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GPR78 is an orphan G-protein coupled receptor (GPCR) that is predominantly 

expressed in human brain tissues. Currently, the function of GPR78 is unknown. In 

this study, we found that GPR78 was expressed in lung cancer cells and functioned as 

a novel regulator of lung cancer cell migration and metastasis. We found that 

knockdown of GPR78 in lung cancer cells suppressed cell migration. Moreover, 

GPR78 modulated the formation of actin stress fibers in A549 cells in a RhoA- and 

Rac1-dependent manner. At a molecular level, GPR78 regulated cell motility through 

the activation of Gαq-RhoA/Rac1 pathway. We further demonstrated that knockdown 

of GPR78 inhibited lung cancer cell metastasis in vivo. These findings suggest that 

GPR78 is a novel regulator for lung cancer metastasis and may serve as a potential 

drug target against metastatic human lung cancer. 

  



UNCORREC
TE

D P
ROOFIntroduction 

G-protein–coupled receptors (GPCRs or GPRs) are among the largest and most 

diverse membrane protein families in mammalian genomes(1). These receptors 

contain seven transmembrane helices with an extracellular N terminus and an 

intracellular C terminus. Activated GPCRs transduce extracellular stimuli to give 

intracellular signals through interaction of their intracellular domains with 

heterotrimeric G proteins. So far, 18 different human G protein's α subunits (Gα 

proteins) were identified to be coupled with GPCRs (2, 3). These Gα proteins can 

dissociate from the β and γ subunits to affect intracellular signaling proteins or target 

functional proteins depending on the α subunit type when GPCRs are activated(1). 

For most of GPCRs, the physiologic function is currently unknown and these 

receptors are referred to as orphan GPCRs(4). GPR78 is an orphan GPCR that was 

first identified by sequence comparison with GPR26 (5). Expression analysis revealed 

that it was highly expressed in human brain tissue. Later study demonstrated that 

overexpression of GPR78 in HEK293 cells was constitutively active and induced 

cAMP production (6). However, the cellular function of GPR78 is still unknown.  

 

The Rho family GTPases, including RhoA, Rac1, and Cdc42, is a family of small 

(~21 kDa) signaling G proteins(7). They are regulators of actin cytoskeleton 

rearrangements and thus modulate cell migration (8). For example, RhoA regulates 

stress fiber formation and Rac1 modulates a meshwork of actin filaments at the cell 

periphery to produce lamellipodia and membrane ruffles(9). Rho proteins act as 
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active guanosine triphosphate (GTP)-bound state. This process can be accelerated by 

a large family of Rho guanine nucleotide exchange factors(10). GPCR can activate 

Rho GTPases by coupling Rho-GEFs through their heterotrimeric guanine 

nucleotide–binding protein. This singling transduction pathway is involved in 

multiple physiologic functions including cell migration and invasion (10, 11).  

 

In this study, we found that GPR78 was expressed in lung cancer cells and promoted 

cell migration and metastasis in Gαq-Rho GTPase-dependent manner. Our results 

suggest that GPR78 is a potential regulator for lung cancer metastasis that may serve 

as a potential drug target for lung cancer metastasis. 
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GPR78 expresses in lung cancer cells and promotes cell migration.  

GPR78 is an orphan G-protein coupled receptor (GPCR) that highly expressed in 

human placenta and brain tissues (6). However, the expression pattern and function of 

GPR78 in human cancer cells is still unknown. To explore the role of GPR78 in 

cancer cells, we firstly examined expression of GPR78 in several lung cancer cells by 

western blotting. Interestingly, we found that GPR78 expressed in several lung cancer 

cell lines including H1975, H1299, SPC-A1 and A549 cells but not in normal human 

bronchial epithelial cell line such as HBEC3 and HBEC4 cells (Fig. 1A). Furthermore, 

the mRNA level of GPR78 was also dramatically increased in lung cancer cells but 

not in normal cells (Fig. 1B). Since GPR26 shares more than 50% sequence similarity 

with GPR78 (6), we then examined mRNA expression of GPR26 in these cells by 

real-time PCR as well. As shown in Fig. 1B, the mRNA level of GPR26 was 

extremely low in both normal and lung cancer cells when compared with the human 

brain glioma cell line A172 cells, which were used as a positive control cell line for 

detecting the expression of GPR78 and GPR26. To investigate the cellular function of 

GPR78 in lung cancer cells, we then established two stable shRNA-mediated 

knockdown cell lines in A549 cells (Fig. 1C) , in which GPR78 was highly expressed 

(Fig. 1A and B). We found that knockdown of GPR78 did not influence the number 

and size of the colonies in colony formation assay (Fig. 1D). However, knockdown of 

GPR78 significantly inhibited cell migration as measured by Transwell migration 

assay (Fig. 1 E). In addition, the inhibitive effect on cell migration was also confirmed 

in other metastatic lung cancer cell lines including H1975, H1299 and SPC-A1 cells 
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then ectopically overexpressed GPR78 in A549 cells (Fig. 1G) and we found that 

overexpression of GPR78 promoted cell migration (Fig. 1H). Collectively, our data 

suggested that GPR78 expresses in lung cancer cells and promotes cell migration. 

 

GPR78 regulates cell migration by targeting RhoA- and Rac1-dependent 

pathways. 

We noticed that GPR78 knockdown A549 cells exhibited an elongated morphology 

compared to shRNA control cells (Fig. 2A, Left). Quantification of elongated cells 

indicated that the percentage of elongated cells was significantly increased by 

knocking down GPR78 in A549 cells (Fig.2A, right). Since elongation of cell 

morphorlogy is related to the reduction of stress fiber (F-actin)(12), we then stained 

stress fiber in both control and GPR78 shRNA cells. As shown in Fig.2B, knockdown 

of GRP78 decreased stress fiber in A549 cells. It has been reported that small GTPase 

RhoA and Rac1 played an important role in regulating cellular morphology and stress 

fiber formation(13), we then ask whether GPR78 regulates the activity of RhoA and 

Rac1. Interesting, we found that knockdown of GPR78 significantly suppressed 

activity of RhoA and Rac1 in A549 cells by GTPase assay (Fig. 2C). Importantly, 

overexpression of constitutive active RhoA or Rac1 in GPR78-knockdown A549 cells 

partially restored cell migration (Fig. 2D and E). Collectively, our data suggest that 

GPR78 regulates cell morphology and migration by modulating the activity of RhoA 

and Rac1 in lung cancer cells.  
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Gαq/11 mediates GPR78-induced activation of RhoA and Rac1 

It has been reported that Gα12/13 and Gαq/11 are the major Gα proteins involved in 

activation of Rho family GTPases(14-16). Similar to our previous conslusion (Fig.2C), 

we found that overexpression of GPR78 in A549 cells induced activation of RhoA and 

Rac1 (Fig.3A). To investigate whether Gα12/13 or Gαq/11 mediates GPR78-induced 

activation of RhoA and Rac1, we co-expressed GPR78 with RGS domains of 

p115Rho-GEF regulator (p115-RGS) or GRK2 (GRK2-RGS), which selectively block 

the activity of Gα12/13 or Gαq/11(17, 18), respectively. We found that 

GPR78-induced activation of RhoA and Rac1 was inhibited by co-expression of 

GRK2-RGS but not p115-RGS (Fig. 3A). Moreover, overexpression of a 

constitutively active mutant of Gαq/11 (CA Gq) in GPR78 knockdown A549 cells 

partially restore the activity of RhoA and Rac1 disrupted by GPR78 knocking down 

(Fig. 3B). Thus, these data suggest that Gαq/11 mediates GPR78-induced activation 

of RhoA and Rac1. To further investigate whether GPR78-regulated cell migration 

was dependent on Gαq/11, we then expressed the active mutant of Gαq/11 in GPR78 

knockdown A549 cells and analyzed the cell migration. As shown in Fig. 3C, 

expression of CA Gq partially rescued cell migration in GPR78 knocking down cells. 

Thus, these data indicate that Gαq/11 mediates GPR78-regulated cell migration by 

activation of RhoA and Rac1. 

 

Knockdown of GPR78 in lung cancer cells suppresses metastasis in vivo 
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we investigated lung metastasis of A549 cells using xenograft mouse model. We 

found that knocking down of GPR78 in A549 cell did not influence the tumor growth 

in vivo (Fig. 4A and B). However, knockdown of GPR78 significantly suppressed 

lung metastasis in vivo (Fig. 4C and D). Taken together, these data suggest that 

GPR78 regulates breast tumor cell metastases in vivo.  
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GPR78 is an orphan G-protein coupled receptor (GPCR) that highly expressed in 

human placenta and brain tissues (6). However, the expression pattern of GPR78 in 

human cancer cells is currently unknown. In this study, we found that GPR78 

expressed in multiple human lung cancer cell lines but not in normal bronchial 

epithelial cells. Since GPR26, a paralog gene of GPR78 (6), expressed very low in 

lung cancer cells, it unlikely performs redundant function with GPR78 in these cells. 

We then investigated the cellular function of GPR78 by knocking down GPR78 in 

lung cancer cells. Interestingly, knockdown of GPR78 significantly inhibited cell 

migration but not cell proliferation. Although identification of endogenous ligand(s) 

for GPR78 will facilitate the examination its role in the cells, previous study 

suggested that constitutive activation of GPR78 can be induced by overexpression of 

itself (6). We thus overexpressed GPR78 in A549 cells and found that overexpression 

of GPR48 promoted cell migration, further suggesting that GPR78 functions as a 

regulator for cell migration in lung cancer cells. It has been reported that certain 

haplotypes of GPR78 were linked to increased susceptibligy to biopolar disorder 

(BPD) and schizophrenia (SZ) in a Scottish family (19). However, the function of 

GPR78 in modulating cell migration was not reported. Thus, our results, for the first 

time, demonstrate that GPR78 expresses in lung cancer cells and functions as a 

regulator for cell migration. 

 

We then investigated molecular mechanism of GPR78 in regulating cell migration. 

We found that knockdown of GPR78 significantly suppressed activity of RhoA and 
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Previous studies have demonstrated that RhoA and Rac1 modulate cell elongated 

morphology and regulate cancer cell migration (20, 21). Our study further showed 

that RhoA and Rac1 are responsible for GPR78-regulated cell migration. Moreover, 

GPR78-induced activation of RhoA and Rac1 is mediated by Gαq-signaling pathway 

since blocking of Gαq-signaling inhibited the activation of RhoA and Rac1. It has 

been reported that GPR78 is a Gs-coupled receptor in regulating cellular level of 

cAMP. Our study indicates that GPR78 is involved in cell migration through the 

classical Gα protein–mediated signaling pathway. We noticed that ectopic expression 

of active mutant CA Gq partially rescued cell migration in GPR78 knocking down 

cells. These results suggested that other downstream targets of GPR78 may also 

contribute to GPR78-regulated cell migration. There are several GPCRs have been 

shown to regulate tumor progression by coupling to Gα protein signaling pathway. 

For example, GPR56 was involved in the progression of pancreatic cancer and 

glioblastoma by coupling to Gα12/13 and Gαq/11(22, 23). CD97 promoted thyroid 

cancer progression by coupling to Gα12/13 (16). GPR116 promoted breast cancer 

metastasis by activating Gαq-Rho GTPase pathway (24). Thus, our study indicates 

that GPR78 can couple with the classical Gαq protein to mediate cancer cell migration 

and metastasis.  

 

Collectively, in this study, we first demonstrate that GPR78 expresses in lung cancer 

cells and plays an important role in promoting tumor cell migration and metastasis. 
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Gαq-mediated signaling pathway. Importantly, a mouse xenograft model further 

demonstrated knockdown of GPR78 inhibited lung cancer cell metastasis in vivo, 

suggesting that GPR78 is a novel regulator for lung cancer metastasis and may serve 

as a potential drug target against metastatic human lung cancer. 
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Reagents  

Antibodies to GPR78 (Cat. No. ab121390), RhoA (Cat. No. ab187027), Rac1 (Cat. 

No. ab33186) and β-actin (Cat. No. ab8226) were purchased from Abcam (Cambridge, 

MA, USA). Antibodies to FLAG (Cat. No. F7425) were purchased from 

Sigma-aldrich (St. Louis, MO, USA). Alexa Fluor® 568 Phalloidin was purchased 

form ThermoFisher Scientific (Grand Island, NY, USA).  

 

Cell culture 

HBEC3, HBEC4, A549, H1975, H1299, SPC-A1 and A172 cell lines were purchased 

from ATCC. Cells were maintained in DMEM medium (Invitrogen, USA) at 37°C 

with 5% CO2 supplemented with 10% fetal bovine serum, 100 units/ml penicillin G, 

100 µg/ml streptomycin, and 2 mM L-glutamine. Immortalized HBEC3 and HBEC4 

cells were cultured in Keratinocyte Serum Free media (KSFM) (Gibco) at 37°C and 5 % 

CO2. The KSFM media contained 50 μg/mL of bovine pituitary extract and 5 μg/mL 

of epidermal growth factor. 

 

Western blotting 

Cells were lysed in M2 lysis buffer (150mM NaCl, 50mM Tris-Cl (pH 8.0), 5mM 

EDTA, 1% Nonidet P-40) containing a protease inhibitor mixture (Roche Applied 

Science) and a phosphatase inhibitor mixture (Sigma，MO, USA). The equal amount 

of total protein was subjected to SDS-PAGE analysis and immunoblotting with the 
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Real-time PCR assay 

RNA was extracted using TRIzol (ThermoFisher, Grand Island, USA) and quantified 

by spectrophotometry (NanoDrop, Peqlab, Germany). RNA was reverse transcribed 

using Superscript III reverse transcriptase (ThermoFisher, Grand Island, USA), 

according to the manufacture’s protocol. PCR was conducted with the MyiQ 

Real-Time PCR Detection System (Bio-Rad, USA). The Taqman probe for gpr78 

(Assay ID: Hs01574416_m1), gpr26 (Hs00538034_m1), and and actin (Assay ID: 

Hs.PT.56a.21538384) were purchased from Thermo Scientific (Waltham, MA, USA). 

The threshold cycle number for each gene was normalized to that of actin, and the 

resulting value was converted to a linear scale.  

 

Plasmid construction and transfection 

Full-length DNA coding sequence of human GPR78 (NM_080819) was amplified 

using the forward primer 5’-GGATCCCATGGGCCCCGGCGAG-3’ and the reverse 

primer 5’-GTCGACGCCAGGCCCTCAGTGTG-3. The amplified PCR product was 

then cloned into the BamH1/ Sal1 site of pCMV-Tag2A construct and verified by 

DNA sequencing. p115-RGS (Amino acid residues 1–252) and GRK2-RGS (Amino 

acid residues 54–175) were amplified by PCR and subcloned into the BamH1/ 

EcroR1 site of pCMV-Tag2A construct. The constitutively active mutants of RhoA, 

Rac1, and Gq were cloned as previously described(25).  
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The lentivirus silencing vector expressing shRNA targeting human GPR78#1 (TRC 

number: TRCN0000357332) and GPR78#2 ADAM10 (TRC number: 

TRCN0000357333) were obtained from Sigma (St. Louis, MO, USA). Following the 

manufacturer’s instructions, plasmids were transfected into cells using Lipofectamine 

2000 (ThermoFisher Scientific, Grand Island, USA). For lentivirus production, 

HEK293T cells were co-transfected with pCMV-VSV-G and pCMV-dr8.2-dvpr and 

shRNA plasmids. After 24 h, supernatant was collected and this lentiviral preparation 

was used to infect cells. After 24 h of infection, cells were selected with puromycin 

for an additional 48 h. 

 

GTPase activity assay 

For RhoA activity, a fusion protein of glutathione S-transferase (GST) with the RhoA 

binding domain of Rhotekin was used (GST-RBD). For Rac1 activity, a GST fusion 

protein with the binding domain of PAK was used (GST-PBD). Briefly, both fusion 

proteins expressed in BL21 were purified with glutathione Sepharose beads (GE 

Healthcare). Cell lysates were prepared with RhoA lysis buffer [50 mmol/L Tris–HCl, 

pH 7.4, 150 mmol/L NaCl, 5 mmol/L MgCl2, 1 mmol/L dithiothreitol, 1 mmol/L 

phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100, proteinase inhibitor 

cocktail] or Rac1 lysis buffer (20 mmol/L HEPESNaOH, pH 7.5, 120 mmol/L NaCl, 

10% glycerol, 2 mmol/L EDTA, 0.5% Nonidet P-40, 1 mmol/L PMSF, proteinase 

inhibitor cocktail] and incubated with GST-RBD or GST-PBD precoupled to 
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RhoA or Rac1. The precipitant was then boiled in Laemmli sample buffer, and eluted 

product was separated on a 12% SDS-PAGE gel. Immunoblotting was used to detect 

the protein level of total and GTP-bound RhoA or Rac1. 

 

Transwell migration assay.  

A Transwell migration assay with 6.5-mm-diameter polycarbonate filters (8-μm pore 

size) was used. Cells (4 × 104) suspended in 100 μL of DMEM containing 0.5% FBS 

were seeded in the top chambers. The bottom chambers were filled with 500 μL of 

DMEM containing 10% FBS. Cells were allowed to migrate for 12 hours. 

Non-migrated cells were removed with cotton swabs, and migrated cells were fixed 

with cold 4% paraformaldehyde and stained with 1% crystal violet. Images were 

taken using an inverted microscope (10X magnification; Olympus, Tokyo, Japan), and 

migrated cells were quantified by manual counting.  

 

In vivo A549 xenograft model.  

A549 cells (2 X106) were mixed with Matrigel and injected s.c. nude mice (n = 6 for 

each group) under aseptic conditions.Tumors were measured in 2 dimensions, and 

volume was calculated according to the formula: V = 0.5(length X width2). The tumor 

was monitored and evaluated every week. After 7 weeks, tumor and lung were 

excised and evaluated. The total number of tumor foci was determined by five serial 

sections at 400 mm intervals.  
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Statistical analysis.  

Data were analyzed using the SPSS (version 20.0; IBM Corporation, Armonk, NY, 

USA) software program. Results are expressed as means ± S.D. and are representative 

of at least three separate experiments. The two-sample t-test was used to determine 

statistical differences in the means of two columns. P value less than 0.05 was 

regarded as statistically significant. 
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Figure 1 GPR78 promotes lung cancer cell migration.  

(A) The expression of GPR78 and Actin were analyzed by immunoblotting in normal 

human bronchial epithelial cell line, HBEC3 and HBEC4 cells or lung cancer cell 

lines, H1975, H1299, SPC-A1 and A549 cells. (B) The mRNA expression of GPR78 

and GPR26 were analyzed by real-time PCR in normal and cancer cell lines as 

indicated. ND, Not-detectable. (C) A549 cells were stably transfected with shRNA 

control or two shRNAs targeting GPR78 (GPR78#1 and GPR78#2). The expression 

of GPR78 and Actin were analyzed by immunoblotting. (D) shRNA control, 

GPR78#1 and GPR78#2 A549 cells were seeded in soft agar and cultured for 14 days 

to assay the ability of colony formation. Left, quantitative data of colony formation 

assays; colonies greater than 1 mm in diameter were counted. Right, representative 

colony images are shown. (E) shRNA control, GPR78#1 and GPR78#2 A549 cells 

were analyzed by Transwell assay for cell migration. Left, quantitative data of 

migrated cells. Results shown are averages ± S.E.M. Right, representative images of 

Transwell assay. (F) H1975, H1299 or SPC-A1 lung cancer cell lines were stably 

transfected with shRNA control or shRNA GPR78#1. Cell migration was analyzed by 

Transwell assay. Quantitative data of migrated cells are shown. Results shown are 

averages ± S.E.M. (G) A549 cells were transfected with vector control or 

FLAG-GPR78 and the expression of FLAG-GPR78 and Actin were analyzed by 

immunoblotting. (H) Vector control or FLAG-GPR78 A549 cell migration was 

analyzed by Transwell assay. Quantitative data of migrated cells are shown. Results 

shown are averages ± S.E.M. **, p<0.01 compared with control.  



UNCORREC
TE

D P
ROOF 

 

Figure 2 GPR78 regulates cell morphology by activating small GTPases. (A) Left, 

shRNA control, GPR78#1 and GPR78#2 A549 cells were photographed by 

phase-contrast microscopy and representative images are shown. Magnification, X200. 

Right, number of elongated cell was counted. (B) The cells were stained Alexa Fluor 

594 phalloidin (red) for F-actin and DAPI (blue). Representative images are shown. 

Magnification, Magnification, X600. (C) Knocking down of GPR78 inhibits the 

activation of RhoA and Rac1in A549 cells by GTPase assay. (D) shRNA-GPR#1 

A549 cells were transfected with constitutively active mutant RhoA Q63L or Rac1 

Q61L and the ability for cell migration was examined by Transwell assay. 

Representative images of Transwell assay are shown. Magnification, X100. (E) 

Quantitative data of migrated cells in (D). Results shown are averages ± S.E.M. **, P 

< 0.01. 
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Control or FLAG-GPR78 overexpressed A549 cells were transfected with Gα12/13 

inhibitor p115-RGS or Gαq/11 inhibitor GRK2-RGS as indicated. The activation of 

RhoA and Rac1 was analyzed by GTPase assay. (B) shRNA-control or 

shRNA-GPR78#1 A549 cells were transfected with constitutive Gαq/11 protein 

CA-Gq as indicated. The activation of RhoA and Rac1 was analyzed by GTPase assay. 

(C) The cells used in (B) were analyzed for invasion ability by Transwell assay.  

Upper, Representative images of Transwell assay. Lower, Quantitative data of 

migrated cells are shown. Results shown are averages ± S.E.M. 
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Control or GPR78#1 shRNA A549 cells were injected s.c. into 6-week-old female 

nude mice. Tumor growth curve or (B) final images for A549 tumor xenografts are 

shown. (C) Representative H&E images of lungs of mice from (A). (D) Lung tumor 

multiplicity of mice from (A) was determined by counting total tumor foci in 5 serial 

sections at 400 mm intervals. **, p<0.01. 
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Fig. 1 



UNCORREC
TE

D P
ROOF

 



UNCORREC
TE

D P
ROOF

Fig. 2 


