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Abstract G protein-coupled receptors (GPCRs) are significant drug targets, but their potential in cancer

therapy remains underexplored. Conventional GPCR agonists or antagonists have shown limited effec-

tiveness in cancer treatment, necessitating new GPCR-targeting strategies for more effective therapies.

This study discovers that Yersinia pestis LcrV, a crucial linker protein for plague infection, acts as a

biased agonist of a GPCR, the formyl peptide receptor 1 (FPR1). The LcrV protein induces unique

conformational changes in FPR1, resulting in G proteins being activated in a distinctive state without sub-

unit dissociation. This leads to a biased signaling profile characterized by cyclic adenosine monopho-

sphate (cAMP) responses and b-arrestin2 recruitment, but not calcium mobilization. In FPR1-

expressing triple-negative breast cancer (TNBC) cells, LcrV bi-directionally modulates intracellular

signaling pathways, downregulating extracellular signal-regulated kinases (ERK1/2) and Akt pathways
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while upregulating Jun N-terminal kinase (JNK) and p38 pathways. This dual modulation results in cell

cycle arrest and the inhibition of TNBC cell proliferation. In TNBC xenograft mouse models, long-term

LcrV treatment inhibits tumor growth more effectively than a conventional FPR1 antagonist. Addition-

ally, LcrV treatment reprograms tumor cells by reducing stemness-associated proteins OCT4 and c-

MYC. Our findings highlight the potential of biased GPCR agonists as a novel GPCR-targeting strategy

for cancer treatment.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

GPCRs stand as the most efficacious drug targets in the thera-
peutic landscape of human diseases1. It is widely recognized that
these receptors orchestrate essential growth signals that are pivotal
to the proliferation of various cancer types, including breast
cancer2. Traditional GPCR-targeted therapies aim at the devel-
opment of conventional types of GPCR ligands, the agonists and
antagonists, which have demonstrated modest success in cancer
treatment3. As pharmacological research progressed, it was found
that GPCR-targeted therapies could extend beyond conventional
ligands to include more sophisticated variants, such as biased
agonists or antagonists4. These biased ligands possess the unique
ability to selectively modulate specific GPCR-mediated signaling
pathways, in contrast to traditional ligands that activate or sup-
press all GPCR signaling without bias5. By activating desired
signaling pathways while circumventing those that induce adverse
effects, biased ligands present therapeutic advantages over their
traditional counterparts.

Canonical GPCR signaling involves the dissociation of the Ga
and Gbg subunits upon receptor activation, followed by the as-
sociation of the Gbg subunit with G protein-coupled receptor
kinases (GRKs)3,6. Fully activated G proteins initiate intracellular
cAMP responses and calcium mobilization. Additionally,
b-arrestin proteins are usually recruited to the activated receptor,
followed by receptor internalization. G proteins and b-arrestins
play central roles in activating the signaling pathways of the
mitogen-activated protein kinase (MAPK) and phosphatidylino-
sitol-3-kinase (PI3K)/Akt through intricate signaling cascades7e9.
These pathways are pivotal for cell proliferation and differentia-
tion, particularly in cancer cells7,10. It is worth noting that distinct
MAPK and PI3K/Akt signaling pathways can offer varying,
sometimes contradictory, signals for tumor growth. More specif-
ically, the activation of ERK1/2 and PI3K/Akt pathways tends to
promote tumor growth, while the activation of other MAPK
pathways, such as p38 and JNK, may inhibit it under certain
conditions11e14.

Formyl peptide receptors (FPRs), including FPR1, FPR2, and
FPR3 in humans, form a subclass of GPCRs aberrantly expressed
in various cancers, including breast cancer15,16. These receptors
mediate cell proliferation signals in breast cancer, particularly in
the TNBC subtype, which lacks the typical growth-promoting
receptors, estrogen receptor, progesterone receptor, and human
epidermal growth factor receptor 2 (HER2)17. The use of FPR1
antagonists has been proposed as a therapeutic strategy for
TNBC18,19. FPRs can be activated by pathogen- or damage-
associated formyl peptides and other ligands with diverse chem-
ical properties20,21. Universal ligands like annexin A1 and mito-
chondrial formylated peptides can activate FPR1 and trigger

various intracellular signaling pathways, primarily through the
inhibitory Ga (Gai) and Gbg complex22. FPR ligands do not
uniformly activate downstream signaling pathways. Reports have
shown that FPR2 can exert two opposing functions through the
mechanism of biased signaling23,24.

Yersinia pestis, the bacterium responsible for causing the pla-
gue, disrupts human immune cells, proliferates in the bloodstream,
and is transmitted to new hosts through flea bites25. The bacterium
employs a type III secretion system to inject virulence proteins
into human immune cells, allowing it to evade host immune re-
sponses26. The LcrV protein is the needle cap protein within the
bacterium’s type III secretion system27. The LcrV protein was
identified as a binding protein of FPR1 and their interactions were
crucial for plague infection28. The LcrV protein alone was not
able to stimulate the migration of FPR1-expressing cells, thus
lacking the classical properties of FPR1 agonists28. However, the
LcrV protein was able to stimulate the release of interleukin-10
protein from FPR1-expressing cells29,30. Furthermore, the LcrV
protein could inhibit lipopolysaccharide-stimulated tumor necrosis
factor-alpha secretion from FPR1-expressing cells30. Although
there is no direct evidence that these actions are mediated by
FPR1, it remains possible that LcrV functions as a biased ligand of
FPR1, selectively inducing signaling pathways to provoke specific
cellular responses.

In this study, we demonstrated that the Yersinia pestis LcrV
protein is a novel biased agonist of FPR1. The LcrV protein ac-
tivates FPR1 to a specific conformational state, leading to the
unconventional activation of the G protein complex and
b-arrestin2 with a biased signaling repertoire. The peculiar acti-
vation states of the signaling cascade lead to bi-directional mod-
ulation of MAPK and PI3K/Akt signaling pathways in TNBC
cells, resulting in enhanced anti-tumor effects in vivo compared to
a conventional FPR1 antagonist. Our findings highlight the po-
tential of using biased ligands as a novel strategy for targeted
cancer therapy to achieve improved anti-tumor outcomes.

2. Materials and methods

2.1. Cell culture

HEK293T and RBL-2H3 cells were purchased from the American
Type Culture Collection. The cell lines, MDA-MB-231, 4T1, and
MDA-MB-468, were obtained from the National Collection of
Authenticated Cell Cultures (Shanghai, China). A stable FPR1-
transfected RBL-2H3 cell line (FPR1-RBL) was created through
G418 selection for two months following transient transfection.
HEK293T, MDA-MB-231, and MDA-MB-468 cells were cultured
in Gibco BASIC DMEM (Thermo Fisher Scientific, Waltham,
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MA, USA) supplemented with 10% Hyclone Fetal Bovine Serum
(FBS; Cytiva, Marlborough, MA, USA) at 37 �C in a 5% CO2

atmosphere. The 4T1 cells were cultured in Gibco RPMI 1640
Medium supplemented with 10% FBS. FPR1-RBL cells were
cultured under similar conditions with 20% FBS and 0.2 mg/mL
G418. All related experiments were conducted with the cell lines
within 3e20 passages from the original stocks.

2.2. LcrV expression and purification

The Yersinia pestis LcrV gene (GenBank: KF682423.1) was
cloned into the pET28a(þ) vector. The plasmids were then
transfected into BL21(DE3) E. coli, and protein expression was
induced by adding 500 nmol/L isopropyl b-D-thiogalactoside
(IPTG) for 8 h. The bacteria were lysed and sonicated in a hy-
pertonic buffer containing 500 mmol/L NaCl, 100 mg/mL phe-
nylmethylsulfonyl fluoride, and 20 mmol/L HEPES/NaOH at pH
7.5. The lysate, containing His-tagged LcrV proteins, was incu-
bated with Ni-NTA resin at 4 �C for 1 h. The LcrV-bound Ni-NTA
resin was collected by centrifugation, and the LcrV proteins were
eluted using a buffer with 250 mmol/L imidazole, 500 mmol/L
NaCl, and 20 mmol/L HEPES/NaOH at pH 7.5. The LcrV pro-
teins were further purified using size exclusion chromatography
with a Superdex 200 Increase 10/300 GL column on the AKTA
pure chromatography system (Cytiva). The purified LcrV proteins
were collected in a working solution of 100 mmol/L NaCl and
20 mmol/L HEPES/NaOH at pH 7.5, aliquoted, and stored at
�80 �C. The purity was greater than 95% as determined by
reducing SDS-PAGE and size exclusion chromatography.

2.3. FPR1 conformation analyses

Conformational analyses were based on a fluorescein arsenical
hairpin binder (FlAsH)-based bioluminescence resonance energy
transfer (BRET) technology as previously reported31. In brief, a
plasmid was constructed to express a modified FPR1 with a
CCPGCC motif in the third intracellular loop and a NanoLuc gene
at the C-terminus. The biosensor was expressed in HEK293T cells
and labeled with 500 nmol/L TC-FlAsH dye (Thermo Fisher
Scientific, T34561) for 1 h. The cells were collected in HBSS
buffer with 20 mmol/L HEPES at a density of 1 � 106 cells/mL
and incubated with 5 mmol/L coelenterazine h (Yeasen Biotech-
nology, Shanghai, China; 40906 ES) for 5 min in a white 96-well
plate. Different concentrations of fMLF (Sigma, Livonia, MI,
USA; F3506) or LcrV were added to the cells and the plate was
loaded on the FlexStation 3 Microplate Reader (Molecular De-
vices, San Jose, CA, USA) immediately. Fluorescence intensities
at wavelengths of 515 nm and 460 nm were measured for 5 min.
BRET signals were calculated as ratios of the intensities (Em
515 nm/Em 460 nm) subtracted by the bleed-through ratio of
NanoLuc. Averages of the BRET signals in each well were
recorded as the responses.

2.4. G protein subunit dissociation

The dissociation of the Gabg subunit was analyzed using
NanoBiT technology as previously described32,33. A plasmid was
engineered to express a modified Gai1 protein with the large
fragment of NanoLuc luciferase (LgBiT) inserted into its helical
domain, specifically between the aA and aB helices (between
residues 91 and 92) of Gai1. Another plasmid was designed to
express a modified Gg2 protein with the small fragment of

NanoLuc (SmBiT) at its N-terminal. These two plasmids, along
with plasmids coding for FPR1 and Gb1, were co-transfected into
HEK293T cells. One day post-transfection, the cells were
collected in white 96-well plates and incubated with 10 mmol/L
coelenterazine h for 2 h. Baseline luminescence signals in the
plate wells were measured for 5 min using the EnVision Multi-
mode Plate Reader (PerkinElmer, Waltham, MA, USA). Varying
concentrations of fMLF or LcrV were then added to the wells.
Following the treatment, luminescence signals were re-measured
for additional 15 min. The average luminescence intensities
measured from 10 to 15 min post-stimulation were divided by the
averaged baseline intensities to obtain relative luminescence in-
tensities. Concentration-dependent response curves were plotted
using GraphPad Prism software.

For Gaq activation, a plasmid was constructed to encode a
modified Gaq protein with LgBiT inserted between residues 97
and 98 of Gaq, with another plasmid coding for RIC8A. These
two proteins were co-expressed together with FPR1, Gb1, and
SmBiT-tagged Gg2 in HEK293T cells. The dissociation assays
were conducted in a manner similar to that described above.
Luminescence signals were detected using the EnSight Plate
Reader (PerkinElmer), as the EnVision reader was unavailable
during this assay.

2.5. Gbg-GRK association

A bimolecular fluorescence complementation (BiFC)-based
BRET assay was applied, and relevant plasmids were constructed
as previously described34. The yellow fluorescent protein (YFP)
fragment (155e238) was fused to the N-terminal of the G protein
b1 subunit, while the YFP fragment (1e154) was fused to the
N-terminal of Gg2, connected by a flexible linker
(GSGGSGGSGGSG). NanoLuc luciferase was tagged at the
N-terminus with a membrane anchor (MGCIKSKGKDS) and
fused to the GRK3 fragment (GRK3ct; the C-terminal region of
GRK3), connected by two flexible linkers. The tagged Gbg and
GRK3ct were co-expressed with FPR1 and Gai1 in HEK293T
cells for 24 h. The cells were collected in white 96-well plates and
incubated with 10 mmol/L coelenterazine h for 5 min. Fluores-
cence emission signals at 460 nm and 535 nm were detected using
the EnVision Plate Reader. The BRET signals were calculated as
the ratio of the intensities of the two emission channels (Em
535 nm/Em 460 nm). LcrV, fMLF, or PBS were added during the
machine reading, and real-time signals before and after ligand
stimulation were recorded for 2e5 min. Data were fitted to a
plateau followed by a one-phase decay equation in GraphPad
Prism using the least squares fit method.

2.6. Calcium mobilization and cAMP measurement

For calcium mobilization, FPR1-RBL-2H3 cells or MDA-MB-
231 cells were seeded into 96-well clear-bottom black plates and
incubated with Calcium 5 dye (Molecular Devices, R8186) in
HBSS buffer supplemented with 20 mmol/L HEPES for 1 h. The
plates were then loaded into the FlexStation 3 Microplate Reader
(Molecular Devices), and varying concentrations of FPR1 ligands
were added during the recording. Fluorescence signals were
measured at an emission wavelength of 535 nm with an excitation
wavelength of 485 nm. Calcium responses were calculated as the
difference between the maximum and minimum fluorescence in-
tensities, expressed in Relative Fluorescence Units (RFU).
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For cAMP measurement, a fluorescence resonance energy
transfer (FRET) biosensor was created based on mTurquoise2-
Epac SH187-cp73venus-cp73venus as described before33. The
cAMP biosensor and FPR1 were co-expressed in HEK293T cells
for 24 h. The cells were collected in 96-well black plates, and
incubated with FPR1 ligands and 5 mmol/L forskolin in stimulation
buffer (HBSS plus 5 mmol/L HEPES, 0.1% BSA (w/v), and
0.5 mmol/L isobutylmethylxanthine) for 30 min. After incubation,
the plates were loaded on the FlexStation 3 Microplate Reader
(Molecular Devices) and fluorescence emission intensities at
485 nm and 535 nm upon excitation at 430 nm were recorded. The
reduction in normalized FRET ratio of fluorescence emission at
485 nm divided by emission at 535 nm reflected the cAMP
responses.

2.7. b-Arrestin2 recruitment

Plasmids were constructed to express FPR1 with NanoLuc fused
at the C-terminus and C-terminal GFP-tagged b-arrestin2. These
tagged proteins were co-transfected into HEK293T cells. One day
post-transfection, the cells were harvested in HBSS buffer sup-
plemented with 20 mmol/L HEPES at a density of 1 � 105 cells/
100 mL. Following a 10-min incubation with 5 mmol/L coe-
lenterazine h, varying concentrations of fMLF or LcrV were used
to stimulate b-arrestin2 recruitment. The assays were performed in
a white 96-well plate, and fluorescence intensity was measured
using the Envision Plate Reader (PerkinElmer). Fluorescence in-
tensities at 515 nm and 460 nm wavelengths were recorded over
30 min post-treatment. BRET signals were calculated as the ratios
of these intensities (Em 515 nm/Em 460 nm) after subtracting the
NanoLuc bleed-through ratio. The maximal BRET signal from
each well was recorded as the response.

2.8. FPR1 internalization

FPR1-RBL cells were collected at a density of 1 � 106 cells/mL in
HBSS buffer with 20 mmol/L HEPES. The cells were treated with
LcrV, fMLF, or PBS for 1 h in a cell incubator. After removing the
ligands, the cells were stained with a fluorescent FPR1-specific
antibody (BD, Franklin Lakes, NJ, USA; 565623) on ice for
30 min. Non-specific antibody binding was removed by washing
with PBS. Cell fluorescence was detected using the BD Accuri C6
Flow Cytometer (Becton, Dickinson and Company), with the
fluorescence intensities reflecting the cell surface protein levels of
FPR1 after ligand treatment.

For confocal microscopy, mCherry-tagged FPR1 was expressed
in HEK293T cells. The cells were stimulated with ligands for
20 min, fixed with 4% paraformaldehyde, and permeabilized with
0.1% Triton X-100. Rab5 was stained as an endosome marker using
a fluorescent antibody (Supporting Information Table S1), and the
cell nuclei were stained with Hoechst 33342. FPR1 internalization
was analyzed using the TCS SP8 confocal microscope (Leica
Microsystems Inc., Wetzlar, Germany). Images from different
channels were captured using a 63� oil immersion lens and merged
using the microscope software.

2.9. Western blotting analyses

Cells of FPR1-RBL-2H3 or MDA-MB-231 were cultured in
12-well plates and starved in serum-free DMEM for 4 h. The cells
were then treated with 2 mmol/L LcrV or 1 mmol/L fMLF for
varying durations. Protein samples were extracted using 95 mL of

cell lysis buffer containing protease inhibitors per well. After
denaturation, the proteins were separated using SDS-PAGE gels
and transferred to PVDF membranes. Specific primary antibodies
and HRP-linked secondary antibodies were used to detect total
and phosphorylated MAPK and Akt proteins according to the
manufacturer’s instructions. Blot images were captured using the
ChemiDoc Imaging Systems (Bio-Rad Laboratories, Hercules,
CA, USA), and protein levels were quantified using Bio-Rad
Image Lab software. The average protein levels from multiple
experiments were normalized for statistical analysis.

For G protein inhibition, pertussis toxin (PTX) was obtained
from Absin Bioscience (Shanghai, China; abs42024900). The
inhibitory activity of this agent was validated through a pre-
liminary experiment with cAMP response (data not shown).
MDA-MB-231 cells were treated with PTX (100 ng/mL) for at
least 6 h before LcrV stimulation. For b-arrestin2 knockdown,
three siRNAs were designed and synthesized by Jiangsu Genecefe
Biotechnology (Wuxi, China). The sequences are as follows:
siRNA-1: 50-CCACCAAGACCGUCAAGAA-30, siRNA-2:
50-GGCUCAACUCGAACAAGAU-30, and siRNA-3: 50-CCUA-
CAGGGUCAAGGUGAA-30. These siRNAs were utilized to
knock down b-arrestin2 expression in MDA-MB-231 cells. The
siRNAs were transfected into the cells for three days, after which
b-arrestin2 protein levels were detected using a specific antibody
in immunoblotting, as described above.

Tumor samples weighing 20 mg were lysed in 200 mL of lysis
buffer. The expression of OCT4, c-MYC, SOX2, b-catenin, and
b-actin was detected using specific antibodies. Immunoblotting
analyses were performed following the same procedures as
described above. Information about all the related antibodies was
listed in Table S1.

2.10. Bioinformatic analyses

The significant associations of FPR1 between tumor and adjacent
normal tissues in multiple cancer types in TCGA were analyzed
using the Gene_DE module in TIMER2.0 (the Tumor Immune
Estimation Resource, Version 2.0, http://timer.cistrome.org/) for
Cancer Exploration35. The survival plots of FPR1 expression with
overall survival and relapse-free survival were generated based on
the analysis of 104 breast cancer biopsies (GEO: GEO42568)
using BEST (Biomarker Exploration for Solid Tumors, version
1.1, https://rookieutopia.com/)36 with Group cutoff method of the
median. The log-rank P-value was analyzed using the
KaplaneMeier method. PAM50 analysis using gene expression
data from 266 breast cancers, quantified by whole-genome DNA
microarrays (GEO: GSE21653), was then performed to intrinsi-
cally subtype and calculate the contribution of FPR1 expression
(z-score) to archival tissue.

2.11. Cancer cell functional assays

Cells were incubated in a 6-well plate and treated with FPR1 li-
gands for 48 h. The cells were then collected and fixed in 75%
ethanol at 4 �C for 24 h. After fixation, the cells were washed with
cold PBS, digested with 0.5 mg/mL RNase A, and stained with
50 mg/mL propidium iodide (PI) at 37 �C for 30 min in the dark.
DNA levels were measured using the BD LSRFortessa Cell
Analyzer, and cell cycle analysis was performed using BD FlowJo
v10 software.

For cell proliferation assays, cells were seeded in 96-well plates
and incubated with various concentrations of FPR1 ligands for 24 h.
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The cells were then treated with 5 mg/mL MTT, and the resulting
formazan was solubilized with dimethyl sulfoxide for 10 min.
Absorbance at 490 nm for each well was recorded using the Synergy
H4 Microplate Reader (BioTek Instruments, Winooski, VT, USA).

For limited dilution analysis, MDA-MB-231 cells were treated
with 2 mmol/L LcrVor PBS (control) for one week. The cells were
prepared as single-cell suspensions and serially diluted to different
doses. For each dose, the cells were seeded into 24 or 96 wells of
96-well plates. Three weeks later, wells containing spheres were
counted, and the number of positive wells was used to calculate
the cancer cell initiating frequency and significance with the
ELDA software37.

2.12. In vivo xenograft mouse models

Animal experiments were carried out with the approval of the
Experimental Animal Care and Use Committee at Jiangnan Uni-
versity, in accordance with the World Medical Association (WMA)
Statement on animal use in biomedical research, and adhering to the
previously described criteria38. Female BALB/c nude or BALB/c
mice, aged between 4 and 6 weeks, were procured from SPF
Biotechnology Co., Ltd. (Beijing, China). MDA-MB-231 cells
(3 � 106) were subcutaneously inoculated into the mammary fat
pads of BALB/c nude mice. For the 4T1-xenografted mouse model,
5 � 105 cells were implanted into BALB/c mice. Approximately
two weeks later, the mice were randomly allocated into three
groups. Treatments were administered once every two days via
intratumoral injections, utilizing either PBS, LcrV protein, or
cyclosporine H. To evaluate anti-tumor effects, doses of 20 mL of
LcrV (5 mmol/L) or cyclosporine H (20 mmol/L) for each mouse
were employed. Tumor progression was tracked by measuring
tumor dimensions in length (L) and width (W ), with tumor volumes
(TV) calculated according to Eq. (1):

TV Z 0.5 � L � W2 (1)

Additionally, the body weights of all mice were recorded
throughout the treatment period. At the conclusion of the exper-
iments, tumor specimens were collected for imaging and weight
assessments. Histological analysis involving H&E staining was
performed on liver and lung tissues from the mice, in accordance
with previously outlined methods.

2.13. Statistical analysis

The data were analyzed using GraphPad Prism 5 software
(GraphPad Inc., La Jolla, CA, USA). Results are presented as
means � standard error of mean (SEM) from at least three inde-
pendent experiments. Unless otherwise indicated, differences be-
tween two groups were assessed using Student’s t-test, with a P-
value of <0.05 considered statistically significant. Differences
among multiple groups were analyzed using one-way analysis of
variance (ANOVA).

3. Results

3.1. Yersinia pestis LcrV protein stimulated conformational
changes of FPR1 receptor

The previous study found that Yersinia pestis LcrV protein could
bind to human FPR1 receptor, which was a crucial step in plague

infection28. Although the LcrV protein did not stimulate FPR1-
mediated chemotaxis as reported in the previous study, we were
interested in understanding how LcrV affected the conformational
state of FPR1 and the intracellular signaling mediated by this
receptor. For this reason, Yersinia pestis LcrV protein was pro-
duced and purified for further analysis. The Yersinia pestis LcrV
gene was cloned into the pET28(þ) vector, and the LcrV protein
was expressed in BL21(DE3) E. coli (Fig. 1A). The LcrV proteins
were then harvested using Ni-affinity purification and further
purified through size exclusion chromatography (Fig. 1B). The
LcrV protein was confirmed by Western blotting analysis, with the
purity (greater than 95%) determined by reducing SDS-PAGE and
size exclusion chromatography (Fig. 1C and D).

To investigate LcrV influences on FPR1, an intramolecular
BRET biosensor was created to analyze FPR1 conformational
state. The biosensor was created with a CCPGCC motif inserted
into the third intracellular loop of FPR1 and the Nanoluc protein
tagged at the C terminus of the receptor (Fig. 1E). The changes in
BRET signals were measured to reflect intramolecular interactions
between the two labeled sites of FPR1 receptor (Fig. 1E). When
applied to stimulate FPR1, the LcrV proteins at micromolar
concentrations increased the BRET signals of the biosensor
compared to the control treatment (Fig. 1F). This result revealed
that the distance between the two labeled sites of the FPR1
biosensor decreased after LcrV stimulation, indicating that LcrV
could stimulate conformational changes of FPR1. As a positive
control, the conventional FPR1 agonist fMLF at nanomolar to
micromolar concentrations stimulated conformational changes
that decreased the BRET signals (Fig. 1F). These results indicated
that LcrV could activate FPR1, but the resulting conformational
states were different from those induced by the classical agonist
fMLF.

3.2. G protein heterotrimer was activated by LcrV without
subunit dissociation

To further investigate LcrV influences on FPR1-mediated
signaling, the activation state of the canonical signaling medi-
ator G protein complex, composed of Ga, Gb, and Gg subunits,
was examined. Both Gabg subunit dissociation and GbgeGRK
association are indicative of G protein activation34. Gabg subunit
dissociation was measured using a NanoBiT complementation
assay. Fragments of the Nanoluc protein were tagged to the Ga
and Gbg subunits, respectively (Fig. 2A). The dissociation of the
G protein complex resulted in a decrease in the luminescence
signals of the Nanoluc protein. The modified Gabg subunits were
co-expressed with FPR1 in HEK293T cells and stimulated by
LcrV or fMLF. In a Gai-Gbg dissociation assay, the full agonist
fMLF induced a concentration-dependent decrease in the relative
luminescence intensities, indicating the dissociation of the Gai
subunit from the Gbg subunit (Fig. 2B). However, in contrast to
the full agonist, LcrV did not stimulate the dissociation of the G
protein heterotrimer at concentrations up to 10 mmol/L (Fig. 2B).
Similarly, in a GaqeGbg dissociation assay, LcrV did not stim-
ulate the dissociation of Gaq from the G protein complex, whereas
the agonist fMLF did (Supporting Information Fig. S1).

A YFP complementation-based BRET assay was created to
detect GbgeGRK3 association as described previously34. In this
assay, YFP fragments were labeled to Gbg subunits and Nanoluc
protein was labeled to the C-terminal fragment of GRK3
(GRK3ct) (Fig. 2C). The labeled Gabg subunits and GRK3ct
were co-expressed with FPR1 in HEK293T cells and then
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stimulated with fMLF, LcrV, or buffer as a control. It was
observed that the full agonist fMLF could stimulate the increase of
the BRET signals within 20 s, indicating the association of Gbg
with GRK3 (Fig. 2D). The LcrV protein also stimulated an
obvious increase of the BRET signals, which was comparable to
that of the full agonist fMLF, albeit with a weaker response
(Fig. 2D). These findings indicate that LcrV is capable of inducing
a specific activation state of the G protein complex without
causing G protein subunit dissociation. This effect is likely due to

the specific conformational state of FPR1 after LcrV stimulation
as described above.

3.3. Biased signaling of FPR1 was stimulated by LcrV with
receptor internalization

Stimulation of FPR1 and G protein activation usually leads to
cAMP and calcium responses39. The cAMP response of
FPR1eGai signaling was investigated using the Epac-based FRET

Figure 1 FPR1 conformational changes induced by the purified LcrV proteins. (A) Plasmid construct of His-tagged LcrV. (B) Size exclusion

chromatography of LcrV proteins. A representative chromatogram is shown, and protein samples were collected at the indicated peaks (P1 and

P2). (C) Western blot analysis of LcrV proteins. The proteins were analyzed using anti-His antibodies. FL denotes flowthrough samples of cell

lysate during Ni-NTA purification. NiP denotes Ni-NTA purified proteins. P1 and P2 correspond to the peaks shown in (B). (D) Coomassie blue

staining of LcrV proteins. Proteins were separated on an SDS-PAGE gel by electrophoresis and stained. MK denotes protein markers. (E) FlAsH-

based BRET biosensor. The CCPGCC motif is shown in yellow. NLuc denotes the Nanoluc protein. FlAsH denotes the membrane-permeant

fluorescent dye. (F) BRET analyses of FPR1 conformations. BRET signals were subtracted by NanoLuc crosstalk signal and normalized to

the control. Data are presented as mean � SEM (n Z 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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biosensor, as detailed in the Methods section. It was found that
LcrV can reduce intracellular cAMP levels similarly to the full
agonist fMLF in FPR1-transfected cells (Fig. 2E). LcrV induced a
concentration-dependent cAMP response with an EC50 value of
0.9 mmol/L. Calcium response of FPR1 was assessed using the
Calcium 5 dye in FPR1-stably transfected cells. In contrast to the
cAMP responses, LcrV did not elicit a calcium response at con-
centrations up to 50 mmol/L, while the full agonist fMLF induced a
concentration-dependent calcium response (Fig. 2F). These find-
ings demonstrate that LcrV activates FPR1 and triggers biased
signaling pathways. The bias towards the cAMP response, but not
the calcium response, is likely caused by the specific activation
state of the G protein complex downstream of FPR1.

In addition to G protein activation, the stimulation of FPR1 is
frequently accompanied by the recruitment of b-arrestins, which
play roles in regulating receptor internalization and downstream
signaling. FPR1 and b-arrestin2 were tagged with NanoLuc and
GFP, respectively, and their interaction was evaluated by moni-
toring changes in BRET signals. In cells expressing the modified
FPR1 and b-arrestin2, LcrV was found to increase the BRET
signals, similar to the effect of fMLF. This indicates the recruit-
ment of b-arrestin2 to FPR1 (Fig. 3A). To investigate FPR1
internalization, cell surface FPR1 was labeled with fluorescent
anti-FPR1 antibodies and analyzed by flow cytometry. Following
LcrV treatment, the protein level of FPR1 at the cell surface
decreased, consistent with b-arrestin recruitment (Fig. 3B). The

Figure 2 Activation of the G proteins and biased signaling of FPR1 following ligand stimulation. (A) NanoBiT-based G protein subunit

dissociation assay. The large fragment of NanoLuc luciferase (LgBiT) is shown in green and the small fragment (SmBiT) is shown in gray. (B)

Luminescence signals of the NanoBiT assay. The signals were shown by relative luminescence intensities (Relative Lum.), which were further

calculated as percentages of the maximal relative intensity. No significance was found between the control and each LcrV treatment. (C) BiFc-based

BRET assay for GbgeGRK3 association. YFP fragments, shown in yellow or gray, were fused to Gb and Gg subunits, respectively. (D) Real-time

detection of BRET signals. The cells were stimulated at the indicated time point as shown by the arrow. Real-time BRET signals were subtracted by

average signals before stimulation to calculate DBRET. Representative curves fitted to a plateau followed by a one-phase decay equation from three

independent experiments are shown. (E) Intracellular cAMP responses of FPR1. FPR1 was stimulated with the indicated concentrations of fMLF or

LcrV for 30 min. FRET signals were normalized to the control buffer treatments. (F) Calcium responses of FPR1. FPR1 was stimulated as indicated

in (E). RFU stands for relative fluorescence units. Data are presented as mean � SEM from at least three independent experiments.
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internalization of FPR1 induced by LcrV was additionally
confirmed through the microscopic examination of fluorescently
labeled FPR1 in HEK293T cells (Fig. 3C).

3.4. LcrV bi-directionally modulated specific MAPK and PI3K/
Akt signaling pathways

G protein and b-arrestins play central roles in regulating the
MAPK and PI3K/Akt signaling pathways3. To investigate LcrV
influences on these pathways, FPR1-expressing cells were stim-
ulated with 2 mmol/L LcrV or 1 mmol/L fMLF, and phosphory-
lation levels of ERK1/2, JNK, p38, and Akt proteins were
analyzed by Western blotting. The conventional agonist fMLF was
found to stimulate time-dependent activation of both signaling
pathways, as evidenced by elevated phosphorylation levels of

ERK1/2, JNK, p38, and Akt proteins (Fig. 4A and Supporting
Information Fig. S2A). As a biased FPR1 agonist, the LcrV pro-
tein stimulated partial activation of the MAPK signaling path-
ways, as evidenced by the elevated phosphorylation levels of JNK
and p38 kinases (Fig. 4B and Fig. S2B). However, for ERK1/2 and
Akt, the LcrV protein reduced rather than increased the phos-
phorylation levels of the kinases (Fig. 4B and Fig. S2B).

Quantification analyses further revealed that the biased FPR1
agonist LcrV stimulated a bi-directional modulation of the intra-
cellular signaling pathways, while the full FPR1 agonist fMLF
stimulated a unidirectional modulation of the pathways (Fig. 4C).
This is likely caused by the unique activation state of the G protein
heterotrimer upon LcrV stimulation of FPR1 (Fig. 2B and D).
MAPK and PI3K/Akt signaling play pivotal roles in the prolifer-
ation of cancer cells, where FPR1 expression has been reported.

Figure 3 LcrV-induced b-arrestin2 recruitment and FPR1 internalization. (A) b-arrestin2 recruitment to FPR1. FPR1 was stimulated and BRET

signals were detected as indicated. (B) Flow cytometry of FPR1 internalization. FPR1-expressing cells were stimulated as indicated. Cell surface

receptors were analyzed with FPR1-specific fluorescent antibodies. Data are presented as mean � SEM from at least three independent exper-

iments. *P < 0.05, **P < 0.01, and ***P < 0.001. (C) Confocal microscopy of FPR1 internalization. The fluorescently labeled FPR1, displayed

in red, was stimulated with 100 nmol/L fMLF or 1 mmol/L LcrV. Rab5 was stained with a fluorescent antibody and displayed in green. The cell

nuclei were depicted in blue. Representative images from three independent experiments are presented. Scale bar Z 10 mm.
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This prompted the speculation that the LcrV protein might be able
to regulate tumor growth.

3.5. Bioinformatic analyses of clinical data revealed FPR1
expression in breast cancer

Before investigating LcrV effects on cancer, we first explored the
role of LcrV receptor FPR1 in cancer. Bioinformatics analyses of
clinical data were performed to gain insights into FPR1 expression
levels and the associations with clinical outcomes. Pan-cancer
clinical data showed that FPR1 expression levels varied by tissue
type, with FPR1 significantly upregulated in various cancers
(Fig. 5A). Among those cancers, breast cancer (BRCA) was the
most prevalent worldwide40. Furthermore, a growing body of
research indicated that FPR1 played a significant role in the
progression of breast cancer16e18,41. Therefore, we chose breast
cancer as a model to investigate the roles of FPR1 in tumor
biology. Survival plots further supported the clinical relevance of
FPR1, showing that higher expression levels were associated
with decreased overall survival and recurrence-free survival in

breast cancer patients, with log-rank P values of 0.025 and
0.024, respectively (Fig. 5B). Furthermore, when specifically
focusing on breast cancer subtypes, differences in FPR1
expression were found between normal tissues and various breast
cancer subtypes, including a significant difference in TNBC.
This indicates that FPR1 is more highly expressed in TNBC,
which is generally associated with a poorer prognosis (Fig. 5C).
These comprehensive bioinformatics analyses suggest a link
between elevated FPR1 and aggressive cancer phenotypes and
highlight FPR1 as a promising biomarker and therapeutic target
in breast cancer.

In the Human Protein Atlas database, the MDA-MB-231 cell
line exhibited the highest FPR1 expression (nTPM) among breast
cancer cell lines (n Z 62) based on cell line data from the
DepMap portal. Therefore, MDA-MB-231, being the most
commonly used TNBC cell line model, was chosen as the cell
model for TNBC in this research. Functional FPR1 expression in
MDA-MB-231 cells was confirmed by fMLF-stimulated FPR1
responses. The FPR1-specific agonist fMLF stimulated calcium
responses in MDA-MB-231 cells, which were inhibited by the

Figure 4 FPR1-mediated MAPK and PI3K/Akt signaling pathways. (A) Activation of MAPKs and Akt by fMLF. FPR1-RBL cells were

stimulated with 1 mmol/L fMLF for the specified durations. Total and phosphorylated kinases were analyzed by Western blotting. Representative

blots from at least three experiments are shown. (B) Stimulation of MAPKs and Akt by LcrV. FPR1 were stimulated with 2 mmol/L LcrV.

Representative blots from at least three experiments are shown. (C) Quantification of phosphorylated protein levels. The densities of the blots from

at least three independent experiments were measured, and the phosphorylation (phospho.) level relative to the total protein level was calculated.

The maximum increase or decrease after stimulation was chosen, and the basal phosphorylation level was set to zero. Data are presented as

mean � SEM (n Z 3e4). *P < 0.05, and **P < 0.01.
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FPR1 antagonist cyclosporine H (Fig. 5D). The agonist fMLF also
stimulated MAPK and PI3K/Akt signaling pathways in the TNBC
cells (Fig. 5E and Supporting Information Fig. S3A).

3.6. Bi-directional modulation of intracellular signaling
pathways contributed to the inhibition of TNBC cell proliferation

In MDA-MB-231 cells expressing endogenous FPR1, the biased
agonist LcrV was also found to selectively increase JNK and p38
activities while reducing ERK1/2 and Akt phosphorylation
(Fig. 6A and Fig. S3B). Quantification analyses confirmed that the
full agonist fMLF activated all the MAPK and PI3K/Akt signaling
pathways, while the biased agonist LcrV selectively modulated the
signaling pathways, similar to the bi-directional modulation
observed in the heterologous expression system (Figs. 4C and 6B).
Furthermore, G proteins in the cancer cells were inhibited by

pertussis toxin (PTX), a specific inhibitor of the Gai protein, to
investigate whether LcrV-stimulated modulation of intracellular
kinases was caused by FPR1-G protein signaling transduction.
LcrV-stimulated bi-directional modulation of the kinases was
generally disrupted by the G protein inhibitor (Fig. 6C and
Supporting Information Fig. S4A). Interestingly, LcrV-stimulated
p38 activation appeared to be only slightly affected by the in-
hibitor, suggesting that it may be mediated not only by G proteins
but also by b-arrestin2. To further investigate this, we co-treated
cancer cells with a specific siRNA designed to knock down
b-arrestin2 expression along with PTX. Under this condition,
LcrV-stimulated p38 activation was significantly impacted
(Fig. 7A and B, Fig. S4B). The p38 activation was not completely
inhibited possibly due to residual b-arrestin2 following siRNA
knockdown. These findings suggest that, in the cancer cells, the
LcrV protein also acts as a biased agonist of FPR1 and stimulates

Figure 5 FPR1 expression and its clinical significance in breast cancer. (A) The significant differential expression of FPR1 between tumor and

adjacent normal tissues across TCGA tumors is displayed using box plots. BRCA indicates breast cancer. TPM denotes transcripts per million.

The Wilcoxon test (*P < 0.05; **P < 0.01; ***P < 0.001) was used to calculate statistical significance. (B) Survival plots of FPR1 expression in

relation to overall survival and relapse-free survival, based on the analysis of 104 breast cancer biopsies (GEO: GSE42568). (C) FPR1 expression

in breast cancer subtypes (GEO: GSE21653). Lum denotes luminal. (D) FPR1-mediated calcium responses in cancer cells. The calcium response

was stimulated by 100 nmol/L fMLF in MDA-MB-231 cells as indicated by the arrow. This response was inhibited by the FPR1 antagonist,

20 mmol/L cyclosporine H. Representative curves are shown. (E) fMLF-stimulated MAPK and PI3K/Akt signaling. MDA-MB-231 cells were

treated with 1 mmol/L fMLF for the specified durations. Total and phosphorylated kinases were analyzed by immunoblotting. Representative blots

from at least three independent experiments are shown.
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the unconventional G protein activation state, as well as
b-arrestin2 recruitment, leading to bi-directional modulation of
the intracellular signaling pathways. Given that the MAPK and
PI3K/Akt signaling pathways play central roles in orchestrating
cell proliferation, it is reasonable to speculate that LcrV could
impact cancer cell proliferation.

The impact of LcrV on cancer cell proliferation was investi-
gated by conducting MTT assays. The results revealed that treat-
ment with LcrV for 48 h led to a concentration-dependent
decrease in the viabilities of MDA-MB-231 cells (Fig. 7C). Addi-
tionally, in MDA-MB-468 cells, another TNBC cell model, LcrV
was also found to inhibit cell proliferation. Further analysis using
flow cytometry demonstrated that LcrV could impede cell cycle
progression within the same time frame. Specifically, LcrVarrested
MDA-MB-231 cells in the G1 and S phases of the cell cycle
(Fig. 7D). This observation provides insight into how the LcrV
protein exerts its inhibitory effects on cancer cell proliferation. FPR1
antagonists have been previously documented to impact cancer
progression18,19. FPR1 antagonists block all the MAPK and PI3K/
Akt signaling pathways downstream of FPR1. However, the biased

agonist LcrV bi-directionally modulated FPR1-mediated signaling
pathways (Fig. 6B). A comparison between LcrV and the FPR1
antagonist cyclosporine H revealed that LcrV exerted stronger
inhibitory effects on cell cycle arrest in cancer cells (Fig. 7D).

To further elucidate the mechanisms underlying the effects of
LcrV on tumor cells, cell proliferation was assessed in the
presence of ERK1/2 or JNK inhibitors. The results showed that
inhibition of ERK1/2 signaling further enhanced the inhibitory
effects of LcrV, whereas inhibition of JNK signaling compro-
mised the inhibitory effects (Fig. 7E). In cell cycle analyses, the
JNK inhibitor attenuated LcrV-induced cell cycle arrest and the
ERK1/2 inhibitor had a tendency to further enhance the cell
cycle arrest (Supporting Information Fig. S5). These results
indicated that, in the context of LcrV stimulation, ERK1/2
signaling promotes tumor growth while JNK signaling inhibits
it. These findings suggest that the biased agonist LcrV exerts
anti-tumor effects through dual mechanisms, including
increasing tumor-inhibiting signaling and reducing tumor-
promoting signaling, which is not observed with conventional
FPR1 antagonists.

Figure 6 LcrV-stimulated intracellular signaling pathways in TNBC cancer cells. (A) Bi-directional modulation of MAPK and PI3K/Akt

signaling. MDA-MB-231 cells were stimulated with 2 mmol/L LcrV. Total and phosphorylated MAPK and Akt were analyzed by immuno-

blotting. Representative blots are shown (n Z 3e4). (B) Quantification of phosphorylated protein levels. Data were analyzed as in Figure 4C. For

LcrV stimulation, the responses were normalized to the maximum in each direction. (C) The influences of the G protein on LcrV-stimulated

signaling. MDA-MB-231 cells were pretreated with 100 ng/mL PTX for at least 6 h. The cells were then stimulated with LcrV, and total and

phosphorylated kinases were detected as above. Relative levels of phosphorylated proteins were quantified. Data are presented as mean � SEM

from at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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3.7. LcrV exhibited overwhelming anti-tumor effects over the
FPR1 antagonist in vivo

In xenografted breast cancer models established with MDA-MB-
231 cells, in vivo anti-tumor effects with long-term LcrV treat-
ment were validated. To compare pharmacological effects, the
biased agonist LcrV and the FPR1 antagonist cyclosporine H were

administered via intratumoral injections at doses determined to
elicit maximal effects based on in vitro assays (Fig. 2E and
Supporting Information Fig. S6A). Tumors treated with LcrV
showed significantly inhibited growth compared to both mock-
treated tumors and those treated with the FPR1 antagonist
cyclosporine H (Fig. 8A). Specifically, mock-treated tumors
increased in size from approximately 50 to 700 mm3 after 24 days.

Figure 7 Dual inhibition of G protein and b-arrestin2 and the anti-tumor effects of LcrV. (A) The role of G protein and b-arrestin2 in p38

activation. b-arrestin2 knockdown in MDA-MB-231 cells was confirmed by immunoblotting. MDA-MB-231 cells were pretreated with the

control siRNA (siRNA-NC) or siRNA-2 plus PTX. LcrV-stimulated p38 activation was subsequently assessed. Representative blots from at least

three independent experiments are shown. (B) Quantification of p38 activation after co-inhibition of G proteins and b-arrestin2. The relative

phosphorylation levels were quantified from at least three independent experiments. (C) Effects of LcrV on cell viability. MDA-MB-231 and

MDA-MB-468 cells were treated with the indicated concentrations of LcrV for 48 h, and cell viability was analyzed using the MTT assay. (D) Cell

cycle arrest induced by FPR1 ligands. MDA-MB-231 cells were stimulated with 2 mmol/L LcrV or 20 mmol/L cyclosporine H. The cells were

stained with PI, and the percentages at different cell cycle phases were analyzed using a flow cytometer. (E) Influences of MAPK inhibitors on

LcrV actions. MDA-MB-231 cells were treated with 2 mmol/L LcrV plus the indicated concentrations of the ERK1/2 inhibitor SCH772984 or the

JNK inhibitor SP600125. Data are shown as mean � SEM (n Z 3e4). *P < 0.05, **P < 0.01, and ***P < 0.001.
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In contrast, tumors treated with LcrV reached about 200 mm3

during the same period, even smaller than the 400 mm3 volume
observed in cyclosporine H-treated tumors (Fig. 8A). These su-
perior anti-tumor effects were visually evident in tumor images
and were further confirmed by the reduced tumor weights after
removal from the mice at the end of the study (Fig. 8B and C).

The anti-tumor effects of LcrV were additionally investigated
in a mouse model utilizing 4T1 breast cancer cell lines, where
once again LcrV demonstrated greater inhibition of tumor vol-
umes compared to the FPR1 antagonist (Fig. S6B). Since the LcrV
protein is a component of the Yersinia pestis type III secretion
system, the toxicity of the LcrV protein was analyzed in the

MDA-MB-231-transplanted mice. Importantly, LcrV treatment
did not negatively impact the overall body weight of the mice or
affect their liver or lung tissues (Fig. 8D and E, Fig. S6C). This
indicates that the observed inhibitory effects on tumor growth
were not due to cellular toxicity. These findings underscore the
potential of LcrV as an effective and safe anti-tumor agent.

In addition to the observed mechanism of cell cycle arrest in
the in vitro assays, other potential mechanisms for the anti-tumor
effects of the LcrV protein were investigated. The MAPK and
PI3K/Akt signaling have many relationships with cancer stemness
42,43. This suggested LcrV-stimulated signaling might have some
impacts on TNBC stemness proteins. In the xenografted model,

Figure 8 Antitumor activities of LcrV in mouse xenograft models. (A) Kinetics of tumor growth in xenografted mice. BALB/c nude mice

implanted with MDA-MB-231 cells received treatments of LcrV, cyclosporine H, or PBS, with tumor dimensions recorded at four-day intervals

(n Z 5). (B) Visual comparison of excised tumors post-treatment. (C) Comparative analysis of tumor mass. Tumor weights were obtained from

quintuplicate samples per treatment group and are depicted as mean � SEM. (D) Body weights of xenografted mice with LcrV treatment. No

significant difference was found between different groups (n Z 5). (E) Histopathological examination of liver tissues. Liver specimens were

collected from mice and stained with hematoxylin and eosin. Representative images of at least three sections are shown. Scale bar Z 50 mm. (F)

Analysis of stemness-associated protein expression in tumors. Immunoblotting was employed to assess OCT4 and MYC levels in MDA-MB-231-

derived tumors. The figure shows representative blots for each treatment: PBS (P), LcrV (L), and cyclosporine H (C). (G) Quantification of OCT4

and MYC protein expression. The OCT4 and MYC protein levels were quantified and normalized to the b-actin protein levels (nZ 5). *P < 0.05,

**P < 0.01, ***P < 0.001, and ns indicates no significance.

3658 Yunjun Ge et al.



mock-treated tumors showed enrichment of c-MYC and OCT4
proteins, whereas tumors treated with LcrV displayed reduced
levels of these stemness-associated proteins (Fig. 8F and G).
Additionally, the FPR1 antagonist cyclosporine H demonstrated a
smaller reduction in stemness proteins overall. The protein levels
of SOX2 and beta-catenin were also reduced following LcrV
treatment, albeit the reduction was less significant (Fig. S6D).
Furthermore, in in vitro limited dilution analysis, LcrV treatment
was found to inhibit the self-renewal abilities of MDA-MB-
231 cells (Supporting Information Table S2). These results indi-
cate that LcrV-stimulated FPR1 signaling has some impacts on
tumor stemness-associated phenotypes.

4. Discussion

Targeted therapies based on the HER2 receptor or hormone re-
ceptors have made great success in most cases of breast cancer but
not in triple-negative breast cancer44. It is known that GPCRs
mediate critical cell proliferation signals in cancers, including
TNBC2,45. GPCRs are similar to HER-2 and hormone receptors in
various ways, as all these receptors receive extracellular signals and
transduce them into the nucleus to promote tumor growth46,47.
GPCR uses G protein, while HER2 uses Ras protein to stimulate
MAPK/ERK and PI3K/Akt signaling pathways, and both G protein
and Ras protein belong to the GTPase superfamily. Moreover,
GPCR can stimulate epidermal growth factor receptor activation,
and conversely, epidermal growth factor receptor can also activate
the downstream G proteins of GPCRs, indicating the crosstalk be-
tween these two types of receptors48e50. Hormone receptors trans-
mit growth signals differently by receptor binding to the genome.
However, the isoform of estrogen receptor, GPR30, transduces
hormone signaling through G proteins, suggesting intertwined re-
lationships between GPCRs and hormone receptors51.

Conventional anti-tumor strategies targeting GPCRs mainly
involve the use of either agonists or antagonists3,52,53. The tradi-
tional ligands indiscriminately modulate all the downstream
signaling pathways mediated by the receptors. However, GPCRs
orchestrate a multitude of cellular processes by engaging diverse
signaling pathways. For tumor growth, it is important to recognize
that a GPCR can mediate contrast signals, including both promot-
ing and inhibitory signals. Therefore, for cancer treatment, it is not
the most effective strategy to use agonists or antagonists to promote
or inhibit all GPCR-mediated signaling pathways synchronously.
As GPCR research progresses, it is exciting to observe that biased
GPCR ligands are being proposed for cancer therapy54. A biased
ligand of the G protein-coupled bile acid receptor has been reported
to activate G proteins, which in turn inhibit the YAP signaling
pathway, subsequently reducing cancer cell proliferation55.

In this research, we presented a biased FPR1 ligand that dis-
played a unique property of selectively modulating intracellular
signaling pathways. The MAPK and PI3K/Akt pathways down-
stream of FPR1 activation exerted contrasting roles in cancer cell
proliferation. ERK1/2 and PI3K/Akt signaling are primarily asso-
ciated with promoting cancer cell proliferation, whereas JNK and
p38 signaling have been reported to inhibit cancer cell proliferation
in certain contexts11,56e58. In our experimental conditions, it appears
that JNK signaling inhibits cell proliferation (Fig. 7E and Fig. S5).
Therefore, the biased agonist LcrVwas found to decrease the tumor-
promoting ERK1/2 and PI3K/Akt signaling while increasing the
tumor-inhibiting JNK and p38 signaling (Fig. 9). This bi-directional
modulation of signaling pathways was not observed with conven-
tional GPCR agonists or antagonists (Fig. 9). Furthermore, the

biased ligand LcrV stimulated b-arrestin2 recruitment and FPR1
internalization, which could reduce the amount of cell surface re-
ceptors for transducing growth signals59,60. Moreover, since LcrV is
a large protein that binds to FPR1, it is conceivable that this ligand
might hinder the binding of other ligands to the same receptor.
Therefore, the biased ligand LcrVexerted anti-tumor effects through
the above potential mechanisms.

The LcrV protein used in this study is a component of the type
III secretion system of Yersinia pestis. Despite Yersinia pestis
being the causative agent of the plague, the LcrV protein merely
functions as a linker or director, enabling the pathogen to attach to
human cells27,28. The LcrV protein has been administrated to mice
in a colitis animal model, indicating its safety for in vivo experi-
ments61. More commonly, LcrV has been explored for its potential
as a component of vaccines, aiming to educate host immune
system for the prevention of plague25,62,63. This suggests that
LcrV may also influence immune cells within the tumor immune
microenvironment, warranting further investigation to confirm this
potential effect. In the previous study, LcrV was identified as a
binding protein of FPR1, and no FPR1-related signaling was re-
ported28. We found that the interaction between LcrV and FPR1
led to a unique conformational change of the receptor, as
demonstrated by an intramolecular BRET biosensor. Subsequent
investigations revealed that LcrV protein stimulated G protein and
b-arrestin protein in a biased manner. Interestingly, the G protein
complex did not dissociate, and calcium mobilization was not
detected, while GRK3 could still associate with the Gbg subunits
and cAMP responses were detected. This might be caused by the
noncanonical rearrangement of the G protein subunits, as

Figure 9 Proposed mechanisms for the anti-tumor effects of biased

FPR1 agonist LcrV. TNBC cell proliferation is balanced by both

tumor-promoting (e.g., ERK1/2) and tumor-inhibiting (e.g., JNK)

signaling pathways. Formyl peptides or annexin A1 activate FPR1,

stimulating MAPK and PI3K/Akt signaling through full activation of

G proteins and b-arrestins. In this scenario, tumor-promoting

signaling predominates, leading to increased cell proliferation. Yersi-

nia pestis LcrV, however, induces distinct conformational changes in

FPR1, resulting in a specific activation state of G protein. Conse-

quently, LcrV inhibits tumor growth by: 1) stimulating tumor-

inhibiting signaling, and 2) inhibiting tumor-promoting signaling.

The biased signaling pathway triggered by LcrV is highlighted in red,

and conventional agonist-stimulated signaling is shown in blue.
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described in other circumstances64. It has been reported that one G
protein can transduce at least two types of extracellular signals
and stimulate distinct intracellular signaling pathways, each
playing different roles in tumor growth65. The specific activation
state of the G protein may explain why LcrV can bi-directionally
modulate the MAPK and PI3K/Akt signaling pathways, thereby
inhibiting tumor growth.

As far as we know, the biased signaling behavior of LcrV has
not been reported for other FPR1 ligands. This indicated that the
anti-tumor actions might be the unique property of the LcrV
protein and not shared by other FPR1 ligands. The elaborate
modulation of MAPK and PI3K/Akt signaling pathways might not
explain all the molecular mechanisms. Further investigations on
the entire intracellular signaling networks will be required to
unravel additional mechanisms. Moreover, it remains an open
question how LcrV binds to FPR1. At present, no cryo-EM or
crystallization data of LcrV-FPR1 complex are available to answer
this question. We have prepared both N-terminally tagged and
C-terminally tagged LcrV proteins, and no differences in the anti-
tumor efficacy were found between them. This suggests that the
N-terminal of the LcrV protein may not be inserted into the ca-
nonical binding pocket of FPR1, as the previous study predi-
cated28. Direct evidence from a cryo-EM or crystallization
structure is needed to obtain more information for ligand opti-
mization and drug development.

5. Conclusions

The anti-tumor effects of Yersinia LcrV protein have highlighted
the potential of biased GPCR ligands in cancer therapy. Under-
standing the molecular mechanisms of this biased ligand is ex-
pected to facilitate the development of many other biased ligands
targeting a wide range of GPCRs. The biased signaling repertoire
of the LcrV protein may not be the most effective for cancer
therapy. Further investigations based on our study are likely to
lead to the discovery of more effective biased ligands, capable of
precisely regulating tumor-promoting and tumor-inhibiting
signaling pathways for cancer treatment.
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