IgG
(Sigma, USA) for two hours at 4 �C in dark, washed again as ear-
lier. Finally, antibody stained cells were analyzed for fluorescence
intensity under fluorescence microscope (Olympus IX51, Japan).

Endothelial cell adhesion assay
Assay was performed using endothelial cell adhesion assay kit

(Milipore, USA). Briefly, human umbilical vein endothelial cells
(HUVECs) obtained from Promo Cell (Germany), were main-
tained in endothelial cell growth medium (Promo Cell, Ger-
many) supplemented with 15% FBS. To set up assay, 5.0x103

HUVECs cells/well were plated to 96 well-white plate (Nunc,
Thermo Fisher Scientific, USA) and incubated for 48–72 h. 4–
6 h prior to assay, pre-seeded HUVECs monolayer was activated
by TNF-a (10 ng/ml), then, 5 £ 104 calcein AM pre-labeled
doxycycline induced test cells were added to each HUVECs pre-
seeded well, incubated for two hours in dark followed by two
times PBS washing. Finally, fluorescence intensity of cells was
measured by 96 well fluorimeter at excitation and emission range
of 485/530 nm (BioTek).

Fibronectin cell adhesion assay
Assay was performed as described by peled et al.8 Briefly, PBS

(500 ml) containing 20 mg/ml human fibronectin (FN) (Chemi-
con, USA) was placed in 24-well plates (Falcon, Becton Dickin-
son, USA) and incubated overnight at 4 �C. Wells were PBS
washed, blocked with 1000 ml 2.5% BSA in PBS, and incubated
for one hour at room temperature. After washing with adhesion
medium (IMDM supplemented with 0.2% BSA), 5 £ 104 doxy-
cycline induced test cells were added to FN pre-coated wells and
allowed to adhere for 30 min at 37 �C in a CO2 incubator. After
washing adherent cells were collected with medium containing
0.01% EDTA (Sigma, USA) by gentle shaking and counted
microscopically.
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Statistical analysis
Results are expressed as mean § standard deviation (SD).

The statistical significance of differences between means was
assessed using student t test considering the P value < 0.05
as significant.
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