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A pan-cancer analysis of RGR opsin expression and its downregulation 
associated with poor prognosis in glioma 
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Retinal G protein-coupled receptor (RGR) serves a retinal photoisomerase function to mediate retinoid metabolism and 
visual chromophore regeneration in the human eyes. Retinoids display critical functions in cell proliferation, di�erentiation, 
and apoptosis. Abnormal retinoid metabolism may contribute to tumor development. However, in human tumor tissues, 
the expression of RGR remains uncharacterized. Herein, we performed the analysis of RGR expression in 620 samples 
from 24 types of tumors by immunohistochemistry (IHC) and 33 cancer types from the Cancer Genome Atlas (TCGA), 
the Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO) databases by bioinformatic analyses. 
Furthermore, the biological role of RGR in glioma cells was investigated using molecular biology approaches in vitro. 
Notably, we found that brain lower grade glioma (LGG), in contrast to other tumor types, had the highest median score of 
IHC and RNA level of RGR expression. Survival analysis showed that low RGR expression was associated with worse overall 
survival in LGG (p<0.0001). RGR expression levels in glioma were also associated with pathological subtypes, grades, and 
isocitrate dehydrogenase (IDH) mutations. Moreover, its molecular function was closely associated with cadherin-related 
family member 1 (CDHR1), a tumor-suppressive protein in glioma, suggesting that RGR might negatively regulate the 
tumorigenesis and progression of LGG through interacting with CDHR1. Our �ndings provide new insight into the role of 
RGR in human cancer, especially in glioma. 
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Retinal G protein-coupled receptor (RGR), as a member 
of the non-visual opsin subfamily expresses in Müller glia 
and the retinal pigment epithelium (RPE) in human eyes 
[1, 2]. To restore light sensitivity in the visual process, visual 
opsins need recharging with 11-cis-retinal (chromophore) 
[2]. Upon daylight condition, RGR in the RPE and Müller 
cells is capable of photoisomerizing all-trans-retinaldehyde 
to 11-cis-retinaldehyde, which continuously supplies the 
chromophore to visual opsins, explaining how the eye can 
retain responsiveness to daylight [3–5]. In addition, some 
studies have shown that RGR can also indirectly mediate 
the classical retinoid cycle that regenerates 11-cis-retinal 
independent of light, by enhancing the key enzyme of 
RPE-speci�c 65 kDa (RPE65) activity [6, 7]. Other studies 
revealed that RGR in RPE65-de�cient mice still regener-
ates 11-cis-retinal in photic conditions, whereas the double 

knockout of RGR and RPE65 mice lost the sensitivity to 
light stimulation in the eye [8, 9]. Moreover, both previous 
sequence analysis and site-directed variant studies found that 
the conserved lysine residue at position 255 is critical for the 
Schi� base formation at bovine RGR, which is identi�ed as 
the retinal-binding site in visual pigments [5, 10]. Given that 
RGR shares high homology with retinochrome, in which 
glutamic acid 161 serves as the counterion in retinochrome, 
the glutamic acid 156 in the transmembrane helices VI and 
V of RGR could act as the counterion to stabilize the retinal 
[10, 11]. �us, these �ndings identi�ed the structure basis 
of RGR covalent binding to retinal. Collectively, previous 
�ndings suggest that RGR serves a retinal photo-isomerase 
function to mediate retinoid metabolism in the human eyes. 
Since retinoids display critical functions in cell proliferation, 
di�erentiation, apoptosis, and aberrant retinoid signaling are 
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associated with human carcinogenesis [12, 13], it is intriguing 
to speculate that RGR may be associated with the initiation 
and development of cancers.

In the human genome, the RGR is composed of seven 
exons on chromosome 10q23 [14, 15]. Previous studies 
reported that the point variant of p.Ser66Arg and frameshi� 
mutations that occurred in the human RGR are associated 
with retinal dystrophies and age-related macular degenera-
tion [16–19]. Interestingly, both the RGR Ser66Arg mutation 
and a cis-acting mutation of cadherin-related family 
member 1 (CDHR1) in its nearby gene have been previously 
described in some patients with retinal dystrophies [17, 20]. 
�erefore, these evidences suggest that RGR is a necessary 
element in the visual sense, and its function is potentially 
related to the nearby gene of CDHR1. A recent study showed 
that downregulated CDHR1 is a poor prognostic factor in 
glioma patients while its overexpression can inhibit tumor 
cell proliferation and invasion [21]. Moreover, we found 
that RGR has higher expression in the proliferative lesions 
of psoriasis, seborrheic keratosis, and squamous cell carci-
noma compared with normal skin tissues by immunohis-
tochemistry (IHC) staining [22]. �ese interesting �ndings 
indicate that RGR might be related to the initiation and 
development of cancers. However, the functions of RGR in 
extraocular tissues such as the brain or skin remain almost 
completely unknown.

Here, we focused on the expression and character-
ization of RGR in di�erent human cancers, as well as its 
association with clinical prognosis. We �rstly performed 
the expression of RGR in 24 types of cancers via IHC 
staining, and further its gene expression level and survival 
analysis were evaluated among 33 tumor types by �e 
Cancer Genome Atlas (TCGA) data. As a result, compared 
with other cancers types, there was signi�cant di�erence 
between overall survival (OS) and di�erent RGR expres-
sion level in brain lower grade glioma (LGG). �us, LGG 
was selected �rst as a candidate to further study the corre-
lation between RGR and the pathological subtypes, grades, 
and isocitrate dehydrogenase (IDH) mutation. Lastly, the 
biological function of RGR was studied by bioinformatics 
and cell biology experiments.

Patients and methods

Data collection. Our cohort was composed of 24 types 
of tumors, from the A�liated Hospital of Guizhou Medical 
University. Hematoxylin and eosin (H&E) stained sections 
were reviewed and evaluated, and samples ful�lling the 
criteria for the appropriate diagnoses of various cancers 
were selected for study. Archived formalin-�xed para�n-
embedded (FFPE) blocks were cut to make 4 µm sections for 
IHC and multiple immuno�uorescence staining. �e gene 
expression data and related clinical overall survival informa-
tion for 33 tumor types were collected from TCGA datasets 
(https://portal.gdc.cancer.gov/), while the gene expression 

data for glioma was obtained from the Chinese Glioma 
Genome Atlas (CGGA) dataset (http://www.cgga.org.cn/
index.jsp). In addition, the Gene Expression Omnibus 
(GEO) databases (https://www.ncbi.nlm.nih.gov/geo/) of 
glioma, including GSE21354, GSE16011, GSE107850, and 
GSE30472, were used to validate the expression and charac-
terization of RGR in glioma. �e pan-cancer analysis of RGR 
mutations was assessed by the cBio Cancer Genomics Portal 
tool (http://cbioportal.org) [23].

Ethics approval and consent to participate. �e study 
was approved by the Ethics Committees of A�liated Hospital 
of Guizhou Medical University; Approval: #2019‐184 and 
was performed according to the Declaration of Helsinki. 
Under Chinese law, written consent from the patients was 
not required because the material used had been collected 
for diagnostic and therapeutic purposes in the archives of 
the Institute for Pathology, A�liated Hospital of Guizhou 
Medical University, and used for this study in pseudony-
mized form.

RGR gene expression and survival analysis. RGR gene 
expression in the 33 kinds of cancers from TCGA data was 
analyzed using the Gene Expression Pro�ling Interactive 
Analysis (GEPIA) browser (http://gepia.cancer-pku.cn/) 
[24]. And, Kaplan-Meier (KM) survival curves combined 
with a log-rank test were used to test the di�erences in 
prognosis between high- and low-expressed RGR groups 
(according to the median expression value of RGR) using the 
survival R package [25]. RGR gene di�erent expression and 
overall survival analyses in the glioma from CGGA and GEO 
datasets were analyzed using the Kaplan-Meier plotter online 
tools of CGGA (http://www.cgga.org.cn/analyse/RNA-data.
jsp) and LOGpc (Long-term Outcome and Gene Expression 
Pro�ling Database of pan-cancers, http://bioinfo.henu.edu.
cn/DatabaseList.jsp) [26], respectively.

Gene set enrichment analysis. Gene Ontology Molecular 
Function (GO_MF) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses from TCGA LGG data were 
conducted using the LinkedOmics database platform (http://
www.linkedomics.org/login.php) [27]. GO terms and KEGG 
pathways with p<0.05, False Discovery Rate (FDR) <0.25 
were considered remarkably enriched.

IHC analyses of RGR expression. Details about the 
methods and further the semiquantitative assessment 
followed the previous report [28]. Brie�y, 4 µm sections 
with di�erent types of tumor tissues were dewaxed and 
rehydrated according to standard methods. Antigen 
retrieval was conducted with retrieval solution (ethylene-
diaminetetraacetic acid [EDTA], pH 9.0, ZLI‐9069 from 
ZSGB‐BIO, Beijing, China) for 4 min using the pressure 
cooker. �e 3% H2O2 (PV‐9000; ZSGB‐BIO) was applied to 
block endogenous enzyme activity, subsequently incubated 
in a serum‐free blocking solution (ZLI‐9056; ZSGB‐BIO). 
�en, the primary antibody of RGR (A�nity Biosciences, 
Cat# DF2858, RRID:AB_2840064) with dilution 1:300 was 
incubated at 4 °C overnight, followed by treatment with the 
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UltraView Polymer DAB Detection Kit (Ventana/Roche) 
according to the recommended manufacturing protocol.

RGR expression of all stained slides was scored by two 
independent investigators. The semi-quantitative assess-
ment method was carried out by using percentages of 
3+ (strong), 2+ (moderate), 1+ (weak), and 0 (negative) 
staining of tumor cells for each sample. The IHC score was 
calculated by the percentage of positive tumor cells (3 × x% 
+ 2 × x% + 1 × x% = total score) to equal a range of 0–300 
[29].

Multiple immunof﻿luorescence staining. Based on the 
previous method [30], co-staining of RGR and glial fibril-
lary acidic protein (GFAP; GeneTex, Irvine, CA, USA) 
in glioma tissues was performed. The steps from paraffin 
dewaxing and hydration to primary antibody incubation 
were the same as the above IHC staining method. After the 
first primary antibody of anti‐RGR (1:300; Affinity Biosci-
ences, Cat# DF2858, RRID: AB_2840064) overnight at 
4 °C, the secondary antibody marked with HRP (abs50012; 
Absin, China) was incubated at room temperature (RT) 
for 30 min in the dark condition. Next, the sections were 
stained with monochromatic fluorescent dyes 570‐tyramide 
signal amplification (TSA) solution (abs50012; Absin) at a 
1:200 dilution for 30 min at RT in the dark. After repeating 
the above steps, the slides were again immersed in antigen 
and then stained with the second primary antibody of anti‐
GFAP (rabbit 1:100; GeneTex), corresponding secondary 
antibody, and monochromatic fluorescent dyes 520‐TSA 
(abs50012; Absin), respectively. DAPI (abs50012; Absin) 
with 1:100 dilution at RT for 5 min was used for nuclei 
staining. According to the above steps, co-staining of RGR 
(1:300) and CDHR1 (PAS-43510, 1:100, Invitrogen, USA) 
in the glioma tissues was also conducted.

Image analysis of tissue cytometry was conducted by The 
TissueFAXS Quantitative Imaging System (TissueGnostics, 
Vienna, Austria) [31, 32]. The staining intensity of GFAP 
and RGR was quantitated by the computed mean grey level 
intensity in the cancer cell. The flow cytometry-like dot 
scatterplots were used to display the biomarker-positive 
cells in the immunofluorescence images.

Cell culture and transient transfection. U87 cell line 
was cultured in DMEM medium (Gibco, USA) containing 
10% fetal bovine serum (FBS; SORFA, Beijing, China), 2 mM 
L-glutamine (Gibco, USA), and 1% (vol/vol) penicillin/
streptomycin (Biological Industries, Kibbutz Beit Haemek, 
Israel) incubated at 37 °C in a 5% CO2 incubator. Approxi-
mately 24 h after seeding into 96-well plates at 0.8×104 cells/
well, in accordance with the manufacturer’s instructions, 
cells were transiently transfected by Lipofectamine 2000 
(2097561, Invitrogen, USA) with a final siRNA concentra-
tion of 40 nM. Transfection reactions were performed in 
serum-free Opti-MEM (31985070, Gibco). After siRNA 
transfection, cells were cultured for 48 h for further detec-
tion. Levels of RGR protein silencing were assessed 48 h 
post-transfection by western blotting. The pooled siRNA 

oligos targeting RGR (5’-AUGCCAUCCUGUAUCU-
AUATT-3’), and negative control siRNAs (5’-UAUAGAUA-
CAGGAUGGCAUTT-3’) were purchased from Tran Sheep 
Bio-Tech Co. Ltd. (Shanghai, China).

Western blot. Based on the previous method [33] briefly, 
the proteins (20 µg) of U87 cells were separated via 10% 
SDS-PAGE (Beijing Solarbio Science & Technology Co., 
Ltd., Beijing, China) for 1.5 h at 80 V and then were trans-
ferred onto polyvinylidene fluoride membranes (EMD 
Millipore, Billerica, MA, USA) for 90 min at 250 mA. 
Following blocking with 5% skimmed milk for 2 h at RT, the 
membranes were then incubated with primary antibody, 
including anti-RGR (cat. no. DF2858, 1:1000, Affinity 
Biosciences), anti-CDHR1 (PAS-43510, 1:1000, Invitrogen, 
USA) and a mouse anti-human beta-tubulin monoclonal 
antibody (cat. no. T0023; 1: 10000; Affinity Biosciences) 
overnight at 4 °C, respectively. Subsequently, the membranes 
were incubated with horseradish peroxidase (HRP)-labeled 
goat anti-rabbit (cat. no. ab6721; 1:10000; Abcam) or 
anti-mouse (cat. no. ab6789; 1:10000; Abcam) secondary 
antibodies for 60 min at RT. Finally, the membranes were 
visualized using a BeyoECL Plus kit (P0018S, Beyotime 
Institute of Biotechnology, Shanghai, China) with the Bio 
Imaging system (Bio-Rad Laboratories, Inc.).

CCK-8 assay. The cell proliferation was measured via 
Cell Counting Kit-8 (CCK-8) assay (Dojindo, Japan). In 
brief, the cells were seeded into a 96-well plate at a concen-
tration of 1×104 cells with 10 µl CCK-8 per well. The cell 
growth rate at different time points (6 h, 12 h, 24 h, 48 
h) was detected at 450 nm using a SkanIt Varioskan LUX 
microplate reader (Thermo Fisher Scientific).

Transwell invasion assay. Transwell invasion assays 
were conducted in the Transwell filter chamber with an 
8 µm pore size (Corning, Lowell, MA, USA). U87 cells 
were suspended in a serum-free medium and added to the 
upper Transwell chamber at a density of 1×104 cells/200 μl 
medium. After 48 h of migration, the migrated cells were 
stained with 0.1% crystal violet (Solarbio, cat. G1063) for 
15 min. Photographs were taken using an inverted micro-
scope (Olympus, Japan). The number of cells from five 
random fields was counted using ImageJ software (imagej.
nih.gov/ij).

Statistical analyses. R version 3.6.1 and GraphPad Prism 
(version 8.0) software were used for statistical analysis. 
Continuous variables were presented as mean ± SD or 
median with interquartile range (IQR) when the distribu-
tion was skewed. The analysis of variance to compare the 
means of two or more than two groups was performed 
by t-tests or one‐way. Both Mann-Whitney (two groups) 
and the Kruskal-Wallis (more than two groups) tests were 
used to compare the nonparametric distributions. Survival 
analyses were conducted via the Kaplan-Meier method. The 
time ROC (v 0.4) of R packages was used for ROC curves 
analysis. Statistically significant differences were consid-
ered when p<0.05 (*p<0.05, **p<0.01, ***p<0.001).
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(Figure 1C) and mainly occurred in melanoma of unknown 
primary and esophageal adenocarcinoma (Figure 1D).

Survival analysis. Furthermore, using TCGA data, we 
estimated the associations between RGR expression level 
and survival status of the patients in 33 tumor types by log‐
rank tests. Only in LGG, the Kaplan-Meier survival analysis 
showed a signi�cant di�erence (p<0.0001) of patient OS 
found between low and high expression of RGR groups 
according to RGR expression of median value (Supplemen-
tary Figures S1A, S1B), revealing that low RGR expression is 
associated with shorter OS. In addition, the e�ects of RGR on 
progression-free survival (PFS), disease-free survival (DFS), 
and disease-speci�c survival (DSS) were also tested in LGG. 
In TCGA datasets, we found that with the exception of DFS 
(p=0.656) (Supplementary Figure S2), RGR expression level 
a�ected the other two survival index of PFS (p<0.0001), DSS 
(p<0.0001) in LGG patients (Supplementary Figures S1C–
S1F). Moreover, the associations between expression levels 
of RGR and glioma survival were evaluated using CGGA, 
GSE30472, and GSE107850 datasets. �e results showed that 
in the CGGA dataset, patients with higher expression of RGR 
had longer OS than those with lower expression of RGR in 
grade III LGG and primary grade II LGG, while the di�er-
ence was observed in recurrent GBM (Figure 2). Similar to 
the results from TCGA datasets, low expression of RGR in 
DFS analysis was a signi�cantly poor prognosis among LGG 

Results

Pan-cancer analysis of RGR expression in various 
cancers. General characteristics of 620 samples of 24 cancer 
types are highlighted in Table 1. �e median IHC staining 
scores of RGR di�ered signi�cantly among di�erent tumor 
types (Figure 1A). �e median RGR score was the highest 
in LGG (Median [IQR]) (150.0 [80.00–235.0]), while lowest 
in the di�use large B-cell lymphoma group (30.00 [20.00–
50.00]) (Table 1). Also, we compared the di�erential expres-
sion of the RGR gene in 33 cancer types using TCGA data 
[24], which showed that the Transcripts Per Kilobase of 
exon model per Million mapped reads (TPM) value of RGR 
RNA level was higher in 10 types of cancers such as breast 
invasive carcinoma, colon adenocarcinoma, and head and 
neck squamous cell carcinoma, compared with adjacent 
normal tissues (Figure 1B), while downregulating in those 
cancers of bladder cancer, glioblastoma multiforme (GBM), 
kidney chromophobe, lung squamous cell carcinoma. RGR 
RNA level was highest in LGG compared with other types 
of cancer (Figure 1B). Next, the RGR gene alterations were 
analyzed in two di�erent pan–cancer datasets (500 samples 
from GSE186344 and 249 samples from BioStudies  (ID: 
S-EPMC6119118)) from the cBioPortal database [34–35]. 
We found that the frequencies of gene mutations, including 
splice mutation and missense mutations, were 0.9% 

Table 1. RGR expression scores in 24 subtypes of cancers.

Tumor sites Abbreviations Tumor types RGR expression
IHC Score (median [IQR])

Adrenal cortex ACC Adrenocortical carcinoma (n=21) 40.00 [20.00–75.00]
Bladder BLCA Urothelial carcinoma (n=17) 110.0 [85.00–160.0]
Breast BRCA Carcinoma (n=20) 120.0 [85.00–187.5]
Cervix uteri CESC Squamous cell carcinoma (n=23) 75.00 [50.00–100.0]
Bile duct CHOL Cholangiocarcinoma (n=23) 120.0 [90.00–160.0]
Colon COAD Adenocarcinoma (n=28) 145.0 [120.0–180.0]
Blood DLBC Lymphoid neoplasm di�use large B-cell lymphoma (n=27) 30.00 [20.00–50.00]
Esophagus ESCA Esophageal carcinoma (n=21) 100.0 [80.00–180.0]
Brain GBM Glioblastoma multiforme (n=32) 80.00 [60.00–120.0]

LGG Lower grade glioma (n=61) 150.0 [80.00–235.0]
Head/Neck HNSC Squamous cell carcinoma (n=21) 60.00 [40.00–90.00]
Kidney KIRC Clear cell carcinoma (n=28) 80.00 [62.50–100.0]
Liver LIHC Hepatocellular carcinoma (n=23) 40.00 [10.00–80.00]
Lung LUAD Adenocarcinoma (n=29) 100.0 [60.00–130.0]

LUSC Squamous cell carcinoma (n=26) 65.00 [47.50–80.00]
Pancreas PAAD Adenocarcinoma (n=22) 90.00 [60.00–145.0]
Prostate PRAD Adenocarcinoma (n=22) 95.00 [40.00–120.0]
Rectum READ Adenocarcinoma (n=26) 120.0 [90.00–165.0]
Skin SCC Squamous cell carcinoma (n=48) 120.0 [80.00–160.0]

SKCM Melanoma (n=38) 135.0 [80.00–212.5]
Testicular TGCT Testicular germ cell tumors (n=4) 90.00 [75.00–202.5]
�yroid THCA Papillary carcinoma (n=22) 110.0 [80.00–165.0]
Endometrium UCEC Uterine corpus endometrial carcinoma (n=25) 90.00 [80.00–160.0]
Uvea UVM Melanoma (n=13) 120.0 [80.00–210.0]
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patients from the GSE107850, however, there was no di�er-
ence between RGR expression and prognosis of GBM in 
the GSE30472 dataset (Supplementary Figure S3). Also, in 
our LGG samples, based on the RGR score of median value, 
prognostic analysis was made between patients with high 
and low expression of RGR via the Kaplan-Meier method, 

which showed low IHC score of RGR was associated with 
worse OS in LGG (p=0.023) (Supplementary Figure S4). 
Together, these results suggested that the downregulation of 
the RGR expression is associated with poor outcome of LGG. 
Following this, we focused on the expression characteristics 
and functions of RGR in LGG.

Figure 1. Expression di�erence of RGR in di�erent tumor types. A) RGR expression in representative cancers cases from 24 tumor types via IHC stain-
ing (IHC, ×20 magni�cation). B) mRNA levels of RGR in 33 subtypes of cancers from TCGA. C) Mutation analysis of the RGR gene in two di�erent 
pan-cancer datasets from the cBioPortal database (500 samples from GSE186344 and 249 samples from BioStudies (ID: S-EPMC6119118)). D) Tumor 
types of RGR variants in two di�erent pan-cancer datasets (500 samples from GSE186344 and 249 samples from BioStudies (ID: S-EPMC6119118)).
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Figure 2. Overall survival analysis of glioma patients between low and high expression of RGR groups in CGGA dataset according to RGR expression 
of median value using the Kaplan-Meier method.
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Figure 3. Gene expression of RGR in di�erent pathological subtypes and grades of glioma in TCGA (A, C, D) and CGGA (B) datasets. ***p<0.001
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Association between RGR and histopathologic variables 
of LGG. Considering LGG is grade II–III glioma with grade IV 
glioma also termed GBM, we �rst compared the gene expres-
sion di�erence of RGR between GBM and LGG in TCGA 
and CGGA datasets (Figure 3). In contrast to GBM, the RGR 
gene was expressed at a higher level in LGG (p<0.0001). Also, 
there was a notable di�erence in RGR expression between 
grade II and III LGG patients (p<0.0001), with a higher level 
of RGR in grade II LGG via TCGA data (Figures 3A–3C). 
Moreover, RGR gene expression in three cellular morphologic 
subtypes of LGG including astrocytoma, oligoastrocytoma, 
and oligodendroglioma were compared using TCGA data. 
�e results showed that RGR was downregulated in astrocy-
toma compared with the other subtypes (Figure 3D). At the 
protein level, RGR also showed the same expression trends, 
and its expression decreased gradually from grade II to IV 
glioma through the multi‐immuno�uorescence staining and 
tissue cytometry analysis (Figure 4). In addition, there were 
no statistical signi�cances between RGR expression level and 
clinicopathological data including age, sex, and progression 
status (Supplementary Figure S5). In other types of cancer, 
the association between RGR and histopathologic variables 

was performed. RGR expression level was signi�cantly corre-
lated with the pathological stage of tumors involving adreno-
cortical carcinoma, cholangiocarcinoma, kidney renal clear 
cell carcinoma, and stomach adenocarcinoma. We also found 
that the RGR expressions in di�erent histological types of 
cancers were obviously di�erent including bladder urothelial 
carcinoma, cervical squamous cell carcinoma, and endocer-
vical adenocarcinoma. �e expression of RGR in colon 
adenocarcinoma/rectum adenocarcinoma, head and neck 
squamous cell carcinoma, and liver hepatocellular carcinoma 
is signi�cantly associated with lymphatic and/or vascular 
invasion (Supplementary Figure S6).

Expression of RGR in IDH mutant LGG and its corre-
lation with CDHR1. Next, we assessed the relationships of 
RGR with IDH mutations in LGG. As shown in our LGG 
specimens, RGR expression was higher in the IDH1 R132H 
mutation group than IDH wild-type group in LGG patients 
(p=0.0325). Also, RGR expression in grade II–IV gliomas 
with IDH mutation 1p19q deletion or IDH mutation 1p19q 
non-deletion was higher in the CGGA dataset, compared 
with IDH wild-type gliomas (p<0.005) (Figure 5A). By 
comparison with IDH mutation 1p19q non-deletion, RGR 

Figure 4. Scatterplot of RGR and GFAP expression on individual cells of glioma tissues using multiple immuno�uorescence staining and tissue cytom-
etry (A, C, E) assays. Multi‐immuno�uorescence analysis of representative case from gliomas (B, D, F). �e cancer cells were positive by co-staining of 
GFAP (green) and RGR (red). Scale bars: 20 µm
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was also highly expressed in grade II–IV glioma patients with 
IDH mutation 1p19q deletion in the CGGA dataset (Figure 
5B). We then measured TCGA mRNA-seq data by Pearson’s 
correlation analysis between RGR and its co-expressed genes. 
And, the most relevant result showed a signi�cantly positive 
correlation between RGR and CDHR1 expression in the 
heat map (r=0.75, p<0.0001) (Figure 5C), and the results of 

their correlation analysis are consistent in GEO (Supplemen-
tary Figures S7A, S7B) and CGGA datasets (Supplementary 
Figure S7C). A recent study demonstrated that low expres-
sion of CDHR1 has been identi�ed as a poor prognostic 
factor in LGG [21]. �us, these promising �ndings indicated 
that RGR may be a potential indicator for the assessment of 
LGG prognosis.

Figure 5. RGR expression levels in glioma associated with isocitrate dehydrogenase (IDH) mutations (A, B). �e heat map of co-expressed genes of 
RGR in LGG (C). RGR was signi�cantly and positively correlated with CDHR1 expression in TCGA dataset.
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Di�erential gene analysis of RGR in LGG. To further 
investigate the potential molecular mechanism of RGR in 
LGG, in TCGA cohort, we performed the di�erential gene 
analysis between samples with low and high RGR expression 
to identify RGR-related signaling pathways using GO and 
KEGG pathway enrichment analyses. As shown in Figure 6, 
the notably downregulated terms were primarily enriched 
in “cell adhesion molecule binding”, “ECM-receptor inter-
action”, “Cytokine receptor binding”, “Cytokine receptor 
activity”, “Extracellular matrix structural constituent”, and 
“Cytokine-cytokine receptor interaction”, partly  involved in 
cell adhesion. �us, these results may provide insights into 
the cellular biological e�ects of RGR that could regulate 
tumor cell adhesion by interacting with CDHR1 in LGG and 
further a�ect tumorigenesis and progression.

E�ects of RGR downregulation on the proliferation 
and invasion of glioma cells. To determine if RGR mediates 
proliferation, migration, and invasion in glioma cells, we �rst 

investigated the main location of RGR and CDHR1 in glioma 
tissues using a �uorescence microscope. We found that both 
RGR and CDHR1 were mainly distributed in the cytoplasm 
and membrane of cancer cells in LGG and GBM (Figure 7A), 
and their expression patterns are similar in cancer tissues. 
Next, we reduced RGR mRNA levels in the glioma cell line 
of U87 cells using small RNA interference technology. �e 
protein level of CDHR1 was signi�cantly reduced under 
RGR low expression in U87 cells (Figures 7B, 7C). Further-
more, the cell growth was tested via the CCK-8 assay, which 
was signi�cantly promoted by the downregulated RGR in 
U87 cells (Figure 7D). Also, the cell invasion was enhanced 
under low expression of RGR in U87 cells as assessed by 
the Transwell assay (Figures 7E, 7F). Taken together, those 
results suggest that low-expressed RGR has notably impacted 
on the proliferation and invasion of glioma cells. Bases on the 
relationship between RGR and CDHR1, we speculated that 
RGR and CDHR1 may form a molecular complex. To study 

Figure 6. Gene set enrichment analysis of RGR. �e GO (A) and KEGG (B) pathways that were enriched by the top-ranked genes in the two groups 
were detected by GSEA. For each analysis, the number of gene set permutations was set to 1000. �e nominal (NOM) P value, false discovery rate (FDR 
<0.25), and normalized enrichment score (NES) were used to identify the pathways enriched in each phenotype.
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Figure 7. Low expression of RGR increase glioma cell growth and invasion. A) Cell localization of RGR and CDHR1 in LGG and GBM tissues using 
multiple-immuno�uorescence staining (×20, ×40 magni�cation). B) �e e�ect of RGR siRNA on the protein level of RGR and CDHR1 expression 
(Si: siRNA, Nc: negative control). C) �e relative protein level was quanti�ed using ImageJ so�ware (RGR-Si vs. RGR-Nc: p=0.0044; CDHR1-Si vs. 
CDHR1-Nc: p=0.0022). D) Cell growth analysis of U87 under RGR low expression by CCK-8 method (12h: p=0.004; 24h: p=0.0014; 48h: p=0.007). 
E) Representative images of invasive U87 cells under RGR low expression using Transwell assay. F) �e quanti�cation of migrated U87 cells under 
RGR low expression using ImageJ so�ware (p=0.0033). G) �e interaction between RGR and CDHR1 was performed by molecular docking in glioma. 
*p<0.05, **p<0.01, ***p<0.001
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the protein-protein interaction between RGR and CDHR1, 
we used the ZDOCK method for homology modeling to 
estimate the interaction between RGR and CDHR1 [36]. 
�e results showed that the binding site of ASP86 in RGR 
interacted with the ARG378 residue of CDHR1 (Figure 7G), 
indicating that RGR and CDHR1 can form a physical complex 
to regulate the proliferation and invasion of glioma cells.

Discussion

Retinal G protein-coupled receptor (RGR) functions 
as a retinal photo-isomerase to mediate retinoid metabo-
lism in the human eyes. Retinoids are a class of natural 
and/or synthetic vitamin A analogs including vitamin A, 
all-trans retinoic acid, and related signaling molecules that 
are involved in the physiology of vision and regulating the 
proliferation and di�erentiation of various types of normal 
and malignant cells [13]. Retinoid signaling is impaired early 
in the carcinogenesis of various cancers, such as cancers of 
the oral cavity, skin, bladder, kidney [13, 37–39]. Retinoids 
are also used to treat human cancers, in part due to their 
ability to inhibit cell proliferation, induce di�erentiation, 
and cell death by apoptosis [13]. �us, those suggested that 
RGR may be associated with tumor development in various 
human cancers. However, the biological functions of RGR 
in extraocular tissues including tumors remain unclear. �e 
expression and characterization of RGR in various tumors 
are also barely reported. Herein, in this study, we started with 
a pan-cancer analysis of RGR opsin expression using TCGA 
datasets in 33 cancer types, among which 14 were shown to 
be di�erentially expressed at the transcriptional levels of RGR 
compared with adjacent normal tissues. Moreover, we found 
that RGR expression level was signi�cantly correlated with 
histological types, pathological stage, and/or lymphatic and/
or vascular invasion of various types of human cancers. �ese 
results revealed that RGR expression is heterogeneous across 
multiple tumors, which suggested that abnormal expression 
of RGR may play a role in oncogenesis and tumor develop-
ment of various human cancers. Particularly, we found that 
low expression of RGR in glioma tissue was remarkably 
associated with poor prognosis in glioma patients and other 
validated prognostic factors including histological grade, 
IDH mutation, and CDHR1 [21, 40, 41], suggesting that 
downregulation of RGR may contribute to carcinogenesis 
in glioma, especially in LGG. Altogether, our results implied 
that RGR may act as a tumor-negative gene in LGG carcino-
genesis and progression.

To our knowledge, however, the molecular functions of 
RGR in cancer have not yet been reported. �erefore, we 
conducted bioinformatics analysis to study the molecular 
mechanisms of RGR in LGG carcinogenesis and progression 
via TCGA datasets. �ese results demonstrated that RGR in 
LGG remarkably correlates with “cell adhesion molecule 
binding” and “ECM-receptor interaction”, which are related 
to cell adhesion. �us, those indicated that RGR may a�ect 

the LGG carcinogenesis and progression by regulating 
cancer cell adhesion. Furthermore, a highly positive corre-
lation was shown between RGR and the CDHR1 gene 
via Pearson correlation analysis. We also determined the 
biological functions of RGR and the expression relationship 
between RGR and CDHR1 in U87 glioma cells. A positive 
correlation was shown between RGR and CDHR1 expres-
sion, and low expression of RGR reduced the expression of 
CDHR1 protein level and enhanced the proliferation and 
invasion of glioma cells in vitro, which is consistent with 
our previous results of bioinformatics analysis. �e CDHR1, 
also known as protocadherin 21 (PCDH21), is a photore-
ceptor-speci�c cadherin and belongs to the non-clustered 
PCDHs of cadherin superfamily, wherein loss of expression 
of some non-clustered PCDHs, such as PCDH1, PCDH10, 
and PCDH20, are associated with unfavorable prognosis 
of various human cancers [42–45], which indicated that 
most non-clustered PCDHs of calcium-dependent cell-cell 
adhesion molecules may exert tumor-suppressive function 
[43]. It is further supported by a recent report that downreg-
ulated CDHR1 is a poor prognostic factor in glioma patients 
while its overexpression can inhibit tumor cell proliferation 
and invasion [21]. Our results and other studies indicate that 
RGR may regulate the proliferation and invasion of glioma 
cells through functional interaction with CDHR1. Interest-
ingly, the gene position between RGR and CDHR1 was close 
to each other on the chromosome. And a point variant of 
RGR with a cis-acting frameshi� mutation  in CDHR1 has 
been reported in association with recessive retinal disorder 
[17, 46]. �erefore, it is reasonable to speculate that RGR 
and CDHR1 might form a functional complex to a�ect 
glioma tumorigenesis and progression. �erefore, the 
protein-protein interactions between RGR and CDHR1 
were performed by molecular docking. Notably, the binding 
site of ASP86 in RGR with the ARG378 residue of CDHR1 
is able to interact to form a physical complex to regulate 
the proliferation and invasion of glioma cells. �ese results 
suggest that RGR and its coexpressed gene of CDHR1 are 
involved in cell adhesion in LGG carcinogenesis, leading 
to a poor prognosis in LGG patients. �is study presented 
here expands our understanding of RGR functions and its 
novel roles in human cancer. However, additional work 
was required to evaluate the speci�c molecular mecha-
nism of RGR as a tumor-negative gene in LGG, especially 
for the relationship among RGR, CDHR1, and retinoids. 
Previous studies demonstrated that retinoids strongly 
inhibit primary glioma cells’ proliferation and migration, 
providing a basis for retinoids for the treatment of human 
malignant gliomas [47]. We also observed that the dysfunc-
tional RGR contributes to carcinogenesis and progression 
in SCC by regulating the balance between cell proliferation 
and di�erentiation (unpublished data). On the basis of these 
promising �ndings, it is well worth further investigation for 
the relationship among RGR, CDHR1, and retinoids. Taken 
together, our results provide new insight into the function 
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of RGR in human cancer which may become a molecular 
target for the clinical treatment of LGG.

In conclusion, we demonstrated that the downexpression 
of RGR was associated with clinicopathological characteristic 
variables and a poor prognosis in LGG. And its molecular 
function was closely associated with cancer cell adhesion and 
adhesion molecule CDHR1. Our study revealed the poten-
tial role of RGR in tumor cell adhesion and its prognostic 
value, suggesting that RGR might be a prognostic biomarker 
or molecular target for the clinical treatment of LGG.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. Survival analysis of LGG patients between low and high expression of RGR groups according to RGR expression of median 
value using the Kaplan-Meier method. A) Overall survival (OS) curve of between patients with high and low expression of RGR in TCGA dataset. 
B) ROC curves showing the speci�city and sensitivity of using expression levels of RGR to evaluate OS in LGG. C) Progression free survival (PFS) 
analysis of LGG patients between low and high expression of RGR groups in TCGA dataset. D) ROC curves showing the speci�city and sensitivity of 
using expression levels of RGR to evaluate PFS. E) Disease speci�c survival (DSS) curve of between patients with high and low expression of RGR. F) 
ROC curves showing the speci�city and sensitivity of using expression levels of RGR to evaluate DSS in TCGA dataset. RNA-sequencing expression 
pro�les and corresponding clinical information for LGG were downloaded from the TCGA dataset (https://portal.gdc.com). Log-rank test was used to 
compare di�erences in survival between these groups. �e time ROC (v 0.4) analysis was used to compare the predictive accuracy of LGG mRNA. For 
Kaplan-Meier curves, p-values and hazard ratio (HR) with 95% con�dence interval (CI) were generated by log-rank tests and univariate cox propor-
tional hazards regression. All the analysis methods and R packages were implemented by R (foundation for statistical computing 2020) version 4.0.3. 
p-value <0.05 was considered statistically signi�cant
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Supplementary Figure S2. Disease free survival (DFS) analysis of LGG patients between low and high expression of RGR groups in TCGA dataset. 
RNA-sequencing expression pro�les and corresponding clinical information for LGG were downloaded from the TCGA dataset (https://portal.gdc.
com). Log-rank test was used to compare di�erences in survival between these groups. �e time ROC (v 0.4) analysis was used to compare the predic-
tive accuracy of LGG mRNA. For Kaplan-Meier curves, p-values and hazard ratio (HR) with 95% con�dence interval (CI) were generated by log-rank 
tests and univariate cox proportional hazards regression. All the analysis methods and R packages were implemented by R (foundation for statistical 
computing 2020) version 4.0.3. p-value <0.05 was considered statistically signi�cant
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Supplementary Figure S3. Survival curve of glioma patients between low and high expression of RGR groups GSE107850, GSE30472, GSE7696 and 
GSE42669 datasets according to RGR expression of median value using the Kaplan-Meier method.
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Supplementary Figure S4. Overall survival analysis of LGG patients with 
di�erent IHC staining score of RGR (<120 vs.≥120).

▶ Supplementary Figure S5. Statistical comparison between RGR expres-
sion level and clinicopathological data including age, sex and progression 
status from CGGA dataset.



5

Supplementary Figure S6. Expression di�erence of RGR in clinical pathological stage, histological subtypes, lymphatic and vascular invasion in vari-
ous cancers in TCGA dataset. A) RGR expression in pathological stage in ACC, CHOL, KIRC, STAD. B) RGR expression in histological subtypes in 
BLCA, CESC, BRCA, COAD/READ, LIHC, THCA, UCEC, ESCA. C) RGR expression in lymphatic and vascular invasion in COAD/READ, HNSC. D) 
RGR expression in Barretts esophagus medical history in ESCA.
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Supplementary Figure S7. Correlation analysis between RGR and CDHR1 in GSE21354 (A) and GSE16011(B) datasets and CGGA dataset (C).




