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Abstract
Purpose  Lysophosphatidic acid (LPA) is a bioactive molecule which participates in many physical and pathological pro-
cesses. Although LPA receptor 6 (LPAR6), the last identified LPA receptor, has been reported to have diverse effects in 
multiple cancers, including breast cancer, its effects and functioning mechanisms are not fully known.
Methods  Multiple public databases were used to investigate the mRNA expression of LPAR6, its prognostic value, and 
potential mechanisms in breast cancer. Western blotting was performed to validate the differential expression of LPAR6 in 
breast cancer tissues and their adjacent tissues. Furthermore, in vitro experiments were used to explore the effects of LPAR6 
on breast cancer. Additionally, TargetScan and miRWalk were used to identify potential upstream regulating miRNAs and 
validated the relationship between miR-27a-3p and LPAR6 via real-time polymerase chain reaction and an in vitro rescue 
assay.
Results  LPAR6 was significantly downregulated in breast cancer at transcriptional and translational levels. Decreased 
LPAR6 expression in breast cancer is significantly correlated with poor overall survival, disease-free survival, and distal 
metastasis-free survival, particularly for hormone receptor-positive patients, regardless of lymph node metastatic status. 
In vitro gain and loss-of-function assays indicated that LPAR6 attenuated breast cancer cell proliferation. The analyses of 
TCGA and METABRIC datasets revealed that LPAR6 may regulate the cell cycle signal pathway. Furthermore, the expres-
sion of LPAR6 could be positively regulated by miR-27a-3p. The knockdown of miR-27a-3p increased cell proliferation, 
and ectopic expression of LPAR6 could partly rescue this phenotype.
Conclusion  LPAR6 acts as a tumor suppressor in breast cancer and is positively regulated by miR-27a-3p.
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Introduction

Breast cancer accounts for 30% of the estimated incidence 
amongst all cancers in females and 15% of the estimated 
cancer-related deaths worldwide [1]. With improved early 
diagnosis and treatments, the total breast cancer-associated 
mortality in females has dropped by 31% [1]. However, 
resistance to endocrine therapy and chemotherapy in patients 

with breast cancer typically leads to regional recurrence 
and distal metastasis, which causes high mortality [1, 2]. 
Notably, breast cancer exhibits high heterogeneity [2, 3], 
particularly, intratumoral heterogeneity, which is generated 
from both extrinsic factors from the tumor microenviron-
ment and intrinsic parameters from the cancer cells [4]. The 
intrinsic parameters primarily include genetic, epigenetic, 
and transcriptomic traits, which affect gene expression and 
activation of related pathways. This heterogeneity affects 
the effectiveness of treatments; therefore, novel targets for 
precision therapies must be identified.

Lysophosphatidic acid (LPA) is a bioactive molecule 
which participates in many physical and pathological pro-
cesses, such as brain development, pain, asthma, heart 
disease, and cancer [5–9]. In cancers, LPA functions as a 
procancerous substance which, together with correspond-
ing receptors, induces cancer cell proliferation, migration, 
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invasion, angiogenesis, inflammation, and other effects [10, 
11]. However, there are studies with contradictory findings 
[12–14]; hence, more studies are needed to ascertain the 
roles of LPA in cancer with regard to its receptors. There 
are six types of LPA receptors (LPARs; LPAR1-6) which 
belong to G protein-coupled receptors (GPCRs), character-
ized by seven transmembrane helices. LPAR1-5 have been 
well documented; however, LPAR6 is relatively poorly 
studied [11, 15]. LPAR6 was first reported in hypotrichosis 
simplex [16] and afterwards was implicated in the initiation 
and progression of cancer [13, 14, 17–22]. LPAR6 func-
tions to reduce intestinal cell adhesion through binding to 
specific GPCRs, Gαi, or Gα12/13 and regulates downstream 
extracellular signal-regulated kinase 1/2 (ERK1/2) and Rho/
Rho-associated kinase (ROCK) pathways [15]. However, the 
biological functions and regulatory mechanisms of LPAR6, 
particularly its relationship with microRNA, in breast cancer 
are unclear and need further research.

Non-coding RNAs (ncRNAs) are a class of molecules 
which play important roles in regulating cellular activity 
[23]. MicroRNAs (miRNAs) are short ncRNAs with approx-
imately 22 nucleotides in length and act as oncogenes or 
suppressors for cancers through targeting specific mRNAs 
[23]. For instance, the small ncRNA, miR-27a-3p, located 
on chromosome 19, acts as an oncogenic RNA in renal clear 
cell carcinoma, gastric cancer, breast cancer, and colorectal 
cancer [24, 25]. Additionally, miR-27a-3p participates in 
drug resistance in leukemia, ovarian cancer, and hepatocel-
lular carcinoma [26]. However, miR-27a-3p also has anti-
tumor effects in non-small cell lung cancer [27]. Although 
miR-27a-3p has been reported to promote triple-negative 
breast cancer (TNBC) progression via targeting glycogen 
synthase kinase 3β (GSK3β) or v-Akt murine thymoma 
viral oncogene/protein kinase-B (Akt) [28, 29], it is not fully 
investigated in non-TNBC.

In this study, the functions and regulatory mechanisms of 
LPAR6 in breast cancer were investigated further. We dem-
onstrated that LPAR6 acts as a tumor suppressor in breast 
cancer and that miR-27a-3p positively regulated LPAR6 
expression and, hence, attenuated cell proliferation in breast 
cancer. Therefore, the miR-27a-3p/LPAR6 axis would be a 
potential target for the therapeutic strategy of breast cancer.

Materials and methods

Cell culture and transfection

Human breast cancer cell lines (MCF-7, ATCC number 
HTB-22; ZR-75–1, ATCC number CRL-1500; T47D, 
ATCC number HTB-133; SK-BR-3, ATCC number HTB-
30; BT549, ATCC number HTB-122; MDA-MB231, 
ATCC number HTB-26; MDA-MB436, ATCC number 

HTB-130; and MDA-MB468, ATCC number HTB-132) 
and a normal mammary epithelial cell line (MCF-10A, 
ATCC number CRL-10317) were obtained from the 
American Type Culture Collection (ATCC). All breast 
cancer cell lines were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM; Gibco, Grand Island, NY, 
USA) supplemented with 10% fetal bovine serum (FBS; 
Gibco). MCF-10A cell line was maintained in a special 
medium (cat# CM-0525; Procell, Wuhan, China). All cell 
lines were cultured at 37 ℃ in a humidified incubator with 
5% CO2. Cells were seeded in 6-well plates and cultured 
for approximately 24 h and then transfected with corre-
sponding plasmids, small interfering RNAs (siRNAs), 
or miRNA mimics or inhibitor when the cell confluence 
reached 80–90%.

Sample collection

Breast cancer samples were collected in the First Affiliated 
Hospital of Chongqing Medical University from August 
to September 2019. Written informed consent forms were 
signed by patients prior to surgical operations. All the pro-
cedures were approved by the Ethics Committee of the First 
Affiliated Hospital of Chongqing Medical University and 
performed according to the ethical standards laid down 
in the 1964 Declaration of Helsinki and its subsequent 
amendments.

Overexpressing adenovirus, siRNAs, microRNA 
mimics, and inhibitor

Three siRNAs targeting LPAR6 mRNA and negative con-
trol (NC) siRNA were purchased from GenePharma (Shang-
hai, China). Adenoviral vectors which can overexpress the 
LPAR6 coding sequence (CDS) were purchased from Han-
bio (Shanghai, China). The miR-27a-3p mimics, inhibitor, 
and their corresponding control oligonucleotides were syn-
thesized by GenePharma. The sequences of the oligonucleo-
tides mentioned above were listed in Table 1.

Cell proliferation assay

Cells were seeded at a density of 3000–5000 cells per well 
in 96-well plates and maintained with DMEM supplemented 
with 10% FBS. The cell proliferation assay was performed 
using a Cell Counting Kit 8 (CCK8; MCE, Monmouth Junc-
tion, NJ, USA). After treatment with CCK8, cells were con-
tinuously cultured in an incubator for 2 h without light, and 
then, optical density was measured using a microplate reader 
(BioTek, Winooski, VT, USA) at 450 nm.
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Cell plate colony formation assay

Cells were seeded at a density of 500–1000 cells per well 
in 6-well plates in DMEM containing 10% FBS and cul-
tured for approximately 10–14 days. The medium was 
replaced every 2 days. When cell colonies were detectable 
with naked eyes, cells were washed twice with precooled 
phosphate-buffered saline (PBS), fixed with 4% para-
formaldehyde for 30 min, and washed twice again with 
PBS. Subsequently, cell colonies were stained with 0.5% 
crystal violet solution for 30 min. The colonies were 
counted using Image J 1.52a software (National Institutes 
of Health, Bethesda, MD, USA).

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR)

Total RNA and microRNA were isolated using the Simply 
P Total RNA Extraction Kit and microRNA Extraction Kit 
(BioFlux, Hangzhou, China), respectively. The concentra-
tion and A260/280 ratio of total RNA were determined by 
NanoDrop™ 2000c spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) for quality control. Comple-
mentary DNA (cDNA) synthesis was performed using 1 μg 
of the total RNA with the PrimeScript™ II cDNA Synthe-
sis Kit (TaKaRa, Shiga, Japan). RT-qPCR was performed 
using predesigned primers and SYBR Premix Ex Taq™ II 
(TaKaRa) with a CFX96 Touch™ Fluorescence Quantita-
tive PCR instrument (Bio-Rad, Hercules, CA, USA). The 
primers used in this study are listed in Table 2. GAPDH, 
β-actin, and U6 were used as internal controls for LPAR6 

Table 1   Sequences of 
LPAR6 siRNA, miR-27a-3p 
mimics, inhibitor and their 
corresponding control 
oligonucleotides

Gene Orientation Sequence (5’ → 3’)

LPAR6 siRNA NC Sense UUC​UCC​GAA​CGU​GUC​ACG​UTT​
Antisense ACG​UGA​CAC​GUU​CGG​AGA​ATT​

si-1 Sense GCU​CCC​ACU​GCU​UCU​AUA​ATT​
Antisense UUA​UAG​AAG​CAG​UGG​GAG​CTT​

si-2 Sense GGU​GUU​UGU​GCU​UGG​GUU​ATT​
Antisense UAA​CCC​AAG​CAC​AAA​CAC​CTT​

si-3 Sense GCA​UAA​CCU​ACA​GAC​CUU​ATT​
Antisense UAA​GGU​CUG​UAG​GUU​AUG​CTT​

miR-27a-3p Mimics NC Sense UUC​UCC​GAA​CGU​GUC​ACG​UTT​
Antisense ACG​UGA​CAC​GUU​CGG​AGA​ATT​

Mimics Sense UUC​ACA​GUG​GCU​AAG​UUC​CGC​
Antisense GGA​ACU​UAG​CCA​CUG​UGA​AUU​

Inhibitor NC CAG​UAC​UUU​UGU​GUA​GUA​CAA​
Inhibitor GCG​GAA​CUU​AGC​CAC​UGU​GAA​

Table 2   Primers used in this 
study

Gene Accession number Primer Sequence (5’ → 3’)

LPAR6 NM_001162497 Forward TTT​GCA​CTG​GCG​TGT​GGT​T
Reverse TCT​GAG​GCA​TTG​TTA​CCC​TGA​

GAPDH NM_002046 Forward CTC​TGC​TCC​TCC​TGT​TCG​AC
Reverse GCG​CCC​AAT​ACG​ACC​AAA​TC

β-actin NM_001101.5 Forward CAT​GTA​CGT​TGC​TAT​CCA​GGC​
Reverse CTC​CTT​AAT​GTC​ACG​CAC​GAT​

miR-27a-3p MIMAT0021906 Reverse Transcription primer GTC​GTA​TCC​AGT​GCA​GGG​TCCG​
AGG​TAT​TCG​CAC​TGG​ATA​CGACG​
CGGAA​

Forward GCG​CGT​TCA​CAG​TGG​CTA​AG
Reverse AGT​GCA​GGG​TCC​GAG​GTA​TT

U6 NR_004394 Reverse transcription primer AAC​GCT​TCA​CGA​ATT​TGC​GT
Forward CTC​GCT​TCG​GCA​GCACA​
Reverse AAC​GCT​TCA​CGA​ATT​TGC​GT
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and miR-27a-3p. The primers were all obtained from Sangon 
Biotech (Shanghai, China). The 2−△△Ct method was used to 
calculate the fold change of target gene expression.

Protein extraction and western blotting

Breast cancer cell lines and tissues were lysed using radi-
oimmunoprecipitation assay buffer (Solarbio, Beijing, 

China) and protease inhibitor (cat# HY-K0011; MCE) on 
ice, and the protein concentrations were measured with a 
BCA Protein Assay Kit (Bio-Rad). Western blotting was 
performed using an electrophoresis apparatus (Bio-Rad). 
Briefly, protein samples were loaded on sodium dodecyl 
sulfate–polyacrylamide gels, followed by electrophoresis for 
approximately 2 h, and then transferred to a polyvinylidene 
difluoride membrane. After blocking with 5% (w/v) fat-free 
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milk for 1.5 h at room temperature, the membrane was incu-
bated with the corresponding primary antibodies followed 
by incubation with the appropriate horseradish peroxidase-
conjugated secondary antibodies and imaging with electro-
chemiluminescence. Immunoreactive bands were detected 
using an automatic Genesys Imager (Bio-Rad). The primary 
and secondary antibodies used are listed below: anti-LPAR6 
antibody (cat# AP52517PU-N; OriGene, Rockville, MD, 
USA) and anti-GAPDH antibody (cat# 10,494–1-AP; Pro-
teintech, Wuhan, China); and anti-mouse secondary anti-
body (cat# SA00001-1; Proteintech) and anti-rabbit second-
ary antibody (cat# SA00001-15; Proteintech), respectively. 
The anti-GAPDH antibody was the internal control.

Bioinformatics analysis

Data from The Cancer Genome Atlas (TCGA) Program 
and molecular taxonomy of breast cancer international 
consortium (METABRIC) were collected to perform dif-
ferential expression and pathway analyses. The UALCAN 
server (http://​ualcan.​path.​uab.​edu/​index.​html) was used to 
investigate the LPAR6 expression in breast cancer subtypes 
[30], and the breast cancer gene-expression miner v4.6 (bc-
GenExMiner v4.6; http://​bcgen​ex.​ico.​unica​ncer.​fr) was used 

to perform survival analysis [31]. The gene set enrichment 
analysis (GSEA) was performed using the clusterProfiler 
package [32] in R4.0.3. Furthermore, hallmark gene sets 
were downloaded from the Msigdb homepage (https://​www.​
gsea-​msigdb.​org/​gsea/​index.​jsp). To predict upstream miR-
NAs which may regulate LPAR6 expression, online miR-
Walk (http://​mirwa​lk.​umm.​uni-​heide​lberg.​de/) [33] and 
TargetScan (http://​www.​targe​tscan.​org/​vert_​72/) [34] were 
utilized.

Statistical analysis

GraphPad Prism 8.0.1 and R 4.0.3 were used for data analy-
sis and visualization. The t test and one-way ANOVA were 
used to determine the significance between two groups and 
among several groups, respectively. Data are presented as 
mean ± SD. Correlation between LPAR6 and other protein-
coding genes was assessed using the Pearson method in 
R. All experiments were repeated at least three times, and 
p < 0.05 was considered statistically significant. (*p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001).

Results

LPAR6 is downregulated in breast cancer, 
and decreased LPAR6 expression is correlated 
with poor clinicopathological features

To determine LPAR6 expression in different cancer types, 
pan-cancer data from TCGA were analyzed, and the results 
showed that LPAR6 was differentially expressed in can-
cer types (Fig. 1a). By exploring the METABRIC dataset, 
LPAR6 was significantly downregulated in breast cancer tis-
sues compared with that in normal controls (Fig. 1b). Addi-
tionally, LPAR6 expression was significantly higher in the 
luminal subtype than that in the human epidermal growth 
factor receptor 2 (HER2) and TNBC subtypes (Fig. 1c) 
using UALCAN database. Estrogen receptor (ER)-positive 
patients exhibited significantly increased LPAR6 expression 
level compared with ER-negative patients in METABRIC 
dataset, which was consistent with the results from UAL-
CAN (Fig. 1c and d). However, there was no significant 
difference in LPAR6 expression between HER2-positive 
and -negative patients (Fig. 1e). Interestingly, patients with 
a higher pathological grade or clinical stage had signifi-
cantly lower LPAR6 expression (Fig. 1f and g). Notably, 
LPAR6 was downregulated in breast cancer tissues among 
all ethnicities, particularly in African American and Asian 
groups, compared with Caucasians (Fig. S1a). Meanwhile, 
there were no significant differences in LPAR6 expression in 
patients with breast cancer with different lymphatic statuses 
(Fig. S1b). To corroborate the above findings, a western blot 

Fig. 1   LPAR6 is downregulated in breast cancer, and decreased 
LPAR6 expression is correlated with poor clinicopathological fea-
tures. a Different LPAR6 mRNA expression levels were determined 
from pan-cancer data (data from TCGA). b Differential LPAR6 
mRNA expression in normal tissue and tumors from METABRIC 
dataset. ****p < 0.0001 (t test). c LPAR6 mRNA expression in nor-
mal tissues and tissues of subtypes of breast cancer (UALCAN). 
****p < 0.0001 (t test). d LPAR6 mRNA expression in ER-positive 
and -negative breast cancer. **p < 0.01 (t test). e LPAR6 mRNA 
expression in HER2-positive and -negative breast cancer. ns: not 
significant (t test). f LPAR6 mRNA expression in three pathological 
grades of breast cancer. *p < 0.05, ****p < 0.0001 (Kruskal–Wallis 
test). g LPAR6 mRNA expression in clinical stages of breast can-
cer. h LPAR6 expression in tissues of four subtypes of breast cancer 
assessed using western blotting. GAPDH was used as an internal 
control. Abbreviations: ACC​ adrenocortical carcinoma, BLCA blad-
der urothelial carcinoma, BRCA​ breast invasive carcinoma, CESC 
cervical squamous cell carcinoma and endocervical adenocarcinoma; 
CHOL cholangiocarcinoma, COAD colon adenocarcinoma, ER estro-
gen receptor, ESCA esophageal carcinoma, GAPDH glyceraldehyde-
3-phosphate dehydrogenase, GBM glioblastoma multiforme, HER2 
human epidermal growth factor receptor 2, HNSC head and neck 
squamous cell carcinoma, KICH kidney chromophobe, KIRC kidney 
renal clear cell carcinoma, LAML acute myeloid leukemia, LGG brain 
lower grade glioma, LIHC liver hepatocellular carcinoma, LUAD lung 
adenocarcinoma, LUSC lung squamous cell carcinoma, METABRIC 
molecular taxonomy of breast cancer international consortium, OV 
ovarian serous cystadenocarcinoma, P para-cancer tissues, PAAD 
pancreatic adenocarcinoma, PRAD prostate adenocarcinoma, READ 
rectum adenocarcinoma, SKCM skin cutaneous melanoma, STAD 
stomach adenocarcinoma, T paired tumor tissues, TCGA​ The Cancer 
Genome Atlas, TGCT​ testicular germ cell tumors, THCA thyroid car-
cinoma, TNBC triple-negative breast cancer, UCEC uterine corpus 
endometrial carcinoma, UCS uterine carcinosarcoma
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assay was performed, and the results showed that LPAR6 
protein level was lower in the para-tumor group than that in 
the tumor group (Fig. 1h).

Genetic and epigenetic alterations lead to gene expres-
sion alterations at transcriptional and post-transcriptional 
levels. For example, a previous study reported that CpG 
islands of LPAR6 were significantly hypermethylated [13]. 
To determine whether genetic alterations participated in the 
dysregulated expression of LPAR6, we explored the cBio-
Portal for cancer genomics database [35] and catalog of 
somatic mutations in cancer (COSMIC) database (https://​
cancer.​sanger.​ac.​uk/​cosmic). The results showed that genetic 
alteration of LPAR6 accounted for 6% of all the samples 
(Fig. S1c). Among these altered samples, genetic deep dele-
tion and other factors causing low mRNA levels were the 
major genetic alterations (Fig. S1c). Considering that differ-
ent genetic alterations leads to different LPAR6 expression 
levels, deep deletion significantly decreased the expression 
of LPAR6 compared with other types of genetic alterations 
(Fig. S1d). Regarding mutation type, missense substitutions 
(15.62%) were the major mutation type of LPAR6 in all 
the samples, and C > T (50%) was the major base mutation 
type (Fig. S1e). However, survival analysis of the genetic 
alteration revealed that it had no significant effects on patient 
overall survival (OS) and relapse-free survival (Fig. S1f and 
g). This is possibly because the proportion of LPAR6 genetic 
alterations accounting for dysregulated expression of LPAR6 
was extremely low to affect the prognosis. Overall, LPAR6 
expression is downregulated in breast cancer, and this is 
correlated with poor clinicopathological features, including 
pathological grades and clinical stages, which indicates that 
LPAR6 acts as a suppressor in breast cancer. Additionally, 
genetic alterations may not be the main factor attributed to 
LPAR6 dysregulated expression.

Decreased LPAR6 expression is significantly 
correlated with poor survival especially for hormone 
receptor‑positive (HR +) patients in breast cancer

The bc-GenExMiner v4.6 was used to analyze the prognos-
tic value of LPAR6 expression in breast cancer [31]. The 
results showed that decreased LPAR6 expression in all 

patients with breast cancer was significantly correlated with 
poorer OS, disease-free survival (DFS), and distal metas-
tasis-free survival (DMFS) compared with that in patients 
with high LPAR6 expression (Fig. 2a–c). Moreover, sub-
group survival analyses revealed that, in HR + patients, the 
decreased LPAR6 expression was also related to unfavora-
ble OS, DFS, and DMFS (Fig. 2d–f). However, there were 
no significant differences in OS, DFS, and DMFS between 
low and high LPAR6 expression in HR negative (HR-) 
patients (Fig. 2g–i). Interestingly, LPAR6 expression was 
significantly correlated with patient survival regardless of 
the lymph node (LN) metastatic status (Fig. 2j–o). Over-
all, the LPAR6 expression level is significantly correlated 
with prognosis in all patients with breast cancer, even in 
HR + patients, regardless of LN metastatic status.

LPAR6 inhibits breast cancer cell proliferation 
in vitro

To determine the biological functions of LPAR6 in breast 
cancer, we performed knockdown and overexpression assays 
of LPAR6 (Fig. 3a and b, Table S1 and S2). As siLPAR6-2 
(si-2) reached the best knockdown efficiency (approxi-
mately 70%) (Fig. 3a), it was selected to perform further 
experiments. As shown in Fig. 3c, LPAR6 knockdown sig-
nificantly increased viability in the MCF-7 cells compared 
with the NC group. Alternatively, ectopic expression of 
LPAR6 inhibited viability in SK-BR-3 cells compared with 
that of the pcDNA3.1 empty vector-transfected (NC) cells 
(Fig. 3d). Furthermore, LPAR6 knockdown significantly 
increased colony numbers in MCF-7 cells (Fig. 3e), and 
ectopic expression of LPAR6 decreased colony numbers in 
SK-BR-3 cells (Fig. 3f). These results showed that LPAR6 
can inhibit cell proliferation. Taken together, LPAR6 inhibits 
breast cancer growth via attenuating cell proliferation and 
acts as a tumor suppressor in breast cancer.

Bioinformatics analyses of TCGA and METABRIC 
datasets show that LPAR6 may be involved 
in the cell cycle arrest pathway

To investigate LPAR6 effects on the inhibition of breast can-
cer progression, we investigated its significantly correlated 
or co-expressed genes via in silico analysis. An alternative 
approach is the concept of “guilt-by-association” (GBA) 
which assumes that if two proteins interact or share expres-
sion patterns, their functions are more likely to be related 
[36, 37]. To reduce the influence of confounding factors, we 
sorted samples according to the expression level of LPAR6 
and selected the first 200 and the last 200 samples to consti-
tute two groups: “high”-level group and “low”-level group 
both in TCGA and METABRIC datasets, respectively.

Fig. 2   Decreased LPAR6 expression in breast cancer is significantly 
correlated with poor survival especially for hormone receptor-posi-
tive (HR +) patients. a–c Decreased LPAR6 expression significantly 
predicted poor overall survival (OS), disease-free survival (DFS), and 
distal metastasis-free survival (DMFS) in all patients. d–f Decreased 
LPAR6 expression significantly predicted poor OS, DFS, and DMFS 
in (HR +) patients. g–i Decreased LPAR6 expression could not pre-
dict OS and DMFS in HR- patients well but could predict DFS. j–o 
Decreased LPAR6 expression significantly predicted poor OS, DFS, 
and DMFS in patients with positive or negative lymph node metas-
tasis

◂

https://cancer.sanger.ac.uk/cosmic
https://cancer.sanger.ac.uk/cosmic
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Next, we performed the Pearson correlation test between 
LPAR6 and the other genes and selected statistically signifi-
cant genes (p < 0.05) to undergo further analysis. Correlation 
values of genes were ranked, and GSEA was performed. 
Interestingly, hallmark E2F, G2/M checkpoint, and myc 
target pathways were all suppressed, and this corresponded 
with the results from TCGA and METABRIC datasets 
(Fig. 4a and b). Thus, we inferred that LPAR6 inhibits cell 
proliferation, and this may be mediated through cell cycle 
arrest, as demonstrated in our previous work [13].

As the E2F family is well-characterized in the cell cycle 
process [38–41], we paid attention to the mechanisms of 

E2F-regulated cell cycle arrest. The E2F1-3 proteins bind to 
retinoblastoma protein (RB1) to regulate cell cycle progres-
sion [40]. Considering that a target gene may function simi-
larly to its neighbors in the genome [42], we searched the 
genomic location of LPAR6 and RB1 in the UCSC genome 
browser. As shown in Fig. 4c, LPAR6 was located within 
RB1 in the reverse orientation. Correlation analyses also 
supported that LPAR6 and RB1 shared similar expression 
patterns both in healthy breast tissues and breast cancer tis-
sues (Fig. 4d and e). Further correlation analyses between 
LPAR6 and E2F family members revealed that LPAR6 was 
significantly related to the E2F family, particularly E2F2 
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Fig. 3   LPAR6 inhibits breast cancer cell proliferation in  vitro. a 
Efficient knockdown (KD) of LPAR6 with siLPAR6 in MCF-7 
cells. *p < 0.05; ****p < 0.001; ns not significant (t test). b Efficient 
overexpression (OE) of LPAR6 with adenovirus in SK-BR-3 cells. 

****p < 0.001 (t test). c and d Cell counting kit-8 assay was per-
formed in MCF-7 and SK-BR-3 cells. **p < 0.01, ****p < 0.0001 (t 
test). e and f Plate colony formation assay was performed in MCF-7 
and SK-BR-3 cells. *p < 0.05; ***p < 0.001 (t test)



511Clinical and Translational Oncology (2022) 24:503–516	

1 3

(Fig. 4f–m, Fig. S2). Taken together, LPAR6 may induce 
cell cycle arrest to exhibit antitumor effects via interacting 
with the RB1/E2F family complexes.

LPAR6 is positively regulated by miR‑27a‑3p 
in breast cancer

Although protein-coding genes play important roles in 
cancer biological processes, ncRNAs also have key regula-
tory roles in shaping the activity of cancer cells [23]. To 
uncover how LPAR6 is regulated by miRNAs, we searched 
potential miRNAs via TargetScan and miRWalk. Notably, 
hsa-miR-27a-3p was reported on both servers. TargetScan 
results showed that miR-27a-3p binds to the 3′ untranslated 
region (3′ UTR) of LPAR6 (Fig. 5a), and miRWalk analysis 
revealed that miR-27a-3p binds to the CDS of LPAR6 (data 
not shown). To verify a possible regulatory relationship, 
we initially performed correlation analysis between miR-
27a-3p and LPAR6 using TCGA dataset. Interestingly, both 
pri-miRNA and mature miRNA of miR-27a-3p positively 
correlated with LPAR6 (Fig. 5b and c), which was different 
from the well-known canonical function of miRNAs. Nota-
bly, miRNAs may regulate target genes by binding with the 
5′ UTR and CDS [43]. From the above results, we postulated 
that miR-27a-3p may positively regulate LPAR6 transcrip-
tion via binding to the CDS of LPAR6.

To further verify this regulation, we determined the 
expression of miR-27a-3p in human mammary epithelial 
cell and breast cancer cell lines (Fig. 5d, Table S3). Subse-
quently, the MCF-7 cell line was selected to be transfected 
with miR-27a-3p mimics, inhibitor, and corresponding NC 
oligonucleotides. The transfection efficiency of miR-27a-3p 
mimics and inhibitor was validated using real-time PCR 
(Fig. 5e, Table S4). Consistent with our hypothesis, miR-
27a-3p mimics upregulated LPAR6 mRNA levels, and the 
miR-27a-3p inhibitor decreased the expression of LPAR6 
mRNA (Fig. 5f, Table S5). Moreover, the proliferation assay 
revealed that miR-27a-3p knockdown increased growth in 
the MCF-7 cells, and LPAR6 overexpression partly rescued 
this phenotype (Fig. 5g). Taken together, the results demon-
strate that miR-27a-3p positively regulates LPAR6 mRNA 
levels and attenuates cancer cell proliferation via LPAR6 in 
breast cancer.

Discussion

Breast cancer is the most common cancer and the second-
leading cause of cancer-related deaths among women [44, 
45]. Though the mortality of breast cancer has decreased, 
many female patients suffer because it may lead to adverse 
drug reactions and mental anxiety and may require surgery 

[1, 46]. Importantly, more effective therapies are urgently 
needed.

GPCRs account for 34% of small molecular drug targets 
in diseases [47]. As a sub-family of GPCRs, LPAR6 has 
the potential to be targeted for disease therapy; it exhibits 
different roles in different organs affected by cancer [12, 
13, 17–19, 21, 22]. Our results also support its diverse, 
even opposite, functions in different cancers (Fig. 1a). As 
an oncogene, LPAR6 expression is increased in tumors 
compared with that in para-tumors or normal tissues. It pro-
motes cancer initiation and progression and enhances cancer 
cell motility, invasion, and colony formation in liver can-
cer, pancreatic cancer, ovarian cancer, and prostate cancer 
[12, 19, 22]. In contrast, LPAR6 may act as an antitumor 
factor and inhibit cancer cell motility in colon cancer [14], 
and this antitumor role may exist in breast cancer [13]. Our 
study validates the tumor suppressor role of LPAR6 through 
in vitro experiments of representative cell lines of luminal 
and HER2 subtypes of breast cancer.

To validate the clinical effects of LPAR6 in breast cancer, 
we analyzed its prognostic value. Consistent with the results 
of in vitro experiments and bioinformatics analyses, patients 
with high LPAR6 level were demonstrated to have a good 
prognosis, thereby providing further evidence for its role as a 
tumor suppressor. Decreased LPAR6 expression exhibited a 
poor prognosis in OS, DFS, and DMFS in all patients, which 
was also determined to be true in HR + subtypes and LN 
metastatic positive or negative subtypes. To date, research 
on LPAR6 in breast cancer is relatively rare [11]. Although 
previous studies have suggested that LPAR6 served as an 
oncogene in hepatocellular carcinoma and pancreatic car-
cinoma, it is rational to consider, from our results, that in 
breast cancer, LPAR6 acts as an antitumor factor. A rational 
explanation is that the biological function and underlying 
mechanisms of specific proteins are cell context-dependent.

Previous studies have suggested that LPAR6 affects tumor 
biological functions through Gα12/13-Rho, adenylyl cyclase 
(AC)/cyclic adenosine monophosphate-dependent/protein 
kinase A (PKA), Ca2+-protein kinase C (PKC) pathways, 
and that it is regulated by nuclear receptor coactivator 3 
(NCOA3) [10, 22]. To realize other potential mechanisms 
underlying the effects of LPAR6 on breast cancer, we per-
formed GSEA using TCGA and METABRIC datasets. Inter-
estingly, bioinformatics analyses of the two large datasets 
revealed that hallmark E2F, G2/M checkpoint, and myc tar-
get pathways were all significantly suppressed with regard to 
LPAR6 in breast cancer (Fig. 4a and b). The results are con-
sistent with the phenotypes of experiments in vitro (Fig. 3c-
f) and support our findings. Additionally, the results from 
GBA method predict other possible functions of LPAR6 in 
breast cancer, indicating several convincible directions for 
future research.
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It is established that GPCRs function through binding 
to Gα subunit (e.g., Gαs, Gαi/o, Gα12/13, and Gαq/11) 
to activate or inactivate downstream signals (phospholi-
pase C, AC, phosphoinositide 3-kinases) to promote or 
inhibit tumor progression. Interestingly, signals through 
Gαs subunit can activate AC and PKA, thereby phospho-
rylating the large tumor suppressor 1 and 2 (LATS1/2), 

Fig. 4   TCGA and METABRIC data analyses show that LPAR6 may 
be involved in the cell cycle arrest pathway. a and b GSEA analyses 
using TCGA and METABRIC datasets (red word indicating the most 
enriched pathway in both datasets). c Visualization of LPAR6 and 
RB1 genomic location using UCSC genome browser. d and e Pearson 
correlation between LPAR6 and RB1 expression in normal tissues 
and tumor groups of TCGA and METABRIC datasets, respectively. 
f–m Pearson correlation between LPAR6 expression and expression 
of E2F family members in tumors of TCGA dataset
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Fig. 5   LPAR6 is positively regulated by miR-27a-3p in breast can-
cer. a Predicted binding site of miR-27a-3p on LPAR6 3′ untranslated 
region (3′ UTR) via TargetScan tool. The purple square indicates 
miR-27a-3p. b Pearson correlation of LPAR6 and miR-27a-3p pre-
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son correlation of LPAR6 and mature miR-27a-3p expression. Data 
were from TCGA dataset. d miR-27a-3p expression in a healthy 
mammary epithelial cell line (MCF-10A) and breast cancer cell lines. 

**p < 0.01, ****p < 0.0001 (compared to MCF-10A, t test). e Valida-
tion of miR-27a-3p manipulation with miRNA mimics and inhibi-
tor. ****p < 0.0001 (t test). f LPAR6 mRNA level was regulated by 
miR-27a-3p expression. **p < 0.01 (t test). g Cell counting kit-8 
assay showed deregulation of miR-27a-3p can increase cell prolifera-
tion, and LPAR6 ectopic expression can partly rescue this phenotype. 
**p < 0.01, ****p < 0.0001 (compared to negative control, t test)
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which exerts antitumor effects in medulloblastoma and 
basal cell carcinoma [48, 49]. Therefore, we inferred that 
LPAR6 may inhibit breast cancer growth via activating 
Gαs-AC-PKA-Hippo pathway, which is supported by a 
recent review [11].

MicroRNAs exhibit diverse roles in the molecular and 
cellular processes of cancer [23]. As a classical function, 
miRNAs downregulate target gene expression at post-
transcriptional and translational levels by binding to the 
3′ UTR of the gene. Notably, miRNAs also upregulate 
target gene expression by binding to their promoter or 
CDS regions, which serve as an unconventional regula-
tory mechanism [43, 50, 51]. MiR-27a-3p, a not fully 
investigated miRNA, has been reported to have contro-
versial functions in cancers. For example, miR-27a-3p 
reportedly acts as an oncogene which promotes cancer 
cell growth, invasion, angiogenesis, and immune evasion 
[24, 26]. Intriguingly, miR-27a-3p is also reported to be 
a tumor suppressor for repressing 17 KDa membrane-
associated protein (MAP17) expression in non-small cell 
lung cancer [27]. In our study, we found that miR-27a-3p 
positively regulated LPAR6 expression and attenuated 
cell proliferation in luminal-type breast cancer cell line. 
This functional difference of miR-27a-3p may partly lie 
in the distinct target mRNA binding sites, for example, 
the non-3′ UTR region of the target gene.

There are certain limitations in this study. First, 
although we demonstrated the functions and potential 
upstream regulatory mechanism of LPAR6 in breast can-
cer, the downstream pathways should be investigated fur-
ther. Second, miR-27a-3p was validated to be an upstream 
regulator of LPAR6; however, the direct regulating 
mechanism needs further investigation. Although further 
researches need to be conducted, the miR-27a-3p-LPAR6 
axis is a promising therapeutic target in breast cancer.

Conclusions

The present study provides further evidence for the expres-
sion, prognostic value, and potential mechanism of LPAR6 
in breast cancer. Bioinformatics analyses reveal that LPAR6 
acts as a tumor suppressor in breast cancer and may inhibit 
tumor progression by facilitating the formation of RB1/
E2F family complexes to induce cell cycle arrest. It is also 
demonstrated that miR-27a-3p positively regulates LPAR6 
expression, thereby attenuating cell proliferation in breast 
cancer. The regulation of the miR-27a-3p/LPAR6 axis would 
be a potential therapeutic strategy for breast cancer.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12094-​021-​02704-8.

Acknowledgments  The authors would like to thank all the teachers in 
the Key Laboratory of Transforming Medicine for Cognitive Develop-
ment, Learning and Memory Disorders in Chongqing for their assis-
tance in the lab. We would like to thank Editage (www.​edita​ge.​cn) for 
English language editing.

Author’s contributions  Jinwei Lei, Shipeng Guo, and Shengchun Liu 
conceived and designed the study. Jinwei Lei did the main experi-
ments, interpreted the data, and drafted the article. Kang Li, Jiao Tian, 
and Yang Peng did parts of the experiments and data analysis. Yingzi 
Zhang was responsible for reagents and materials and did parts of 
the experiments. Jinwei Lei, Shipeng Guo, Beige Zong, and Tiantian 
Ai revised the article critically. All authors approved the submitted 
versions.

Funding  This work was supported by a grant from the National Natural 
Science Foundation of China (No. 81772979).

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  This work has been approved by the ethical commit-
tees of the First Affiliated Hospital of Chongqing Medical University 
(approval number 2021-353).

Informed consent  All patients provided written informed consent.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. 
CA Cancer J Clin. 2021;71(1):33.

	 2.	 Liang Y, Zhang H, Song X, Yang Q. Metastatic heterogeneity 
of breast cancer: molecular mechanism and potential therapeutic 
targets. Seminars Cancer Biol. 2020;60:14–27.

	 3.	 Wu L, Yang X: Targeting the hippo pathway for breast cancer 
therapy. Cancers (Basel). 2018; 10(11).

	 4.	 Lüönd F, Tiede S, Christofori G. Breast cancer as an example of 
tumour heterogeneity and tumour cell plasticity during malignant 
progression. Br J Cancer. 2021;125:164–75.

	 5.	 Ueda H. Pathogenic mechanisms of lipid mediator lysophospha-
tidic acid in chronic pain. Prog Lipid Res. 2020;81:101079.

	 6.	 Geach TJ, Faas L, Devader C, Gonzalez-Cordero A, Tabler 
JM, Brunsdon H, Isaacs HV, Dale L. An essential role for 
LPA signalling in telencephalon development. Development. 
2014;141(4):940–9.

	 7.	 Jendzjowsky NG, Roy A, Barioni NO, Kelly MM, Green FHY, 
Wyatt CN, Pye RL, Tenorio-Lopes L, Wilson RJA. Preventing 

https://doi.org/10.1007/s12094-021-02704-8
http://www.editage.cn
http://creativecommons.org/licenses/by/4.0/


515Clinical and Translational Oncology (2022) 24:503–516	

1 3

acute asthmatic symptoms by targeting a neuronal mechanism 
involving carotid body lysophosphatidic acid receptors. Nat Com-
mun. 2018;9(1):4030.

	 8.	 Zhao Y, Hasse S, Zhao C, Bourgoin SG. Targeting the autotaxin—
Lysophosphatidic acid receptor axis in cardiovascular diseases. 
Biochem Pharmacol. 2019;164:74–81.

	 9.	 Aldi S, Matic LP, Hamm G, van Keulen D, Tempel D, Holmstrom 
K, Szwajda A, Nielsen BS, Emilsson V, Ait-Belkacem R, et al. 
Integrated human evaluation of the lysophosphatidic acid pathway 
as a novel therapeutic target in atherosclerosis. Mol Ther Methods 
Clin Dev. 2018;10:17–28.

	10.	 Meduri B, Pujar GV, Durai Ananda Kumar T, Akshatha HS, Sethu 
AK, Singh M, Kanagarla A, Mathew B. Lysophosphatidic acid 
(LPA) receptor modulators: structural features and recent develop-
ment. Eur J Med Chem. 2021;222:113574.

	11.	 Lin YH, Lin YC, Chen CC. Lysophosphatidic acid receptor antag-
onists and cancer: the current trends, clinical implications, and 
trials. Cells. 2021;10(7):1629.

	12.	 Reinartz S, Lieber S, Pesek J, Brandt DT, Asafova A, Finkernagel 
F, Watzer B, Nockher WA, Nist A, Stiewe T, et al. Cell type-
selective pathways and clinical associations of lysophosphatidic 
acid biosynthesis and signaling in the ovarian cancer microenvi-
ronment. Mol Oncol. 2019;13(2):185–201.

	13.	 Tao K, Guo S, Chen R, Yang C, Jian L, Haochen Yu. Liu S: 
lysophosphatidic acid receptor 6 (LPAR6) expression and pro-
spective signaling pathway analysis in breast cancer. Mol Diagn 
Ther. 2019;23(1):127–38.

	14.	 Takahashi K, Fukushima K, Onishi Y, Inui K, Node Y, Fuku-
shima N, Honoki K, Tsujiuchi T. Lysophosphatidic acid (LPA) 
signaling via LPA 4 and LPA 6 negatively regulates cell motile 
activities of colon cancer cells. Biochem Biophys Res Commun. 
2017;483(1):652–7.

	15.	 Xiang H, Lu Y, Shao M, Wu T. Lysophosphatidic acid receptors: 
biochemical and clinical implications in different diseases. J Can-
cer. 2020;11(12):3519–35.

	16.	 Pasternack SM, von Kugelgen I, Al Aboud K, Lee YA, Ruschen-
dorf F, Voss K, Hillmer AM, Molderings GJ, Franz T, Ramirez 
A, et al. G protein-coupled receptor P2Y5 and its ligand LPA 
are involved in maintenance of human hair growth. Nat Genet. 
2008;40(3):329–34.

	17.	 Gnocchi D, Kapoor S, Nitti P, Cavalluzzi MM, Lentini G, 
Denora N, Sabba C, Mazzocca A. Novel lysophosphatidic acid 
receptor 6 antagonists inhibit hepatocellular carcinoma growth 
through affecting mitochondrial function. J Mol Med (Berl). 
2020;98(2):179–91.

	18.	 Lippolis R, Gnocchi D, Santacroce L, Siciliano RA, Mazzeo MF, 
Scacco S, Sabba C, Mazzocca A. A distinctive protein signature 
induced by lysophosphatidic acid receptor 6 (LPAR6) expression 
in hepatocellular carcinoma cells. Biochem Biophys Res Com-
mun. 2020;526(4):1150–6.

	19.	 Ishii S, Hirane M, Fukushima K, Tomimatsu A, Fukushima N, 
Tsujiuchi T. Diverse effects of LPA4, LPA5 and LPA6 on the acti-
vation of tumor progression in pancreatic cancer cells. Biochem 
Biophys Res Commun. 2015;461(1):59–64.

	20.	 Mazzocca A, Dituri F, De Santis F, Filannino A, Lopane C, Betz 
RC, Li YY, Mukaida N, Winter P, Tortorella C, et al. Lysophos-
phatidic acid receptor LPAR6 supports the tumorigenicity of 
hepatocellular carcinoma. Cancer Res. 2015;75(3):532–43.

	21.	 Takahashi K, Fukushima K, Otagaki S, Ishimoto K, Minami K, 
Fukushima N, Honoki K, Tsujiuchi T. Effects of LPA1 and LPA6 
on the regulation of colony formation activity in colon cancer 
cells treated with anticancer drugs. J Recept Signal Transduct Res. 
2018;38(1):71–5.

	22.	 Zheng X, Jia Y, Qiu L, Zeng X, Xu L, Wei M, Huang C, Liu 
C, Chen L, Han J. A potential target for liver cancer man-
agement, lysophosphatidic acid receptor 6 (LPAR6), is 

transcriptionally up-regulated by the NCOA3 coactivator. J Biol 
Chemi. 2020;295(6):1474–88.

	23.	 Slack FJ, Chinnaiyan AM. The role of non-coding RNAs in oncol-
ogy. Cell. 2019;179(5):1033–55.

	24.	 Yao X, Tu Y, Xu Y, Guo Y, Yao F, Zhang X. Endoplasmic reticu-
lum stress-induced exosomal miR-27a-3p promotes immune 
escape in breast cancer via regulating PD-L1 expression in mac-
rophages. J Cell Mol Med. 2020;24:9560–73.

	25.	 Hou Y, Fan L, Li H. Oncogenic miR-27a delivered by exosomes 
binds to SFRP1 and promotes angiogenesis in renal clear cell 
carcinoma. Mol Ther Nucleic Acids. 2021;24:92–103.

	26.	 Zhu B, Chen W, Fu Y, Cui X, Jin L, Chao J, Yun X, Gao P, Shan 
S, Li J, et al. MicroRNA-27a-3p reverses adriamycin resistance 
by targeting BTG2 and activating PI3K/Akt pathway in breast 
cancer cells. Onco Targets Ther. 2020;13:6873–84.

	27.	 Liang Q, Zhang H. MAP17 contributes to non-small cell lung 
cancer progression via suppressing miR-27a-3p expression and 
p38 signaling pathway. Cancer Biol Ther. 2021;22(1):19–29.

	28.	 Wu R, Zhao B, Ren X, Wu S, Liu M, Wang Z, Liu W. MiR-
27a-3p targeting GSK3beta promotes triple-negative breast 
cancer proliferation and migration through wnt/beta-catenin 
pathway. Cancer Manag Res. 2020;12:6241–9.

	29.	 Wu J, Sun Z, Sun H, Li Y. MicroRNA27a promotes tumorigen-
esis via targeting AKT in triple negative breast cancer. Mol Med 
Rep. 2018;17(1):562–70.

	30.	 Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton 
CJ, Ponce-Rodriguez I, Chakravarthi BVSK, Varambally 
S. UALCAN: a portal for facilitating tumor subgroup gene 
expression and survival analyses. Neoplasia (New York, NY). 
2017;19(8):649–58.

	31.	 Jézéquel P, Campone M, Gouraud W, Guérin-Charbonnel C, 
Leux C, Ricolleau G, Campion L. bc-GenExMiner: an easy-
to-use online platform for gene prognostic analyses in breast 
cancer. Breast Cancer Res Treat. 2012;131(3):765–75.

	32.	 Yu G, Wang L-G, Han Y, He Q-Y. ClusterProfiler: an R package 
for comparing biological themes among gene clusters. OMICS. 
2012;16(5):284–7.

	33.	 Sticht C, De La Torre C, Parveen A, Gretz N. miRWalk: An 
online resource for prediction of microRNA binding sites. PLoS 
ONE. 2018;13(10):e0206239.

	34.	 Agarwal V, Bell GW, Nam JW, Bartel DP: Predicting effective 
microRNA target sites in mammalian mRNAs. Elife.2015; 4

	35.	 Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer 
SO, Sun Y, Jacobsen A, Sinha R, Larsson E, et al. Integrative 
analysis of complex cancer genomics and clinical profiles using 
the cBioPortal. Sci Signal. 2013;6(269):pl1.

	36.	 Urzua-Traslavina CG, Leeuwenburgh VC, Bhattacharya A, 
Loipfinger S, van Vugt M, de Vries EGE, Fehrmann RSN. 
Improving gene function predictions using independent tran-
scriptional components. Nat Commun. 2021;12(1):1464.

	37.	 Wei H, Dong X, You Y, Hai B, Duran RC, Wu X, Kharas N, Wu 
JQ. OLIG2 regulates lncRNAs and its own expression during 
oligodendrocyte lineage formation. BMC Biol. 2021;19(1):132.

	38.	 Yao H, Lu F, Shao Y. The E2F family as potential biomarkers 
and therapeutic targets in colon cancer. PeerJ. 2020;8:e8562.

	39.	 Moreno E, Pandit SK, Toussaint MJM, Bongiovanni L, Harkema 
L, van Essen SC, van Liere EA, Westendorp B, de Bruin A. 
Atypical E2Fs either counteract or cooperate with RB during 
tumorigenesis depending on tissue context. Cancers (Basel). 
2021;13(9):2033.

	40.	 Zheng H, Tian H, Yu X, Ren P, Yang Q. G protein gamma 7 sup-
presses progression of lung adenocarcinoma by inhibiting E2F 
transcription factor 1. Int J Biol Macromol. 2021;182:858–65.

	41.	 Swiatnicki MR, Andrechek ER. Metastasis is altered through 
multiple processes regulated by the E2F1 transcription factor. 
Sci Rep. 2021;11(1):9502.



516	 Clinical and Translational Oncology (2022) 24:503–516

1 3

	42.	 Mihelcic M, Smuc T, Supek F. Patterns of diverse gene func-
tions in genomic neighborhoods predict gene function and phe-
notype. Sci Rep. 2019;9(1):19537.

	43.	 Dragomir MP, Knutsen E, Calin GA. SnapShot: unconventional 
miRNA functions. Cell. 2018;174(4):1038.

	44.	 Shigesato M, Kawai Y, Guillermo C, Youkhana F, Shvetsov 
YB, Setiawan VW, Haiman CA, Le Marchand L, Maskarinec G. 
Association between sleep duration and breast cancer incidence: 
the multiethnic cohort. Int J Cancer. 2020;146(3):664–70.

	45.	 Zhou J, Zhang S, Luo M. LncRNA PCAT7 promotes the malig-
nant progression of breast cancer by regulating ErbB/PI3K/Akt 
pathway. Future Oncol (London, England). 2021;17(6):701–10.

	46.	 Dumas A, Vaz Luis I, Bovagnet T, El Mouhebb M, Di Meglio A, 
Pinto S, Charles C, Dauchy S, Delaloge S, Arveux P, et al. Impact 
of breast cancer treatment on employment: results of a multicenter 
prospective cohort study (CANTO). J Clin. 2020;38(7):734–43.

	47.	 Congreve M, de Graaf C, Swain NA, Tate CG. Impact of GPCR 
structures on drug discovery. Cell. 2020;181(1):81–91.

	48.	 He X, Zhang L, Chen Y, Remke M, Shih D, Lu F, Wang H, Deng 
Y, Yu Y, Xia Y, et al. The G protein α subunit Gαs is a tumor 
suppressor in Sonic hedgehog-driven medulloblastoma. Nat Med. 
2014;20(9):1035–42.

	49.	 Iglesias-Bartolome R, Torres D, Marone R, Feng X, Martin D, 
Simaan M, Chen M, Weinstein LS, Taylor SS, Molinolo AA, 
et al. Inactivation of a Gα(s)-PKA tumour suppressor pathway in 
skin stem cells initiates basal-cell carcinogenesis. Nat Cell Biol. 
2015;17(6):793–803.

	50.	 Luo J, Hou Y, Ma W, Xie M, Jin Y, Xu L, Li C, Wang Y, Chen J, 
Chen W, et al. A novel mechanism underlying alcohol dehydro-
genase expression: hsa-miR-148a-3p promotes ADH4 expression 
via an AGO1-dependent manner in control and ethanol-exposed 
hepatic cells. Biochem Pharmacol. 2021;189:114458.

	51.	 Luo Y, Liang C, Xu Y, Zhang T. MiR-466h-5p induces expression 
of myocardin with complementary promoter sequences. Biochem 
Biophys Res Commun. 2019;514(1):187–93.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Lysophosphatidic acid receptor 6 regulated by miR-27a-3p attenuates tumor proliferation in breast cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Cell culture and transfection
	Sample collection
	Overexpressing adenovirus, siRNAs, microRNA mimics, and inhibitor
	Cell proliferation assay
	Cell plate colony formation assay
	Real-time quantitative polymerase chain reaction (RT-qPCR)
	Protein extraction and western blotting
	Bioinformatics analysis
	Statistical analysis

	Results
	LPAR6 is downregulated in breast cancer, and decreased LPAR6 expression is correlated with poor clinicopathological features
	Decreased LPAR6 expression is significantly correlated with poor survival especially for hormone receptor-positive (HR +) patients in breast cancer
	LPAR6 inhibits breast cancer cell proliferation in vitro
	Bioinformatics analyses of TCGA and METABRIC datasets show that LPAR6 may be involved in the cell cycle arrest pathway
	LPAR6 is positively regulated by miR-27a-3p in breast cancer

	Discussion
	Conclusions
	Acknowledgments 
	References




