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The chemokine CXCL12, and its receptor CXCR4, have been recognized to be involved in various instances

of cancer metastasis. The CXCL12/CXCR4 axis has emerged as a potential target for cancer therapy. Here,
we demonstrate a designed peptide (W4) targeting CXCL12 with high binding affinity, and describe its
significant inhibitory effect on the CXCL12/CXCR4 axis. We show that W4 has comparable binding
affinity (Kp = 5.7 x 1078 M) to that of the antibody of CXCL12 (Kp = 3.0 x 10~° M) using the surface
plasma resonance (SPR) technique. Upon introduction of W4, the circular dichroism (CD) spectra show
that the a-helical structure of CXCL12 gradually transformed into a B-sheet and random coil. These
effects lead to the significant inhibitory effects on the CXCL12/CXCR4 axis using the CXCR4-positive
breast cancer cell lines MCF-7 and MDA-MB-231 and the leukemia cell lines HL-60 and U937 as models.
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The results show that W4 significantly inhibits CXCL12-induced cell migration of MCF-7, MDA-MB-231,

HL-60 and U937 even to 20.0% when the mole ratio is 1 : 1, completely abolishing the effect of CXCL12.
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1 Introduction

Cancer metastasis is a major cause of morbidity and mortality.*
In the process of metastasis, cancer cells locally invade the
surrounding tissue, enter the lymph and blood circulation,
survive in the circulation, exit at distant organs, and adapt to
the new microenvironments there.> CXCL12, also known as
stromal derived factor-1 (SDF-1), belongs to the family of CXC
chemokines that bind to and activate the seven-transmembrane
G protein-coupled receptor CXCR4.* The CXCL12/CXCR4 axis is
reported to be involved in various cellular behaviors such as cell
migration, adhesion and invasion.* Under normal conditions,
the CXCL12/CXCR4 axis helps leukocyte recruitment and is
critical for homing and retention of hematopoietic cells to the
bone marrow. In addition to its physiological roles, CXCR4 has
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These effects may provide evidence of the modulating ligand—receptor interactions of peptides as anti-
ligand molecules that differ from the traditional receptor antagonists leading to therapeutic agents.

also been found to be a prognostic marker which is shown to
regulate site-specific distant metastasis in various types of
human tumors including breast,>® prostate”® and colon
tumors®'® and multiple myeloma.'* The high expression level of
CXCR4 in tumor cells enables them to migrate to target tissues
(like lung, liver and bone) that have an abundant source of the
ligand CXCL12, which allows tumor cells to form directional
migration via the CXCL12 chemotactic gradient. The influx of
leukocytes into tissues has similarities with the invasion of
tissues by metastasizing tumor cells, as well as hematopoietic
tumors. For example, myeloid'>** and lymphoid*** leukemia
cells also have a high level of CXCR4 expression, which induces
leukemia migration towards stromal cells secreting CXCL12,
and as a result of this they reside in the microenvironment that
protects them from chemotherapy-induced cell death.**"

As noted, increasing efforts have been made in impeding the
function of the CXCL12/CXCR4 axis by targeting either the
ligand or the receptor using small molecules,"® peptides**** and
antibodies.*”> Most of these antagonists are still at the stage of
preclinical study.”® Previous studies mostly focused on the
blockade of CXCR4 with CXCR4 antagonists, however, targeting
the other part of this axis, the chemokine CXCL12, represents
an attractive alternative approach. It has been reported that
saccharides hinder the migration of human tumor cells via
blocking of the interaction between CXCL12 and CXCR4, and
these findings were supported by the structural analysis of
CXCL12’s interactions with saccharides.?** Furthermore, the
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treatment of human CD4" T lymphocytes with a series of chal-
cones inhibited CXCL12-induced migration.*® By analogy to the
effect of neutralizing antibodies, these molecules behave as
neutralizing compounds that may prove to have valuable
pharmacological and therapeutic potentials. However, peptides
are rarely reported binding to the chemokine itself to neutralize
its biological activity. Considering that peptides are readily
synthesized, metabolically cleaved and rapidly cleared from the
body without introducing serious immune responses and toxic
side effects, it is very necessary and of great significance to
develop peptides that target CXCL12 to provide more thera-
peutic options in the treatment of tumor metastasis.

Allosteric modulation of protein—-substrate interactions
results from binding of an allosteric ligand to a distinct site on
the protein, in a way that does not directly compete with the
binding site of its cognate substrate.”” Binding of the allosteric
ligand may increase or decrease the affinity to the cognate
substrate through minor modifications to the conformation of
the protein, thus opening or closing the active site and resulting
in positive or negative protein activity.”® Here, we have identi-
fied a CXCL12 recognition peptide W4 with high binding
affinity to target and modulate the secondary structure of
CXCL12, and we described its significant inhibitory effect on the
CXCL12/CXCR4 axis using the CXCR4-positive breast cancer cell
lines MCF-7 and MDA-MB-231, and leukemia cell lines HL-60
and U937. We speculate a potential allosteric coupling at the
binding site of CXCL12 to W4 and the conformational change
caused might transmit the signal to the active site of CXCL12,
which dramatically reduces the interaction of CXCL12 with its
receptor CXCR4. These effects may provide a feasible strategy
for modulating the ligand-receptor interactions of peptides
leading to therapeutic anti-ligand agents.

2 Experimental section
2.1 Peptide W4

The peptide W4 with the sequence of GGRGDLDWIQRYLRDA
was selected from screening of a collection of de novo designed
peptides based on the amyloid proteins and fragments of
various proteins. A surface plasmon resonance (SPR)-based
selection process was performed for screening peptide ligands
with high binding affinity. This collection of peptides was
examined using scanning probe microscopy (SPM) in our
previous studies for unraveling various interactions, such as the
hydrogen bonding, electrostatic and hydrophobic interactions
between the side chains, and peptide assemblies.”®>* The
peptide W4 used in this study (purity 98%), with and without
fluorescein isothiocyanate (FITC) labeling, was purchased from
GL Biochem Ltd, Shanghai, China and used without further
purification.

2.2 Cell culture

The human promyelocytic leukemia HL-60 cells and myelo-
monocytic leukemia U937 cells were purchased from the
Chinese Academy of Medical Science & Peking Union Medical
College, Beijing, China. The human breast cancer MCF-7 cells
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and MDA-MB-231 cells were kindly provided as a gift from
Professor Chunying Chen at the National Center for Nano-
science and Technology, Beijing, China. The MCF-7, HL-60 and
U937 cells were cultured in RPMI-1640 culture medium (Gibco,
USA) and the MDA-MB-231 cells in DMEM culture medium
(Gibco, USA). The culture media were supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Gibco, USA) and 1%
streptomycin-penicillin. The cells were placed in a dish in the
cell culture incubator with 5% CO, at 37 °C.

2.3 Surface plasmon resonance (SPR)

The binding affinity and binding dynamics parameter of W4
and anti-CXCL12 with CXCL12 were investigated using an SPR
system (Kx5, Plexera, USA) at 25 °C. CXCL12 was in the flowing
phase, and the peptide and antibody were immobilized on the
commercial SPR chips with modification of the self-assembled
layer of the carboxyl group-containing thiol molecules via
a covalent bond on the gold (50 nm) coated glass (Plexera, USA).
CXCL12 (R&D Systems, USA) was dissolved in phosphate buffer
saline (PBS; Hyclone, USA) at a series of concentrations (50, 100
and 200 nM), and 1 mg mL~ " W4 and anti-CXCL12 (RayBiotech,
USA) dissolved in triple distilled water were dropped on the
chip. Then the surface was washed with water twice. The real-
time binding signals were recorded and analyzed by a Data
Analysis Module (DAM, Plexera, USA). The binding analysis was
performed using BlAevaluation 4.1 software (Biocore, GE
Healthcare, USA).

2.4 ELISA assay

0.1 pg of CXCL12 diluted in 50 pL of coating buffer (0.1 M
sodium bicarbonate, pH 9.6) was added to each well of a 96-well
microplate. Then the plate was incubated for 2 hours at 37 °C,
washed three times with PBS containing 0.01% Tween 20 (PBST)
and blocked for 2 h at 37 °C with 5% skim milk in PBST. The
plate was then washed three times with PBST and 50 pL of anti-
CXCL12 diluted in 5% skim milk in PBST with different
concentrations of W4 was added and incubated for 1 h at 37 °C.
The plate was washed three times with PBST and 100 puL of
horseradish peroxidase (HRP)-conjugated anti-IgG (Cell
signaling Technology, USA) diluted in 5% skim milk in PBST
was added and incubated for 1 h at 37 °C. The plate was washed
three times with PBST and developed using 3,3,5,5-tetrame-
thylbenzidine (TMB). The reaction was stopped with 100 pL of
2 M H,SO, and the absorbance of each well read using
a microplate reader (Infinite M200, Tecan, Switzerland) at a test
wavelength of 450 nm.

2.5 Dot blot assay

0.1 pg of CXCL12 diluted in 5 pL of PBS was spotted onto
a nitrocellulose membrane (0.45 pm, Pierce, USA) and dried at
room temperature. Then the membrane was blocked with 5%
skim milk in Tris-buffered saline (TBS) containing 0.01% Tween
20 (TBST) for 1 h at room temperature, washed three times with
TBST and incubated with anti-CXCL12 diluted in 5% skim milk
in TBST with different concentrations of W4 overnight at 4 °C.
The membrane was washed with TBST three times and
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incubated for 1 h with HRP-conjugated anti-IgG in 5% skim
milk in TBST at room temperature. Following five washes with
TBST, the membrane was developed with an ECL chem-
iluminescence system.

2.6 Circular dichroism (CD) spectroscopy assay

The CD experiments were performed using a quartz cell with
0.1 cm path length using a spectropolarimeter (J-1500, JASCO,
Japan) equipped with a microcomputer. The CXCL12 solution at
5 uM was prepared in triple distilled water with different
concentrations of W4. The CD spectra of CXCL12 were recorded
between 190 nm and 260 nm with a scan speed of 200 nm
min~ ", spectral bandwidth of 2 nm, and data pitch of 0.5 nm.
Every CD spectrum data of CXCL12 used was the average of
three scans with the background of the peptide and the solvent
subtracted.

2.7 Molecular docking

The NMR structure of the chemokine CXCL12 was retrieved
from the RSCB Protein Data Bank (PDB ID: 2SDF). The structure
of W4 was obtained by PyMol, and the formation converted and
3D structure generated by Open Babel. The rotatable bonds
within the peptide were defined using AutoDockTools. Auto-
Dock Vina was used for the automated docking simulation. The
standard parameters were created with Raccoon, a script
program in the AutoDock software package, and used. Calcu-
lations were performed with a 26-node PC cluster in which each
node has a 16-core central processing unit (2.8 GHz, Pentium-D,
Intel, USA). The lowest binding free energy was recorded as the
binding affinity between W4 and CXCL12.

2.8 Wound healing assay

The MCF-7 and MDA-MB-231 cells were plated in a 6-well plate
at a concentration of 50 x 10* and 30 x 10* cells per well,
respectively, and allowed to form a confluent monolayer over-
night. Then the monolayer was scratched with a 10 pL pipette
tip, washed 3 times with PBS to remove the floating cells, and
treated with different concentrations of W4 in culture medium
in the presence or absence of 100 ng mL™~' CXCL12. The cells
were photographed (IX71, OLYMPUS, Japan) at 3 randomly
selected sites per well and incubated for 24 h at 37 °C. The cells
were then photographed again at the selected sites. The actual
migration of the cells was analyzed according to the original
and final wound zone.

2.9 Transwell assay

The transwell assay was applied using millicell hanging cell
culture inserts (5 um for U937, 8 um for MCF-7, MDA-MB-231
and HL-60; Millipore, Switzerland). The MCF-7 (10 x 10* cells
per chamber), MDA-MB-231 (10 x 10* cells per chamber), HL-60
(20 x 10" cells per chamber) and U937 (20 x 10* cells per
chamber) cells were plated into the upper chambers of the
inserts in culture medium. Then the inserts were placed into
a well of a 24-well plate containing 800 pL culture medium in
the presence or absence of CXCL12 treated with different
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concentrations of W4. The concentrations of CXCL12 were 100
ng mL~" for the MCF-7 and MDA-MB-231 cells, 200 ng mL " for
the HL-60 cell and 50 ng mL™" for the U937 cell (at these
concentrations, the cells reached the maximum of migration,
data not shown). After a 24 h incubation at 37 °C, for the MCF-7
and MDA-MB-231 cells, the top surface of the insert was scraped
using a cotton swab, and the cells on the lower surface of the
membrane were fixed and stained with crystal violet. The cells
that had migrated to the bottom of the membrane were visu-
alized and counted using a microscope (DMI3000B, Leica,
Germany). For each replicate, the cells in five randomly selected
fields were counted and averaged. For the HL-60 cells and U937
cells, the cells migrating to the lower chambers were counted.

To confirm the absence of off-target effects of W4 on cell
migration, the HL-60 and U937 cells were plated into the upper
chambers of the inserts and then the inserts were placed in
a well containing 800 pL of culture medium in the presence of
CXCL12 and 10 pg mL~" anti-CXCL12 prior to the addition of
W4. After 24 h incubation at 37 °C, the cells migrating to the
lower chambers were counted.

2.10 Realtime fluorescence quantitative PCR

The MCF-7, MDA-MB-231, HL-60 and U937 cells were main-
tained overnight in medium containing 0.5% FBS at 1 x 10°
cells per well in a 6-well plate. After that, CXCL12 (100 ng mL "
for MCF-7 and MDA-MB-231, 200 ng mL ™" for HL-60 and 50 ng
mL ™" for U937) with and without W4 at the mole ratio of 1: 1
was added into the medium for 15 min at 37 °C. The total RNA
was extracted using Trizol (Life Technologies, USA), and then
reverse transcribed with a QuantScript RT Kit (TIANGEN,
China) for 1 h at 37 °C, according to the instructions of the
manufacturer. The following primers (Sangon Biotech, China)
were used for the subsequent PCR: Vimentin (forward: 5 GAA
CGC CAG ATG CGT GAA ATG 3'; reverse: 5 CCA GAG GGA GTG
AAT CCA GAT TA 3'), N-cadherin (forward: 5' GAG GAG TCA GTG
AAG GAG TCA 3'; reverse: 5 GGC AAG TTG GAG GGA TG 3'),
MMP2 (forward: 5" ACC CTC AGA GCC ACC CCT AA 3’; reverse:
5" AGC CAG CAG TGA AAA GCC AG 3'), and MMP9 (forward: 5
TCC CTG GAG ACC TGA GAA CC 3'; reverse: 5' CGG CAA GTC
TTC CGA GTA GTT 3’'). The reverse transcription was checked
with primers for the GAPDH gene (forward: 5 GAG AAG GCT
GGG GCT CAT TT 3'; reverse: 5’ AGT GAT GGC ATG GAC TGT GG
3) as a control. Then the cDNA was subjected to PCR with
a Realplex 4 (Eppendorf, Germany) and the cycling conditions
were: 5 min at 95 °C, 40 cycles of 15 s at 95 °C, 15 s at 60 °C, 200 s
at 72 °C, and finally an elongation step of 5 min at 72 °C.

2.11 Western blot analysis

The MCF-7, MDA-MB-231, HL-60 and U937 cells were main-
tained overnight in medium containing 0.5% FBS at 1 x 10°
cells per well in a 6-well plate. After that, CXCL12 (100 ng mL ™"
for MCF-7 and MDA-MB-231, 200 ng mL ™" for HL-60, and 50 ng
mL ™" for U937) with and without W4 at a mole ratio of 1 : 1 was
added into the medium for 15 min at 37 °C. Then, adding excess
PBS, the cells were washed and lysed in RIPA lysis buffer (Pierce,
USA) supplemented with protease inhibitors and a phosphatase

This journal is © The Royal Society of Chemistry 2017
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inhibitor mixture on ice for 1 h. The lysates were clarified by
centrifugation at 14 000g for 10 min. Equal protein (10 pg) was
loaded and separated on 10% Bis-Tris gels (Invitrogen, USA),
and transferred to PVDF membranes (0.45 um, Millipore, USA).
The phosphorylated and total proteins were probed with
specific primary antibodies (Akt, phosphorylated-Akt, Erk,
phosphorylated-Erk, p38, phosphorylated-p38, and GAPDH;
Cell signaling Technology, USA) overnight at 4 °C and the
secondary antibodies conjugated to HRP for 1 h at room
temperature. The immunocomplex on the membrane was
visualized using a ChemiDoc® Touch Imaging System (Bio-Rad,
USA) with SuperSignal® West Femto Maximum Sensitivity
Substrate (Thermo Scientific, USA).

2.12 Confocal microscopy analysis

The MCF-7 and MDA-MB-231 cells were seeded at 10 x 10* cells
per dish and incubated for 24 h. Then the cells were washed 3
times, followed by supplementation with 1 mL of culture
medium containing 1 uM rhodamine B isothiocyanate (RBITC)-
labeled CXCL12 (Abace Biology, China), 1 uM FITC-labeled W4,
and 1 puM RBITC-labeled CXCL12 with FITC-labeled W4. The
cells were incubated for 1 h at 37 °C. Next the cells were washed
and incubated with Hoechst 33342 (Sigma-Aldrich, USA) for
10 min. Images were taken using a laser confocal microscope
(LSM760, Zeiss, Germany).

2.13 Flow cytometry assay

The MCF-7, MDA-MB-231, HL-60 and U937 cells were washed
once with washing buffer (PBS containing 2% FBS) and then
resuspended with culture medium to 5 x 10° cells per mL. 50 uL
of the cell suspension was added into the tube and centrifuged
at 500g for 1 min. Then the supernatant was removed carefully.
60 pL of RBITC-labeled CXCL12, FITC-labeled W4, and RBITC-
labeled CXCL12 with FITC-labeled W4 at 1 pM in culture
medium were added into the tube. The cells were incubated at
room temperature for 1 h and then washed twice with 1 mL of
washing buffer. Then the supernatant was removed and the
cells were resuspended with 500 uL of washing buffer. 1 x 10*
cells were analyzed by a C6 Accuri flow cytometer (BD Biosci-
ences, USA).

2.14 Statistical analysis

All the experiments were carried out in triplicate and Student’s
t-test was performed to assess the statistical significance of the
results (*P < 0.05 and **P < 0.01).

3 Results and discussion
3.1 Binding affinity between W4 and CXCL12

To validate the binding parameters (the equilibrium dissocia-
tion constant Kp,) between W4 and CXCL12, an SPR assay was
employed, which allowed for estimation of the kinetic and
binding constants for the interactions between them. A series of
concentrations (50, 100 and 200 nM) of CXCL12 were used to
investigate the Kp, of the binding and the antibody of CXCL12
was also determined as a positive control. We could tell that the
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SPR signal intensity increased with the rise in the concentration
(Fig. S17). The sensor grams were recorded for calculation of the
quantitative binding kinetic parameters, such as the associa-
tion rate constant k, and dissociation rate constant kg4, as shown
in Table 1. The Ky, values were calculated from the measured k,
and kq (Kp = kalk,). As listed, W4 showed comparable binding
affinity (5.7 x 10~® M) to that of anti-CXCL12 (3.0 x 10™° M)
binding to CXCL12.

Using ELISA and dot blot assay, we next studied the
competitive binding between W4 and the antibody of CXCL12 to
CXCL12. Early analysis of the binding affinity between W4 and
CXCL12 revealed comparable binding capability of W4 with
anti-CXCL12, leading to the hypothesis that W4 would compete
with anti-CXCL12 to target CXCL12. In the ELISA assay, for the
anti-CXCL12 supplemented assay that didn’t contain the
peptide, the absorbance of HRP-anti-IgG was at a relatively high
level. After being treated with W4, the absorbance was
decreased and tested in a concentration-dependent manner,
exhibiting that the antibody binding to CXCL12 could be partly
replaced by W4 (Fig. 1A). Stronger experimental evidence for the
competitive binding between W4 and anti-CXCL12 was shown
in the dot blot images. The antibody bound to the protein
CXCL12, which led to the development of HRP-anti-IgG positive
spots. However, this effect was regulated by treatment with W4
at a mole ratio of 10 : 1 with anti-CXCL12, which showed a light
spot (Fig. 1B).

These results clearly indicate that W4 has comparable
binding affinity to that of anti-CXCL12, indicating that W4
could be a possible candidate for targeting CXCL12 for inter-
fering with the binding of CXCL12 to the receptor CXCR4.

3.2 Transformation of the secondary structure of CXCL12
induced by W4

Considering that chemokines are rather small proteins, ques-
tions concerning the structural change at the binding site for
chemokines are raised.*” Proteins can fold into several well-
defined secondary structures, originating mainly from the
strong intramolecular hydrogen bonds, such as a-helixes, B-
sheets and random coils.*® The conformation of proteins can be
changed due to interaction with other molecules, which can
influence the formation of the intramolecular hydrogen bonds
in the protein. In order to investigate the conformation change
of CXCL12 upon W4 addition, the circular dichroism (CD)
spectra of CXCL12 with and without W4 interaction were ob-
tained in water. As shown in Fig. 2, the CD spectrum of CXCL12
in solution exhibited a maximum value near 190 nm and
negative values around 200 nm, corresponding to the mixed

Table 1 Kinetic parameters for the binding of anti-CXCL12 and W4 to
CXCL12 by SPR

Kinetic parameters

M s ka(sTh Ka(M™)  Kp(M)
Anti-CXCL12 2.5 x 10* 7.6 x107° 33 x10° 3.0x10°°
W4 1.4 x 10* 8.0x10* 1.8x10° 57x10°8

RSC Adv., 2017, 7, 21298-21307 | 21301
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Fig. 1 Competitive binding between anti-CXCL12 and W4. (A) ELISA
assay is used to measure the binding levels of anti-CXCL12 to CXCL12
after treatment of different concentrations of W4. The error bars
represent the standard deviation (n = 3). (B) The dot blot analysis of the
binding amount of anti-CXCL12 to CXCL12 after treatment with W4.
The mole ratio of anti-CXCL12 to W4 was 1 : 10.
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Fig.2 Transformation of the secondary structures of CXCL12 induced
by W4. Every CD spectrum data used was the average of three scans
and corrected for the background of the peptide and solvent.

structures of «-helix, B-sheet and random coils, which was
consistent with previous reports.** Upon introduction of W4
into the CXCL12 solution, the characteristic peaks near 190 nm
and 200 nm were weakened, and the positive band shifted to the
right little by little, indicating that the a-helical structure of
CXCL12 gradually transformed into a B-sheet structure and
random coils after interacting with W4. Analysis within the

Table 2 Secondary structure analysis of CXCL12 after treatment with
W4

Ratio (%)

n(CXCL12) : n(W4)

CXCL12 1:0.2 1:0.5 1:1 1:5
a-Helix 18.1 14.5 7.6 3.5 0
B-Sheet 40.5 43.2 48.3 51.9 53.2
Random coils 41.4 42.3 441 44.6 46.8
Total 100 100 100 100 100
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software supported the transformation of the secondary struc-
tures of CXCL12 by mixing with W4 at different mole ratios
(Table 2), which was in agreement with the CD spectra. The
percentages of the a-helix, B-sheet and random coils structures
of CXCL12 were 18.1%, 40.5% and 41.4%, respectively. After
mixing with the peptide, the secondary structure of CXCL12 was
induced into the B-sheet structure and random coils, mani-
festing so that the percentage of B-sheet and random coils
increased to 53.2% and 46.8%, while the a-helical structure
disappeared when the mole ratio of CXCL12 and W4 was 1 : 5.
Therefore, the CD spectra revealed that the addition of W4
could lead to conformation change of CXCL12.

To further reveal the interaction mode between W4 and
CXCL12, the automated docking simulation was performed.
The crystal structure of human CXCL12 (PDB ID: 2SDF) was
utilized as the target structure, whereas the peptide W4 was
used as a docking probe. The molecular docking simulation
initiated with AutoDock Vina (Fig. 3) showed the designed
recognition peptides were mostly binding to the a-helix and
random coil domains of CXCL12. According to the illustration,
W4 formed intermolecular hydrogen bonds with the CXCL12
proteins, like Argl2, Pro32, Asn33, Leu36, Pro53 and Asn67.
More importantly, W4 formed three continuous hydrogen
bonds with the GIn59 and Glu63 region of CXCL12, which
formed an a-helix structure in the C-terminal domain. These
interactions appeared to efficiently change the a-helical struc-
ture of CXCL12 after binding with W4 with high affinity.

3.3 Inhibition of CXCL12-induced migration of both breast
cancer cells and acute myelocytic leukemia cells by W4

Preclinical studies on different tumor models have revealed that
CXCR4 activation mediates tumor cell migration towards the
CXCL12 expressing organs, which is a central player in tumor
progression.*>** Therefore, in the following chemotaxis experi-
ments, the wound healing assay and transwell assay were
utilized to determine whether W4 could weaken the binding of
CXCL12 to CXCR4 and then inhibit CXCL12-induced migration
of the CXCR4-positive cell lines. The four CXCR4-positive cell
lines, MCF-7, MDA-MB-231, HL-60 and U937, were chosen as
models and the expression levels of CXCR4 in the four cell lines
were determined to be 61.4%, 88.1%, 97.6% and 92.5%,

Fig. 3 Molecular modeling simulations of CXCL12 (2SDF) with W4
(aqua sticks). The red, yellow and green parts in the CXCL12 protein
structure represent the a-helix, B-sheet and random coil domains,
respectively. The zoomed-in part shows the possible hydrogen bonds
between GIn59 and Glu63 in the a-helix domain of CXCL12 and the N-
terminal of W4. The molecular docking studies were initiated with
AutoDock Vina.

This journal is © The Royal Society of Chemistry 2017
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respectively [analyzed by flow cytometry (FCM) using the CXCR4
antibody, Fig. S21].

The wound healing assay is shown in Fig. 4. 24 h after the cell
monolayers were wounded, ~30.0% of MCF-7 cells and ~20.0%
of MDA-MB-231 cells without CXCL12 treatment had filled in
the cleared areas. After CXCL12 was supplemented, the adhe-
sive cells were enhanced to migrate into the wounded area (set
at 100% as a control). When treated with W4, cell migration was
significantly inhibited in the two breast cell lines, and the
inhibitory effect was associated with the concentration. With
the increase in the mole ratio of W4 to CXCL12, the migration
rates gradually reduced, especially when the mole ratio was
1:1, where the optimal inhibitory effects reached 30.0% and
35.0% for MCF-7 and MDA-MB-231 respectively.

In the transwell assay, CXCL12 was treated with W4 prior to
being added to the lower chamber. In the absence of CXCL12,
the migration of cells was ~40.0% for MCF-7 and ~20.0% for
MDA-MB-231, HL-60 and U937 (Fig. 5). When supplied with
CXCL12, the cells were enticed to migrate to the lower chamber.
By visualizing the cells that migrated to the bottom of the
culture inserts, when treated with W4 at different mole ratios
with CXCL12, the migration was markedly inhibited in all cell
lines but the migration percentages were relatively high when
the concentration of W4 was at a lower level. When the mole
ratio reached 1 : 1, the migration percentages were substantially
reduced to their minimum of ~20.0% for MCF-7, ~30.0% for
MDA-MB-231, ~45.0% for HL-60 and ~40.0% for U937,
completely abolishing the effect of CXCL12.

CXCL12
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B

MDA-MB-231

— + + + + +

—  1:01 1:02 1:05 1:1
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S
4
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=28882888
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Fig.4 The wound healing assay showed the inhibitory effect of W4 on
cell migration. (A) Representative images showed the migration of two
adhesive cancer cells before (0 h) and after (24 h) W4 treatment in the
presence or absence of CXCL12. The scale bar represents 200 pm. (B)
The areas of the migrated cells were counted at the three selected
sites. The CXCL12 supplemented one without W4 was set at 100% as
the control. The error bars represent the standard deviation (n = 3).
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Fig. 5 A transwell assay shows the inhibitory effect of W4 on cell
migration. (A) Representative images show the migration of two
adhesive cancer cells after W4 treatment for 24 h in the presence or
absence of CXCL12. The scale bar represents 100 um. (B) The migrated
cells are visualized and counted in five randomly selected fields using
a microscope. A CXCL12 supplemented assay without W4 and set to
100% is used as the control. (C) To confirm the absence of off-target
effects of W4 on cell migration, inserts with HL-60 and U937 cells were
placed into a well containing 800 pL of culture medium in the pres-
ence of CXCL12 and 10 mg mL~* anti-CXCL12, prior to the addition of
W4. The molar ratio of CXCL12 to W4 was 1:1. The error bars
represent the standard deviation (n = 3).

To confirm the absence of off-target effects of W4 on cell
migration, inserts with HL-60 and U937 cells were placed into
a well containing culture medium in the presence of CXCL12
and anti-CXCL12, prior to the addition of W4. It turned out that
after binding with anti-CXCL12, CXCL12 could not be inhibited
by W4 any more, indicating that W4 targeted CXCL12 specifi-
cally and thus was functioning (Fig. 5C). Overall, these changes
indicate that W4 could more effectively inhibit CXCL12-induced
cell migration of both the breast cancer cell lines and acute
myelocytic leukemia cell lines that are overexpressing CXCR4.

We have provided biological data to show that a peptide is
able to bind to the chemokine CXCL12, and thus alter the
functional consequences of the interaction between CXCL12
and its receptor CXCR4, as demonstrated here by the inhibition
of in vitro chemotaxis. Considering that chemokines are rather
small proteins, our observations raise questions concerning the
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molecular mechanism of the neutralizing molecule W4. It has
been reported that CXCL12 binds to CXCR4 in a two-step
process. First, the extracellular flexible N-terminal domain of
the receptor recognizes and binds to the surface of CXCL12, and
then CXCL12 “docks” its own flexible N-terminal domain into
the receptor resulting in activation and downstream signaling.®®
The first step, however, represents a viable alternative target and
a prototypic example of protein-protein interactions, mediated
by a binding surface area covering a large portion of the che-
mokine. From the molecular docking results, we could see that
W4 wraps nearly halfway around the chemokine, creating an
interface that prevents the binding between CXCL12 and the
CXCR4 N-terminus (Fig. 3). Noteworthy, the reported binding
affinity of CXCL12 for CXCR4 (Kp ~ 2 to 4 x 10~° M)*”*® is one
order of magnitude higher than that of W4 for CXCL12 (Kp = 5.7
x 10~°% M, Table 1). Compared with the significant inhibitory
effects of W4 on cell migration (Fig. 4 and 5), we speculated that
competitive inhibition might not be the sole reason for blocking
of the CXCL12/CXCR4 axis.

On the other hand, it has been described that minor modi-
fications to the conformation of a protein are nevertheless
sufficient to affect the protein’s ability to bind to, or properly
interact with, its substrates, which is a common form of allo-
steric regulation.***® Volkman and his colleagues found the
allosteric behavior of the chemokine CXCL12 with a CXCR4
peptide increased the CXCL12 dimerization affinity by allosteric
coupling at its binding site.*” In our work, the CD spectrum of
CXCL12 in solution shows that its conformation was changed
upon interaction with W4 as the a-helical structure disappeared
and transformed into B-sheet and random coil structures (Fig. 2
and 3). We could propose a hypothesis that the coordinated
movement of the segments of CXCL12 might transmit the
allosteric signal to the active site on the N-terminal tail of
CXCL12, which is deformed, and dramatically reduce the
interaction of CXCL12 with its receptor CXCR4.

However, with the increase of the mole ratio of W4 to
CXCL12, the inhibitory effects detected on the four cell lines all
slightly decreased (Fig. S3 and S47), perhaps because W4 had
a mild tendency of aggregation over 24 h, which led to a lower
effective drug concentration being obtained at the target
protein (Fig. S57).

3.4 Down-regulation of CXCL12-induced expression of genes
and proteins by W4

CXCR4/CXCL12 interaction has been demonstrated to increase
the expression of the Vimentin, N-cadherin, MMP-2 and MMP-9
genes, which accounts for the invasion and metastasis of tumor
cells.®** To clarify whether W4 inhibits cell migration through
affecting the intracellular signaling of CXCL12/CXCR4, we per-
formed realtime fluorescence quantitative PCR for activation of
the Vimentin, N-cadherin, MMP-2 and MMP-9 genes in the four
cell lines. The cells were treated with CXCL12 alone, and
CXCL12 with W4 at a mole ratio of 1: 1. As shown in Fig. 6,
CXCL12 treatment enhanced the expression levels of the
Vimentin, N-cadherin, MMP-2 and MMP-9 genes in reference to
that of the control, while treatment with W4 significantly
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Fig. 6 Effects of W4 on the CXCL12-induced activation of genes
including Vimentin, N-cadherin, MMP2 and MMP9 determined by
realtime fluorescence quantitative PCR. GAPDH mRNA was used to
normalize the variability in template loading. The mole ratio of CXCL12
to W4 was 1: 1. The error bars represent the standard deviation (n = 3).

diminished the CXCL12-induced gene expression. These results
clearly indicated that W4 could interact with CXCL12 and then
inhibit cancer cells from responding to CXCL12 stimulation by
suppressing the expression of the Vimentin, N-cadherin, MMP-
2 and MMP-9 genes.

For upstream proteins, the stimulation of CXCL12 on CXCR4
results in the activation of Akt, Erk and p38.**** We next con-
ducted western blot analysis for activation of Akt (phospho-Akt),
Erk (phospho-Erk) and p38 (phospho-p38) in the four kinds of
CXCR4-positive cell lines to further clarify whether W4 inhibits
cell migration through affecting the intracellular signaling of
CXCL12/CXCR4. The results displayed in Fig. 7 show that
CXCL12 treatment enhanced the phosphorylation levels of Akt,
Erk and p38 (lane b) in reference to that of the control, while W4
dramatically inhibited the robust phosphorylation of Akt, Erk
and p38 in the cells stimulated by CXCL12 (lane c). These
results clearly indicate that W4 inhibits CXCR4-positive cells
from responding to CXCL12 stimulation by suppressing the
expression of p-Akt, p-Erk and p-p38.
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p-Akt e | pAKt e = | oAkt - -~ | p-Akt —-—
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Fig.7 Effects of W4 on CXCL12-induced Akt, Erk and p38 activation of
cancer cells by western blot analysis. (a) Control, (b) CXCL12 treatment
only, and (c) treated with CXCL12 and W4 at a mole ratio of 1: 1.
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3.5 W4 binds to CXCL12 but not to the receptor CXCR4

The evidence supporting W4 binding to CXCL12 was provided
by analysis using confocal microscopy. The results of the two
adhesive breast cancer cell lines are displayed representatively
in Fig. 8A. When the cells were incubated with RBITC-labeled
CXCL12 alone, we found brighter red fluorescence dispersed
on the whole cell membrane uniformly. If W4 was used to
interact with CXCL12, the signals of red fluorescence were
observed to decrease on the cell membrane, which indicated
that the amount of CXCL12 bound to the cell membrane
reduced after interacting with W4. However, when the cells were
incubated in medium containing FITC-W4, the green fluores-
cence on the cell membrane was faint in both cells (Fig. S67).
After treatment with CXCL12, the intensity on the cell surface
was attenuated and even negligible for the green fluorescence,
which proved that W4 didn’t bind to the cell surface. In order to
illustrate the amounts of CXCL12 bound to the cell surface, we
performed FCM assay. The results showed that lower mean
fluorescent intensity (MFI) could be observed after interaction
with W4 (Fig. 8B). These data revealed that W4 interacted with
CXCL12 and neutralized its binding capacity to its receptor
CXCR4, but did not act directly on CXCR4.

The CXCR4/CXCL12 axis is a target for therapeutics that
block their interaction to inhibit downstream intracellular
enzyme activities, as well as to interfere with the stromal cell-
mediated tumor cell drug-resistance. In view of the great
importance of the CXCL12/CXCR4 axis in the spread of different
types of tumors, multiple antagonists targeting the ligand or
receptor have been developed. Considering that W4 exhibits
potent anti-metastasis activity upon binding to CXCL12 but not
to CXCR4, its mechanism of action markedly differs from that
of other pharmacological agents acting upon binding to the
receptor CXCR4, such as the small molecule AMD3100 (ref. 23
and 45) and peptide T140.'*° The analysis of the functional

A MCF-7

-.U

MDA-MB-231

CXCL12-RBITC  CXCL12-RBITC+W4

jmm CXCL12-RBITC
== CXCL12-RBITC+W4

Fig.8 The amounts of CXCL12 bound to the cells after treatment with
W4. (A) Confocal microscopy images of CXCL12 (left line) and CXCL12
with W4 (right line) bound to two adhesive cancer cells were obtained
using RBITC labeled CXCL12, and the nucleus was revealed with
Hoechst 33342 (blue fluorescence). The scale bar represents 10 pm.
(B) The amounts of CXCL12 bound to the cell surface after treatment
with W4 were measured by FCM analysis. The CXCL12 treated group
was set as 1. The error bars represent the standard deviation (n = 3).
The mole ratio of CXCL12 to W4 was 1: 1.
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properties of these antagonists on constitutively active mutants
of CXCR4 reveals that, at high doses, AMD3100 is a weak partial
agonist and T140 is an inverse agonist of the receptor func-
tions.** As a consequence, both AMD3100 and T140 are
cautiously considered to be anti-metastatic agents in many
cancer types involving CXCR4." In contrast to the CXCR4
antagonists, the anti-ligand molecules do not alter the basal
function of the receptor CXCR4.

It is notable that to date, the peptide antagonists for CXCL12
itself have been rarely published. Therefore, it is necessary and
of significance to develop peptide antagonists targeting CXCL12
for use in anti-metastasis, so that more therapeutic options can
be provided to patients. Contrary to those small molecules,****
W4 is designed according to the sequence features of human
CXCL12 and chemically synthesized, rather than derived from
any natural compounds, which makes it more easily, flexibly
and economically produced. Another attractive feature of this
peptide targeting the chemokine is that it has no cytotoxicity to
cells up to a high concentration of 30 uM (Fig. S71). It is thus
interesting to consider anti-ligand peptides as pharmacological
agents with mechanisms of action that differ from traditional
competitive antagonists binding to the receptor.

4 Conclusion

We demonstrate a peptide W4 that interacts with CXCL12 with
high binding affinity (5.7 x 10~® M). As a result, the confor-
mation change of CXCL12 can be identified, thereby the
CXCL12/CXCR4 axis can be blocked leading to impacts on the
subsequent biological functions, manifesting such that W4
inhibits the CXCL12-induced cell migration by down-regulating
the activation of the Akt, Erk and p38 signaling pathway. We
speculate allosteric coupling at the binding site of CXCL12 to
W4 and the conformational change caused might transmit the
signal to the active site of CXCL12, which dramatically reduces
the interaction of CXCL12 with its receptor CXCR4. These
results may provide an alternative means of drug design to
target ligand-receptor interactions using anti-ligand peptides
as therapeutic agents.
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