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Retinal G protein-coupled receptor (RGR), a photosen-
sitive protein, functions as a retinal photoisomerase
under light conditions in humans. Cutaneous squamous
cell carcinoma (cSCC) is linked to chronic ultraviolet
exposure, which suggests that the photoreceptor RGR
may be associated with tumorigenesis and progres-
sion of squamous cell carcinoma (SCC). However, the
expression and function of RGR remain uncharacteri-
zed in SCC. This study analysed RGR expression in nor-
mal skin and in lesions of actinic keratosis, Bowen'’s
disease and invasive SCC of the skin with respect to
SCC initiation and development. A total of 237 samp-
les (normal skin (n=28), actinic keratosis (n=42),
Bowen’s (n=35) and invasive SCC (n=132) lesions)
were examined using immunohistochemistry. Invasi-
ve SCC samples had higher expression of RGR protein
than the other samples. A high immunohistochemical
score for RGR was associated with increased tumour
size, tumour depth, Clark level, factor classification,
and degree of differentiation and a more aggressive
histological subtype. In addition, RGR expression was
inversely correlated with involucrin expression and
positively correlated with proliferating cell nuclear an-
tigen (PCNA) and Ki67 expression. Furthermore, RGR
regulates SCC cell differentiation through the PI3K-Akt
signalling pathway, as determined using molecular
biology approaches in vitro, suggesting that high ex-
pression of RGR is associated with aberrant prolifera-
tion and differentiation in SCC.
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psins, a large family of cell surface photoreceptors
that sense distinct wavelengths of light to drive sig-
nalling cascades with retinal as a ligand, play multiple
roles in phototransduction in the visual process (1). The
opsin family can be divided into the visual and non-visual
opsin subfamilies. Retinal G protein-coupled receptor

SIGNIFICANCE

Retinal G protein-coupled receptor is a photosensitive pro-
tein that senses light and plays a role in retinal metabo-
lism in humans. Exposure to sunlight is the strongest risk
factor for cutaneous squamous cell carcinoma. This study
showed that high expression of retinal G protein-coupled
receptor is significantly associated with aggressive biolo-
gical behaviours in cutaneous squamous cell carcinoma
through regulation of the balance between proliferation
and aberrant differentiation. These findings provide novel
insight into the role of the photosensitive protein retinal
G protein-coupled receptor in skin tumours, revealing its
important role in promoting cutaneous squamous cell car-
cinoma initiation and development.

(RGR), expressed in Miiller glia and the retinal pigment
epithelium (RPE), belongs to the non-visual opsin subfa-
mily (2). In cooperation with retinol dehydrogenase-10,
RGR in the RPE and Miiller cells can photoisomerize
all-trans-retinaldehyde to 11-cis-retinaldehyde under
daylight conditions to continuously supply the visual
chromophore retinal to retinal photoreceptors, enabling
the eye to retain responsiveness to daylight (3—5). Col-
lectively, previous findings have demonstrated that RGR
plays an important role in the regeneration of visual
chromophores under sustained light conditions. However,
in extraocular tissues, RGR remains one of the few mem-
bers of the opsin family with an unknown function. Our
recent study, using immunohistochemical (IHC) staining,
found that RGR is more highly expressed in proliferative
diseases, including psoriasis, seborrhoeic keratosis and
cutaneous squamous cell carcinoma (¢cSCC), in a small
number of samples compared with normal skin (NS)
tissues (6). Moreover, our previous study revealed that
RGR expression in ultraviolet (UV)-exposed skin sites is
higher than that in non-exposed skin sites. Furthermore,
RGR knockdown in epidermal keratinocytes led to the
inhibition of cell proliferation and migration, increasing
cellular apoptosis in vitro (6). These findings indicate
that RGR might be a marker related to cell proliferation
in keratinocytes. However, the expression characteristics
and function of RGR in extraocular tissues, such as skin
and skin appendages, have yet to be determined.
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Exposure to sunlight is the strongest risk factor for
c¢SCC, because mutations in genes such as 7P53, CD-
KN2A4, and Ras induced by exposure to UV radiation
(UVR) play an important role early in the pathogenesis
of ¢SCC (7). TP53 mutation induced by ultraviolet B
(UVB) exposure has been confirmed to result in the
formation of cyclobutane pyrimidine dimers (CPDs) by
the direct absorption of UVB by DNA (8, 9). Both vi-
sible light and UVA radiation induce CPD formation via
oxidative stress and reactive nitrogen species, which do
not directly damage DNA (8). However, whether opsin,
as the photoreceptor, mediates visible light and/or UVA
sensing to promote cSCC tumorigenesis and progression
remains unknown.

Our study and other studies demonstrated that specific
opsins, including OPN1, OPN2, OPN3, OPN4, OPNS,
peropsin and RGR, are expressed in the epidermis and
dermis in humans (10—14). and showed that some opsins,
such as OPN3 and peropsin, are associated with processes
related to cell survival, including proliferation, migration,
apoptosis and differentiation, via light-independent or
light-dependent signalling (6, 11, 12, 14). Hence, it can be
hypothesized that the photoreceptor RGR may be associa-
ted with UV-related cSCC. The aim of the current study
was to further identify the expression characteristics of
RGR and its potential role in cSCC with respect to cSCC
initiation and development from precancerous lesions of
actinic keratosis (AK) to Bowen’s disease (BD) in situ to
invasive SCC. Expression analysis and characterization
of RGR was performed in NS tissues and lesions of AK,
BD and invasive SCC of the skin and the association of
RGR with clinicopathological features was investigated.

MATERIALS AND METHODS

Data collection

The study cohort comprised 237 samples of NS tissues (n=28)
and lesions of AK (n=42), BD (n=35) and invasive SCC (n=132)
obtained from the Affiliated Hospital of Guizhou Medical Uni-
versity. Detailed information on the samples is shown in Table SI.
Haematoxylin and eosin (H&E)-stained sections were reviewed
and evaluated, and samples meeting the criteria for the appro-
priate diagnoses of AK, BD and SCC were selected for study.
Archived formalin-fixed, paraffin-embedded (FFPE) blocks
were sliced into 4-pum sections for IHC staining, an RNAscope
assay and multiplex immunofluorescence staining. Details of the
methods of IHC staining and further semiquantitative assessment,
RNAscope RGR mRNA in situ hybridization assay, and multiplex
immunofluorescence staining can be found in previous reports
(15-18). Detailed materials and methods are also provided in
Appendix S1. The study was approved by the ethics committees
of Affiliated Hospital of Guizhou Medical University (approval
number: 2021541).

Cell culture

The A431 cell line (human cSCC cells) was purchased from ATCC
and maintained in Dulbecco’s Modified Eagle Medium (Cat. No.
0030034DJ; Gibco, Grand Island, USA) supplemented with 10%
fetal bovine serum (FBS, Cat.No. FBSST-01033-500, Oricell,
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Guangzhou, China), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin (Cat. 3810-74-0 Sigma-Aldrich; Merck KGaA, Shanghai,
China) in a 37°C humidified incubator containing 5% CO,.

Lentiviral infection

According to the standard lentiviral production protocol (Ge-
neChem, Shanghai, China), lentiviral particles (LV-RGR-RNAi
[103556-1] and LV-control-RNAi [CON313]) were produced via
transfection of GV493 vectors into HEK293T cells. Lentiviral
particles (LV-RGR [KL29757-4] and LV-control [CON335]) were
also produced via transfection of GV358 vectors into HEK293T
cells. The viral supernatant was harvested for the subsequent stu-
dies. Cells were cultured in 12-well plates at a density of 3 x 10°
cells/well at 37°C in 5% CO2 for 24 h. Lentiviral particles (mul-
tiplicity of infection =10 pfu/mL) were added to the medium to
infect A431 cells at 30-40% confluence in 12-well plates. After 72
h, the medium was replaced with fresh medium for continued cul-
ture. When 80% of the cells showed green fluorescence, selection
pressure medium containing 5 pg/ml puromycin was added. Within
3—4 weeks, puromycin-resistant cell colonies were collected for
measurement of the lentiviral transduction efficiency by western
blot (WB) and real-time quantitative PCR (RT-qPCR) analyses.

RNA isolation and sequencing

Total RNA was extracted using TriPure (Cat #: 11667165001
Roche,Shanghai, China), and total RNA from the 4 groups of
cell samples (LV-RGR-RNAI, LV-control-RNAi, LV-RGR, LV-
control) were sequenced on an Illumina platform (NEB, ,San
Diego, CA, USA], Catalog #: E7370L). According to the effective
library concentration and amount of data needed, quality control
and bioinformatic analysis were performed. RT-qPCR and WB
analyses were used to validate the differential expression of can-
didate genes related to cell differentiation. Detailed materials and
methods are provided in Appendix S1.

Statistical analysis

GraphPad Prism (GraphPad Software, San Diego, CA, USA ver-
sion 8.0) software was used for statistical analysis. Continuous
variables are presented as means+standard deviations (SDs) or as
medians with interquartile ranges (IQRs) when the distribution was
skewed. Comparisons between the means of 2 groups or among
the means of more than 2 groups were performed by student’s
t-tests and 1-way analysis of variance (ANOVA), respectively.
Both the Mann—Whitney U test (1 groups) and the Kruskal-Wal-
lis test (more than 2 groups) were used for comparisons of data
with a non-parametric distribution. Differences were considered
statistically significant when p<0.05.

RESULTS

Retinal G protein-coupled receptor expression in human
normal skin tissue

In skin sections, immunofluorescence staining showed
that RGR was expressed throughout the epidermis except
in the stratum corneum, with more prominent expression
in the basal layer (Fig. 1A). RGR was also expressed in
the dermis and skin appendages, in which it was localized
primarily in the epithelial cells of sebaceous glands, sweat
glands, and hair follicles (Fig. 1B, C). RGR was expres-
sed weakly in vascular endothelial cells, as determined
by co-staining with CD31 (a vascular endothelial cell



ActaDV

ActaDV

3/9 J. Feng et al. "RGR expression in cutaneous squamous cell carcinoma”

RGR DAPI/CD31

Fig. 1. Immunofluorescence analysis of retinal G protein-coupled receptor (RGR) (red) protein expression in normal skin (NS) and skin
appendage tissue. (A) Selected co-staining image showing RGR expression mainly in the basal cell layer of the epidermis. RGR was also expressed in
skin appendages, localized primarily in the epithelial cells of sebaceous glands ((B) asterisks), eccrine glands (B) square dots: sweat ducts; round dots:
sweat glands), and hair follicles (C) asterisks) (blue, 4’,6-diamidino-2-phenylindole). (D) RGR was expressed weakly in the vascular endothelial cells, as
determined by co-staining for CD31 (green, polygonal dots) (arrow, hair follicles). Scale bars: 100 pm.

marker), compared with hair follicles (Fig. 1D). Notably,
RGR expression in ductal epithelial cells was significantly
stronger than that in glandular epithelial cells of eccrine
glands labelled with carcinoembryonic antigen (CEA)
(Fig. 1B, Fig. S1). These results showed that the RGR
protein was differentially expressed in different epithelial
cell types of skin appendages or the epidermis.
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Clinicopathological data corresponding to actinic
keratosis, Bowen's disease and invasive squamous cell
carcinoma samples

The general patient characteristics corresponding to the
237 samples, including NS and AK, BD and invasive
SCC lesions, are highlighted in Table SI. The mean ages
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Fig. 2. Immunohistochemical (IHC) analysis of retinal G protein-coupled receptor (RGR) in normal skin (NS) and lesions of actinic keratosis (AK), Bowen'’s
disease (BD) and squamous cell carcinoma (SCC). (A) IHC staining of RGR in representative samples from NS to AK to BD to SCC. (B) RGR IHC staining
score in NS, AK, BD and SCC samples. The RGR IHC score differed significantly among NS, AK, BD and SCC. *p <0.05. *p<0.05, **p<0.01, ***p<0.001,

ns: non-significant (original magnification: HEx10; IHCx10).

at diagnosis of the patients with AK, BD and SCC were
74.1, 74.7 and 70.7 years, respectively, with correspon-
ding male:female ratios of 1:1.2, 1:1.9 and 1:0.8. The
mean age of the individuals providing the NS samples
was 60.1 years, with a male:female ratio of 1:1 (Table
SI). The SCC samples were classified into 8 histologi-
cal subtypes: common (48.5%), desmoplastic (12.9%),
acantholytic epithelioid (9.1%), adenosquamous (3.0%),
spindle cell (9.8%), clear cell (1.5%), verrucous (3.0%),
and keratoacanthoma-like (12.1%) (Fig. S2). In terms
of the degree of differentiation (using the classification
recommended by the WHO) (19), well-differentiated SCC
was the most common subtype, accounting for 48.5%
of the invasive SCC samples. For risk stratification of
¢SCC, tumours with a size of >20 mm, depth of >2 mm
or Clark level of IV or V were considered high-risk (20).
Tumour classification (Brigham and Women’s Hospital
tumour classification system) was based on clinical and
pathological risk factors (20, 21). All patients were Chi-
nese and only accepted surgical treatment.

Analysis of retinal G protein-coupled receptor expression
in normal skin and actinic keratosis, Bowen's disease
and squamous cell carcinoma lesion tissues

RGR expression and localization were first examined
in NS and AK, BD and SCC lesion tissues. As shown
in Fig. 2, RGR protein expression was observed mainly
in a membranous and cytoplasmic pattern in all tissues.
RGR expression decreased gradually from the basal
layer to the granular layer in NS (Fig. 2). The median
[IQR] IHC staining scores for RGR differed significantly
between benign NS (55.0 [22.5-90.0]), precancerous
AK lesions (60.0 [27.5-82.5]), BD in situ lesions (90.0
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Table I. Comparison of retinal G protein-coupled receptor (RGR) staining
scores with clinicopathological variables in squamous cell carcinoma (SCC)

Mean or median RGR

Variable staining score p-values
Sex (Mean+SEM) p=0.219
Male 106.3+6.66
Female 118.5+7.23
Age (years) (Mean+SEM) p=0.139
<65 98.33+9.78
>65 115.7+5.6
Tumor size (mm) (Mean+SEM) p=0.005*%*
<20 82.59+8.96
>20 124.1+5.41
Tumor depth (mm) (Mean+SEM) p=0.0208*
<2.00 87.14+7.7
2.00-6.00 122.8+7.49
>6.00 116.1+11.03
Clark level (Mean+SEM) p=0.002%*
I 80.29+8.57
II 113.30£8.44
II1 127.1+7.74
v 144.60+18.42
Degree of differentiation® (Mean + SEM) p<0.005%*
Poorly differentiated 144.70+16.30
Moderately differentiated 109.70+8.66
Well differentiated 91.67+5.41
Tumor classification’ (Mean+SEM) p=0.002%*
T1 68.06+5.05
T2a 99.05+9.20
T2b-T3 146.2+10.24
Histologic subtype (Median [IQR]) p=0.001%*
Common 90.0 [60.00, 120.00]

140.00 [80.00, 185.00]>°
110.0 [90.00, 175.00]

Desmoplastic
Acantholytic

Adenosquamous 255.00 [165.00, 270.00]2/P:</d
Spindle cell 140.00 [120.00, 185.00]%°
Clear cell 155.00 [100.00, 210.00]
Verrucous 130.00 [105.00, 155.00]

Keratoacanthoma-like 80.00 [47.5, 100.00]

2Common vs desmoplastic group p=0.049; adenosquamous group p <0.0001; spindle
cell group p=0.0244. “Keratoacanthoma-like vs desmoplastic group p=0.0199;
adenosquamous group p<0.0001; vs spindle cell group p=0.0096. “Desmoplastic vs
adenosquamous group p=0.0228. “Acantholytic vs adenosquamous group p=0.0189.
®Histological differentiation by World Health Organization (WHO) classification. fBrigham
and Women’s Hospital tumour classification system: T1: O risk factors; T2a: 1 risk
factor; T2b: 2-3 risk factors; T3: 4 risk factors or bone invasion. Risk factors included
a tumour diameter of 2 cm or more, poorly differentiated histology, perineural invasion,
and tumour invasion beyond the subcutaneous fat (excluding bone, which automatically
upgrades the classification to T3). SEM: standard error of the mean; IQR: interquartile
range. *p<0.05, **p<0.01.
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[60.0—180.0]), and invasive SCC lesions (100.0 [80.00—
160.0]) (»<0.0001) (Fig. 2). The median IHC score for
RGR was the highest in the invasive SCC group and the
lowest in the NS group (Table I, Fig. 2).

Association between retinal G protein-coupled receptor
expression and clinical/histopathological variables in
squamous cell carcinoma

In addition, associations between the THC scores for
RGR and clinicopathological variables were analysed
in patients with invasive SCC (tumour size, Clark level,
tumour classification, degree of differentiation, and
histological subtype), all of which were found to be
significantly correlated with RGR expression (Table I).
A statistically significant difference in the IHC score
was noted in the comparison between the Clark level 1
and Clark level IV subgroups (p=0.002). According to
the guidelines of care for the management of ¢cSCC, the
patients were divided into 2 groups based on the clinical
size of the lesion (<20 mm and >20 mm) (20), and the
RGR scores were compared (p=0.005). the association
between RGR expression and SCC tumour classification
was also estimated based on the Brigham and Women’s
Hospital tumour classification system (TO, T1, T2a, T2b,
and T3) (20). There was a statistically significant diffe-
rence between the <T2a and >T2ab groups (p=0.002).
Moreover, RGR protein expression was compared among
8 histological subtypes of SCC (Fig. S3). The mean RGR
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staining score was highest in the adenosquamous subtype
(median [IQR]) (255 [165.0-270.0]) and lowest in the
keratoacanthoma-like subtype (median [IQR]) (80.0
[47.50-100.0]). In addition, there were statistically sig-
nificant differences between histological subtypes (e.g.,
adenosquamous vs common (»<0.001); adenosquamous
vs keratoacanthoma-like (p<0.001); adenosquamous vs
desmoplastic (p=0.0228); adenosquamous vs acantholy-
tic epithelioid (p=0.0189)) of SCC, suggesting that RGR
expression differs significantly based on the degrees of
proliferation, differentiation and invasion of histological
subtypes of SCC. In addition, no associations were found
for other histopathological features, including age, sex,
exposure of anatomical site and lymphovascular invasion
status (Table I). These results suggest that high RGR ex-
pression is associated with tumorigenesis and progression
in SCC, probably influencing the abnormal proliferation
and differentiation of skin keratinocytes.

Retinal G protein-coupled receptor expression correlates
with cell proliferation and aberrant differentiation in
squamous cell carcinoma

Moreover, a high RGR staining score was positively
associated with poorly differentiated SCC compared
with well to moderately differentiated SCC (p<0.005).
The mRNA expression level of RGR was also assessed
in SCC tissues with different differentiation stages by
the RNAscope method. As shown in Fig. S4, the trend

Involucrin

i ‘.x" ‘ A 5 ‘\ "\ :‘ :

Fig. 3. Immunohistochemical (IHC) analysis of retinal G protein-coupled receptor (RGR) and involucrin in a representative lesion of
squamous cell carcinoma (SCC). (A) The expression of RGR was increased in the basal layer (red arrow) compared with the granular layer in normal
skin (NS). In contrast, the expression of involucrin was decreased in the basal layer of NS (green arrow). (B) RGR expression in well-differentiated regions
(red asterisks) of squamous cell carcinoma (SCC) was significantly lower than that in poorly differentiated regions (green polygons) in the same sample
(original magnification: HEx10; IHC, x20, x40 ).
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in RGR mRNA expression across the differentiation
categories of SCC was consistent with the RGR protein
expression pattern. In addition, RGR expression in well-
differentiated regions of SCC was significantly lower than
in poorly differentiated regions in the same sample, as
determined using IHC assays (Fig. S4). Similarly, in NS,
RGR expression decreased gradually from the basal layer
to the stratum corneum (Fig. 3). However, the expres-
sion of involucrin, a marker of squamous differentiation,
showed a contrasting trend in NS and SCC tissues (Fig.
3), consistent with the results of multiplex immunofluo-
rescence analysis RGR (red) and involucrin (green) in
SCC tissues (Fig. S5). RGR expression was inversely
correlated with involucrin (differentiation marker) ex-
pression (r=—0.356, p=0.003) by Spearman correlation
analysis, while it was positively correlated with prolife-
rating cell nuclear antigen (PCNA) (r=0.683, p=0.001)
and Ki67 (r=0.548, p=0.001) expression (Fig. 4).
Together, these results suggest that upregulation of RGR
expression is associated with proliferation and aberrant

A

DAPI RGR

differentiation in SCC, possibly through tipping the
balance between these 2 factors.

Effect of retinal G protein-coupled receptor expression
on squamous cell carcinoma cell differentiation and
the Akt signalling pathway

As shown in Fig. 5, Gene Ontology (GO) biological
process (BP) enrichment analysis of the RNA sequen-
cing data showed notable differences in enrichment of
the term “cell differentiation” between the vector and
RGR3556 (low RGR expression in A431 cells) groups
and between the vector and RGR29757 (RGR overex-
pression in A431 cells) groups. Furthermore, Kyoto En-
cyclopedia of Genes and Genomes (KEGG) enrichment
analysis revealed that the top 20 differentially enriched
KEGG pathways between the vector and RGR3556
groups included the “Formation of the cornified enve-
lope” and “Keratinization” pathways, as shown in the
scatterplot. In addition, KEGG enrichment analysis of

PCNA Merge

B
150 4 250
200
—_ 200
< 100 —_
= < — 150 4
3 Z 150 4 S
<] O <
2 50 L > 100
= > ] 1
= 100
Spearman 50 4 Spearman 50 Spearman
01 R=-0.356 R=0.683 R=0.548
P =0.003 P <0.001 P <0.001
T T T T T T T T T T
50 100 150 200 100 200 50 100 150 200
X(RGR) X(RGR) X(RGR)

Fig. 4. (A) Immunofluorescence analysis of squamous cell carcinoma (SCC) tissue costained for retinal G protein-coupled receptor (RGR)
(red) and proliferating cell nuclear antigen (PCNA) (green) or Ki67 (pink). Selected co-staining image showing RGR expression mainly in the
cancer cell membrane (red). (B) Correlation analysis of IHC scores showed that RGR expression was significantly and positively correlated with PCNA and
Ki67 expression, but inversely correlated with involucrin expression in squamous cell carcinoma (SCC) tissues (original magnification: x20).
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Fig. 5. The effect of retinal G protein-
coupled receptor (RGR) expression
on squamous cell carcinoma (SCC)
cell function and the PI3K-Akt
pathway. Transcriptome sequencing
and bioinformatic analysis data showing
that “cell differentiation” was identified
as significantly differentially enriched (A)
between the vector and RGR3556 (low
RGR expressionin A431 cells) groups and
(B) between the vector and RGR29757
(RGRoverexpressionin A431 cells) groups
in Gene Ontology (GO) biological process
(BP) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses,
respectively. Following inhibition (LV-
RGR-RNAi) and overexpression (LV-
RGR) of RGR in A431 cells, (C) western
blotting and (D) real-time quantitative
PCR (RT-gPCR) were performed to
analyse changes in RGR, Akt, p-Akt
and involucrin mRNA expression levels;
GAPDH was used as a loading control.
IHC ((E) original magnification: x10)
and immunofluorescence ((F) original
magnification: x20) analyses showed
differences in the levels of RGR, Akt,
p-Akt and involucrin between well-
differentiated regions of SCC and poorly
differentiated regionsin the same sample.
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differentially expressed genes between the vector groups
and RGR29757 groups revealed that RGR was closely
associated with the PI3K-Akt pathway. Previous studies
have shown that the PI3K-Akt signalling pathway is
involved in regulating involucrin expression and cell
differentiation (22, 23). Based on our bioinformatic
analyses of RNA sequencing data and other previous
studies, it is reasonable to speculate that RGR might af-
fect involucrin expression to regulate cell differentiation
in SCC through the PI3K-Akt signalling pathway. Thus,
this study further validated the differential expression
of candidate genes related to SCC cell differentiation
by RT-qPCR and WB analyses. The results showed that
RGR was related to SCC cell differentiation through the
PI3K-Akt signalling pathway. The inhibition of RGR was
correlated with lower protein levels of p-Akt and Akt,
but a higher level of involucrin, and overexpression of
RGR exhibited the opposite correlations (Fig. 5C, D).
Moreover, IHC staining demonstrated that the protein
levels of RGR, phosphorylated Akt, and Akt in poorly
differentiated SCC tissue were higher than those in well-
differentiated regions of SCC (Fig. 5SE-F). These results
suggest that RGR regulates SCC cell differentiation via
the PI3K-Akt signalling pathway.

DISCUSSION

Cutaneous SCC remains a global public health threat.
According to the latest Global Burden of Disease Study,
the total number of SCC cases worldwide was approx-
imately 2.4 million in 2019 (24). SCC is characterized
by high invasiveness, heterogeneity, and incidence in
sun-exposed areas (25); however, the pathogenesis of
SCC is incompletely elucidated. RGR, as a photosensitive
protein, mediates visual chromophore regeneration by
sensing light stimulation in the human eye (26), but the
biological function of RGR in extraocular tissues, inclu-
ding tumours, remains unclear. Moreover, the expression
and characterization of RGR in various extraocular tissues
have rarely been reported. Based on our recent study, RGR
expression was first identified in human skin and lesions
of some proliferative skin diseases. RGR knockdown
induced the inhibition of proliferation and migration, in-
creasing apoptosis in human epidermal keratinocytes (6).
Thus, it is reasonable to speculate that the photoreceptor
RGR could affect tumorigenesis and progression in light-
related skin cancers. Indeed, RGR is highly expressed in
SCC tissues compared with paired adjacent NS tissues (6).
In addition, our previous study determined that high ex-
pression of OPN3, another member of the opsin family, is
significantly associated with acral lentiginous melanoma
and a metastatic phenotype as well as a poor prognosis
(15). De Assis et al. (27) recently demonstrated that OPN4
acts as an oncogene in cutaneous melanoma by impairing
cell cycle progression and reducing melanocyte-inducing
transcription factor expression.
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On the basis of this promising finding, in this study, we
first analysed RGR expression in the disease spectrum
of aberrant proliferation of keratinocytes from AK to
BD to invasive SCC. These results revealed that RGR
expression tended to increase across the spectrum from
precancerous AK to BD in situ to invasive SCC, sug-
gesting that high expression of RGR may play a role in
oncogenesis and/or tumour progression. In particular,
the expression of RGR in SCC tissues was markedly
associated with some validated risk factors, including
tumour size, Clark level, risk classification, degree of
differentiation, and histological subtype (20, 28). These
results provide novel insight into the function of RGR
in skin tumours, demonstrating its supporting role in
promoting ¢SCC initiation and development.

Moreover, to further expand the understanding of the
relationship between differentiation and RGR, we as-
sessed the aberrant differentiation of SCC by involucrin
staining. Involucrin, a marker of squamous differentia-
tion, is expressed mainly by irreversibly differentiated
keratinocytes in the stratum corneum and has been found
to be markedly associated with aberrant differentiation
in SCC (29, 30). Comparison of RGR expression among
different regions with different degrees of differentiation
in the same sample showed that the degree of differentia-
tion was inversely correlated with RGR expression, but
positively correlated with involucrin expression. Further-
more, the relationship between RGR expression and cell
proliferation was evaluated in SCC by co-staining for
PCNA and Ki67. Both PCNA and Ki-67 are well known
as cell proliferation markers in human tumours (31, 32).
PCNA, expressed in the G, and S phases of the cell cycle,
is an essential factor in DNA replication and repair (32).
Ki67 is present during all active phases of the cell cycle
(G,, S, G,, and mitosis) but not in the quiescent or resting
G, phase (31). By analysing the associations of RGR
with proliferation and differentiation markers in SCC
and integrating these results with our previous finding
that RGR knockdown induced the proliferation inhibition
and G /S arrest in keratinocytes (6), we concluded that
RGR may play a role in regulating the balance of SCC
cell proliferation and differentiation. Furthermore, the
effects of reduced expression or overexpression of RGR
on molecular pathways and markers related to SCC cell
proliferation and differentiation were examined through
in vitro cell and molecular biology methods. Silencing
of RGR was correlated with lower levels of p-Akt and
Akt, but a higher level of involucrin in the SCC cell
line, and overexpression of RGR exhibited the opposite
correlations, suggesting that RGR regulates cell diffe-
rentiation in SCC via the PI3K-Akt signalling pathway.
Taken together, these results imply that upregulation of
RGR contributes to tumorigenesis and progression in
SCC. RGR may act as a tumour-promoting gene in SCC
by regulating the balance between cell proliferation and
differentiation.
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In conclusion, this study demonstrated that RGR ex-
pression was upregulated and was associated with clini-
copathological characteristics of invasiveness in SCC.
The function of RGR is closely associated with cancer
cell proliferation and aberrant differentiation. This study
provides novel insight into the association of RGR with
aberrant differentiation in SCC.
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