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Cancer-associated fibroblast-derived LRRC15 promotes
the migration and invasion of triple-negative breast cancer
cells via Wnt/p-catenin signalling pathway regulation
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Abstract. Triple-negative breast cancer (TNBC) is a
highly aggressive tumour subtype associated with poor
prognosis. The function of leucine-rich repeat-containing
protein 15 (LRRC15), a member of the leucine-rich repeat
superfamily, in TNBC has not yet been elucidated. The aim
of this study was to identify the combined role of LRRCI15
and Wnt/B-catenin signalling pathway in the development of
TNBC. The expression of LRRC15 in TNBC tissues was anal-
ysed using data from The Cancer Genome Atlas. Cell migration
and invasion assays were conducted to study the function of
LRRCI15 in TNBC. The expression of Wnt/f-catenin signal-
ling proteins was analysed via western blotting. The effect
of LRRCI5 on B-catenin nuclear localisation was measured
by performing western blotting and luciferase assays. It was
found that high LRRCI15 expression was associated with poor
prognosis in patients with TNBC. High expression of LRRC15
in cancer-associated fibroblasts (CAFs) promoted cell migra-
tion and invasion in TNBC cells. In addition, TNBC cells with
LRRCI15 overexpression in CAFs showed an aberrant increase
in B-catenin activity concomitant with nuclear localisation
of B-catenin, which inhibited its degradation. These results
showed that LRRCI15 promoted tumour migration and inva-
sion in TNBC cells by regulating the Wnt/p-catenin signalling
pathway.

Introduction
Triple-negative breast cancer (TNBC) accounts for ~15-20%

of all patients with breast cancer and is defined by the lack
of oestrogen receptor, progesterone receptor and human
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epidermal growth factor receptor 2 (1). TNBC tends to more
frequently affect younger patients (2). TNBC has more aggres-
sive biological behaviours and poorer long-term outcomes
compared with other breast cancer subtypes (3). The risk
of distant recurrence peaks at ~3 years. Furthermore, the
average survival in metastatic TNBC is 12 months, and the
majority of women with metastatic TNBC will ultimately die
of the disease despite treatment (4). The therapeutic strategy
for breast cancer is largely based on the tumoral expression
of three cell surface markers. In the absence of approved
targeted therapies, radiotherapy and cytotoxic chemotherapy
remain the mainstay treatments with suboptimal outcomes (5).
Therefore, there is a critical need for the exploration of novel
approaches for TNBC treatment.

The extracellular matrix (ECM), as a crucial component of
the tumour microenvironment, provides mechanical support
for cell growth, survival and migration, and plays a key role
in cancer cell malignancy (6). Leucine-rich repeat-containing
protein 15 (LRRC15) is a member of the leucine-rich repeat
superfamily, which is involved in cell-cell and cell-ECM inter-
actions, including adhesion and receptor-ligand binding (7).
It is expressed in cancer-associated fibroblasts (CAFs) and
stromal cells in various types of solid tumours, such as breast
cancer, as well as directly in cancer cells in tumours of mesen-
chymal origin, such as sarcomas (8). High LRRC15 expression
is significantly associated with worse metastasis-free survival
in patients with soft-tissue sarcomas (9). LRRCI15 is one of the
genes known to be associated with breast cancer invasion (10).
However, the effect of CAF-derived LRRCCS5 on the migra-
tory and invasive abilities of TNBC cells remains unclear.

A variety of studies have evaluated the associations
between several matrix metalloproteinases (MMPs),
including MMP-2, MMP-7 and MMP-9, and breast cancer
cell metastasis (11-13). B-catenin, an important mediator of
the Wnt signalling pathway, is phosphorylated by the GSK3[3
complex. Phosphorylated f-catenin is specifically recognised
by p-transducin repeats-containing proteins (B-TrCP1) (14).
CAFs activate the Wnt/p-catenin pathway and induce epithe-
lial to mesenchymal transition (EMT) and cisplatin resistance
in ovarian cancer cells (15).

In the present study, the role of LRRC15 in TNBC was
explored. The aim of this study was to identify the combined
role of LRRC15 and Wnt/B-catenin signalling pathway in the
development of TNBC.
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Materials and methods

Cell culture. CAFs and normal fibroblasts (NFs) were isolated
from the TNBC and adjacent normal tissues of three female
patients (age, 41-59 years) undergoing surgery at Dongying
People's Hospital (Dongying, China) between April 2017 and
March 2019. The adjacent tissues were >2 cm away from the
cancer tissue. The patients were women who were diagnosed
as TNBC. Those who had received preoperative radiotherapy
or chemotherapy were excluded. The experimental protocols
were approved by the Ethics Committee of Dongying People's
Hospital (approval no. DY YX-2020-023). Written informed
consent was obtained from all patients. The TNBC and
adjacent tissues were cut into small pieces and placed in 0.1%
type I liberase (Sigma-Aldrich; Merck KGaA) for enzymolysis
at 37°C for 6 h. The digested cell mixture was filtered through
a cell strainer (Corning, Inc.) and then centrifuged at 198 g for
5 min at 4°C. The cell pellet was resuspended in Dulbecco's
modified Eagle's medium (DMEM, Gibco; Thermo Fisher
Scientific, Inc.). The supernatant containing the fibroblasts
was further centrifuged at 198 g for 9 min at 4°C. NFs and
CAFs were identified in the presence of CAF-specific markers
[a-smooth muscle actin (a-SMA)]. The final pellet was resus-
pended in DMEM/F12 (Gibco; Thermo Fisher Scientific,
Inc.) containing 20% foetal bovine serum (FBS; HyClone;
Cytiva), 100 IU/ml penicillin, and 100 pg/ml streptomycin
(Gibco; Thermo Fisher Scientific, Inc.). TNBC cell lines
(MDA-MB-231 and MDA-MB-468 cells) were purchased
from the American Type Culture Collection and cultured in
DMEM supplemented with 10% FBS, 100 IU/ml penicillin,
and 100 pug/ml streptomycin. All cells were maintained in
5% CO, at 37°C.

Construction of LRRC15 overexpression and knockdown
fibroblasts. The CAFs were seeded in a six-well plate until
they reached 80% confluence. LRRCI15-targeting small inter-
fering RNAs (siRNAs) and pcDNA3.1-LRRC15 plasmids were
designed and synthesised by Guangzhou RiboBio Co., Ltd.
The sequences of the siRNAs are listed in Table SI. CAFs cells
(1.5x10° cells/ml) were seeded into 6-well plates and transfected
with 45 nM siRNA and plasmid using Lipofectamine® 2000
transfection reagent (Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. Non-targeting siRNA (siNC)
and empty vector were used as negative controls. After 48 h,
the CAFs transfected with the pcDNA3.1-LRRC15 plasmids
or LRRCI15-targeting siRNA (siLRRC15) were used to treat
TNBC MDA-MB-231 and MDA-MB-468 cells.

Migration and invasion assay. For cell migration, 2x10*
MDA-MB-231 and MDA-MB-468 cells in 100 ul serum-free
medium were added into the upper chambers (24-well, pore
size 8 ym; Corning, Inc.) and CAFs in medium containing
10% FBS were added to the bottom of the insert. After
incubation for 24 h at 37°C, the cells were fixed with 4% para-
formaldehyde for 5 min at 25°C and stained with 0.5% crystal
violet blue for 5 min at 25°C. The migrated cells were photo-
graphed and counted using an inverted microscope (Olympus
Corporation, magnification, x100). For the cell invasion assay,
Transwell filters were pre-coated with BD Matrigel at 37°C for
60 min (BD Biosciences). 10 ymol/l XAV939 (Wnt/B-catenin

pathway inhibitor, MedChemExpress) treated cells for 24 h at
37°C.

Luciferase assay. To evaluate B-catenin/TCF-dependent
transcriptional activity, luciferase reporter assay was
performed. MDA-MB-231 and MDA-MB-468 cells (5x10%)
were seeded in 24-well plates and cultured for 24 h with
CAFs at a density of 70-80%. The cells were transfected with
the B-catenin-responsive Firefly TOP-FLASH or the nega-
tive control FOP-FLASH reporter plasmids (VECT75319,
Huayueyang Biotech Co., Ltd.) using FuGENE® 6 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. Luciferase activity was measured with the
Dual-Luciferase Reporter Assay kit (Promega Corporation)
24 h after transfection according to the manufacturer's instruc-
tions. Relative Renilla luciferase activity was normalised to
Firefly luciferase activity.

Western blotting. Total protein was extracted using a lysis buffer.
The Nuclear and Cytoplasmic Isolation Kit (Nanjing KeyGen
Biotech Co., Ltd.) was used for cytoplasmic and nuclear protein
extraction according to the manufacturer's instructions. Protein
concentrations were measured with a BCA protein-assay kit
(Beyotime). A total of 30 ug proteins (Total, nuclear, and cyto-
plasmic proteins) were separated on 10% SDS-PAGE gels. After
electrophoresis, the separated protein bands were transferred
onto polyvinylidene fluoride membranes (MilliporeSigma) and
blocked using 5% non-fat milk for 1 h at room temperature. The
membranes were then incubated overnight at 4°C with primary
antibodies (1:1,000) against LRRCI15 (cat. no. ab151482;
Abcam), a-SMA (cat. no. 19245; Cell Signaling Technology,
Inc.), MMP2 (cat. no. ab92536; Abcam), MMP7 (cat. no. ab5706;
Abcam), MMP9 (cat. no. ab38898; Abcam), B-catenin (cat.
no. ab32572; Abcam), phosphorylated (p)-p-catenin (Ser33/37;
cat. no. 2009; Cell Signaling Technology, Inc.), 3-TrCP (cat.
no. 4394; Cell Signaling Technology, Inc.), Axin (cat. no. 2087;
Cell Signaling Technology, Inc.), GSK-3p (cat. no. 9315; Cell
Signaling Technology, Inc.), p-GSK-3p (Ser9; cat. no. 5558;
Cell Signaling Technology, Inc.), cyclin D1 (cat. no. 2922;
Cell Signaling Technology, Inc.), c-myc (cat. no. 9402; Cell
Signaling Technology, Inc.), p-actin (cat. no. 4970; Cell
Signaling Technology, Inc.), Histone H3 (cat. no. 4499; Cell
Signaling Technology, Inc.) and GAPDH (cat. no. 5174; Cell
Signaling Technology, Inc.). After washing three times, the
membranes were incubated with horseradish peroxidase-linked
secondary antibodies (1:5,000, cat. no. bs-40295G-HRP, Beijing
Biosynthesis Biotechnology Co., Ltd.) at room temperature for
2 h. Finally, the protein bands were visualized using an ECL
Kit (Beijing Solarbio Science & Technology Co., Ltd.). Protein
expression was quantified using Image-Pro Plus software
(version 6.0; Media Cybernetics, Inc.).

Bioinformatic analysis. The LRRC15 expression data of 235
patients with TNBC and 208 normal samples were down-
loaded from The Cancer Genome Atlas (TCGA; portal.gdc.
cancer.gov/). Survival curve was generated with the R package
‘survival’ (version 3.6.1, https://www.r-project.org/).

Statistical analyses. Statistical significance was determined
using GraphPad Prism 7 (GraphPad Software, Inc.). All
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Figure 1. High LRRC15 expression is associated with poor prognosis in patients with TNBC. (A) The LRRC15 expression data of 235 TNBC and 208 normal
samples from TCGA database. (B) The LRRC15 expression in the different TNM stages of patients from TCGA database. Kaplan-Meier analysis of (C) OS,
(D) DSS, (E) DFI and (F) PFI from TCGA database. “P<0.01. LRRC15, leucine-rich repeat-containing protein 15; TNBC, triple-negative breast cancer;
TCGA, The Cancer Genome Atlas; OS, overall survival; DSS, disease-specific survival; DFI, disease-free interval; PFI, progression-free interval; HR, hazard

ratio; CI, confidence interval.

experiments were conducted three times. All continuous data
are shown as the mean + SD. Data were statistically analysed
using unpaired Student's t-test (two-tailed) and one-way
analysis of variance followed by Tukey's test. Survival analysis
was performed using the Kaplan-Meier method, the log-rank
test was used to determine statistical significance between
two groups. P<0.05 was considered to indicate a statistically
significant difference.

Results
High LRRCI5 expression is associated with poor prognosis

in patients with TNBC. The LRRC15 expression data of
235 patients with TNBC and 208 normal samples from The

Cancer Genome Atlas (TCGA) were analysed and it was found
that the TNBC tissues exhibited significantly higher LRRC15
expression compared with normal tissues (Fig. 1A). There was
no significant difference in LRRC15 expression between the
three TNM stages (Fig. 1B). Kaplan-Meier analysis showed
that the patients with TNBC with high LRRC15 expression
had poor overall survival (OS; Fig. 1C), disease-specific
survival (DSS; Fig. 1D), disease-free interval (DFI; Fig. 1E),
and progression-free interval (PFI; Fig. 1F).

LRRCI5 induces MMPs to mediate migration and invasion.
The results of western blotting indicated that the expression of
LRRCI15 and a-SMA was higher in the CAFs compared with
NFs (Fig. 2A and B). To elucidate the mechanism by which
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Figure 2. LRRC15 induces MMPs to mediate migration and invasion. (A) Western blot analysis was used to analyse protein expression levels of LRRC15 in
CAFs and NFs. (B) Western blot analysis was used to detect protein expression of a-SMA in CAFs and NFs. “P<0.01 vs. NFs. (C) Western blotting showed
LRRCI1S5 protein expression after transfection with pcDNA3.1-LRRCI15 or siLRRCI15 into CAFs. CAFs transfected with pcDNA3.1-LRRC15 plasmids or
siLRRCI15 were used to treat triple-negative breast cancer MDA-MB-231 and MDA-MB-468 cells. (D) The effect of LRRC15 on the migration and invasion of
MDA-MB-231 and MDA-MB-468 cells were detected using Transwell assays. (E) Effect of LRRC15 on the protein expression levels of MMPs was detected by
western blotting. “P<0.01 vs. Vector group; #P<0.01 vs. siNC group. LRRC15, leucine-rich repeat-containing protein 15; CAFs, cancer-associated fibroblasts;
NFs, normal fibroblasts; a-SMA, a-smooth muscle actin; si, small interfering RNA; NC, negative control.

LRRCI15 regulates migration and invasion as well as its mech-
anism of action, LRRC15 was knocked down or overexpressed
in CAFs (Fig. 2C) and it was found that LRRC15 expression was
lower in siLRRC15-2 group than that in siLRRC15-1 group;
therefore siLRRC15-2 was used for subsequent experiments.
LRRCI15 overexpression in CAFs promoted the migration and
invasion of MDA-MB-231 and MDA-MB-468 cells, whereas
its knockdown inhibited the migration and invasion of both cell
lines (Fig. 2D). In agreement with these results, the expression
of MMP2, MMP7 and MMP9 in both cell lines were either
upregulated or downregulated by LRRC15 overexpression or
knockdown, respectively, in CAFs (Fig. 2E).

LRRCI15 promotes 3-catenin levels and transcriptional
activity. The ratio of p-f-catenin/B-catenin was not signifi-
cantly changed by LRRC15 overexpression or LRRC15

knockdown in CAFs. B-TrCP1 were increased in the
MDA-MB-231 and MDA-MB-468 cells by LRRCI15 over-
expression in CAFs, whereas their levels were decreased
by LRRCI15 knockdown (Fig. 3A). Compared with that in
the vector cells, the amount of B-catenin was increased in
nuclear fractions by LRRCI15 overexpression, whereas was
significantly decreased in cytoplasmic and nuclear fractions
by LRRCI15 knockdown, respectively (Fig. 3B). To evaluate
whether the increased nuclear [3-catenin was transcriptionally
active, paired TOP-Flash and FOP-Flash control luciferase
reporters were used and it was found that the transactivity of
[B-catenin was increased upon LRRC15 overexpression, but
decreased upon LRRC15 knockdown in CAFs (Fig. 3C).

LRRCI15 promotes -catenin levels by downregulating the
destruction complex protein Axinl. LRRCI15 overexpression in
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Figure 3. LRRC15 promotes [3-catenin levels and transcriptional activity. (A) Effect of LRRC15 on the expression of [3-catenin, p-f-catenin (Ser33/37) and
B-TrCP protein levels were detected via western blotting. (B) Western blotting results showed that LRRC15 overexpression increased nuclear translocation of
B-catenin and knockdown of LRRC15 had the opposite function. (C) Effect of LRRC15 on 3-catenin/T cell factor/lymphoid enhancer binding factor-mediated
transcriptional activity. “P<0.05, “P<0.01 vs. Vector group; “P<0.05, #’P<0.01 vs. siNC group. LRRC15, leucine-rich repeat-containing protein 15; p-, phos-
phorylated; 3-TrCP, B-transducin repeats-containing proteins; si, small interfering RNA; NC, negative control.
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Figure 4. LRRC15 promotes -catenin levels by downregulating the destruction complex protein Axinl. (A) Effect of LRRC15 on the expression of Axinl,
GSK-3f and p-GSK-3p (Ser9) protein expression levels were detected via western blotting. (B) Effect of LRRC15 on the expression of cyclin D1 and c-myc
protein expression levels was detected via western blotting. "P<0.05, “P<0.01 vs. Vector group; *P<0.05, #P<0.01 vs. siNC group. LRRC15, leucine-rich
repeat-containing protein 15; p-, phosphorylated; si, small interfering RNA; NC, negative control.

CAFs resulted in decreased expression of Axinl and increased
expression levels of GSK3f and p-GSK3p in MDA-MB-231
and MDA-MB-468 cells, whereas LRRC15 knockdown in
CAFs showed the opposite results (Fig. 4A). In agreement with
these results, the expression of cyclin D1 and c-myc in both cell
lines were either upregulated or downregulated by LRRCI15
overexpression or knockdown in CAFs, respectively (Fig. 4B).

LRRCI5 induces migration and invasion via Wnt/f3-catenin
signalling. The migratory and invasive abilities of the two cell
lines were observed after the addition of 10 ymol/l XAV939

(Wnt/B-catenin pathway inhibitor) (Fig. 5). It was found that
LRRCI15 overexpression in CAFs promoted the migration and
invasion of MDA-MB-231 and MDA-MB-468 cells, whereas
treatment with XAV939 reduced the migration and invasion
of both cell lines compared with the LRRC15 overexpression

group.
Discussion

TNBC is associated with poor long-term outcomes compared
with other breast cancer subtypes (3). Therefore, it is essential
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Figure 5. LRRC15 induces migration and invasion via Wnt/B-catenin signalling. The migratory and invasive abilities of MDA-MB-231 and MDA-MB-468
cells were observed after the addition of 10 ymol/l XAV939. The effects of LRRC15 on the migration and invasion of MDA-MB-231 and MDA-MB-468 cells
were detected via Transwell assays. “P<0.01 vs. Vector group; #P<0.01 vs. LRRC15 group. LRRC15, leucine-rich repeat-containing protein 15.

to discover effective tumour biomarkers to improve the prog-
nosis and treatment for TNBC. LRRC15 is highly expressed
in CAFs of multiple solid tumours or is directly expressed in
the cancer cells of mesenchymal origin (8). Increased expres-
sion of LRRC15 is observed in ovarian cancer with bowel
metastasis and knockdown of LRRCI1S5 significantly inhibits
tumour progression in mice (16). LRRCIS is also upregu-
lated in bone-specific breast cancer metastasis (17). In this
study, it was highly expressed in the CAFs of patients with
TNBC. A previous study suggested that the overexpression
of LRRCI15 is positively correlated with tumour grade and is
independently associated with worse metastasis-free survival
of patients with soft-tissue sarcomas (9). The present study
found that high LRRC15 expression in TNBC tissues was
not associated with TNM stage, but with poor prognosis in
patients with TNBC.

CAFs play a central role in facilitating tumour progression
and metastasis in TNBC (18). They are responsible for the
secretion of proteins and cytokines that regulate ECM modi-
fications, tumour cell proliferation and metastasis (19,20).
MMPs are zinc-containing endopeptidases that can degrade
various components of ECM proteins (21). ECM degradation
is the initial step toward tumour cell invasion (22). MMP2,
MMP7 and MMP?9 have been well-studied as proteins related
to TNBC cell migration and invasion. For instance, peptidyl
arginine deiminase type 1 inhibition prevents metastasis
and decreases MMP2/9 expression in TNBC cells (23).
Cadherin-11 knockdown decreases B-catenin, Met, c-Myc
and MMP7 expression and attenuates TNBC cell migration
and invasion (24). Knockdown of galectin-1 in CAFs notably
inhibits CAF-conditioned medium-induced cell migration
and invasion, most likely by inhibiting the expression of

MMP-9 (25). Consistent with these results, the current study
found that LRRC15 overexpression in CAFs induced MMP2,
MMP7 and MMP9 expression and promoted the migration
and invasion of MDA-MB-231 and MDA-MB-468 cells.

Previous reports have shown that Wnt signalling is associ-
ated with metastasis in TNBC. Kwon ef al (26) reported that
homeobox protein TGIF1 knockdown inhibits Wnt target
genes and in vitro cell invasion, suggesting that TGIF1 may
inhibit the invasion of TNBC cells. Silencing of paired-related
homeobox 1b suppresses the proliferation, migration and inva-
sion of TNBC cells by inhibiting the Wnt/B-catenin signalling
pathway (27). In the present study, it was found that LRRC15
promoted the migration and invasion of MDA-MB-231 and
MDA-MB-468 cells by regulating the Wnt/f3-catenin signal-
ling pathway, and that this function of LRRC15 could be
reversed by XAV939.

It is well-established that endogenous f3-catenin shuttles
between the cytoplasm and nucleus. Additionally, abnormal
activation of Wnt signalling often leads to f-catenin nuclear
stabilisation and translocation (28) and promotes cyclin DI
gene expression (29). Nuclear (-catenin transcriptionally
activates the T cell factor/lymphoid enhancer binding factor
family proteins that drive tumour formation (30). Axin, adeno-
matous polyposis coli, casein kinase I and GSK-3f constitute
the destruction complex (31). B-catenin stability is controlled
by the destruction complex and subsequent binding by the
E3 ubiquitin ligase pB-TrCP for targeted ubiquitylation and
degradation (20). With the knockdown of small ubiquitin-like
modifier specific peptidase 7 in mammary epithelial cells, the
interaction between Axinl and B-catenin ceases and 3-catenin
escapes ubiquitylation-dependent proteasomal degrada-
tion (32). Knockdown of Axinl decreases the association
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of c-myc with GSK-3p (33). Morrow et al (34) reported that
Merlin alters the localisation of -catenin and significantly
reduces the protein levels of 3-catenin by targeting it for degra-
dation through the upregulation of Axinl. Consistent with
these results, the current results demonstrated that LRRC15
promoted [-catenin expression in both the cytoplasmic and
nuclear fractions and that (3-catenin could be degraded via
GSK-3p-mediated phosphorylation at the residues Ser33/37.

The present study aimed to elucidate the mechanism of
LRRC15 in TNBC development, but there are limitations of
this study. These findings give an idea of the expression and
possible compensatory roles of other members of the LRRC
family in the process of TNBC development. However, the
expression levels of MMP-2 and MMP-9 were only deter-
mined via western blotting. The use of zymography to assess
the expression levels would have improved the methodology
of this study. In addition, zymography could have been
performed to assess the activation status of the enzymes. In
summary, these findings showed that high LRRC15 expression
was associated with poor prognosis of patients with TNBC.
LRRCI15 promoted cell migration and invasion of TNBC cells
and played a role in the regulation of the Wnt/B-catenin signal-
ling pathway.
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