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The adipokine chemerin has been considered an important
regulator of tumor immune surveillance. Chemerin recruits
leukocytes through the receptor CMKLR1 to improve clinical
outcomes of tumors and overall patient survival, but the role
of GPR1 in tumors has not been widely investigated. Here,
we found that GPR1 expression is elevated in breast cancer—
especially triple-negative breast cancer (TNBC) tissues and
cell lines. Herein, we screened a phage display peptide library
to identify LRH7-G5, a peptide antagonist that blocks chem-
erin/GPR1 signaling. This peptide performed as an anticancer
agent to suppress the proliferation of the TNBC cell lines
MDA-MB-231 andHCC1937 but has little effect on T47D cells.
LRH7-G5 treatment significantly blocked tumor growth in a
TNBC cell-bearing orthotopic mouse model. Last, our results
showed that this peptide’s antitumor role is mediated through
the PI3K/AKT signaling pathway. In conclusion, these data
collectively suggest that the chemerin receptor GPR1 is a novel
target for controlling TNBC progression and establish peptide
LRH7-G5 as a new therapeutic agent for suppressing TNBC tu-
mor growth.

INTRODUCTION
Globally, breast cancer (BC) is the most commonmalignancy and the
leading cause of cancer-related mortality in women worldwide.1,2

Based on the presence/absence of the estrogen receptor (ER), the pro-
gesterone receptor (PR), and human epidermal growth factor-2
(HER2), breast cancer subtypes can be classified into the following
subtypes: luminal A, luminal B, HER2-overexpressing, and triple-
negative3,4 Triple-negative breast cancer (TNBC) tumors are often
more aggressive, are less sensitive to typical endocrine therapies,
have a poorer prognosis, and have a higher rate of distinct recurrence
than tumors of other subtypes.5–7 The triple-negative subtype does
not respond to conventional anti-hormone or molecular targeted
therapies and therefore has limited treatment options. Thus, TNBC
therapies constitute a significant unmet medical need.

G protein-coupled receptor 1 (GPR1), a receptor for chemokine-like
peptide (chemerin), plays an essential role in metabolism and repro-
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duction.8,9 Chemerin is an adipokine and is secreted mainly from
white adipose tissue. Activation of GPR1 by chemerin results in intra-
cellular calcium release, inhibition of cyclic adenosine monophos-
phate (cAMP) accumulation, and phosphorylation of the p42-p44
MAP kinases through the Gi class of heterotrimeric G proteins.10,11

GPR1 has also been identified as a coreceptor for the entry of
HIV-1 variants and mutants into target cells.12 Recently, GPR1 was
reported to promote cancer cell proliferation and invasion in chorio-
carcinoma cells and gastric cancer cells,13 which prompted us to focus
on the role of GPR1 in tumors. Here, we found that GPR1 was highly
expressed in breast cancer tissue and cell lines, especially in TNBC cell
lines. Analysis of data from The Cancer Genome Atlas (TGCA) indi-
cated a close correlation between TNBC and GPR1. To investigate the
role of GPR1 in breast cancer, we screened the Ph.D.-7 random phage
library to identify the GPR1-specific peptide LRH7-G5, which com-
petes with chemerin to block chemerin/GPR1 signaling. As expected,
this peptide directly inhibited the proliferation of the TNBC cell lines
MDA-MB-231 and HCC1937 and suppressed tumor growth in a
dose-dependent manner but did not affect T47D cells. We also pro-
vided evidence that this peptide’s antitumor role is mediated through
PI3K/AKT signaling.
RESULTS
The Expression Status of GPR1 Is Related to TNBC Progression

To determine the relationship between GPR1 and breast cancer pro-
gression, we examined GPR1 expression in breast cancer cell lines
and breast cancer tissue. The GPR1 level was significantly elevated in
TNBC, as shown by its increased RNA and protein expression levels
e Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2020.08.013
mailto:jian.zhang@siat.ac.cn
mailto:rxwei1123@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2020.08.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. The Expression Status of GPR1 Is Related with Breast Cancer Progression

(A and B) Expression of GPR1 in breast cancer cell lines was measured by real-time RT-PCR (A) and western blot (B). P value is compared with MCF-10A, **p < 0.001 (C)

Scatter dot plots shown GPR1 expression levels in breast cancer cell lines from GEO datasets:GSE41313. Luminal (n = 51), Her2-enriched (n = 26), and basal-like (n = 70),

one-way ANOVA was performed for significance. (D) GPR1 staining in breast cancer tissue and adjacent tissue. (E) GPR1 protein level in breast cancer tissue. One-way

ANOVA was performed for significance. *p < 0.05, **p < 0.001 versus adjacent samples. The results are representative of three independent experiments and are expressed

as the mean ± SD.
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in HCC1937 and MDA-MB-231 cell lines (Figures 1A and 1B).
Furthermore, the analysis of breast cancer cell lines from a public mi-
croarray dataset:GSE4131314 confirmed a correlation between the
GPR1 level and a basal-like subtype in cancer cell lines (Figure 1C).
We also found that endogenous expression of GPR1 was positively
associated with breast cancer tissues (Figures 1D and 1E). Together,
these data suggest that GPR1 may be clinically significant for charac-
terizing breast cancer progression, especially the development of
TNBC.

The Selected Peptides Specifically Block Chemerin/GPR1

Signaling

To further investigate the role of GPR1 in breast cancer, we eval-
uated a Ph.D.-7 Phage Display Peptide Library in HEK293
GPR1+/+ cells to identify peptides binding GPR1. Figure S1A
shows a schematic of the phage display workflow. After five rounds
of evaluating clones for binding specificity, the 6 phage clones with
high binding ability were finally identified, among which LRH7-G5
showed the highest affinity (Figure 2A). The binding affinities of
LRH7-G5 were determined by the binding kinetics, which were
evaluated using the dissociation constant (KD) values in the
GPR1-expressing cell line and the TNBC cell lines MDA-MB-
231 and HCC1937 (Figures S1B and S1C), and were validated by
confirming colocalization of the peptides and GPR1 in breast can-
cer cell lines (Figure 2B).

To further examine the effect of LRH7-G5 on GPR1 signaling, we uti-
lized cAMP and calcium mobilization assays. As shown in Figures 2C
and 2D, chemerin suppressed forskolin-induced cAMP release, and
this effect was dose-dependently abolished by LRH7-G5 treatment.
A similar result was observed in the calcium release assay. In these
GPR1-expressing cells, LRH7-G5 treatment significantly decreased
chemerin-induced calcium mobilization. In contrast, this peptide
did not affect HEK293 pcDNA cells (Figure 2D). Most importantly,
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Figure 2. Identification and Characterization of GPR1-Binding Phage Peptides

(A) Peptide sequence summaries from each rounds of phage selection and the phage clones binding array to GPR1 by ELISA. **p < 0.01, ***p < 0.001, ***p < 0.0001 versus

HEK293 pcDNA cells. (B) Cellular localization of peptide LRH7-G5 (1 mM) and GPR1 in breast cancer cell. (C) The stimulation of forskolin with chemerin or LRH7-G5 in cAMP

production in wild HEK293 pcDNA cells. (D) The antagonist activity of LRH7-G5 for chemerin was assessed using a calcium-mobilization assay. The results are representative

of three independent experiments and are expressed as the mean ± SD. *p < 0.05, **p < 0.01.
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these results suggest that LRH7-G5 can specifically interact with
GPR1 and inhibit chemerin/GPR1 signaling.

Binding of LRH7-G5 with GPR1 Inhibits the Growth and Induces

the Death of TNBC Cells

To assess the effect of peptide LRH7-G5 on TNBC cells, we examined
the proliferation curves of the MDA-MB-231, HCC1937, and T47D
cell lines. As shown in Figure 3A, LRH7-G5 significantly suppressed
cell growth in a dose-dependent manner in the TNBC cell linesMDA-
MB-231 and HCC1937 but has little effect on T47D cell line. Compa-
rable results were observed in the Edu staining assay (Figures S2A–
S2C). This peptide-specific effect on the TNBC cell lines was validated
by colony formation assays after treatment of MDA-MB-231 (Fig-
ure 3B) and HCC1937 cells with different concentrations of LRH7-
G5 for 1 month (Figure S2D). Furthermore, we found that LRH7-
G5 treatment arrested MDA-MB-231 cells at the G0/G1 phase
boundary (Figure 3C) and induced their apoptosis (Figure 3D; Fig-
ures S3A–S3F), indicating that GPR1 signaling is required for the sur-
vival and/or proliferation of TNBC cells.

Effect of LRH7-G5 on TNBC Cell Invasion and Migration and

Identification of the Involved Signaling Pathways

As shown in Figures 4A–4C, the invasion and migration of TNBC
cells (MDA-MB-231 and HCC1937) were significantly suppressed
by LRH7-G5 in a dose-dependent manner (Figures S4A–S4C). To
investigate the mechanism underlying the selective effect of peptide
LRH7-G5 on TNBC cells, we examined the relative expression levels
of proteins involved in the cell cycle, apoptosis, and invasion. As
shown in Figure 4D, the levels of the cell-cycle-related protein cyclin
D and the apoptosis regulator proteins Stat3 and Bcl-2 were
decreased, as were those of the invasion-related proteins N-cadherin,
MMP-9, MMP-2, vimentin, and Snail. The effect of the peptide in
relation to the PI3K/AKT pathway was also studied. LRH7-G5 signif-
icantly decreased the phosphorylation of AKT and ERK.When cocul-
tured with the AKT phosphorylation activator SC-79 and the PI3K
inhibitor wortmannin, the effect of the LRH7-G5 peptide was
enhanced by the AKT agonist and weakened by the PI3K inhibitor.

LRH7-G5 Impairs the Growth of Breast Tumor Xenografts

To further investigate the effect of LRH7-G5 in vitro, we implanted
of MDA-MB-231 and HCC1937 cells into nude mice and monitored
tumor growth by bioluminescence imaging. As shown in Figures
5A–5E and Figures S5A–S5E (HCC1937), LRH7-G5 treatment sub-
stantially suppressed tumor growth and reduced the tumor burden
in a dose-dependent manner. Importantly, the mean body weight
did not change significantly (Figure 5F). Tumor tissue exhibited
cellular necrosis (Figure 6A) and decreased cell growth, as indicated
by staining of Ki-67, PCNA, and vimentin (Figure 6B), as well as an
increase in cellular apoptosis, as shown by the TUNEL assay (Fig-
ure 6C). We also used the HCC1937 cell line to establish a nude
mouse breast cancer model and found that LRH7-G5 treatment
markedly decreased tumor volume and weight compared with those
in the control group (Figures S5A–S5D) but did not affect body
weight (Figure S5E).
DISCUSSION
The roles of chemerin in inflammation,15–17 glucose homeostasis,18–22

and carcinogenesis23,24 have been established. Chemerin is considered
an important regulator of tumor immune surveillance because it en-
hances immune cell recruitment to tumors and suppresses tumor pro-
gression. This process occurs mainly in chemerin-depleted tumors,
such as squamous cell carcinoma of the skin, liver cancer, and mela-
noma, and is mediated by the receptor CMKLR1.25,26 Previously,
chemerin was reported to be highly expressed inmalignant breast can-
cer and is considered an independent predictor of poor prognosis in
breast cancer.27 Forced overexpression of chemerin led to immune
cell recruitment and suppressed breast cancer growth.23 However,
the role ofGPR1 in cancer, especially breast cancer, remains unknown.
Our study indicated thatGPR1 expression is increased in breast cancer
tissue and TNBC cell lines. Thus, by screening a phage display peptide
library, we selected peptide LRH7-G5, which inhibited chemerin/
GPR1 signaling, as an antagonist of GPR1. Treatment with this pep-
tide antagonist significantly decreased TNBC cell growth, suggesting
GPR1 as a therapeutic target for TNBC.

The peptide screened through the phage display peptide library is
implicated as a powerful sequence-targeting anticancer tool.28 Cancer
chemotherapy based on peptides has historically attracted consider-
able interest due to the unique advantages of peptides, such as their
low molecular weight, ability to specifically target tumor cells, and
low toxicity to normal tissues.29 Since the approval of sipuleucel-T
by the US Food and Drug Administration (FDA) as the first standard
peptide vaccine for prostate tumors, an increasing number of peptides
have been tested in many other types of cancer, such as melanoma,
glioblastoma, breast cancer, and gastric cancer.30–32 In breast cancer,
strategies for peptide chemotherapy have been proposed as vaccines
to improve immune efficacy. For example, the modified peptide
sequence PPV improves immune efficacy in TNBC patients by
inducing an immune response.33 Moreover, no patient experienced
severe therapy-related adverse events during the course of treatment.1

Another study on the HER-2-derived peptide P5 encapsulated in a
delivery system showed produced an elevated specific cytotoxic T
lymphocyte (CTL) response in mice inoculated with TUBO tumor
cells.34 A synthetic long peptide consisting of survivin-18 (SU18)
and SU22 connected by a glycine linker induced interferon–g
(IFN-g)-producing Th1 and Tc1 cells in tumor tissue,31 and a gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF)-derived
peptide combined with E75 was shown to inhibit tumor recurrence.35

Furthermore, the multipeptides derived from an ErbB-2 vaccine sup-
pressed the growth of breast stem cells and consequently prevented
tumorigenesis.36 Similarly, GPR1, as a chemerin receptor, is highly
expressed in breast cancer tissue. Our screened peptide LRH7-G5
acts as an antagonist to disrupt tumor cell growth, suggesting that
it is a promising cancer therapeutic tool.

A number of chemerin-derived peptides have been investigated, such
as the peptide chemerin-9 (having the 9 amino acid sequence
149YFPGQYFPGQFAFS157, C9), which has historically been regarded
to act as an agonist of the chemerin receptor.37 The binding affinities
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Figure 3. LRH7-G5 Combined with GPR1 Inhibits TNBC Cells’ Growth and Induces Cell Deaths

(A) MDA-MB-231, HCC-1937, and T47D cells were seeded into 96-well plates and then treated with various concentrations (1 nM–100 mM) of peptides for 24, 48, or 72 h.

Cell viability was determined using MTT assay. Statistical significance was calculated with one-way ANOVA, * compared with 0 mM on 24 h, # compared with 0 mM on 48 h,

and compared with 0 mM on 72 h. (B) Colony formation of MDA-MB-231 after 1 month of treatment with peptides LRH7-G5 or SCRLRH7-G5 with indicated concentration.

(C) MDA-MB-231 cells was treated with the indicated concentrations of LRH7-G5 at 24, 48, or 72h. Cell-cycle distribution was measured using flow cytometry. *p < 0.05,

**p < 0.01, ***p < 0.001was versus G0/G1 phase in control group, #p < 0.05was versus S phase in control group, and &p < 0.05was versusG2/M phase in control group. (D)

MDA-MB-231 cells was stimulated with indicated concentrations of LRH7-G5 at 24, 48, or 72 h, and were then co-stained with PI and FITC-conjugated Annexin V. All the

results are representative of three independent experiments and are expressed as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. LRH7-G5 Decreased Invasive, Migration, and Colony Formation in TNBC Cells

(A) Boyden chamber Transwell invasion assays of MDA-MB-231 were performed in chambers pre-coated with Matrigel (�200). (B) LRH7-G5 decreased migration in MDA-

MB-231 were treated with LRH7-G5 for the various concentration. (C) The cell number for invasion and migration were calculated. the results are representative of three

independent experiments and are expressed as the mean ± SD.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Immunoblots were performed on cell lysates with the

indicated antibodies.

www.moleculartherapy.org
of chemerin and its derived peptides for the receptors CMKLR1 and
GPR1 are similar, and this binding triggers receptor internalization,
subsequent C-FOS expression, and cAMP production.11,38 Kinetic
analysis of our selected GPR1 peptide LRH7-G5 showed that this pep-
tide had a binding affinity similar to that of the chemerin-derived
peptide C20 in breast cell lines. More importantly, LRH7-G5 showed
marked colocalization with GPR1 in breast cancer, attenuated chem-
erin-stimulated cAMP production, and calcium release, and func-
tioned differently than the chemerin-derived peptides C9 and C20,
indicating that LRH7-G5 functions as an antagonist of chemerin in
chemerin/GPR1 signaling. In summary, our study provides evidence
that the GPR1 antagonist peptide LRH7-G5 has an antitumor effect
on TNBC and suggests that this peptide is a promising therapeutic
target in basal-like TNBC cancers. Moreover, our study provides an
underlying mechanism explaining how GPR1 regulates TNBC cell
proliferation.
MATERIALS AND METHODS
Ethics Approval and Consent to Participate

All tumor tissues from patients were obtained from Peking University
Shenzhen Hospital. The collection and use of human specimens in
this study were approved by the Institutional Review Board of Shenz-
hen Institute of Advanced Technology, Chinese Academy of Sciences.
All procedures in studies involving human participants were per-
formed in accordance with the ethical standards of the institutional
research committee and with the 1964 Declaration of Helsinki and
its later amendments or comparable ethical standards.
Plasmids and Reagents

The human GPR1 (NM_001098199.1) expression vector and empty
control vector (pcDNA3.0) with the G418 (geneticin) resistance
gene were kind gifts from Dr. Brian Zabel and Dr. Eugene Butcher
Molecular Therapy: Oncolytics Vol. 18 September 2020 607
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Figure 5. LRH7-G5 Suppresses Breast Cancer Tumorigenesis In Vivo

(A and B) Bioluminescence imaging of tumor growth. (C–E) Tumor weight and volume for LRH7-G5 or scr-LRH7-G5 treatment (n = 5–6 for each group). The tumor weight and

tmor volume are expressed as the mean ± SD. P value is compared with control group, *p < 0.05, **p < 0.01, ***p < 0.001. (F) Effect of LRH7-G5 or scr-LRH7-G5 on body

weight. The results are representative of three independent experiments and are expressed as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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(Stanford University, USA). Human recombinant chemerin was pur-
chased from R&D Systems (Minneapolis, MN, USA). The LRH7-
G5(MPRLPPA), human C-20 (huC-20, VQRAGEDPHSFYFPGQ
FAFS), and the scramble peptide for LRH7-G5 (Scr-LRH7-G5,
RLPMPAP) were synthesized by GL Biochem (Shanghai, China).

Cell Culture and Transfection

The MDA-MB-231, HCC1937, T47D, BT549, MCF-7, and HEK293
cell lines and the human mammary epithelial cell line MCF-10A
were purchased from the American Type Culture Collection
(ATCC). Cells were grown in DMEM (MDA-MB-231, MCF-7,
HCC1937, and HEK293) or RPMI (T47D and BT549) supplemented
with 10% FBS. MCF-10A cells were maintained in MEBM (Lonza)
supplemented with 100 ng/mL cholera toxin (Sigma) andMEGMSin-
gleQuot (Lonza) supplemented with GA-1000 (a gentamycin–
amphotericin B mixture). All cell lines were maintained at 37�C in a
608 Molecular Therapy: Oncolytics Vol. 18 September 2020
humidified atmosphere of 5% CO2 before experiments. The Lipofect-
amine 2000 transfection reagent (Invitrogen) was used to obtain stable
GPR1-overexpressing HEK293 cells (HEK293 GPR1+/+ cells), and the
pcDNA3.0 empty vectorwas used as a control (HEK293 pcDNAcells).

Peptide Selection by Screening of a Phage Display Peptide

Library

The Ph.D.-7 Phage Display Peptide Library with a diversity of 2.8� 109

was used to select GPR1-binding phage clones, as previously re-
ported.39 In brief, HEK293 GPR1+/+ and HEK293 pcDNA cells, which
were generated via transfection of the pcDNA3.0-GPR1 and pcDNA3.0
vectors, respectively, were seeded in 6-well plates (2� 105 cells/well) for
24 h. GPR1-binding phage clones were enriched by panning the pre-
cleared phage library over HEK293 GPR1+/+ cells. After five rounds
of elution and neutralization, the selected phage clones were serially
diluted and cocultured with HEK293 GPR1+/+ or HEK293 pcDNA



(legend on next page)
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Table 1. Sequences of Primers Used in qPCR Experiments

Gene Primers sequences

Human b-actin

Forward: 50-AGCGAGCATCCCCCAAAGTT-30

Reverse: 50-GGGCACGAAGGCTCATCATT-30

Human GPR1
Forward: 50-GGAGCTCAGCATTCATCACA-30

Reverse: 50-GACAGGCTCTTGGTTT CAGC-30

Molecular Therapy: Oncolytics
cells. Finally, the single-stranded DNAs (ssDNAs) from phage clones
were extracted and sequenced by Invitrogen Biotechnology Company
(Shanghai, China). The six candidate peptides (LRH7-G1-6, translated
from the positive phage clone’s DNA sequence) and the scrambled
control Scr-LRH7-G5 peptide were synthesized and labeled with fluo-
rescein isothiocyanate (FITC) or biotinylated by China Peptides
(Shanghai, China). High-performance liquid chromatography
(HPLC) and mass spectrometry (MS) were used to confirm 98% purity
of the LRH7-G5 peptide, which is approved and protected by a Chinese
patent (no. 201711376678).

Peptide: GPR1 Binding Assays

First, the purified LRH7-G5 and Scr-LRH7-G5 peptides were bio-
tinylated. The HEK293 GPR1+/+ or HEK293 pcDNA cells were
seeded in 96-well plates (5 � 103 cells/well) for 24 h. After washing
three times with PBS, the plates were fixed with 4% paraformaldehyde
at RT for 15 min, blocked with 5% BSA in PBS, and then treated with
varying concentrations of biotinylated- LRH7-G5 or biotinylated-
Scr-LRH7-G5 for 2 h at room temperature (RT). To remove the un-
bound peptide, we washed the plates with three times with PBS and
then added the HRP-streptavidin and incubated for 1 h at RT. The
substrate (50 mL/well of 3, 30, 5, 50-tetramethyl-benzidine; TMB)
was added and incubated at RT for 30 min in the dark, 2 M H2SO4

was used to terminate the reaction, and the absorbance was measured
at 450 nm. The saturation curves and scatchard plots were generated
and half-saturation points (dissociation constant; Kd) were calculated
by Prism software (GraphPad, La Jolla, CA).

Immunofluorescence Staining for Peptides

MDA-MB-231, HCC1937, and T47D cells were incubated with 1 mM
FITC-labeled LRH7-G5 peptide for 2 h at RT, and Scr-LRH7-G5 was
used as a control. After staining with 40,6-diamidino-2-phenylindole
(DAPI) for 5 min, images were acquired by confocal microscopy
(LSM 700, Carl Zeiss, Germany) using a 60� oil objective lens. Coloc-
alization of LRH7-G5 peptides and GPR1 in cells was also assessed as
described.40

cAMP Assay and Calcium Mobilization Assay

HEK293 GPR1+/+ and HEK293 pcDNA cells were seeded in 6-well
plates (5 � 103 cells/well) for 24 h and were then incubated for
30 min at 37�C with 10 nM huChemerin, 10 mM forskolin (Sigma,
Figure 6. LRH7-G5 Promoted Cancer Cells Apoptosis In Vivo

(A) H&E staining for LRH7-G5 or scr-LRH7-G5 treatment. Upper (�200) and down (�400

LRH7-G5 induces apoptosis in tumors, as determined by TUNEL assay (�200).
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St. Louis, MO, USA), serial dilutions of LRH7-G5, a combination of
forskolin and huChemerin, or a combination of forskolin, huChe-
merin, and peptides. Then, the cells were subjected to a cAMP assay
with a kit obtained from R&D System. The calcium mobilization
assay was performed using Fluo-4 NW Calcium Assay Kits (Thermo
Fisher Scientific, Rockford, IL, USA), and the protocol was performed
following the manufacturer’s instructions.

Quantitative Real-Time PCR Assays

RNA was isolated from breast cancer tissue and cell lines by using
TRIzol Reagent (Invitrogen) according to the manufacturer’s proto-
col, as previously described.41 RNA samples were reverse transcribed
to cDNA, and the relative transcript abundances were then estimated
by quantitative real-time PCR using a SYBR RT-PCR kit (Takara,
Shiga, Japan) according to the manufacturer’s instructions. The 2-
DDCt method was used to calculate the relative gene expression levels,
which were normalized to those of beta-actin. The primer sequences
are listed in Table 1.

Western Blot Analysis

Total protein was harvested from cells and breast cancer tissues. The
following primary antibodies were used: phospho-PI3K (CST,
#4228), PI3K (CST, #4292), phospho-AKT (Ser473; Abcam,
ab66138), AKT (CST, #4691), phospho-ERK1/2 (CST, #4370),
ERK1/2 (CST, #4695), phospho-Cyclin D1 (CST, #3300), Cyclin D1
(CST, #2978), phospho-Stat3 (CST, #9145), Stat3 (CST, #12640),
Snail (CST, #3879), Bax (Abcam, ab53154), Bcl-2 (CST, #4223), E-
cadherin (CST, #3195), N-cadherin (CST, #14215), MMP-2 (CST,
#87809), MMP-9 (CST, #13667), Vimentin (Abcam, ab92547),
Caspase-3 (Abcam, ab4051), and Caspase-9 (Abcam, ab2014).

Colorimetric MTT Assay

Cells in the logarithmic growth phasewere seeded in 96-well plates (5�
103 cells/well) for 24 h, starved with 0.04% FBS medium for another 12
h, and then treatedwith serially diluted LRH7-G5or Scr-LRH7-G5pep-
tides (0.04% FBSmedium) for 24, 48, and 72 h. Cell viability was deter-
mined using the methylthiazole tetrazolium (MTT) method.

Flow Cytometry and Plate Colony Formation Assay

After treatment with serially diluted LRH7-G5 or Scr-LRH7-G5 pep-
tides for 24, 48, and 72 h, cells were subsequently stained with propi-
dium iodide (PI) in the dark for 30 min at RT, and the percentages of
cells in the G0/G1, S, and G2/M phases were then determined (BD
Biosciences, Franklin Lakes, NJ) according to the manufacturer’s pro-
tocol. Annexin V+/PI– (early apoptotic) and Annexin V+/PI+ (late
apoptotic) cells were considered the apoptotic portion.

MDA-MB-231-tomato and HCC1937-tomato cells were seeded in a
6-well plate (1 � 103 cells/well) and stimulated as indicated. After
). (B) Immunohistochemistry (IHC) staining for Ki-67, PCNA, and vimentin (�200). (C)
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incubation for 3 weeks, the colonies in the plates were large enough to
be visualized. Images of each well were acquired and used to quanti-
tate growth by counting colonies under a fluorescence microscope
(Olympus fluorescence microscope, Japan).

Cell Migration and Invasion Assay

Themigration assay was performed with Transwell chambers without
Matrigel (Corning Costar) according to the manufacturer’s protocol.
MDA-MB-231 cells were seeded into the upper chamber with FBS-
free medium or serially diluted LRH7-G5 or Scr-LRH7-G5 peptide
(0.1 mM to 10 mM), 10% FBS medium was added to the lower cham-
ber as chemoattractant. The plates containing chambers were incu-
bated at 37�C in 5% CO2 for 12 h. Non-migration cells on the surface
of the upper chambers were then gently removed. The migrating cells
on the surface of the lower chambers were fixed in methanol for
10 min, stained with hematoxylin for 30 min at RT. Cell numbers
were quantified and the images were captured under inverted micro-
scope (Olympas, Center Valley, PA).

Cell invasion was also studied with Transwell chambers containing
Matrigel (Matrigel, BD Biosciences). MDA-MB-231 and HCC1937
cells (2 � 104 cell) were seeded into the upper chamber with matrigel
in FBS-free medium and serum-free medium with serially diluted
LRH7-G5 or Scr-LRH7-G5 peptides, 10% FBS medium was added
to the lower chamber as chemoattractant. The plates containing
chambers were incubated at 37�C in 5% CO2 for 48 h (Olympas, Cen-
ter Valley, PA). The images were taken and evaluated as migration
method described here.

Animal Study

25 female, nude BALB/c mice (4–6 weeks of age) were obtained from
Beijing Vital River Laboratory Animal Technology (Beijing, China),
randomly divided into five groups, and subcutaneously injected with
MDA-MB-231-tomato or HCC1937-tomato cells (7 � 106 cells in
100 mL PBS/mouse) into the left axilla. The mice were then intraperi-
toneally injected with serially diluted LRH7-G5 or Scr-LRH7-G5 pep-
tides daily. The body weight and tumor sizes were recorded every
3 days. Primary tumor volume was calculated with the formula:
(length)� (width)2� 0.5. After 25 days treatment, themice were sacri-
ficed, and the tumor tissues were collected for further experiments. The
IVIS imaging was used to monitor tumor development twice a week
with IVIS spectrum instrument (Perkin Elmer). Animal welfare and
experimental procedures were approved by the Committee on the
Use of Live Animals for Teaching and Research, Shenzhen Institutes
of Advanced Technology, Chinese Academy of Sciences, and were car-
ried out in strict accordance with the related regulations. All applicable
institutional guidelines for the care and use of animals were followed.

Staining and TUNEL Assay

The tissue samples were fixed in 4% PFA overnight and embedded in
paraffin. After sectioning, staining against Ki67 (Abcam, ab15580),
PCNA (Abcam, ab29), Vimentin (Abcam, ab92547), and MMP-
9(CST, #13667) were performed using immunohistochemistry kit
(Key-GEN, Nanjing, China). The FragEL DNA Fragmentation Detec-
tion Kit (Calbiochem, Germany) was used to detect the apoptosis cells
in tumor tissue.

Statistics

All the results are presented as the mean ± SD with at least three in-
dependent experiments. Statistical analyses were performed with one-
way ANOVA (GraphPad Prism 6.0) for multiple groups. The
threshold of p < 0.05 was defined as statistically significant.
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