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Abstract
Background: Chronic myeloid leukemia (CML) is a reciprocal translocation disorder driven by a
breakpoint cluster region (BCR)-Abelson leukemia virus (ABL) fusion gene that stimulates abnormal
tyrosine kinase activity. Tyrosine kinase inhibitors (TKIs) are effective in the treatment of Philadelphia
chromosome (Ph)+ CML patients. However, the appearance of TKI-resistant CML cells is a hurdle in CML
treatment. Therefore, it is necessary to identify novel treatments that could target a different mechanism
than that of tyrosine kinases.

Methods: The study was designed to verify whether C-X-C chemokine receptor 2 (CXCR2) could be a novel
target for TKI-resistant CML treatment. We examined CXCR2 ligands from CML patient samples and TKI-
resistant CML cell lines. Then, we inhibited CXCR2 and examined the effects on cell proliferation and
apoptosis using immunoblotting and �ow cytometry. The CXCR2 inhibition effect was also con�rmed
using a mouse xenograft model with TKI-sensitive and -resistant CML cells.

Results: Interleukin 8 (IL-8), a CXCR2 ligand, was signi�cantly increased in the bone marrow serum of
initially diagnosed CML patients. CML cell lines expressed CXCR2, regardless of their sensitivity to TKIs.
IL-8 stimulated CXCR2, mTOR, and c-Myc mRNA expression in CML cell lines. CXCR2 antagonists
suppressed the proliferation of CML cells via cell cycle arrest in the G2/M phase. In addition, CXCR2
inhibition attenuated mTOR, c-Myc, and BCR-ABL expression, leading to CML cell apoptosis, irrespective
of TKI responsiveness. Moreover, SB225002, a CXCR2 antagonist, caused higher cell death in CML cells
than TKIs. Using a mouse xenograft model, we con�rmed that SB225002 suppresses CML cells, with a
prominent effect on TKI-resistant CML cells.

Conclusions: Taken together, our �ndings demonstrate that IL-8 is a prognostic factor to the progress of
CML. Inhibiting the CXCR2-mTOR-c-Myc cascade is a promising therapeutic strategy to overcome TKI-
sensitive and -insensitive CML. Thus, CXCR2 blockade is a novel therapeutic strategy to treat CML, and
SB225002, a commercially available CXCR2 antagonist, might be a drug candidate to treat TKI-resistant
CML.

Background
Chronic myeloid leukemia (CML) is a myeloproliferative disorder characterized by the Philadelphia
chromosome (Ph), which involves a translocation between the Abelson leukemia virus (ABL) and
breakpoint cluster region (BCR) genes (t9;22) (q34;q11) (1–3). This BCR-ABL fusion gene stimulates
abnormal tyrosine kinase activity and mediates multiple signaling cascades, including the JAK-STAT (4,
5), MAPK-ERK (6, 7), and PI3K pathways (8, 9). These signaling pathways lead to leukemogenesis by
stimulating proliferation and arresting differentiation, thereby leading to the accumulation of immature
hematopoietic stem cells (HSCs) (10). The prognosis of patients with CML dramatically improved after
the development of the �rst-generation tyrosine kinase inhibitor (TKI) imatinib mesylate. However,
approximately 15% of CML patients treated with TKIs report primary cytogenetic resistance or loss of the
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achieved complete cytogenetic response due to the acquisition of drug resistance (11). Second- and third-
generation TKIs such as nilotinib, dasatinib, and ponatinib have been developed to overcome this
problem (12, 13). Despite the development of additional TKI-based treatments, treatment failure still
occurs due to leukemic stem cell (LSC) and CML insensitivity to TKIs (14). CML cell survival is sustained
by resistance mechanisms that enable the evasion to TKIs (15). Therefore, it is necessary to research new
therapeutic targets to overcome TKI resistance in patients with CML.

C-X-C chemokine receptor 2 (CXCR2) is G-protein-coupled receptor that is overexpressed in various solid
cancer types, including breast (16), gastric (17), colon (18), melanoma (19), ovarian (20), pancreatic (21),
and prostate (22) cancers. Interleukin 8 (IL-8), a CXCR2 ligand, is highly associated with cellular stemness
and drug resistance by inhibition of drug-induced apoptosis in resistant cells (23–25). Inhibiting the IL-
8/CXCR2 axis reduces myelodysplastic syndrome and acute myeloid leukemia progression (26, 27).
However, the relationship between CXCR2 and CML progression has not been fully elucidated. We
hypothesized that CXCR2 inhibitors might be novel candidates for CML treatment because our previous
report showed that CXCR2 is vital for the survival and self-renewal of normal human HSC/hematopoietic
progenitor cells and cancer cells (28–31). Furthermore, we identi�ed the CXCR2-mTOR-c-Myc cascade as
a novel and crucial signaling pathway for human pluripotent stem cell (hPSC) and human HSC (hHSC)
proliferation (29, 30, 32). In the present study, we investigated the role of CXCR2 in CML cells and
assessed whether commercially available CXCR2 antagonists effectively suppress CML progression.

Methods
Patient samples

This study was approved by the internal review board of the Korea University Anam Hospital (IRB No.
2015AN0267). Bone marrow (BM) blood from CML patients (n = 38) and healthy donors (n = 10) was
collected after obtaining written informed consent, in accordance with the Declaration of Helsinki. BM
mononuclear cells (BMMNCs) were separated, as described previously (30). CD34+ BMMNCs were sorted
using a Super MACS instrument (Miltenyi Biotech Inc., Auburn, CA, USA). CML CD34+ cells were cultured
in serum-free expansion medium (Sigma-Aldrich, St. Luis, MO, USA) containing a recombinant human
cytokine cocktail (StemCell Technologies, Vancouver, Canada). The remaining CD34– cells were used to
produce CML-derived BM stromal cells (BMSCs), which were cultured in mesenchymal stem cell growth
medium (Lonza, Walkersville, MD, USA).

Reagents and cell lines

The CXCR2 antagonists, SB225002 and SB265610, were obtained from Calbiochem (San Diego, CA, USA)
and Tocris Bioscience (Bristol, United Kingdom), respectively. Imatinib and nilotinib were purchased from
Selleck Chemicals (Munich, Germany). Drug compounds were dissolved in Dimethyl Sulfoxide (DMSO) at
a concentration of 10 mM. K562, KU812, and CD34+ cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). CML cells were maintained in RPMI 1640 medium (Corning, NY,
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USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco Life
Technologies, Grand Island, NY, USA) at 37 °C in a humidi�ed atmosphere containing 5% CO2.

Development of TKI-resistant cell lines

To establish imatinib- and nilotinib-resistant CML cell lines, K562 and KU812 cell lines were gradually
exposed to imatinib (from 0.01 µmol/L to 10 µmol/L) or to nilotinib (from 0.1 nmol/L to 100 nmol/L).
The resulting imatinib- and nilotinib-resistant cells were maintained with 1 µmol/L imatinib and 20
nmol/L nilotinib, respectively. BCR-ABL gene mutations generated during the acquisition of TKI resistance
were identi�ed using next-generation sequencing. Library preparation and data analysis are described in
Additional File 1, Table S1.

Cytokine array analysis

A cytokine array analysis was performed on K562, K562 imatinib-resistant cells (K562/IR), and K562
nilotinib-resistant cells (K562/NR) cultured in cell culture-conditioned medium for 48 h and BM blood
serum samples from CML patients. Serum samples were prepared by centrifugation for 10 min at 1000 ×
g. The human cytokine antibody array (Ray Biotech, Norcross, GA, USA) was performed according to the
manufacturer’s instructions (see in Additional File 1: Table S2), and dot blot quantitation was performed
using Image Lab 5.0 software (Bio-Rad, Hercules, CA, USA).

ELISA

Human Interleukin-8 (IL-8) and Growth-Regulated Oncogene (GRO) alpha concentrations in culture
supernatants and BM blood plasma were determined using ELISA kits (R&D Systems, Minneapolis, MN,
USA), according to the manufacturer’s instructions. The levels of ligands were measured using a standard
curve provided with the kit. All samples were measured in duplicate.

Colony formation assay

CML cells were cultured for 72 h after treatment with SB225002 or vehicle. Treated cells were harvested,
resuspended in Iscove’s Modi�ed Dulbecco’s Medium (IMDM; Corning, NY, USA), and mixed with semisolid
culture medium (methylcellulose H4034; Stem Cell Technologies, Grenoble, France). Cells were seeded
onto 35 mm dishes (5 × 103 cells/dish). Each assay was performed in duplicate, and the cells were
counted after 12–14 culture days.

RT-qPCR

Total RNA was isolated using TRIzol reagent (Thermo Fisher Scienti�c, Waltham, MA, USA), according to
the manufacturer’s instructions. RT-qPCR was performed as previously described (30). SYBR Green PCR
Master Mix was used with a CFX96 RT-PCR machine (Bio-Rad, Hercules, CA, USA) as follows: 95 °C for 60
s, followed by 95 °C for 10 s and 60 °C for 60 s for 45 cycles. The primer sequences are listed in Table S3,
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Additional File 1. To evaluate relative mRNA expression, the comparative ΔΔCt method was used, with
GAPDH as a reference gene.

Cell proliferation assay

CML cells were cultured in 96-well plates at 5 × 103 cells/well. After 24 h, cells were treated with
SB225002 at different concentrations for 48 h. Cell proliferation was evaluated by adding 10 µL Cell
Counting Kit-8 (CCK-8) reagent (Dojindo Laboratories; Japan) to each well and incubating it for 2 h.
Absorbance at 450 nm was measured using a microplate spectrophotometer. The half maximal inhibitory
concentration (IC50) values were calculated using GraphPad Prism 6.0.

Cell cycle analysis

For DNA content analysis, cells were harvested and �xed with 80% ethanol overnight at –20 °C. The cells
were washed twice with PBS and incubated overnight at 37 °C in 0.5 mL PBS containing 100 µg/mL
RNase A. Fixed cells were stained with 50 µg/mL propidium iodide (PI) solution and analyzed using FACS
Canto  (BD, Franklin Lakes, NJ, USA). Cell cycle analysis was performed using FlowJo software (FlowJo
LLC, Ashland, OR, USA).

Western blotting

Proteins were extracted using a protease inhibitor kit (Intron Biotechnology.; Seongnam, Korea).
Immunoblotting was performed as previously described (29). Antibodies against the following proteins
were used: CXCR2 and c-Myc (Abcam, Cambridge, UK); β-actin, cyclin B1, and p-CDC2 (Santa Cruz, CA,
USA); and p-c-ABL, c-ABL, p-mTOR, mTOR, p-Akt, Akt, caspase-3, and cleaved PARP (Cell Signaling,
Danvers, MA, USA).

Apoptosis assay

CML cells were seeded in six-well plates and treated with 1 µM SB225002 for 48 h. Cells were washed
with PBS and resuspended in 0.5 mL binding buffer containing 1 µg/mL PI and 1 µg/mL FITC-labeled
annexin V (Koma Biotechnology, Seoul, Korea). After incubating cells for 15 min at room temperature,
apoptotic cells were quanti�ed by measuring the percentage of annexin V+ cells using a BD FACS Canto II
�ow cytometer (BD, Franklin Lakes, NJ, USA). The data were analyzed using FlowJo software (FlowJo
LLC, Ashland, OR, USA).

Transduction of lentivirus shRNA for CXCR2 silencing and activation

The pLKO.1-shRNA control and shRNA CXCR2 transduction particles were purchased from Sigma-Aldrich
(St. Louis, MO, USA). For CXCR2 upregulation, control and CXCR2 lentiviral activation particles were
obtained from Santa Cruz Biotechnology (Dallas, TX, USA). K562 cells were resuspended in virus-
containing media and mixed with 8 µg/mL polybrene. The cells were centrifuged at 800 × g for 2 h at 32
°C. Virus-containing medium was removed, and the cell pellet was resuspended in culture media. To
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select stably infected cells, the medium was replaced with fresh medium containing puromycin after 72
h.

Animal experiments

Animal experiments were approved by the Institutional Animal Care and Use Committee of the Korea
University College of Medicine (IRB NO. KOREA-2018-0058) and performed according to institutional and
national guidelines. Female non-obese diabetic/severe combined immunode�ciency (NOD/SCID) mice
(6–8-weeks-old) were purchased from Koatech (Pyeongtaek, South Korea). To establish the xenograft
model, 5 × 106 K562, K562/imatinib resistance (IR), or K562/nilotinib resistance (NR) cells were
suspended in culture media with Matrigel (356234; BD Bioscience, San Jose, CA, USA), and 100 µL
suspended cells were implanted subcutaneously into the right �ank. One week after inoculation, the mice
were randomly divided into control and drug treatment groups. The control group was injected with
DMSO, while the SB225002 (20,33), imatinib (34,35), and nilotinib (36) groups were intraperitoneally
injected with 10 mg/kg of the respective drugs three times per week. The injections were continued for 14
days until tumors reached 20 mm, which is the maximum allowable size following animal ethics
guidelines. Tumor size was ascertained three times a week, and the volume was calculated using the
following formula: volume (mm3) = (length × height2)/2.

Immunohistochemistry

Formalin-�xed tissue was embedded in para�n, and 3 µm-thick sections were cut. Slides were cleared in
xylene and rehydrated with gradient ethanol to depara�nize them. Samples were treated in citrate buffer
for antigen retrieval. Then, samples were incubated overnight with CXCR2, c-Myc, and c-ABL (Abcam,
Cambridge, UK), and mTOR (Invitrogen, Waltham, MA, USA) primary antibodies, followed by incubation
with a biotinylated secondary anti-mouse antibody. Secondary antibody staining was visualized with DAB
solution, and the samples were counterstained with hematoxylin. Images were analyzed using an
Olympus BX 53 microscope (Tokyo, Japan).

Whole-genome sequencing

DNA was extracted from TKI-sensitive and -resistant cells (K562, K562/IR, K562/NR, KU812, KU812/IR,
and KU812/NR). Libraries were prepared using TruSeq Nano DNA Sample Prep kits (Illumina, Inc., San
Diego, CA, USA). DNA sequencing was performed using a NovaSeq 6000 system (Illumina, Inc.). The
sequences were aligned to the reference genome (hg19) using the Isaac aligner v.iSAAC-03.16.12.05 (37).
The Isaac aligner tool was used to remove adapter sequences and low-quality reads. Aligned reads were
sorted according to location information. Single nucleotide variants and small indel mutations were
con�rmed to extract the variants calls using the Genome Variant Call Format File (gVCF) tool. The
in�uence of mutations on the amino acid sequence was predicted using SnpEff v.4.2 (38) and SnpSift
v.4.2 (39). Mutation annotations were added from the known variant databases dbSNP (40), COSMIC
(41), ClinVar (42), and ExAC (43). Consensus sequences were obtained based on accumulated
information in a speci�c region using Mpileup in Samtools v. 1.3.1 (44).
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Statistical analysis

All results were obtained from at least three independent experiments. The data are represented as the
mean ± standard deviation (SD). Statistical differences were calculated using Student’s t-test to compare
two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc test for comparison of more
than two groups. P < 0.05 was considered to be statistically signi�cant. All statistical analyses were
performed using GraphPad Prism V6.0 (GraphPad Software, San Diego, CA, USA).

Results
IL-8 is secreted by CML patient-derived BM cells and stimulates CXCR2 to activate BCR-ABL

We used a semi-quantitative cytokine array to detect 80 human cytokines in BM serum and conditioned
medium from BM-derived stromal cells (BMSC-CM). The serum and BMSCs were collected from six CML
patients without concomitant diseases at initial diagnosis to compare their cytokine levels with those of
two healthy donors. BM sera from CML patients had higher CXCR2 ligand levels, such as GRO α/β/γ
(CXCL1/2/3) and IL-8 (CXCL8), than those from healthy donors (Fig. 1a and b). However, only IL-8
expression was signi�cantly higher in BMSC-CM from two CML patients than in those from healthy
donors (Fig. 1c and d). To �nd whether the level of cytokine differences after acquired resistance to TKIs,
we established imatinib-resistance (IR) and nilotinib-resistance (NR) CML cell lines (see Additional File 2:
Fig. S1A-D). Cytokine levels were similarly measured in the conditioned medium from TKI-sensitive
(K562), imatinib-resistant (K562/IR), and nilotinib-resistant (K562/NR) cell lines, with high IL-8 expression
observed in all of them. However, GRO α/β/γ was expressed only in TKI-sensitive cell lines (Fig. 1e and f).
We hypothesized that IL-8 may be more important for the development of CML than GRO α/β/γ because
the IL-8 secreted by CD34+ cells and CML patient-derived BMSCs was higher than in healthy donors. To
investigate this hypothesis, IL-8 and GRO-α levels were measured in the BM serum of 37 patients with Ph+

CML (27 at initial diagnosis and ten undergoing TKI treatment) and compared to those of ten healthy
donors. The mean age and white blood cell counts, regardless of TKI treatment history, were signi�cantly
higher in patients with Ph+ CML than in healthy donors, and many CML patients had a history of chronic
disease. The CML patient and healthy donor characteristics are summarized in Table S4, Additional File
1. IL-8 levels in CML patients at initial diagnosis were signi�cantly higher than in healthy donors and the
CML patients undergoing TKI treatment (Fig. 1g), but GRO levels were not (Fig. 1h). These �ndings
suggest that IL-8 is important for CML pathogenesis.

To investigate the activity of the receptors associated with IL-8, CXCR1 and CXCR2 protein expression
was measured in CML cell lines. CXCR2 expression was approximately three-fold higher in K562 and
KU812 cells than in normal CD34+ cells (Fig. 1i). CXCR2 expression in TKI-resistant cells was proportional
to upregulated BCR-ABL expression, suggesting a relationship between CXCR2 and BCR-ABL (Fig. 1j). To
investigate this relationship, CXCR2 was stimulated with IL-8, and changes in CXCR2, mTOR, c-Myc, and
BCR-ABL mRNA expression were measured in CML cell lines (Fig. 1k). IL-8 stimulation signi�cantly
increased BCR-ABL, CXCR2, mTOR, and c-Myc mRNA expression in all CML cell lines, regardless of TKI
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sensitivity. Therefore, IL-8 appears to play a role in CML pathogenesis by stimulating BCR-ABL. Further,
CXCR2 may be a novel target for the treatment of CML that is resistant to well-known TKIs.

CXCR2 inhibition attenuates CML cell viability, regardless of TKI sensitivity

To con�rm CXCR2 as a novel target for CML treatment, the effect of the commercially available CXCR2
antagonists, SB225002 and SB265610, on CML cell proliferation was determined. CML cell viability
decreased in a dose-dependent manner upon treatment with both SB225002 and SB26561 (Fig. 2a).
SB225002 was selected for further experiments, as it had a lower IC50. To con�rm the effect of SB225002

in the BM environment, which is comprised of CD34+ cells and BMSCs, we observed changes in the
viability of BM CD34+ cells and BMSCs obtained from two CML patients and from healthy donors. CML
CD34+ cell viability decreased with increasing SB225002 dose, but normal CD34+ cells maintained no
effect their viability to 10 µM SB225002. In BMSCs, the CML-BMSC viability decreased to around 50%–
60% at doses between 1 to 10 µM SB225002, but to a much lower degree than in CML CD34+ cells at 10
µM SB225002. The viability of normal BMSCs was maintained at 80% at 10 µM SB225002 (Fig. 2b).
These �ndings suggest that SB225002 speci�cally suppresses CML CD34+ cell proliferation without
having any signi�cant in�uence on normal CD34+ cells and BMSCs. Different SB225002 concentrations
reduced K562/IR, K562/NR, KU812/IR, and KU812/NR cell viability in a dose-dependent manner (Fig. 2c),
and incubation with 1 µM SB225002 considerably decreased cell proliferation (Fig. 2d). To evaluate the
hematopoietic effects of this antagonist, we performed a colony formation assay using methylcellulose
and CML cell lines. We observed that SB225002 potently decreased the colony size and total colony
number in all CML cell lines (Fig. 2e). These results suggest that CXCR2 inhibition attenuates CML cell
lines, and CML CD34+ cell proliferation, regardless of TKI sensitivity.

CXCR2 inhibition induces CML cell apoptosis through G2/M cell cycle arrest

To examine whether CXCR2 inhibition affects cell cycle distribution, we investigated changes in the cell
cycle phases in CML cell lines after SB22002 treatment. The proportion of G2/M phase cells signi�cantly
increased, concomitant with a decrease in the proportion of cells in the G0/G1 and S phases, in every
CML cell line after treatment with either DMSO or SB225002 for 12 h (Fig. 3a). The expression of the
G2/M phase regulators cyclin B1 and p-CDC2 decreased after SB225002 treatment (Fig. 3b), suggesting
that SB225002 induces G2/M arrest by downregulating cyclin B1 and CDC2 proteins in CML cells. Next,
pro-apoptotic proteins, such as cleaved PARP and cleaved caspase-3, were investigated to clarify the
observed growth arrest and apoptosis effects. SB225002 treatment induced a signi�cant increase in
cleaved PARP and cleaved caspase-3 protein levels (Fig. 3c). The proportion of apoptotic cells was
assessed using annexin V/PI staining. Apoptotic cell death was increased by approximately 15%
following SB225002 treatment (Fig. 3d). These data demonstrate that SB225002 inhibits cell
proliferation and induces apoptosis through G2/M cell cycle arrest in CML cells, irrespective of TKI
sensitivity.

CXCR2 inhibition mediates Akt/mTOR and c-Myc signaling pathways
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To investigate the effect of CXCR2 on BCR-ABL signaling, BCR-ABL activity was evaluated after treatment
with SB225002. We observed reduced BCR-ABL phosphorylation that was directly proportional to CXCR2
expression in both TKI-sensitive and -resistant K562 cells (Fig. 4a). BCR-ABL signaling mediates cell
growth through multiple signaling pathways, including PI3K/Akt/mTOR (45,46) and Ras/MAPK (47).
Therefore, the inhibition of signaling pathways affecting BCR-ABL after CXCR2 knockdown was
investigated. Silencing CXCR2 reduced BCR-ABL, Akt, mTOR, and c-Myc phosphorylation (Fig. 4b). Next,
we con�rmed the upregulation of those genes using CXCR2 lentiviral activation particles (Fig. 4c). This
result suggests that regulating CXCR2 controls Akt/mTOR, c-Myc, and BCR-ABL levels. Loss of CXCR2
expression suppressed proliferation of and colony formation in K562 cells (Fig. 4d and e). Treatment with
CXCR2 antagonists inhibited p-Akt, p-mTOR, and c-Myc in TKI-sensitive and -resistant cells, but did not
inhibit p-Erk (Figure 4f; See Fig. S2, Additional File 2). These data indicate that inhibiting CXCR2 signaling
reduces BCR-ABL activity, even with TKI resistance. Subsequently, the changes in the above-mentioned
signaling pathways were explored in K562 cells after TKI treatment. Akt/mTOR expression decreased
after TKI treatment, similar to the effects of SB225002 treatment. c-Myc expression was not suppressed
in TKI-resistant CML cells, in contrast to its suppression in TKI-sensitive cells (Fig. 4g and h). Taken
together, these results suggest that CXCR2 inhibition suppresses CML cell growth through the Akt/mTOR
and c-Myc signaling pathways and that c-Myc may be associated with the acquisition of TKI resistance.

CXCR2 is a novel target for treating TKI-resistant CML

Based on our previous �ndings, we hypothesized that CXCR2 may be a novel target for suppressing TKI-
resistant CML cell proliferation. We compared the effects of SB225002, imatinib, and nilotinib on TKI-
sensitive and -resistant K562 cell lines. In TKI-sensitive K562 cells, reduced p-BCR-ABL, p-AKT, p-mTOR,
and c-Myc expression was observed after treatment with any of the drugs. CXCR2 expression was only
reduced by SB225002. Further, SB225002 suppressed p-BCR-ABL, p-AKT, p-mTOR, and c-Myc expression
in both imatinib- and nilotinib-resistant K562 cells (Fig. 5a). We assessed whether downregulating BCR-
ABL and c-Myc expression after SB225002 treatment induced cell death in TKI-resistant CML cells. The
rate of apoptosis in SB225002-treated TKI-sensitive K562 cells was similar to that of TKI-treated cells.
The proportion of annexin V+ cells signi�cantly increased (20%) in TKI-resistant K562 cells treated with
SB225002, but not in cells treated with TKIs. To con�rm the applicability of these �ndings in clinical
practice, the apoptotic effect of the drugs was tested in CD34+ cells from three CML patients, including a
case with Ph– atypical CML. The SB225002 apoptotic effect was comparable to that of TKIs on cells
from a patient initially diagnosed with Ph+ CML and was superior to that of TKIs on cells from a patient
showing imatinib-resistant and another with Ph– atypical CML (Fig. 5b). We measured the apoptotic
effect of these drugs and ponatinib on TKI-resistant CML patient-derived cells and observed no
signi�cant difference in apoptosis between ponatinib and nilotinib treatment (See Fig. S3, Additional File
2). Cleaved caspase-3 and PARP levels were unaffected by the different drugs in TKI-sensitive CML cells,
but they were higher in TKI-resistant CML cells treated with SB225002 than in those treated with TKIs
(Fig. 5c). These data suggest that CXCR2 is a novel target that could overcome TKI resistance for the
treatment of CML.
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CXCR2 inhibition suppresses in vivo CML cell proliferation, particularly for TKI-resistant cells

To evaluate the in vivo effects of CXCR2 inhibition on CML cells, a xenograft model was constructed by
injecting K562, K562/IR, and K562/NR cells into NOD/SCID mice. In mice receiving TKI-sensitive K562
cells, all of the treatment groups showed signi�cant differences in tumor size. In the TKI-resistant K562
group, SB225002 treatment resulted in a decreased tumor volume and weight compared to the other
treatment groups (Fig. 6a and b; See Fig. S4, Additional File 2). Immunohistochemical staining of the
tumor masses revealed that TKI-sensitive K562 tumors treated with SB225002 had lower BCR-ABL
inhibition than those in the TKI groups. The cell proliferation marker Ki67 was similarly suppressed in all
treatment groups. However, the TKI-resistant K562 tumors treated with SB225002 had the highest BCR-
ABL and Ki67 inhibition, and the Ki67 levels in the TKI groups were similar to those of the vehicle
treatment in the nilotinib-resistant group. c-Myc in imatinib-resistant K562 tumors was not reduced by
imatinib, nor was c-Myc reduced by imatinib or nilotinib in nilotinib-resistant K562 tumors (Fig. 6c). These
�ndings suggest a possible role of c-Myc in the development of TKI resistance, highlighting the
importance of elucidating the role of CXCR2 in TKI-resistant CML. Finally, we measured CD31 expression
to rule out the effect of these drugs on angiogenesis and observed that their effect on angiogenesis was
not signi�cant (See Fig. S5, Additional File 2). Collectively, these results suggest that CXCR2 inhibition
suppresses in vivo proliferation of CML cells, particularly TKI-resistant cells.

Discussion
Ph+ CML patients with multiple TKI treatment failures and without ABL kinase domain mutations
represent a population with predominantly BCR-ABL-independent mechanisms of resistance and limited
treatment options (48–51). Only 27% of resistant or intolerant patients achieved signi�cant major
molecular responses in the PACE trial (52). In this study, we aimed to examine the drivers of BCR-ABL-
independent resistance and to identify clinically relevant compounds for the eradication of TKI-resistant
cells. All established cell lines with IR or NR expressed some mutations in introns, but not in the transcript
region (See Table S4, Additional File 1). Therefore, the TKI resistance mechanism in these cells might be
associated with BCR-ABL-independent resistance. We observed that cytokine levels in the BM of CML
patients showed high IL-8 expression. IL-8 levels in the BM of CML patients at initial diagnosis were
signi�cantly higher than in that of CML patients who underwent TKI treatment or of normal healthy
donors. This observation suggests a role for IL-8 and related receptors in CML pathogenesis. Although IL-
8 binds both CXCR1 and CXCR2, we observed that CXCR2 is predominantly expressed in CML, despite the
higher a�nity of IL-8 for CXCR1. In addition, CD34+ cells and BMSCs derived from CML patients with
elevated IL-8 levels had reduced cell proliferation after treatment with a CXCR2 antagonist. The BM niche
protects LSCs from pharmacological treatment by providing a sanctuary where the microenvironment
enables essential homing and engraftment (34, 53, 54). Our results imply that the blockade of CXCR2
signaling affects the CML-BM niche, rather than healthy BM. These �ndings suggest that inhibiting
CXCR2 signaling could affect both autocrine and paracrine IL-8, which also controls the CML-BM niche.
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Our results showed the potential genes involved in TKI resistance and the therapeutic mechanism in CML.
SB225002 inhibited proliferation and induced apoptosis through the BCR-ABL, AKT/mTOR, and c-Myc
pathways in TKI-sensitive and -resistant cells. A recent study from our group veri�ed that the CXCR2-
mTOR-c-Myc cascade mediates hHSC proliferation (30) during reprogramming to induced pluripotent
stem cells (29) and maintains hPSC characteristics (32). Several transcription factors, such as c-Myc,
Nanog, Sox2, and OCT4, are regulated by IL-8 (55). Previous studies showed reduced IL-8 levels in K562
cells and CML patient serum samples treated with dasatinib and nilotinib (56). c-Myc is related to BCR-
ABL transformation and plays a crucial role in CML progression from the chronic phase to blast crisis.
Inhibiting c-Myc induces reduced BCR-ABL activity (47),(57) because c-Myc binds to the BCR promoter
and directly regulates BCR activity (58). These reports indicate that IL-8 secretion depends on BCR-ABL
activity. Considering these results, our data suggest that after acquiring TKI resistance, TKIs are not
su�cient to inhibit BCR-ABL. Thus, IL-8 secretion is maintained, and downstream signaling is sustained
in TKI-resistant cells. These results imply that downregulating CXCR2 signaling is more effective because
of the suppressed expression of both BCR-ABL and c-Myc in TKI-resistant CML. Our study corroborates
that the regulation of CXCR2 affects the BCR-ABL, Akt/mTOR, and c-Myc pathways and contributes to
eradicating CML in vitro and in vivo.

Conclusions
CXCR2 might be a novel target for the treatment of CML independent from tyrosine kinase inhibition.
Indeed, CXCR2 inhibition might be especially valuable to treat TKI-resistant CML.
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Figure 1

CML patient samples express IL-8, which activates CXCR2 and induces BCR-ABL activation. a A human
cytokine array measuring various cytokines and chemokines in bone marrow (BM) serum of CML
patients. b Bar graphs indicate the median value of the expression level of each cytokine. **P < 0.01; ***P
< 0.001. c Cytokines were detected using a human cytokine array in cell culture medium from normal
human bone marrow-derived mesenchymal stromal cells (BMSCs) and CML-BMSCs. d Bar graphs
indicate the median value of the expression level of each cytokine. **P < 0.01. e Simultaneous detection
of multiple cytokines in culture-conditioned medium from K562, imatinib-resistant K562/IR, and nilotinib-
resistant K562/NR cells at 48 h. f Bar graphs indicate the median value of the expression level of each
cytokine. *P < 0.05; ***P < 0.001; ****P < 0.0001.g-h IL-8 (g) and GRO-α (h) protein levels in CML-BM
serum samples (at �rst diagnosis, n = 26; TKI-treated patients, n = 11) compared to normal CD34+ cells (n
= 10) determined using ELISA. Values are presented as the mean absolute amount of each protein
(pg/mL). **P < 0.01. i CXCR2 expression in K562, KU812, and normal CD34+ cells detected using western
blot. j Quanti�cation of protein levels in TKI-sensitive (K562.KU812), imatinib-resistant (K562/IR and
KU812/IR), and nilotinib-resistant (K562/NR and KU812/NR) cells detected using western blotting with
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the indicated antibodies. k RT-qPCR of CXCR2, mTOR, c-Myc, and BCR-ABL mRNA levels in K562, K562/IR,
K562/NR, KU812, KU812/IR, and KU812/NR cells after treatment with 50 ng/mL IL-8 for 5 min. Data are
presented as the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 2

CXCR2 inhibition attenuates CML cell viability, regardless of TKI sensitivity. a Cell viability was measured
using nonlinear regression analyses in K562 and KU812 cells with or without treatment with increasing
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SB225002 or SB265610 doses for 48 h. Cell proliferation was detected using the CCK-8 assay. b Normal
CD34+, CML CD34+, normal BMSC, and CML-BMSC cells were incubated with the indicated SB225002
dose for 48 h, followed by CCK-8 cell proliferation assays. Data are shown as mean ± SD of three
independent experiments. ****P < 0.0001. c Imatinib-resistant (K562/IR and KU812/IR) and nilotinib-
resistant (K562/NR and KU812/NR) cells were treated with increasing SB225002 concentrations for 48 h.
IC50 values were determined using Prism software. d Effect of SB225002 on cell proliferation in TKI-
sensitive and -resistant CML cells. Parental, imatinib-, or nilotinib-resistant cells were cultured with 1 μM
SB225002 for 72 h. Representative data are shown as the mean ± SD of three independent experiments.
***P < 0.001; ****P < 0.0001 versus control. e Colony-forming cell (CFC) assays were performed after
treatment with DMSO or SB225002 for 48 h in TKI-sensitive and -resistant cells. Representative images
show the colony sizes after vehicle or SB225002 treatment. Magni�cation, 100×. The number of colonies
was calculated counting the total cells with Trypan blue staining on day 12. Each measurement was
performed in duplicate. The data are presented as the mean ± SD of three independent experiments.
****P < 0.0001.
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Figure 3

CXCR2 inhibition induces CML cell apoptosis through G2/M cell cycle arrest. a TKI-sensitive and -
resistant cells were treated with SB225002 for 12 h. CML cells were stained with propidium iodide (PI),
and cell cycle distribution was analyzed using �ow cytometry. The proportion of each cell cycle phase is
indicated. b Cell cycle regulatory protein levels were analyzed using western blotting with antibodies
against the indicated proteins. c K562, K562/IR, and K562/NR cells were treated for 48 h with vehicle or
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SB225002. Immunoblotting was used for the detection of apoptotic proteins, including cleaved caspase-3
and cleaved PARP. d Apoptosis was detected using annexin V-FITC and PI staining after culturing cells
with or without 1 µM SB225002 for 48 h. The proportion of apoptotic cells is indicated. Data represent the
mean ± SD of three independent experiments. ***P < 0.001; ****P < 0.0001.

Figure 4

CXCR2 inhibition affects the Akt/mTOR and c-Myc signaling pathways. a K562, K562/IR, and K562/NR
cells were treated with varying concentrations of SB225002 for 24 h. Protein levels of phosphorylated-
BCR-ABL, BCR-ABL, and CXCR2 were detected using western blotting. b Western blotting to detect the
expression of BCR-ABL, Akt, mTOR, and c-Myc in K562 cells infected with scramble or CXCR2 shRNA
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lentiviruses. c BCR-ABL, mTOR, and c-Myc expression in K562 cells after transduction with control or
CXCR2 lentiviral activation particles. d K562 cells were infected with the indicated lentiviruses, and cell
proliferation was evaluated using CCK-8 assays after incubation for 96 h. ****P < 0.0001 versus lentivirus
scramble. e Colony-forming assays were performed with lentivirus-infected K562 cells. The total number
of cells was counted on day 14. ****P < 0.0001 versus lentivirus scramble. f Western blotting was
performed to detect differences in BCR-ABL, Akt/mTOR, and c-Myc signaling between TKI-sensitive and -
resistant CML cells after treatment with SB225002 for 24 h. g Western blot analysis was performed using
antibodies against the indicated proteins on K562, K562/IR, and K562/NR cells treated with 1 μM
imatinib or h 20 nM nilotinib for 24 h.
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Figure 5

CXCR2 is a novel target to overcome TKI resistance in the treatment of CML. a Total proteins were
extracted from K562, K562/IR, and K562/NR cells with or without 24 h SB225002, imatinib, or nilotinib
treatment. Western blot analysis was performed using antibodies against the indicated proteins. b
Apoptotic CML cells and patient-derived CD34+ cells were detected by staining cells with annexin V-
FITC/PI and �ow cytometry analysis after exposure to each drug for 48 h. Data represent the mean ± SD.
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*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus control. c After 48-h drug exposure, cleaved
PARP and caspase-3 expression was measured in TKI-sensitive and -resistant cells.

Figure 6

CXCR2 inhibition suppresses in vivo CML cell proliferation, particularly TKI-resistant cells. a K562,
K562/IR, and K562/NR cells were injected subcutaneously into the right �ank of NOD/SCID mice. Mice
were intraperitoneally treated with 10 mg/kg SB225002, imatinib, or nilotinib three times per week. Tumor
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volumes were measured with calipers and calculated using the following formula: (length × width2)/2. b
The average tumor weight in each group (n = 6/group). c Representative images were detected indicated
proteins using immunohistochemistry after a single dose of SB225002, imatinib, or nilotinib. BCR-ABL,
CXCR2, mTOR, c-Myc, and Ki67 staining was detected in K562, K562/IR, and K562/NR cells in an in vivo
xenograft model. Magni�cation, 40×. Bar graphs depict the quanti�cation of the stained area. Data
represent the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus vehicle.
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