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Abstract
Idiopathic pulmonary fibrosis is a chronic, progressive, and fatal fibrotic lung disease with a poor prognosis, but no effective

treatment is available. G protein-coupled receptor 56 (GPR56) plays a role in cell adhesion and tumor progression, but its function

in fibrogenesis has not been explored. In this in vitro study, we found that GPR56 in IPF fibroblasts was lower than in normal

fibroblasts. GPR56 regulated the production of fibronectin and type I collagen, and also changed the migratory and invasive

capacity of lung fibroblasts. However, it was not sufficient to activate some classic markers of fibroblast and myofibroblast, such

as a-smooth muscle actin and fibroblast specific protein 1. These findings demonstrate that reduced expression of GPR56 in lung

fibroblasts may be an important link with pulmonary fibrosis, playing a role in regulating some important fibroblast functions.
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Introduction

Idiopathic pulmonary fibrosis (IPF), predominantly found
in older adults, is considered a specific form of chronic,
progressive fibrosing interstitial pneumonia of unknown

etiology. The characteristics of IPF include restrictive venti-
latory disorder and progressive worsening of lung function.

Pulmonary fibrosis is characterized by excessive deposition
of extracellular matrix (ECM), accumulation and prolifer-
ation of fibroblasts/myofibroblasts, formation of fibroblast

foci, and distortion of the alveolar structure.1–4 Recently,
several clinical trials using interferon-g, pirfenidone, acetyl-

cysteine, bosentan, and etanercept have targeted some spe-
cific signal pathways associated with the pathogenesis of
IPF.5–10 Most of these trials have failed.3 Thus, new drug

targets to suppress pulmonary fibrosis are needed.
G protein-coupled receptors (GPCRs) are the largest cell

membrane receptor family whose common feature is the
structure of seven a-helical transmembrane regions (TM7).
GPCRs play a key role in recognizing a variety of extracel-
lular ligands, transducing a number of extracellular signals,
and regulating various biological processes, such as cell

growth, differentiation, migration, and tumor metasta-
sis.11,12 Adhesion GPCRs are a subfamily of GPCRs made
up of about 30 members that play a role in cell adhesion.13 G
protein-coupled receptor 56 (GPR56; TM7XN1) is an orphan
GPCR, whose ligand is still not clear. It is a member of the
adhesion GPCR family and a 693 amino acid protein coded
by a gene localized on chromosome 16q13. GPR56 was
expressed ubiquitously and abundantly in various systems,
such as central nervous system, endocrine system, meta-
bolic system, and respiratory system.14 Recently, mutant
GPR56 was shown to be related to a human brain cortical
malformation called bilateral frontoparietal polymicrogyria
(BFPP), which suggests its involvement in cell adhesion,
migration, differentiation, and early development of the
human cerebral cortex.15–17 Moreover, compared to
normal cell lines and tissues, the expression of GPR56 is
higher in high metastatic melanoma cell lines but lower in
many tumor tissues, which demonstrate the role of cell
adhesion pathways in cell transformation, tumorigenesis,
and tumor metastasis.18,19 Therefore, GPR56 is associated
with physiological and pathological developments of
some human diseases.
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Our recent work suggested that b-arrestins play an
important role in regulating lung fibrogenesis.20 We rea-
soned that some GPCRs may control pulmonary fibrosis.
Thus, this in vitro study is to investigate whether the expres-
sion of GPR56 is different in IPF fibroblasts compared to
normal counterparts and to investigate the possible role of
GPR56 in lung fibrogenesis. Our findings suggest that
GPR56 regulates certain fibroblast functions, particularly
when its expression is reduced.

Materials and methods
Ethics statement

All experiments were approved by the Ethics Committee of
Beijing Chao-Yang Hospital and were in accordance with
the guidelines outlined by the Committee. Written
informed consent to participate in this study was obtained
from each participant.

Human lung fibroblasts

Human lung fibroblasts were isolated from diagnostic surgi-
cal lung biopsies from patients with IPF (n¼ 3) or lung trans-
plant explants obtained from donors (n¼ 3). Patient
demographic, pathologic, lung function, and treatment infor-
mation were listed in Table 1. The diagnosis of IPF was
arrived at by standard accepted American Thoracic Society
Recommendations.3 The lung tissues were minced and
attached to the bottom of culture flask for 4 h and then cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% Fetal Bovine Serum (FBS), penicillin
(100 U/mL), and streptomycin (100 mg/mL). After fibroblast
confirmations, the cells of passages four to eight were used
for Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) and Western blotting, and the similar
passages were used to compare fibroblasts of normal and IPF.

Fibroblast lines

MRC-5 (American Type Culture Collection (ATCC),
Rockefeller, MD), a normal cell line derived from human
fetal lung, was cultured in DMEM supplemented with 10%
FBS. LL 97A (AlMy; ATCC) and LL 29 (AnHa; ATCC), two
IPF cell lines derived from human lungs, were purchased
from ATCC and cultured in Ham’s F12K medium supple-
mented with 15% FBS. MRC-5 of passages 14–18, and LL
97A and LL 29 of passages 10–12 were used for the

following assays. The similar passages were used to com-
pare fibroblasts of normal and IPF.

mRNA analysis

RNA was extracted from human lung fibroblasts using
RNeasy Plus Mini Kit (Qiagen, Valencia, CA) and was
reverse transcribed using Quantscript RT Kit (Tiangen,
Beijing, China). Resultant cDNAs were subjected to real-
time PCR using Real Master Mix (SYBR Green; Tiangen).
Primers were qSTAR qPCR primer pairs against Homo sapi-
ens gene GPR56 NM_005682 (Origene, Rockville, MD) and
b-actin (Table 2; Invitrogen, Shanghai, China). qRT-PCR
process consisted of 42 repeated cycles of temperature
changes, each of which contained three stages as follows:
the denaturing stage at a temperature around 95�C, timing
15 s; the annealing stage at a temperature of around 64�C,
timing 45 s; the extending stage at a temperature around
68�C, timing 7 min; the melting curve at a temperature of
around 60–95�C, 0.5�C/s. For analysis, the expression for
GPR56 gene of interest (GOI) was calculated as 2�Ct fol-
lowed by normalization to b-actin, with the formula 2� (Ct

GOI � Ct b-actin). Ultimately, the fold change in normalized
gene expression was calculated by comparing values from
fibroblasts from the patients with IPF (IPF-Fb) to those from
the donors (NOR-Fb) according to the following formula:
2��Ct IPF-Fb/��Ct NOR-Fb. Values were calculated for repli-
cates of three independent experiments, and P values
were calculated with independent sample t-test analysis.20

Table 1 Clinical characteristics of the patients with IPF and the donors

Patient Age (year) Sex Smoking Pathology FVC (%) FEV1 (%) DLCOc SB (%) PAP (mmHg) Previous treatment

IPF-1 62 Male Yes IPF/UIP 54.9 55.5 36.8 44 / 17 No

IPF-2 53 Male Yes IPF/UIP 87.0 87.9 59.5 – Antibiotics (unknown)

IPF-3 61 Female No IPF/UIP 71.0 75.5 17.8 23 / 10 N-acetylcysteine

Normal-1 55 Male Yes – 101.3 83.7 97.4 – –

Normal-2 56 Female No – 98.9 81.8 98.0 – –

Normal-3 60 Female No – 99.3 82.9 97.7 – –

DLCOc SB, CO diffusion capacity, single breath method; IPF, idiopathic pulmonary fibrosis; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; PAP,

pulmonary artery pressure; UIP, usual interstitial pneumonia.

Table 2 The primer/siRNA sequence table

Gene Sequence

b-actin Forward 50-AAGACCTGTACGCCAACACAGT-30

Reverse 50-GGACTCGTCATACTCCTGCTTG-30

GPR56

siRNA-1

Sense 50-CCAUCAAGGUGCACAUGAATT-30

Antisense 50-UUCAUGUGCACCUUGAUGGTT-30

GPR56

siRNA-2

Sense 50-CUGGGAGAUUACAUCUUCUTT-30

Antisense 50-AGAAGAUGUAAUCUCCCAGTT-30

Negative

siRNA

Sense 50-UUCUCCGAACGUGUCACGUTT-30

Antisense 50-ACGUGACACGUUCGGAGAATT-30
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Array query

The expression profile data related to healthy control (n¼ 6)
and early IPF (n¼ 8) were acquired from the array dataset
GSE2420621 in the Gene Expression Omnibus (GEO) reposi-
tory (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc¼GSE24206).

siRNA transfection

MRC-5 line was transfected with small interfering RNA
oligos (siRNA) targeting the GPR56 gene (NM_005682.5)
(Table 2; GenePharma, Shanghai, China) with
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA).
Fibroblasts (1.5� 104 cells) were transfected with 3 pmol
siRNA-1 plus 3 pmol siRNA-2 duplex (Table 2) and 1 mL
of Lipofectamine RNAiMAX reagent mixture in all the
siRNA interference experiments. The cells were starved
with FBS-free medium for 24 h and then incubated with
medium containing FBS for 48 h until the following assays.

Plasmid construction and transfection

Full-length GPR56 cDNA (NM_005682.5) was amplified by
PCR with cDNA from ATCC as template. The resulting PCR
product was inserted into BglII–SalI sites of pIRES2-DsRed-
Express2 (Clontech, Palo Alto, CA). LL 97A and LL 29 lines
were transfected with the plasmid targeting GPR56 gene with
AmaxaTM Basic NucleofectorTM Kit for Primary Mammalian
Fibroblasts (Amaxa Scientific, Cologne, Germany). Five mg
plasmids were transfected into about 1.0� 106 cells using
the NucleofectorTM Program A-024. After 48 h, positive cells
were sorted by MoFlo XDP Cell Sorter (Beckman Coulter,
Brea, CA) at Peking University and then recultured for
another 48 h until the following assays.

Western blotting

Total cellular proteins were extracted from lung fibroblasts
using RIPA Lysis Buffer (Beyotime, Shanghai, China) with
addition of protease inhibitors and phosphatase inhibitors.
After electrophoresis and transferring, membranes were
blocked in 5% nonfat dried milk in 1�Phosphate
Buffered Saline (PBS) for at least 4 h at room temperature
and then incubated overnight at 4�C with primary antibo-
dies in PBS. Following primary incubation, membranes
were washed and then incubated with secondary antibo-
dies for 1 h in dark at room temperature. The following
primary antibodies were diluted in 1�PBS: b-actin
(1:5000; California Bioscience, Coachella, CA), GPR56
(1:100; R&D Systems, Minneapolis, MN), fibronectin (FN,
1:200; Abcam, Cambridge, MA), type I collagen (COLI,
1:200; Abcam), matrix metalloproteinase-9 (MMP-9, 1:200;
Abcam), MMP-2 (1:100; Abcam), a-smooth muscle actin (a-
SMA, 1:400; R&D Systems), and fibroblast-specific protein-
1 (FSP1/S100A4, 1:50; Abcam). The secondary antibodies
were used: DyLightTM 680-labeled antibody to sheep IgG
(HþL) (1:10,000; KPL, Washington, D.C.), IRDye� 680RD
Goat anti-mouse IgG (HþL) (1:10,000; LI-COR Biosciences,
Lincoln, NE), IRDye� 680RD Goat anti-rabbit IgG (HþL)
(1:10,000; LI-COR Biosciences). The quantitative densito-
metric analysis relative to b-actin was used to aid clarity.

Collagen I direct Enzyme Linked Immunosorbent Assay
(ELISA)

Transfected fibroblasts (2.5� 104 cells) were plated onto
24-well plates and starved for 24 h followed by another
48 h incubation with 1% FBS medium. A total of 500mL
final medium was collected and the concentration of colla-
gen I secreted by fibroblasts was determined with direct
ELISA. The wells of a Polyvinyl Chloride Polymer (PVC)
microtiter plate (Corning Costar, Cambridge, MA) were
coated with the culture medium with PBS. Type I collagen
was detected by primary antibody to collagen I (1:1000;
Abcam) and secondary antibody peroxidase-conjugated
affinipure goat anti-rabbit IgG (HþL) (1:10,000;
Proteintech). The absorbance was measured at 450 nm.

Immunofluorescence staining

Transfected fibroblasts (2.5� 104 cells) were plated in 24-well
culture plates and cultured with medium supplemented with
FBS or stimulated by medium supplemented with human
recombinant Transforming Growth Factor-b1 (TGF-b1)
(5 ng/mL; BD Biosciences, Franklin Lakes, NJ) and 0.1%
Albumin from Bovine Serum (BSA) (Sigma Aldrich, St.
Louis, MO) for 48 h. Then the cells were fixed in 90% metha-
nol for 30 min and stained with the indicated antibodies,
including a-SMA (1:400; R&D Systems) and FSP1 (1:100;
Abcam), Fluorescein (FITC)-conjugated Affinipure Goat
Anti-Mouse IgG (HþL) (1:200; Proteintech, Chicago, IL),
Fluorescein (FITC)-conjugated Affinipure Goat Anti-Rabbit
IgG (HþL) (1:200; Proteintech), and Rhodamine (TRITC)-
conjugated Goat Anti-Mouse IgG (HþL) (1:200; Proteintech).

Fibroblast migration

Transfected fibroblasts (1.0� 105 cells) for wound scratch
assay were grown to about 70–80% confluency in six-well
plates and then wounded with a pipet tip after transfecting
and starving for 24 h. After scratched, 0, 24, 36, and 48-h time
points were observed at 40�magnification. The average heal-
ing distances were measured at three different points per
group with the changes of time. For ECM migration assay,
the transwells were coated with collagen, type I solution
from rat tail (0.5 mg/mL; Sigma Aldrich). Transfected fibro-
blasts (0.5� 104 cells) in serum-free medium containing 0.1%
BSA (Sigma Aldrich) were loaded into the top chamber of 24-
well transwell plate inserts (8mm pore size; Corning Costar),
and normal medium was loaded into the bottom chamber.
After 48 h, fibroblasts that migrated across the collagen filter
were stained with gentian violet staining and counted in five
randomly chosen fields per group at 100�magnification.

Fibroblast invasion

After transfection, fibroblasts (0.5� 104 cells) in serum-free
medium containing 0.1% BSA (Sigma Aldrich) were loaded
into the top chamber with BD MatrigelTM Basement
Membrane Matrix (BD Biosciences), and medium contain-
ing twice the usual FBS concentration was loaded into the
bottom chamber. After 48 h, the filters were fixed and
stained with gentian violet staining. Noninvading cells as
well as the basement membrane matrix were removed from
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the upper side of the filter by gentle scrubbing with a cotton
swab. The number of fibroblasts that invaded through the
basement membrane was counted in five randomly chosen
fields from duplicate filters per group at 40�magnification.

Statistical analysis

Differences in measured variables between experimental
groups were assessed using Analysis of Variance
(ANOVA) or independent samples t-test by SPSS 17.0 soft-
ware. Fisher’s Least-Significant Difference (LSD) test was
used as the supplementary of ANOVA. Data are expressed
as mean� Standard Error of Mean (SEM) where applicable.
A P value less than 0.05 was considered a statistically sig-
nificant difference.

Results
GPR56 is decreased in idiopathic pulmonary fibrosis
IPF fibroblasts

Lung fibroblasts were isolated, cultured, and confirmed
from diagnostic surgical lung biopsies from three patients

with IPF and three normal lungs (Table 1). First, we
assessed GPR56 expressions in normal and IPF fibroblasts
with qRT-PCR and Western blotting (Figure 1). GPR56 was
significantly downregulated in IPF samples compared to
normal samples (Figure 1(a)). To confirm these data, we
acquired array data from the GEO repository. There were
a clear trend of reduction of GPR56 in early IPF than the
health controls from the array dataset GSE24206
(Figure 1(b)). The protein levels of GPR56 were decreased
in IPF fibroblasts compared to normal samples (Figure 1(c)).
Furthermore, GPR56 expression was lower in LL 97A and
LL 29 lines compared to that in MRC-5 line (Figure 1(d)).
These findings indicate that the expression of GPR56
appears insufficient in IPF fibroblasts and imply that
GPR56 may be a link with in pulmonary fibrosis.

GPR56 regulates the production of ECM proteins

Next, we wanted to see whether expression of GPR56 regu-
lates some important fibroblast functions by gain-of-func-
tion and loss-of-function experiments. We reasoned that
reduced expression of GPR56 in normal fibroblasts may

Figure 1 The expression of GPR56 in lung fibroblasts. (a) The mRNA levels of GPR56 were assessed by qRT-PCR. Results were derived from three patients with IPF

and three donors. The data were analyzed by 2���Ct method, *P< 0.05. (b) The fold change of early IPF (n¼ 8) relative to healthy control (n¼ 6) was assessed according

to the array dataset GSE24206 from the GEO repository. The fold change of early IPF was decreased compared to healthy control, P¼0.303. (c) and (d) Western

blotting was used to analyze the protein levels of GPR56 in lung fibroblasts. Blotting of b-actin served as loading controls. (c) The protein levels of GPR56 in primary lung

fibroblasts of the patients with IPF and the donors, *P<0.05. (d) The protein levels of GPR56 in MRC-5, LL 97A and LL 29 lines, LL 97A compared to MRC-5: *P< 0.05;

LL 29 compared to MRC-5: #P<0.05. The data (except b) were presented as mean�SEM and the experiments (except b) were repeated three times
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force them to gain some properties of fibrotic fibroblasts. On
the other hand, overexpression of GPR56 in fibrotic fibro-
blasts may allow them to reduce their fibrotic characteris-
tics. Both siRNA interference and plasmid overexpression
of GPR56 (Figure 2) were used to compare some major indi-
cators. GPR56 was successfully knocked down with specific
siRNAs to GPR56 in MRC-5 line (Figure 2(a)). We also suc-
cessfully overexpressed GPR56 in two IPF fibroblast lines
(Figure 2(b)).

The expressions of ECM production, including FN and
type I collagen in IPF and normal fibroblasts, were first
assessed (Figure 3). The intracellular FN and type I collagen
were increased in MRC-5 line with reduced GPR56
(Figure 3(a)). Similarly, the extracellular type I collagen
was increased in MRC-5 line with reduced GPR56
(Figure 3(b)). Furthermore, the intracellular FN and type I
collagen decreased in LL 97A and LL 29 lines when GPR56
was overexpressed (Figure 3(c)). Moreover, the extracellular
type I collagen was decreased in LL 97A and LL 29 lines
overexpressing GPR56 (Figure 3(d)). These data indicate
that downregulated GPR56 may increase the production
of ECM proteins in fibroblasts, and vice versa.

GPR56 is not sufficient to regulate the classic marker
expressions of fibroblast and myofibroblast

One of the key processes in the development of pulmonary
fibrosis is myofibroblast differentiation. Both siRNA inter-
ference and plasmid overexpression were used to assess
whether alteration of GPR56 expression changes the

expressions of fibroblast marker FSP1 and myofibroblast
marker a-SMA (Figure S1–S3). The expressions of a-SMA
and FSP1 were not changed in MRC-5 line with reduced
GPR56, independent of TGF-b1 stimulation (Figure S1(a)).
Similarly, the protein levels of a-SMA and FSP1 were also
not altered in MRC-5 line with GPR56 interference regard-
less of TGF-b1 stimulation (Figure S1(b)). Furthermore, the
expressions of a-SMA and FSP1 were not changed in LL
97A (Figure S2(a)) and LL 29 (Figure S2(b)) lines when over-
expressing GPR56, independent of TGF-b1 stimulation.
Moreover, the protein levels of a-SMA and FSP1 were not
altered in LL 97A (Figure S3(a)) and LL 29 (Figure S3(b))
lines overexpressing GPR56 regardless of TGF-b1 stimula-
tion. These findings suggest that GPR56 alone may not be
sufficient to regulate the classic marker expressions of fibro-
blast and myofibroblast.

Reduced GPR56 changes fibroblast motility

The capacity of fibroblasts to migrate to and invade injured
tissue may be dysregulated in pulmonary fibrosis. We
sought to determine whether GPR56 could affect fibroblast
motility. Wound scratch assay, transwell assay, and Western
blotting were used to assess the motility of fibroblasts
(Figures 4 to 6).

Knocking down GPR56 significantly accelerated
wound healing at 48-h time point according to wound
scratch assay (Figure 4(a)). Similarly, reduced GPR56 sig-
nificantly increased the migratory capacity of MRC-5
line (Figure 4(b)). However, overexpressing GPR56 in

Figure 2 The expressions of GPR56 in three fibroblast lines after transfections in vitro. MRC-5 lines were transfected with Lipofectamine RNAiMAX only (Ctl),

negative siRNA (Ctl siRNA), and siRNAs targeting GPR56 gene (GPR56 siRNA). Both LL97A and LL29 lines were transfected with nucleofector solution only (Ctl),

negative reconstituted plasmid (Ctl plasmid), and reconstituted plasmid targeting GPR56 gene (GPR56 plasmid). Western blotting was used to assess the expressions

of GPR56 in MRC-5 line after siRNA interference (a) and LL 97A and LL 29 lines after plasmid overexpression (b). GPR56 siRNA (plasmid) compared to Ctl: **P<0.01;

GPR56 siRNA (plasmid) compared to Ctl siRNA (plasmid): ##P< 0.01. The data were presented as mean�SEM and the experiments were repeated three times
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Figure 3 The effects of GPR56 on fibronectin and type I collagen production in vitro. (a) and (c) After recultured for 48 h, the expressions of fibronectin and type I

collagen in three fibroblast lines were assessed by Western blotting under the different levels of GPR56. GPR56 siRNA (plasmid) compared to Ctl: *P< 0.05, **P< 0.01;

GPR56 siRNA (plasmid) compared to Ctl siRNA (plasmid): #P< 0.05, ##P< 0.01. (b) and (d) Collagen I direct ELISA was used to measured type I collagen production of

fibroblasts. Transfected fibroblasts were plated onto 24-well plates and starved for 24 h. Another 48-h culture media were collected and type I collagen was determined

with direct ELISA. GPR56 siRNA (plasmid) compared to Ctl: **P<0.01; GPR56 siRNA (plasmid) compared to Ctl siRNA (plasmid): ##P<0.01. The data were presented

as mean�SEM and the experiments were repeated three times
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LL 97A and LL 29 lines did not affect fibroblast migra-
tions from both wound scratch assays (Figure 5(a)) and
ECM migration assays (Figure 5(b)). We recently
reported that b-arrestins regulate fibroblast invasiveness.20

We next investigate the impact of GPR56 on fibroblast inva-
sion (Figure 6). Knocking down GPR56 significantly
increased the invasive capacity of MRC-5 line (Figure
6(a)). However, overexpression of GPR56 in LL 97A and
LL 29 lines did not altered fibroblast invasion (Figure
6(b)). Finally, we wanted to test whether the regulation
of invasion by GPR56 was related to the expression of
metalloproteases (Figure 6(c) and (d)). Knocking down
GPR56 markedly increased the expression of MMP-9 in
MRC-5 line. MMP-2 expression was not altered by GPR56
knock down (Figure 6(c)). On the other hand, overexpres-
sion of GPR56 in LL 97A and LL 29 lines did not change
MMP-9 and MMP-2 levels (Figure 6(d)).

Taken together, these data indicate that GPR56 regulates
certain fibrotic functions of fibroblasts, such as matrix pro-
duction and motility.

Discussion

The pathogenesis of progressive pulmonary fibrosis is
unclear. The current in vitro study was to investigate the
role of GPR56 in lung fibroblasts. Normal lung tissues,
even modified airway epithelium, may be the derivation

of the isolated fibroblasts. Therefore, after necessary fibro-
blast confirmations, we demonstrate that GPR56 is signifi-
cantly decreased in IPF fibroblasts. With gain-of-function
and loss-of-function experiments, we show that downregu-
lated GPR56 regulates certain fibroblast functions, includ-
ing matrix production, fibroblast migration, and invasion
through MMPs. Therefore, we suggest that GPR56 may be a
link with IPF.

Our previous study demonstrated that b-arrestins regu-
late pulmonary fibrosis by modulating fibroblast invasive-
ness.20 Several GPCRs have been demonstrated to have a
role in fibrogenesis. For example, we reported that CXCR3,
the chemokine receptor, regulates pulmonary fibrosis
through interferon-g.22 GPR56 is demonstrated to be
reduced in many tumors, while IPF is a disease similar to
cancer.23 Therefore, we reasoned that some other GPCR
families may also modulate fibrosis. In this study, we
found that GPR56, the orphan GPCR, was downregulated
in IPF fibroblasts. As previous studies shown, GPR56 muta-
tions have been identified in BFPP patients. Recent report
has demonstrated that collagen III could be the ligand of
GPR56 in the developing brain. BFPP could be caused by
abolishing the ability of GPR56 to bind to collagen III
because of four disease-associated mutations of
GPR56,24,25 which are not studied in IPF.

One of the hallmarks of pulmonary fibrosis is the accu-
mulation of ECM, including FN and type I collagen.26,27

Figure 4 Reduced GPR56 stimulates fibroblast migration in vitro. (a) Wound scratch assay is used to indirectly measure the migratory capacity of MRC-5 line in six-

well plates. Time points 0, 24, 36, 48 h were observed at 40�magnification. The average healing distances were measured at three different points per group with the

changes of time. (b) 24-well transwell plate inserts coated with collagen to directly measure the migratory capacity of MRC-5 line toward FBS. Transfected fibroblasts

that migrated across the collagen filter were stained with gentian violet staining and counted in five randomly chosen fields per group at 100�magnification at 48-h time

point. GPR56 siRNA compared to Ctl: *P<0.05, **P<0.01; GPR56 siRNA compared to Ctl siRNA: #P<0.05, ##P<0.01. The data were presented as mean�SEM and

the experiments were repeated three times.
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Therefore, we hypothesized that GPR56 may regulate ECM
production. In this study, we observed that GPR56 signifi-
cantly regulated the production of both FN and type I col-
lagen through gain-of-function and loss-of-function
experiments. It is not clear how GPR56 regulates ECM pro-
duction. Lysophosphatidic acid (LPA) might play a possible
role in this process. LPA is a family of bioactive lyso-phos-
pholipid that mediates most of its biological effects through

GPCRs. Recently, LPA and its receptor 2 (LPA2) were inves-
tigated in pulmonary fibrosis. LPA2 deficiency can protect
from bleomycin-induced lung injury; attenuate bleomycin-
induced expression of FN, a-SMA, and collagen in lung
tissue; reduce LPA-induced expression of TGF-b1; and inhi-
bit the differentiation of lung fibroblasts to myofibroblasts
leading to decreased expression of FN, a-SMA, and col-
lagn.28 In addition, integrins and tissue transglutaminase

Figure 5 Overexpressed GPR56 does not change the migratory capacity in vitro. (a) Wound scratch assay is used to indirectly measure the migratory capacity of LL

97A and LL 29 lines in six-well plates. Time points 0, 24, 36, and 48 h were observed at 40�magnification. The average healing distances were measured at three

different points per group with the changes of time. (b) 24-well transwell plate inserts coated with collagen to directly measure the migratory capacity of LL 97A and LL

29 lines toward FBS. Transfected fibroblasts that migrated across the collagen filter were stained with gentian violet staining and counted in five randomly chosen fields

per group at 100�magnification at 48-h time point. The data were presented as mean�SEM and the experiments were repeated three times.
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(TG2) might involve in regulating the function of ECM by
interacting with GPR56.29–34 TG2 has been demonstrated to
be increased in IPF and plays an important role in pulmon-
ary fibrogenesis. In this report, knockdown of TG2 in pri-
mary human lung fibroblasts leads to functional defects.35

The interactions between GPR56 and TG2 might be focused
in the next studies.

Recent observations have demonstrated that the cell
migration is different between normal and IPF fibroblasts.
IPF fibroblasts have an increased migratory capacity com-
pared to normal counterparts.36,37 GPR56 is found to sup-
press tumor progression by regulating cell adhesion,
migration, and tumor metastasis.19,33,38 We thought that

GPR56 may have an effect on fibroblast motility.
We found that GPR56 interference promoted fibroblast
migration and invasion; however, GPR56 overexpression
in fibrotic fibroblasts did not. These data suggest that
GPR56 may regulate fibroblast motility at a basal level, so
that elevated levels of GPR56 would not increase cell motil-
ity. Our previous study demonstrated that the loss of
b-arrestin 1 and b-arrestin 2 has no influence on fibroblast
migration, but makes fibroblasts invade less in a bleomycin
model compared to normal counterparts.20 According
to our data, b-arrestin-independent pathway might be
important in enhancing fibroblast motility after GPR56
interference.

Figure 6 Reduced GPR56 stimulates fibroblast invasion and increases MMP-9 level in vitro. (a) and (b) 24-well transwell plate inserts with Matrigel to assess the

invasive capacity of three fibroblast lines toward FBS. Transfected fibroblasts that invaded through the basement membrane were stained with gentian violet staining

and counted in five randomly chosen fields from duplicate filters per group at 40�magnification at 48-h time point. (c) and (d) After recultured for 48 h, the expressions

of MMP-9 and MMP-2 in three fibroblast lines were assessed by Western blotting under the different levels of GPR56. GPR56 siRNA compared to Ctl: *P<0.05; GPR56

siRNA compared to Ctl siRNA: #P<0.05. The data were presented as mean�SEM and the experiments were repeated three times
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An invading cell must be able to alter cell-to-cell and cell-
to-ECM adhesion, degrade the ECM, and change its cyto-
skeleton.39 The action of MMPs is one meaningful mechan-
ism for allowing fibroblasts to invade into the alveolar
space for proliferating, forming foci, and producing colla-
gen and has been studied in ECM remodeling and base-
ment membrane disruption.4 We speculated that the
expressions of MMP-9 and MMP-2 may be associated
with regulating fibroblast motility with GPR56 expression.
We found that GPR56 interference had an impact on
MMP-9, while GPR56 overexpression did not change metal-
loprotease MMP-2 and MMP-9. Similar to the regulation of
fibroblast motility, MMP-9 levels were regulated by GPR56
at a basal level. MMP-9 and MMP-2 associate to fibrocyte
migration through basement membrane-like proteins.40

Thy-1(–) and TGF-b1 stimulation might contribute to the
production of MMP-9.41 The receptor for advanced glyca-
tion end-products (RAGE) has been suggested to maintain
lung homeostasis by mediating cell adhesion. RAGE is
expressed at a high basal level in lung. Downregulation of
RAGE expression may lead to a decreased binding of the
basement membrane and an increased susceptibility to
alveolar injury and/or prevent the proper re-epithelializa-
tion of alveoli during IPF pathogenesis. RAGE expression
was diminished with releasing its soluble isoform through
MMP-9-dependent pathway after cytokine stimulation.42

How reduced GPR56 is related to MMP-9 induction is still
to be further studied.

The activation of fibroblasts and the differentiation of
myofibroblasts accompanied with the classic marker
expressions of FSP1 and a-SMA are commonly considered
to be the hallmarks of pulmonary fibrosis.26,27 We assumed
that fibroblast marker FSP1 and myofibroblast marker a-
SMA would be influenced by GPR56. However, in contrast
to the effects of GPR56 in fibroblasts, we found that the
expression changes of GPR56 are insufficient to affect
FSP1 and a-SMA expressions in a basal level or under dif-
ferentiation stimulus. Recent studies showed that GPR56
plays a potential role in neural development and differen-
tiation.43 But whether it affects fibroblast differentiation
should be further validated.

IPF is a fatal disease with no effective treatment.
Recent reports have emphasized that some GPCRs and b-
arrestins play an important role in the development of
IPF.20,22 Our in vitro studies demonstrate that GPR56 is
decreased in IPF fibroblasts. Furthermore, manipulation
of GPR56 expression alters certain pro-fibrotic aspects of
characteristics of fibroblasts. The experiments reported
here were mainly based on in vitro studies that may not
be fully representative of the developing process of IPF.
In vivo studies that investigate the effect of GPR56 in an
experimental animal model of IPF and with genetically
modified mice would be critical. Nevertheless, our findings
suggest that GPR56 may play a role in the pathogenesis of
pulmonary fibrosis.
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