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Granulocyte colony-stimulating factor inhibits CXCR4/SDF-1a
signaling and overcomes stromal-mediated
drug resistance in the HL-60 cell line
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Abstract. Combining cytarabine, aclarubicin and granulocyte
colony-stimulating factor (G-CSF) has demonstrated marked
efficacy in the treatment of elderly and relapsed/refrac-
tory patients with acute myeloid leukemia (AML); however,
the role of G-CSF remains poorly understood. The present
study aimed to investigate the ability of G-CSF to over-
come stromal-mediated drug resistance and the underlying
molecular mechanism. Two types of co-culture models were
established in the HS-5 human bone marrow/stromal and
HL-60 human promyelocytic leukemia cell lines, in order to
imitate the interactions between stromal and leukemia cells
in vitro, which is mediated by the stromal cell-derived factor
(SDF)-1a signaling axis. In the present study, HL-60 cells
were attracted and adhered to HS-5 cells using migration assay
and flow cytometry, respectively; however, these interactions
were inhibited by treatment with G-CSF and/or the C-X-C
chemokine receptor type 4 (CXCR4) antagonist, AMD3100.
Co-culture with HS-5 cells, including direct and indirect
contact, protected HL-60 cells against spontaneous apoptosis
or drug-induced apoptosis; however, these protective effects
were disrupted by treatment with G-CSF and/or AMD3100.
Notably, G-CSF and/or AMD3100 did not alter cell viability
or apoptosis when HL-60 cells were cultured with medium
alone. In addition, G-CSF significantly reduced the expression
levels of surface CXCR4 protein, total CXCR4 protein and
CXCR4 mRNA, and significantly upregulated the expression
of microRNA (miR)-146a. Conversely, AMD3100 signifi-
cantly reduced surface CXCR4 expression levels, but not the
total CXCR4, CXCR4 mRNA or miR-146a expression levels.
The results of the present study suggested that interfering
with the CXCR4/SDF-1la signaling axis via G-CSF inhibited
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the migration and adhesion of HL-60 cells to HS-5 cells and
eliminated HSS cell-mediated protective effects. Furthermore,
G-CSF administration reduced CXCR4 expression levels by
upregulating the expression of miR-146a, whereas AMD3100
appeared to be predominantly dependent on receptor inter-
nalization. Therefore, a G-CSF/miR-146a/CXCR4 pathway
may explain how G-CSF inhibits CXCR4/SDF-1a signaling
and overcomes stromal cell-mediated drug resistance in acute
myeloid leukemia.

Introduction

Acute myeloid leukemia (AML) remains the most common
acute leukemia among adults (1). It is a heterogeneous hema-
tological malignancy characterized by the clonal expansion
of myeloid blasts in peripheral blood, bone marrow (BM),
and/or other tissues. Despite the high response rate of AML
to chemotherapy (the complete remission rate is ~60-80%) (2),
the majority of patients with AML relapse, which has been
attributed to residual disease in the BM (3). The establishment
of separate regimens for elderly patients, relapsed/refrac-
tory patients or secondary AML patients (who are receiving
cytotoxic therapy for solid tumors or hematologic malignan-
cies) may attenuate the poor outcomes that are exhibited by
these groups when treated with the standard cytarabine and
an anthracycline. These poor outcomes may be due to drug
resistance, comorbidity, Eastern Cooperative Oncology Group
performance status or treatment-associated mortality (4,5).
The cytarabine, aclarubicin and granulocyte colony-stimu-
lating factor (G-CSF) (CAG) treatment regimen was initially
applied to these patients groups in Japan (6), and widespread
popularization in Asia followed (7). Although the CAG
regimen has demonstrated marked therapeutic efficacy (6),
the definite mechanisms underlying the CAG protocol remain
poorly understood.

Leukemia cells exhibit an enhanced proliferation rate and
defective apoptosis, as compared with normal cells; however,
they have been shown to undergo spontaneous apoptosis when
cultured in vitro, thus suggesting that the microenvironment
may have a significant protective role (8). Leukemia cells
reside in BM niches, which are comprised of endothelial cells,
perivascular reticular cells, osteoblasts, osteoclasts and stromal
cells (9,10); therefore, they are predominantly protected against
spontaneous or drug-induced apoptosis (11). Interaction
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between leukemia cells and the BM microenvironment has
been proposed as a potential mechanism for chemotherapy
resistance, which is typically dependent on cell-to-cell contact
and soluble signals, including cytokines, chemokines, growth
factors and adhesion molecules (12,13).

Chemokine stromal-derived factor-la. (SDF-1a), which is
also known as C-X-C chemokine ligand 12, and its cognate
receptor, C-X-C chemokine receptor type 4 (CXCR4), which
is also known as cluster of differentiation (CD)184, are
considered to be critical mediators of BM microenviron-
ment/leukemic cell interactions (14-16). Binding of SDF-1a
induces conformational changes in CXCR4, resulting in its
incorporation into lipid rafts and subsequent phosphoryla-
tion (17). Phosphorylation of CXCR4 activates cell signaling,
which ultimately leads to alterations in gene transcription
with consequent changes in the migration, adhesion, prolif-
eration, survival and drug resistance of leukemia cells. There
are two strategies for the modulation of CXCR4 expression.
The first relies using a specific CXCR4 antagonist, such as
Plerixafor (AMD3100), to compete with SDF-1a for binding
to CXCR4 (18,19); and the second involves blocking CXCR4
expression at the mRNA level using small interfering
microRNAs (miRs). miRs are small, non-coding RNAs
(19-25 nucleotides) which modulate gene expression by
targeting mRNA in a sequence-specific manner, leading to
mRNA degradation or translational repression (20). Previous
studies have suggested that miR-146a may have a pivotal role
in downregulating CXCR4 expression (21,22).

G-CSF, which is the main growth factor for the regulation
of the proliferation and differentiation of myeloid cells, is a
common agent used for mobilizing neutrophils, immature
myeloid cells and hematopoietic stem cells (HSCs) from the
BM into the peripheral blood. Previous studies have verified
the role of G-CSF in CXCR4 downregulation (23,24), and
alterations in the expression levels of specific miRs, including
miR-146a, have been reported during G-CSF-mediated mobi-
lization of HSCs (25). The present study aimed to investigate
the ability of G-CSF to inhibit CXCR4/SDF-la signaling,
as well as the underlying molecular mechanisms, in order
to overcome stromal cell-mediated drug resistance in AML.

Materials and methods

Cell culture. The HL-60 human acute promyelocytic leukemia
cell line was a gift from the Institute of Hematology at the
China Academy of Chinese Medical Sciences (Beijing, China).
HL-60 cells were cultured in Iscove's modified Dulbecco's
medium (IMDM; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 20% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37°C
in a humidified incubator with 5% CO,. The HS-5 human
BM/stromal cell line was purchased from ATCC (Manassas,
VA, USA). HS-5 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS in a humidified incubator
at 37°C with 5% CO,.

Reagents and antibodies. SDF-10., AMD3100, recombinant
human G-CSF, bovine serum albumin (BSA) and cytarabine
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Phycoerythrin (PE)-conjugated mouse anti-human CD184
(clone 12GS5; 561733), peridinin chlorophyll protein complex
(PerCP)-conjugated anti-CD45 (clone 2D1; 561047) and
PE-conjugated IgG2a isotypic control (555574) monoclonal
antibodies (mAb) were purchased from BD Pharmingen (San
Diego, CA, USA). Rabbit anti-human CXCR4 mAb (sc-9046)
and horseradish peroxidase (HRP)-conjugated goat anti-rabbit
immunoglobulin G (sc-2004) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Mouse anti-human
B-tubulin mAb (KM900IT) was purchased from Sungene
Biotech Co., Ltd. (Tianjin, China). $-actin mAB (P3002) was
purchased from Abmart (Arlington, MA, USA).

Treatment of HL-60 cells. For functional assays, HL-60
cells were divided into four groups, as follows: i) Control
group (medium alone); ii) G-CSF group (50 ng/ml G-CSF for
48 h); iii)) AMD3100 group (5 ug/ml AMD3100 for 30 min);
and iv) G-CSF plus AMD3100 group (initially cultured with
50 ng/ml G-CSF for 48 h, then with 5 yg/ml AMD3100 for
30 min). The group treated with AMD3100 only was used as
a positive control.

Migration assay. Migration assays were performed using
6.5 mm Transwell assays with 8.0 ym pore polycarbonate
membrane inserts (Sigma-Aldrich). In order to increase the
sensitivity of the cells to the SDF1-a chemoattractant and
reduce non-specific migration caused by serum, HL-60 cells
were starved for 24-48 h prior to performing the migration
assays, and the FBS was replaced with 0.5% BSA. Briefly, the
lower chamber was supplemented with 600 1 IMDM medium
containing 100 ng/ml SDF-1a or 600 yxl HS-5 supernatant.
Assay medium (IMDM with 0.5% BSA) without SDF-1a was
used as a baseline control. Subsequently, 5x10° cells in 100 ul
medium from all groups were added to the upper chamber and
incubated for 3 h under 37°C and 5% CO, culture conditions.
Following this, cells that had transmigrated into the lower
chamber were collected and counted by flow cytometry (BD
Pharmingen) at high flow for 20 sec. Control cells (5x10° in
600 ul medium) were added to the lower chamber and counted
under the same conditions. Results are shown as migration
index [mean + standard error of the mean (SEM)], which
represents the ratio of the number of cells that transmigrated
in the presence of chemoattractant and the number of cells that
transmigrated in the absence of chemoattractant.

Adhesion assay. Firstly, a stromal cell layer composed of
HS-5 cells was established by adding 1x10° cells/well to
a 12-well plate and culturing for 48 h until 80-90% conflu-
ence. Subsequently, HL-60 cells (1x10° cells/well) in the
different groups were added to the HS-5 cell layer. Following
co-culturing for 3 h, non-adherent cells in the suspension were
removed. Wells were washed three times with DMEM and
adherent cells were detached by the addition of 0.5 ml 0.25%
trypsin-ethylenediaminetetraacetic acid (EDTA; Gibco;
Thermo Fisher Scientific, Inc.) to each well. Subsequently, the
suspension of the mixed cells group (HL60 and HS-5) was
centrifuged at 1,400 x g at 4°C for 10 min and the supernatant
was discarded. Cells in the pellet sediment were resuspended
in 100 1 DMEM and stained with 4 ul PerCP-conjugated
anti-CD45 mAbD prior to counting by flow cytometry at high
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Table I. Primer sequences.
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Gene Forward (5'-3") Reverse (5'-3") Product size (bp)
h-ACTB GGCACTCTTCCAGCCTTCC GAGCCGCCGATCCACAC 255
CXCR4 TCATCAGTCTGGACCGCTACC GACGCCAACATAGACCACCTT 95

h-ACTB, human f-actin; CXCR4, C-X-C chemokine receptor type 4.

flow for 20 sec. An aliquot of the untreated cell population
was counted under similar conditions as a control. Adhesion
was calculated as a percentage of the number of initial cells
(mean = SEM).

HS-5/HL-60 co-culture models and drug treatment. Firstly, a
HS-5/HL-60 direct-contact co-culture model was established.
Briefly, HS-5 cells (1x10° cells/well) were seeded onto 12-well
plates two days prior to experiments and incubated at 37°C
with 5% CO,. Following confirmation of the confluence of the
stromal layer by phase contrast microscopy (CX23; Olympus
Corporation, Tokyo, Japan), HL-60 cells (1x10° cells/well) from
the various groups were added to HS-5 layers in the presence
or absence of 0.05 uM cytarabine. Following 48-h incubation,
the cells were detached using 0.25% trypsin-EDTA, washed
twice with phosphate-buffered saline (PBS) and resuspended
in RPMI 1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
at a density of 5x10° cells/ml, since the manufacturer's protocol
outlines that IMDM has been shown to influence optical
density (OD) results.

Subsequently, the viability and apoptosis of the cells was
assessed. For the viability assay, HS-5 cells (1x10° cells/well)
were cultured in the absence of HL-60 cells as baseline
control. For the apoptosis assay, the cells were stained with
PerCP-conjugated anti-CD45 mAb to separate HL-60 cells
from HS-5 cells.

The present study also established a HS-5/HL-60
indirect-contact co-culture model. Briefly, HL-60 cells
(1x10° cells/well) from the various groups were cultured with
HS-5 supernatant or medium alone in the presence or absence
of 0.05 M cytarabine for comparison. Following 48-h incuba-
tion, the cells were resuspended in RPMI 1640 medium at a
density of 5x10° cells/ml, and viability and apoptosis assays
were performed.

Viability and apoptosis assays. Cell viability was assessed
using a Cell Counting kit-8 (CCK-8) assay (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan). Briefly, 100 x1 HL-60
cell suspension (5x10° cells/ml) per well was seeded into a
96-well plate and 10 ul CCK-8 solution was added to each
well, followed by incubation under culture conditions for
4 h. The absorbance of each well was determined at OD 490
and 630 nm using a Multiskan microplate reader (51119100;
Thermo Fisher Scientific, Inc.). Results were expressed as
percentages of control values.

Apoptosis was assessed by flow cytometry using a Alexa
Fluor® 488 Annexin V Apoptosis kit (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Briefly, HL-60 cells were washed with cold PBS

and resuspended in 1X Annexin V-binding buffer at a density
of 5x10° cells/ml. Subsequently, 5.0 ul Alexa Fluor® 488
Annexin V was added to 100 pl cell suspensions, after which
the samples were incubated at room temperature for 15 min,
followed by the addition of 400 ul 1X Annexin-binding
buffer and gentle mixing. Samples were maintained on ice
prior to analysis by flow cytometry. Percentage of apoptotic
cells was calculated using the following formula: Apoptotic
cells (%) = number of Annexin V" HL-60 cells/total number
of input cells x 100.

Surface expression of CXCR4 on HL-60 cells. In order to
evaluate CXCR4 surface expression, HL-60 cells (1x10° cells
in 100 ul medium) from the various groups were washed with
PBS and labeled using 1.25 ul PE-conjugated anti-CXCR4.
Subsequently, the cells were analyzed by flow cytometry using
the FACSCalibur™ system (343020; BD Pharmingen) and
Cell Quest 5.1 software (BD Pharmingen) for data acquisition
and analysis. CXCR4 expression was assessed by comparison
with cells incubated with 1.25 ul PE-conjugated IgG2a
isotypic control antibody. Results are presented as the mean
fluorescence intensity, which represents the ratio between the
mean fluorescence values observed for the CXCR4-labeled
cells and the cells labeled with the isotypic control.

Western blotting. HL-60 cells were lysed using radioim-
munoprecipitation assay lysis buffer (Beyotime Institute
of Biotechnology, Haimen, China) containing 50 mM Tris
(pH 7.4),0.1% sodium dodecyl sulfate (SDS) and 1 mM phenyl-
methylsulfonyl fluoride protease inhibitor. Lysates were
maintained on ice for 30 min following centrifugation at
14,000 x g for 3 min at 4°C. Protein concentration of the
supernatant was determined using a Bicinchoninic Acid
Protein Assay kit (Beyotime Institute of Biotechnology),
according to the manufacturer's protocol. Total protein (30 pg)
from each sample was separated by 10% SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluo-
ride membranes (EMD Millipore, Billerica, MA, USA).
Membranes were blocked with 5% non-fat milk in Tris-buffered
saline containing Tween-20 (TBST; Sigma-Aldrich) at room
temperature for 30 min, after which the membranes were incu-
bated overnight at 4°C with anti-CXCR4 (1:250) and 3-tubulin
(1:3,000) primary antibodies. Following rinsing three times
with 20 ml TBST for 5 min, the membranes were incubated
with HRP-conjugated goat anti-rabbit immunoglobulin G
secondary antibody (1:1,500) for 1 h at room temperature.
Bands were detected by Western lightning enhanced chemilu-
minescence reagent (PerkinElmer, Inc., Waltham, MA, USA).
Results were analyzed on a Tanon 5500 Chemiluminescence
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Imaging system (Tanon Science and Technology Co., Ltd.,
Shanghai, China) using ImageCal 4.0 software (Tanon Science
and Technology Co., Ltd.) and were normalized to (3-tubulin
(1:3,000).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) analysis. Total RNA was extracted from
HL-60 cells using TRIzol reagent (Takara Biotechnology
Co., Ltd., Dalian, China), according to the manufac-
turer's protocols. After DNase I treatment (Thermo Fisher
Scientific, Inc.), cDNA was synthesized using RevertAid
Reverse Transcriptase (Thermo Fisher Scientific, Inc.). PCR
was performed using SYBR Green qPCR Mix (Dongsheng
Biotech Co., Ltd., Guangzhou, China) on a Bio-Rad iQ5
PCR thermal cycler (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Primers are shown in Table I, with the exception
of the primer sequences for miR-146a, which were unavail-
able. gPCR was performed using a reaction volume of 20 ul
containing 10 ul SYBR Green (2X), 1 ul 0.5 pug/ul primers,
1 ul cDNA template and 8 ul water. PCR conditions were
as follows: Denaturation at 95°C for 2 min, followed by
40 cycles of denaturation at 95°C for 15 sec, annealing at
60°C for 20 sec and extension at 72°C for 20 sec, with final
elongation at 72°C for 5 min. Each gene was tested and the
respective melting curves were detected. All samples were
measured in triplicate. Expression levels of CXCR4 and
miR-146a were normalized to human (-actin and RNU6A
reference gene levels, respectively. Mean Cq values from
each sample were normalized against the mean Cq value of
the reference genes. Relative expression levels were acquired
using the 2244 method (26).

Statistical analysis. Data are presented as the mean + SEM
of at least three independent experiments. Comparisons
were performed using a two-tailed, unpaired Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

G-CSF reduces the migration of HL-60 cells in response to
SDF-1a or HS-5 supernatant. Initially, the potential effect of
G-CSF on the SDF-1a-induced migration of HL-60 cells was
examined in vitro. AMD3100-only treated HL-60 cells were
used as a positive control and assay medium-only treated cells
were used as the baseline. The migration index was markedly
increased upon exposure of the control HL-60 cells to medium
containing 100 ng/ml SDF-1a, as compared with HL-60 cells
exposed to assay medium without SDF-1a (1.75+0.08 vs.
1.00+0.02; P<0.01). However, G-CSF and AMD3100 were
demonstrated to significantly reduce the SDF-la-induced
migration of HL-60 cells, as compared with the control
(1.27+0.01 and 0.86+0.06 vs. 1.75+0.08, respectively; P<0.01;
Fig. 1A). In addition, combination treatment with G-CSF and
AMD3100 reduced the migration index to the greatest extent,
as compared with either agent alone (0.58+0.06 vs. 1.27+0.01
or 0.86+0.06; P<0.01; Fig. 1A). These results suggested
that G-CSF may reduce functional CXCR4 expression and
specific responses to SDF-1a in HL-60 cells, which is similar
to AMD3100 treatment.

399

##
& 2.07 T 1
##
| ——|
1.54
5 -
k=]
=
& 1.0 *
w —1
E‘Q &
=
0.54
0.0 ™ :
Control AMD3100 G-CSF AMD3100+G-CSF
B, »
r 1
i
3
b
=]
5
é 2= r *k
&
K= .
= .
1+ u ok
!
e
0= o B T
AMD3100 G-CSF  AMD3100+G-CSF

Figure 1. Effects of G-CSF and/or AMD3100 on SDF-1a- or HS-5 superna-
tant-induced HL-60 cell migration. (A) HL-60 cells were tested for transwell
migration in response to SDF-1a (100 ng/ml). (B) HL-60 cells were tested
for trans-well migration in response to HS-5 supernatant. Data are presented
as the mean =+ standard error of the mean of three independent experiments.
“P<0.01 vs. the control group; “P<0.01 vs. the G-CSF plus AMD3100 group.
G-CSF, granulocyte colony-stimulating factor; SDF-1a, stromal cell-derived
factor-1a.
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Figure 2. Effects of G-CSF and/or AMD3100 on HL-60 cell adhesion to
HS-5 cells. Adherent cells were calculated as a percentage of input cells by
flow cytometry. Data are presented as the mean + standard error of the mean
of three independent experiments. “"P<0.01 vs. the control group; P<0.05
vs. the G-CSF plus AMD3100 group. G-CSF, granulocyte colony-stimulating
factor.

The ability of HS-5 cells to secrete SDF1-a and attract
HL-60 cells was evaluated using the HS-5 supernatant, rather
than SDF-la-containing medium, as a chemoattractant.
Similar results were observed as when the SDF1-a medium
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Figure 3. G-CSF and/or AMD3100 sensitize HL-60 cells to spontaneous apoptosis in HS-5/HL-60 co-culture models. HL-60 cells were co-cultured with
(A and B) HS-5 supernatant, (C and D) HS-5 cells or medium only (control). (A and C) Cell viability (%) was obtained following normalization of the results
to the control group. (B and D) Cell apoptosis is shown as the percentage of Annexin V* cells (including early and late apoptosis). Data are presented as the
mean + standard error of the mean of three independent experiments. "P<0.05 and “P<0.01 vs. the control group; “P<0.05 and ""P<0.01 vs. the G-CSF plus
AMD3100 group. SN, supernatant; G-CSF, granulocyte colony-stimulating factor.

was used as the chemoattractant. The migration index of the
control HL-60 cells exposed to HS-5 supernatant was mark-
edly increased, as compared with the cells exposed to medium
alone (3.04+0.05 vs. 1.00+0.04; P<0.01; Fig. 1B). Conversely,
G-CSF and AMD3100 were demonstrated to significantly
reduce the migration index of HL-60 cells, as compared with
the control (1.75+0.03 and 1.58+0.05 vs. 3.04+0.05, respec-
tively; P<0.01; Fig. 1B). In addition, combination treatment
with G-CSF and AMD3100 reduced the migration index
to the greatest extent, as compared with either agent alone
(0.73+0.03 vs. 1.58+0.05 or 1.75+0.03; P<0.01; Fig. 1B). These
data indicated that HS-5 cells may produce SDF-1a to attract
HL-60 cells that express CXCR4 on their surface; whereas
G-CSF may reduce surface CXCR4 expression levels syner-
gistically with AMD3100.

G-CSF reduces the adhesion of HL-60 cells to HS-5 cells. Since
drug resistance is predominantly dependent on cell-to-cell
contact, the present study investigated the potential effect of
G-CSF and/or AMD3100 treatment on the adhesion of HL-60
cells to HS-5 cells. The percentage of HL-60 cells that specifi-
cally adhered to the HS-5 cell layer was significantly reduced
in the G-CSF (10.25+0.03), AMD3100 (11.17+0.35) and G-CSF
plus AMD3100 (8.39+0.03) groups, as compared with the
control group (14.1+0.06; P<0.01; Fig. 2). Furthermore, the
greatest inhibition of adhesion was detected in the G-CSF plus
AMD3100 group (8.39+£0.03), as compared with the G-CSF
(10.25+0.03) and AMD3100 (11.17+0.35) groups (P<0.05;

Fig. 2). These results suggest that HL-60 cells are attracted and
adhere to HS-5 cells, and that G-CSF and AMD3100 are able to
block these effects independently and synergistically.

HS-5 cells protect HL-60 cells from spontaneous apoptosis,
whereas G-CSF reduces cell viability and restores apoptosis.
In order to investigate the effect of G-CSF on HL-60 cells in
diverse microenvironments, HL-60 cells were co-cultured
with HS-5 supernatant (indirect contact), HS-5 cells (direct
contact) or medium alone (control), following pretreatment
with AMD3100, G-CSF, G-CSF plus AMD3100 or medium
(control), and cell viability and apoptosis were analyzed after
48 h. A protective effect was observed in the HL-60 cells
co-cultured with the HS-5 supernatant; cell viability was
significantly increased (P<0.01; Fig. 3A), and apoptosis was
significantly reduced (P<0.01; Fig. 3B), as compared with the
HL-60 cells co-cultured with medium only. Notably, G-CSF
and/or AMD3100 did not significantly effect the viability
(Fig. 3A) or apoptosis (Fig. 3B) of HL-60 cells that had
been cultured with medium alone (without HS-5 supernatant
or HS-5 cells). However, pretreatment with G-CSF and/or
AMD?3100 significantly reduced the viability (P<0.05) and
increased the apoptosis (P<0.05) of HL-60 cells co-cultured
with HS-5 supernatant, with G-CSF plus AMD3100 demon-
strating greater effects on HL-60 cell viability and apoptosis
than either agent alone (P<0.05; Figs. 3A and B). These results
suggested that G-CSF and AMD3100 antagonize the protec-
tive effect of HS-5 cells on HL-60 cells that become more
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Figure 4. G-CSF and/or AMD3100 sensitize HL-60 cells to drug-induced apoptosis in HS-5/HL-60 co-culture models. HL-60 cells were co-cultured with
(A and B) HS-5 supernatant, (C and D) HS-5 cells or medium only (control) in the presence of cytarabine. (A and C) Cell viability (%) was obtained following
normalization of the results to the control group. (B and D) Cell apoptosis was shown as a percentage of Annexin V*-cells (including early and late apoptosis).
Data are presented as the mean + standard error of the mean of three independent experiments. "P<0.05 and “P<0.01 vs. the control group; “P<0.05 and
"P<0.01 vs. the G-CSF plus AMD3100 group. SN, supernatant. G-CSF, granulocyte colony-stimulating factor.

sensitive to apoptosis, which may be rely on interfering with
the CXCR4/SDF-1a axis.

Similar results were observed for the HL-60 cells
co-cultured with HS-5 cells (Figs. 3C and D). However,
cell viability was significantly enhanced (206.98+9.62%
vs. 145.51+6.30%; P<0.01) and apoptosis was significantly
reduced (7.79£0.10% vs. 9.80+0.60%; P<0.01) for the HL-60
cells co-cultured with HS-5 cells, as compared with those
co-cultured with HS-5 supernatant (Figs. 3A and B).

G-CSF sensitizes HL-60 cells to drug-induced apoptosis in
HL-60/HS-5 co-culture models. The effect of G-CSF on the
drug-induced apoptosis of HL-60 cells was evaluated using
HL-60/HS-5 co-culture models. HL-60 cells were pre-treated
with G-CSF, AMD3100, G-CSF plus AMD3100 or medium
(control), and then co-cultured with HS-5 supernatant,
HS-5 cells or medium in the presence of cytarabine (0.05 uM).
Following 48-h incubation, cell viability and apoptosis were
analyzed. G-CSF and AMD3100 did not influence cell viability
or apoptosis when HL-60 cells were co-cultured with medium
alone in the presence of cytarabine (Fig. 4). As compared
with the medium alone, co-culture with HS-5 supernatant or
HS-5 cells protected HL-60 cells against cytarabine-induced
apoptosis; cell viability was significantly increased
(P<0.01; Figs. 4A and C, respectively) and apoptosis was signifi-
cantly reduced (P<0.01, Figs. 4B and D, respectively). However,
pretreatment with G-CSF and/or AMD3100 significantly
inhibited the protective effects of the HS-5 supernatant or HS-5
cells, with G-CSF plus AMD3100 exhibiting a greater effect on
HL-60 cell viability and apoptosis than either agent when used

alone (P<0.05; Fig. 4). In addition, a more pronounced protective
effect against cytarabine-induced apoptosis was observed for the
HL-60 cells co-cultured with HS-5 cells, as compared with the
HS-5 supernatant (cell viability: 101.04+4.72% vs. 68.31+1.71%,
P<0.01; apoptosis: 58.20+0.63% vs. 65.75+0.33%, P<0.05;
Fig. 4). These results suggest that the HS-5 supernatant and
HS-5 cells exert pro-proliferative and anti-apoptosis effects,
which may be increased when the leukemia cells are in
physical contact with the stromal cells. Furthermore, the results
suggested that G-CSF and AMD3100 may be able to restrict the
stromal-based microenvironment-mediated protective effects
on leukemia cells.

G-CSF reduces the expression levels of CXCR4 mRNA,
surface protein and total protein, and increases the expres-
sion of miR-146a in HL-60 cells. In functional assays, G-CSF
and AMD3100 were able to significantly inhibit the migration
and adhesion of HL-60 cells, and the protective effects of
stromal cells. In order to elucidate the association between
the CXCR4/SDF-1a axis and the stromal-mediated protective
effects, the ability of G-CSF to alter the expression levels of
CXCR4 was evaluated. Firstly, surface CXCR4 expression
was evaluated using a PE-conjugated anti-CXCR4 mono-
clonal antibody and fluorescence-activated cell sorting. Mean
fluorescence intensity ratios of cells pre-treated with G-CSF
(9.87+0.45), AMD3100 (7.89+0.13) or G-CSF plus AMD3100
(2.88+0.17) were significantly reduced, as compared with the
control group (14.29+0.32; P<0.01). Furthermore, combined
treatment with G-CSF and AMD3100 resulted in a greater
reduction than when either agent was used alone (P<0.01;
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Fig. 5A). Next, the effect of G-CSF on the total CXCR4
content of HL-60 cells was assessed by western blotting, since
CXCR4 is predominantly an intracellular protein (27). There
was a marked reduction of the 39-kDa CXCR4-associated
band in the HL-60 cells pretreated with G-CSF or G-CSF
plus AMD3100, as compared with the control group, whereas
AMD3100 did not affect CXCR4 protein expression (Fig. 5B).
Subsequently, the expression levels of CXCR4 mRNA and
miR-146a were analyzed by RT-qPCR. G-CSF significantly
reduced CXCR4 mRNA expression (P<0.01) and increased
miR-146a expression (P<0.01), as compared with the control;
whereas AMD3100 treatment had no significant effect
(Figs. 5C and D). In addition, a highly inverse correlation was
observed between the expression levels of CXCR4 mRNA and
miR-146a, which is indicative of post-transcriptional inhibi-
tion of gene expression.

Overall, these results suggest that G-CSF inhibits HL-60
cell migration and adhesion to HS-5 cells, and sensitizes them
to spontaneous or drug-induced apoptosis by disturbing the
CXCR4/SDF-1a axis via miR-146a upregulation.

Discussion

Substantial progress inthe treatment of AML hasbeen achieved;
in particular, the CAG regimen has demonstrated great success
in the treatment of elderly, relapsed/refractory and secondary
AML patients (1,28). Previous in vitro and in vivo studies have
highlighted the importance of G-CSF (29-31), demonstrating
that G-CSF has a key role in the CAG regimen via cell cycle
synchronization and cell mobilization. We suggest a novel
hypothesis that G-CSF may weaken the protection of stromal
cells and promote the apoptosis of leukemia cells. To the best
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of our knowledge, no direct evidence in support of this has
been reported.

Spinello ef al (32) demonstrated that patients with M4/M5
subtypes of AML had the highest levels of CXCR4 protein
expression, those with M3 had the second highest, and
those with M1/M2 had the lowest. Therefore, the present
study selected a common human leukemia cell line, HL-60,
which is thought to be a cell line of the AML-M2 subtype,
and co-cultured it with the HS-5 human BM/stromal cell
line to imitate the interactions between stromal cells and
leukemia cells in vitro (33). AMD3100, which is a CXCR4
inhibitor, has been used in humans for >10 years as a HSC
mobilizing agent (34). Previous studies have demonstrated that
AMD3100 exerts an inhibitory effect on the CXCR4/SDF-1a
axis (12,15,21,35); thus AMD3100 was used as a positive
control in the present study.

Homing and retention in the BM are key protective mecha-
nisms for cells to escape drug-induced apoptosis and are
predominantly dependent on the CXCR4/SDF-1a. axis (14).
Therefore, the present study investigated the effect of G-CSF
on cell migration and adhesion, which partially reflect homing
and retention, respectively. The results demonstrated that
G-CSF significantly decreased the migration and adhesion of
HL-60 cells to HS-5 cells, which was consistent with a previous
study, in which a similar inhibitory effect was reported for
AMD?3100 (35). In addition, the present study demonstrated
that G-CSF and AMD?3100 had a greater inhibitory effect on
cell migration than on cell adhesion, which may be due to the
fact that cell adhesion involves numerous adhesion molecules,
whereas cell migration is predominantly dependent on the
CXCR4/SDF-1a axis (36). Although cell adhesion in this assay
did not only reflect CXCR4/SDF-1a interactions, but also was
dependent on contributions from other molecules induced by
CXCR4 activation, these results still provide evidence that
G-CSF may reduce functional CXCR4 levels in myeloid cells.

Viability and apoptosis assays performed in the present
study demonstrated that co-culture with HS-5 supernatant and
HS-5 cells was able to protected HL-60 cells against sponta-
neous or drug-induced apoptosis. Notably, a greater protective
effect was observed when HL-60 cells were co-cultured with
HS-5 cells (direct contact), as compared with when they were
co-cultured with HS-5 supernatant (indirect contact). These
results suggested that the protective effects of stromal cells
were predominantly dependent on physical contact, although
soluble factors were also involved. Furthermore, G-CSF
decreased the viability and promoted the apoptosis of HL-60
cells in the presence or absence of cytarabine, although it was
unable to affect the viability and apoptosis of HL-60 cells
cultured with medium alone. Similar results were observed
for AMD3100. These results suggested that G-CSF and
AMD3100 affected the survival and apoptosis of HL-60 cells
by disrupting the interactions between HL-60 and HS-5 cells,
potentially via the CXCR4/SDF-1a axis, not as a result of their
toxicity. In addition, to the best of our knowledge, the present
study is the first to report synergistic effects for G-CSF and
AMD3100 on cell migration, adhesion, survival and apoptosis
in vitro, although previous studies have demonstrated their
synergistic effect in the mobilization of HSCs (37,38).

In functional assays, the present study demonstrated that
G-CSF was able to disrupt HS-5/HL-60 cell cross-talk by
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interfering with the migration and adhesion of HL-60 cells to
HS-5 cells, potentially via inhibition of the CXCR4/SDF-1a
axis. In order to further elucidate the involvement of the
CXCR4/SDF-1a axis, the ability of G-CSF to reduce the expres-
sion levels of surface CXCR4 protein, total CXCR4 protein and
CXCR4 mRNA in HL-60 cells was investigated. Notably, the
surface expression of CXCR4 was markedly downregulated in
the HL-60 cells pre-treated with G-CSF, AMD3100 or with
G-CSF plus AMD3100, and similar results were observed for
the total CXCR4 protein using western blotting. Notably, the
expression levels of surface CXCR4 protein were markedly
more decreased in the AMD3100 group, as compared with the
G-CSF group; whereas total CXCR4 protein expression was
markedly decreased in the HL-60 cells that had been pre-treated
with G-CSF, but not in those pre-treated with AMD3100. In
2011, Spinello et al (32) reported that acute treatment (1-4 h)
with 10 ug AMD?3100 elicited rapid downregulation of surface
CXCR4 expression, without any significant modulation of
CXCR4 mRNA and total protein expression levels. Therefore,
the authors of the present study hypothesized that these differ-
ences may be due to differences in the mechanisms used by
G-CSF and AMD3100 to downregulate CXCR4 expression.
AMD3100 may have decreased CXCR4 surface expression via
receptor internalization, whereas G-CSF may have inhibited
CXCR4 expression via translational repression. Analysis of the
expression levels of CXCR4 mRNA and miR-146a supported
this hypothesis. G-CSF significantly upregulated miR-146a
expression levels and downregulated CXCR4 mRNA expres-
sion levels, whereas AMD3100 did not. To the best of our
knowledge, the present study is the first to demonstrate that
G-CSF and AMD3100 may utilize different mechanisms in the
downregulation of CXCR4 expression and exhibit synergistic
anti-leukemia activity in vitro.

In conclusion, the present study demonstrated that G-CSF
was able to overcome stromal-mediated drug resistance in the
HL-60 cell line by interfering with the CXCR4/SDF-1a axis,
likely via the upregulation of miR-146a expression in order
to reduce CXCR4 expression. These results suggested that
there may be broader prospects for the clinical application of
G-CSF, as well as its use as a mobilization agent.
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