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Abstract
Although the expression of the putative cannabinoid receptor GPR55 has been shown to be involved in the growth of various 
tumours and is increased in a number of cancers, its expression has not been examined in patients with endometrial cancer 
(EC). Quantitative RT-PCR (for mRNA levels) and immunohistochemistry (for protein levels) were used to measure GPR55 
expression in patients with Type 1 and Type 2 EC and correlated against cannabinoid receptor (CB1 and CB2) protein lev-
els using non-cancerous endometrium as the control tissue. The data indicated that GPR55 transcript and GPR55 protein 
levels were significantly (p < 0.002 and p < 0.0001, respectively) higher in EC tissues than in control tissues. The levels of 
immunoreactive GPR55 protein were correlated with GPR55 transcript levels, but not with the expression of CB1 receptor 
protein, and were inversely correlated with CB2 protein expression, which was significantly decreased. It can be concluded 
that GPR55 expression is elevated in women with EC, and thus could provide a potential novel biomarker and therapeutic 
target for this disease.
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Introduction

The incidence of endometrial cancer (EC) is increasing 
worldwide, especially in younger women (Lortet-Tieulent 
et al. 2018). The age-adjusted annual incidence in the USA 
between 2006 and 2010 was 24.3 per 100,000 women, and 
in the UK in 2008 it was 19.4 per 100,000 women (Siegel 

et al. 2013; Wartko et al. 2013). The increased incidence in 
younger women has been linked to an increased abundance 
of food and the changes in metabolism (including obesity) 
associated with increased caloric intake (McDonald and 
Bender 2019), something that has been known for more than 
50 years (Twombly et al. 1961). Although the incidence of 
EC is increasing in younger women, it remains more preva-
lent in postmenopausal women, who also have an increased 
caloric intake. One key player in the control of energy 
metabolism, is the membrane-derived ligand lysophos-
phatidylinositol (LPI), which binds avidly to the orphan G 
protein-coupled receptor GPR55 (Alhouayek et al. 2018). 
When bound to its receptor, LPI increases insulin secretion 
by pancreatic islets (Metz 1988) and increases fat deposition 
in adipose tissue, especially in women (Moreno-Navarrete 
et al. 2012). Although LPI and its 2-arachidonyl derivative 
(2-arachidonyl-lysophosphatidylinositol; 2-ALPI) are con-
sidered the endogenous ligands for GPR55, other ligands, 
especially those of the endocannabinoid system (ECS), also 
bind to or activate this receptor (Ryberg et al. 2007).

Components of the ECS, such as the ligands N-ara-
chidonoylethanolamine (anandamide [AEA]) (Dev-
ane et  al. 1992), 2-arachidonoylglycerol (2-AG), 
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N-oleoylethanolamide (OEA) and N-palmitoylethanolamide 
(PEA), have all been reported to be raised in endometrial tis-
sues of women with EC (Guida et al. 2010; Ayakannu et al. 
2019b). Furthermore, the main receptors for these ligands, 
cannabinoid receptor 1 [CB1; cloned in 1988 (Devane et al. 
1988)] and cannabinoid receptor 2 [CB2; cloned in 1993 
(Munro et al. 1993)] have also been detected in endometrial 
tissue and their levels shown to be reduced in both Type 1 
and Type 2 EC (Ayakannu et al. 2018, 2019b). Endocan-
nabinoid ligand signalling by these two ‘classical’ cannabi-
noid receptors are known to trigger different pathways in 
the pathogenesis of some cancers, such as those of the liver 
and breast (Pisanti et al. 2013). Additionally, cancers such 
as those of the bladder, pancreas and small intestine and 
prostate cancer, keratinocyte and neuroblastoma cell lines 
(Brown 2007) respond to endocannabinoid-like ligands in 
a non-CB1/CB2-dependent manner (Ayakannu et al. 2013), 
indicating other potential cellular targets for endocannabi-
noids in tumours involving cells of this type (Wilkinson and 
Williamson 2007).

These observations indirectly led to the prediction of a 
third cannabinoid receptor isoform, termed CB3 (Ryberg 
et al. 2007), which has now been reclassified as GPR55/
LPI1 (Brown 2007; Kihara et al. 2014). Activation of this 
receptor triggers intracellular effects of some cannabinoid 
receptor ligands (Henstridge et al. 2010), but not all (Ryberg 
et al. 2007; Henstridge et al. 2010). This could be because 
GPR55 displays only 13.5% amino acid homology with 
CB1 and 14.4% homology with CB2 (Baker et al. 2006), 
or because its pharmacology is complex (Alhouayek et al. 
2018). Nevertheless, GPR55 protein is expressed in many 
normal tissues of the body, such as the brain, spleen, bone, 
gastrointestinal tract, pancreas, adipose tissue (Simcocks 
et al. 2016; Kramar et al. 2017), and in some parts of the 
female reproductive tract (Henstridge et al. 2011), including 
the endometrium (Ryberg et al. 2007). Previous studies have 
demonstrated that GPR55 protein is present in the normal 
brain, gastrointestinal tract, spleen and adrenals (Sawzdargo 
et al. 1999; Ryberg et al. 2007; Oka et al. 2010) and its 
expression is increased in a number of tumours (Ford et al. 
2010; Hu et al. 2011; Pineiro et al. 2011; Leyva-Illades and 
Demorrow 2013; He et al. 2015; Falasca and Ferro 2016). 
Furthermore, the LPI-GPR55 axis has been reported to have 
immunological roles where activation of the pathway pre-
vents intraepithelial lymphocyte migration within the wall 
of the small intestine and prevents T-cell attachment (Sum-
ida et al. 2017). The axis also induces tumour angiogen-
esis (Hofmann et al. 2015), bone remodelling (Mosca et al. 
2021) and bone homeostasis (Whyte et al. 2009), and cancer 
metastasis (Ford et al. 2010) through immune modulation.

Previously, all components of the ECS (ligands, 
enzymes and receptors) have been demonstrated to 
be present in the endometrium and modulated in both 

estrogen-dependent (Type 1) and estrogen-independent 
(Type 2) EC (Risinger et al. 2003; Ayakannu et al. 2018, 
2019a, b); the levels of the ligands are higher in plasma 
(AEA and OEA) and endometria (AEA, PEA and OEA) of 
women with EC compared to non-cancer controls (Guida 
et al. 2010; Ayakannu et al. 2019b). Subsequently, we have 
demonstrated that the expression of both classical can-
nabinoid receptors (CB1 and CB2) are significantly down-
regulated in EC (Ayakannu et al. 2018, 2019b; Electronic 
Supplementary Material, Fig. 1). These data led to a ques-
tion: if the concentrations of the ligands increase, but the 
expression of their cognate receptors decrease, then how 
do these ligands contribute to EC cell growth? The answer 
is possibly through a non-classical cannabinoid receptor 
(i.e. TRPV1 for AEA), as has been demonstrated in cell 
lines (Fonseca et al. 2018), or through increased expres-
sion of GPR55, a binder of all the ligands mentioned above 
and known to increase in many forms of cancer (Andradas 
et al. 2011). This is especially important since elevated 
expression of GPR55 and the production of its two most 
cogent ligands LPI and 2-ALPI have already been dem-
onstrated to be important in the development of ovarian 
cancer (Sutphen et al. 2004).

Our aim in the present study was therefore to test the 
second possibility, by examining the expression and distribu-
tion of GPR55 at the transcript (mRNA) and protein level 
in patients with either Type 1 or Type 2 EC and comparing 
those expressions to that of a control cohort. Finally, we 
related this expression to the protein expression of CB1 and 
CB2 in the same patient cohorts.

Materials and methods

Participants

The women who took part in this study were undergoing 
hysterectomy at the University Hospitals of Leicester (UHL) 
National Health Service (NHS) Trust for either endometrial 
carcinoma or benign gynaecological conditions such as 
uterine prolapse. All provided signed written informed con-
sent. The study was approved and conducted according to 
the guidelines of the Leicestershire, Northamptonshire and 
Rutland Research Ethics Committee (reference number 06/
Q2501/49). Volunteers who were simultaneously on or had 
previously been on any form of hormonal treatment (such as 
hormone replacement therapy or the levonorgestrel intrau-
terine system) for the 3 months prior to surgery or who were 
on prescription or recreational drugs were excluded. Women 
with chronic medical conditions such as diabetes mellitus, 
hypertension, those requiring long-term medication or those 
diagnosed with any other type of cancer were also excluded.
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Patient characteristics

The details of the patients and how their tissue samples were 
used are in shown in Table 1. Although there appeared to be 
subtle differences in age and body mass index (BMI) values 
between the cancer patients and controls, these differences 
for the patients whose samples were used for quantitative 
real-time polymerase chain reaction (qRT-PCR) (Table 1) 
or in immunohistochemistry (Table 1) were not statisti-
cally different. All volunteers were postmenopausal, and 
the endometria of the control group were all classified as 
atrophic through histological examination. Postmenopausal 
samples were studied because they are the largest age group 
of women affected by EC and also to prevent any poten-
tial confounding effects of the menstrual cycle on GPR55 
expression.

Sample collection

After hysterectomy, uteri were transported immediately on 
ice to the histopathology department where a consultant 
gynaecological histopathologist dissected out two represent-
ative biopsies: one for histological confirmation (typing and 
grading) of clinical diagnosis and immunohistochemistry 
(IHC) and the other for the measurement of GPR55 tran-
script (mRNA) levels. Biopsies were washed with phosphate 

buffered saline (PBS) to remove excess blood and then either 
immediately stored in RNAlater® (Life Technologies, Pais-
ley, UK) at −80 °C for RNA extraction or in 10% formalin 
for histological studies. Representative sections (4 μm) were 
cut from tissues embedded in paraffin wax and dried onto 
silane-coated slides microscope slides. After drying, sec-
tions were subjected to haematoxylin and eosin (H & E) 
staining for histological confirmation of disease, which was 
performed by the consultant gynaecological histopatholo-
gist. The tissues were classified using the International Fed-
eration of Gynecology and Obstetrics (FIGO) classification 
system (Mutch 2009) into endometrioid (estrogen-dependent 
Type 1) and non-endometrioid (estrogen-independent Type 
2) cancer. The Type 1 EC tissues were further classified by 
grade (1, 2 or 3) and the Type 2 tissues into serous or carci-
nosarcoma (Creasman 2009). All the cancer patients were 
at stage 1 of disease.

RNA extraction, cDNA synthesis and quantitative 
real‑time PCR

RNA extractions and cDNA syntheses of the endometrial 
tissues biopsies (100 mg) were as we previously described 
(Ayakannu et al. 2015). The cDNA was stored at −20 °C 
prior to qRT-PCR. Quantitative real-time PCR experiments 
were performed using the validated human endogenous 
control assay TaqMan Array 96-well plates consisting of 
three reference genes, MRPL19 (Hs00608519_m1), PPIA 
(Hs99999904_m1) and IPO8 (Hs00183533_m1), previ-
ously demonstrated to be the correct endogenous genes 
for atrophic and EC endometrial samples (Ayakannu et al. 
2015). All of these were VIC/TAMARA dye labelled assays 
purchased from Applied Biosystems (Life Technologies, 
Paisley, Scotland, UK). The human GPR55 (Hs00995276_
m1) primers and probes were also purchased from Applied 
Biosystems, as FAM/MGB dye-labelled probes. RT-minus 
and no-template controls (NTC) containing DNAse-free 
water instead of template mRNA were included in each 
run. No product was synthesised in the NTC or RT-minus 
samples, confirming the absence of contamination with 
exogenous or genomic DNA. Each assay had an amplifica-
tion efficiency of 100% ± 10% (Life Technologies). All the 
reactions were performed in triplicate (both biological and 
technical).

Identification, localisation and histomorphometric 
analysis of GPR55 protein expression

Immunolocalisation was performed using antibodies 
against human GPR55 (1:200; Rabbit Polyclonal Anti-
GPR55 Receptor [NB110-55498; concentration 1.0 mg/ml], 
Novus Biologicals Europe, Cambridge Science Park, UK), 
according to the manufacturer’s instructions. Briefly, after 

Table 1  Patients’ ages and BMI for biopsies analysed by qRT-PCR or 
immunohistochemistry

EC endometrial cancer
a Only the biopsies from non-malignant control tissues were used for 
both qRT-PCR and immunohistochemistry studies; additional mate-
rial was used in the immunohistochemistry studies. The data are 
presented as the mean ± SD. The number of samples is indicated in 
parentheses after the designated tissue types. Samples taken from the 
different groups were not significantly different to the non-malignant 
control (atrophic endometrium); one-way ANOVA with Dunnett’s 
post-test indicated no significant differences in either age or BMI

Tissue type Designation Age (years) BMI (kg/m2)

qRT-PCRa

 Control Atrophic (6) 60.67 ± 4.27 26.67 ± 6.50
 Type 1 EC Grade 1 (6) 66.17 ± 16.14 33.50 ± 8.92

Grade 2 (6) 66.50 ± 10.25 32.00 ± 5.97
Grade 3 (3) 72.67 ± 12.06 35.33 ± 6.11

 Type 2 EC Serous (3) 59.00 ± 3.46 37.67 ± 2.52
Carcinosarcoma (3) 50.00 ± 5.00 36.67 ± 6.43

Immunohistochemistry
 Control Atrophic (6) 60.67 ± 4.27 26.67 ± 6.50
 Type 1 EC Grade 1 (6) 62.50 ± 13.90 33.00 ± 8.76

Grade 2 (6) 65.17 ± 9.86 34.83 ± 5.56
Grade 3 (6) 66.83 ± 7.88 31.50 ± 3.08

 Type 2 EC Serous (4) 70.25 ± 10.97 33.00 ± 6.83
Carcinosarcoma (6) 58.33 ± 7.42 35.50 ± 5.99
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dewaxing in xylene and rehydration through graded alcohols 
to water, endogenous peroxidase and catalase activity was 
quenched in 6%  H2O2, washed in water and non-specific 
binding sites blocked with a solution of phosphate buffered 
saline (PBS) containing 1% bovine serum albumin (BSA). 
Non-specific binding sites were further blocked with a 1:20 
dilution of normal goat serum dispersed in the same BSA-
PBS solution and with avidin–biotin blocking solutions 
(Avidin–Biotin Blocking kit, Novocastra, Peterborough, 
Northamptonshire, UK) as instructed by the manufacturer. 
After overnight incubation with either GPR55 antibodies 
or an equivalent amount of non-immune rabbit IgG and 
several washing steps, bound rabbit IgG was detected with 
biotinylated goat-anti-rabbit IgG antibodies, amplified with 
avidin–biotin complexed to horseradish peroxidases (Novo-
castra) and visualised with 3,3′-diaminobenzidine (DAB). 
Non-reactive sites were visualised with light counterstaining 
with Meyer’s Haematoxylin (Sigma, Poole, Dorset, UK). 
Slides incubated with rabbit IgG diluted to the same con-
centrations as the primary antibody were used as negative 
controls and human pancreas was used as a positive control 
tissue (Henstridge et al. 2016; Tudurí et al. 2017) (Fig. 3). 
All samples were processed in a single run to avoid any 
inter-assay variation and repeated twice to assure reproduc-
ibility. Additional staining controls using other positive con-
trol tissues are shown in Electronic Supplementary Material, 
Fig. 2.

Histomorphometric analysis (H-score) of GPR55 expres-
sion was performed as we previously described (Ayakannu 
et al. 2018, 2019a). Images were examined on an Axioplan 
transmission microscope (Carl Zeiss, Welwyn Garden City, 
Herts, UK) at ×100 (Plan Neofluar ×10 objective, NA 
0.30), ×200 (Plan Neofluar ×20 objective, NA 0.50) and 
×400 (Plan Neofluar ×40 objective, NA 0.75) magnification 
and captured on a Sony DXC-151P 2/3 inch CCD camera 
mapping to 768 × 493 pixels (Sony Corp., Kanagawa-Ken, 
Japan). Images were acquired and captured in the presence 
of daylight and medium neutral density filters with the lamp 
set at 6400 K. The output.zvi files were converted to .tif 
images and then analysed using image analysis software 
(ImageScope version 10.2.2.2319; Aperio Technologies, 
Inc., Vista, CA, USA). The H-score values for the glands and 
stroma were determined independently and then combined 
to provide an overall H-score for the entire tissue (Ayakannu 
et al. 2018).

Statistical analysis

GraphPad Prism version 6.00 for windows (GraphPad Soft-
ware, San Diego CA, USA, www. graph pad. com) was used 
to perform the statistical analyses. Data that were normally 
distributed were analysed by parametric one-way analysis of 
variance (ANOVA) with Dunnett’s post-test. Data that were 

not normally distributed were expressed as medians and 
inter-quartile ranges (IQR), and comparison between groups 
performed using either Mann–Whitney U test or one-way 
analysis of variance (ANOVA) followed by the appropriate 
ad hoc post analysis. When p < 0.05 was obtained, the test 
between variables was considered to be significant. Correla-
tions were performed using Pearson correlation analyses.

Results

GPR55 transcript levels

GPR55 transcript (mRNA) levels in EC tissues were 
three times as high as in the control (atrophic endometria 
obtained from post-menopausal women without cancer; 
n = 6) (p = 0.002) (Fig. 1a). Sub-analysis indicated that 
GPR55 levels in the estrogen-dependent Type 1 EC tumours 
(n = 15) were responsible for this increased expression 
(Fig. 1b). Although GPR55 transcript levels were higher in 
the estrogen-independent Type 2 EC tumours (n = 6), this 
was not statistically significant (Fig. 1b, c). Further analysis 
of GPR55 transcript levels showed that only the earliest form 
of Type 1 EC (grade 1) was significantly higher than the 
levels found in the controls (Fig. 1c).

Identification and location of GPR55 protein

The pattern of GPR55 immunoreactivity in representative 
control (atrophic) and EC tissues and positive control tis-
sue (human pancreas) is shown in Fig. 2. To ensure that the 
antibody used was specific for GPR55 and the concentration 
optimal for immunohistochemical (IHC) studies; we per-
formed IHC studies on human pancreas in the absence of 
a GPR55-specific antibody (IgG; panel a), which showed 
no DAB staining, whereas in the presence of the GPR55 
antibody (GPR55; panel a), β cells within the Islets of 
Langerhans showed moderate DAB staining. GPR55-spe-
cific staining of control endometrial tissue (atrophic; panel 
b) indicated the presence of very light staining in both the 
stroma and glands; staining in the luminal epithelial cells 
was observed on both the apical and basal surfaces. GPR55 
protein was present at a stronger intensity in the glands than 
in the stroma, with the strongest glandular immunoreactivity 
on the luminal and basal surfaces, with little cytoplasmic 
staining. By contrast, stromal cell immunoreactivity was 
very light and not uniform.

GPR55 staining in Type 1 EC tissue was greater than in the 
control tissue, and was not present in the nucleus but appeared 
to be localised to the epithelial cell membrane and underly-
ing cytoplasm of both glandular epithelial and stromal cells, 
where the staining was more intense than in the membranes. 
Overall stronger staining was observed in the glands than in 

http://www.graphpad.com
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the stroma. Similar data were obtained for grade 1, grade 2 
and grade 3 Type 1 EC samples (panel b). For Type 2 EC 
(serous and carcinosarcoma), the staining was more uniform 
and intense than in Type 1 EC samples. GPR55 staining in 
serous EC samples, was stronger in the glandular epithelial 
than in the stromal cells, whilst in carcinosarcoma, immuno-
reactive staining was more uniform and very intense in all cell 
types (panel b). In both cases, the staining appeared over the 
entire tissue but was absent from the nuclei of the tumour cells.

Histomorphometric quantification of GPR55 
staining

Histomorphometric (H-score) analysis of the GPR55 protein 
expression (histological staining shown in Fig. 2) in control 
(atrophic) and EC tissues is shown in Fig. 3. The H-score 
for GPR55 protein expression was higher in EC samples 
than in control tissues (upper series of three images). The 
left-hand panel shows that GPR55 staining was significantly 
higher (2.1-fold) in the entire tissue [glands (G) and stroma 
(S)], whilst the middle and right panels indicate that GPR55 
staining was significantly increased by 1.8-fold and 3.34-fold 
in the gland (G) and stromal (S) compartments, respectively. 
Although the fold changes were different in the two types 
of endometrial tissue, the staining in the glands (H-score 
154.1–248.2) was consistently higher than the staining in 
the stroma (H-score 39.2–131.0).

Sub-analysis (middle series of three images) of the stain-
ing showed that GPR55 protein levels in the Type 1 and 
Type 2 EC tissues were both significantly increased (2.1-
fold) and had similar staining expressions in the glandular 
epithelial tissue (middle panel) and stromal tissue (right-
hand panel). Further analyses of these data indicated that 
although the H-scores varied between tumour types, GPR55 
staining was significantly higher in all grades of Type 1 EC 
and in both carcinosarcoma and serous EC than in control 
tissue (lower series of panels).

Fig. 1  Expression of GPR55 transcript levels in normal and can-
cerous endometrial tissues. GPR55 transcript levels were normal-
ised against the geometric mean of three ‘housekeeping genes’ and 
the median of the control endometrium (atrophic) value to provide 
a relative gene expression value. Data are presented as individual 
data points for each patient sample together with [median ± (IQR) 
and range] for control (atrophic), endometrial cancer (EC), Type 1 
and Type 2 EC, grades 1, 2 and 3 Type 1 EC tissue, and Type 2 EC 
(serous and carcinosarcoma) tissues. p values were obtained using 
Mann–Whitney U test (a; **p = 0.002) and Kruskal–Wallis ANOVA 
with Dunn’s ad hoc post-test (b; **p = 0.007 and c; **p = 0.009)

▸
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Fig. 2  Specificity of GPR55 
immunostaining and distribu-
tion in normal endometrium 
and different types of endo-
metrial cancer tissue. Panel a 
shows immunohistochemical 
specificity for the anti-human 
GPR55 antibody using human 
pancreas as the control tissue. 
Cell-specific staining was 
observed within the Islets of 
Langerhans at an antibody 
dilution of 1 in 200 (GPR55) 
whilst an equivalent concentra-
tion of non-human rabbit IgG 
showed no staining (IgG). A 
higher concentration of anti-
body (1 in 100 dilution) lightly 
stained acinar cells indicating 
non-specific staining. Panel b 
shows representative staining of 
human endometrium from con-
trol (atrophic), and Type 1 EC 
(grades 1, 2 and 3) and Type 2 
EC (serous and carcinosarcoma) 
biopsies. Weak staining in the 
epithelial glands (g) of control 
tissue was observed with little 
or no staining in the stroma 
(s). By contrast, more intense 
glandular epithelial cell staining 
was observed in the different 
malignant tissues, with some 
light staining of the stroma in 
the grade 1, Type 1 EC samples. 
Bar = 50 µm
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GPR55 protein levels correlate with GPR55 
transcript levels

Figure 4a shows a clear significant (p = 0.02) linear rela-
tionship between GPR55 H-scores (protein expression) 
and GPR55 transcript levels across the entire study. These 
data suggest that GPR55 protein expression in EC might 
be regulated primarily at the transcript level.

Relationship between GPR55 protein expression 
and cannabinoid receptor protein expression

There was no significant correlation (r2 = 0.045; p = 0.227) 
between GPR55 protein expression and CB1 protein expres-
sion (Fig. 4b), but an almost perfect inverse correlation 
(r2 = 0.865; p < 0.0001) between GPR55 protein expression 
and CB2 protein expression (Fig. 4c).

Fig. 3  Histomorphometric (H-score) analysis of GPR55 protein 
immunoreactivity. Immunoreactive GPR55 protein staining (shown 
in Fig. 2) was subjected to histomorphometric analysis of the entire 
tissue (left column), the glandular epithelial tissue alone (middle 
column) and the stromal tissue alone (right column). Data are pre-
sented as the mean ± SEM of 6 control (atrophic) and 28 endome-
trial cancer (EC) tissues. Sub-analyses of endometrial cancer type 
(Type 1, n = 18 and Type 2, n = 10) and grade (grade 1, n = 6; grade 

2, n = 6; grade 3, n = 6; serous, n = 4; carcinosarcoma, n = 6) showed 
that GPR55 immunoreactive protein levels increased both in the 
stroma and the glandular epithelium in all types and grades of endo-
metrial cancer when compared to that observed in the atrophic con-
trol) endometrium. p values were obtained using Student’s t tests 
and one-way ANOVA with Dunnett’s ad hoc post-test; **p = 0.0024; 
****p < 0.0001
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Discussion

Although several studies have highlighted the role of GPR55 
in various types of cancer (Andradas et al. 2011; Pineiro et al. 
2011; Perez-Gomez et al. 2013; He et al. 2015; Hofmann et al. 
2015), there have been no studies (to our knowledge) on the 
expression of GPR55 and its potential role in EC. In this study, 
we mapped out the expression pattern for GPR55 in both Type 
1 and Type 2 EC and demonstrated that it was higher in the EC 
than in control samples and this increased expression was related 
to tumour type and grade, both at the transcript (p = 0.002) and 
protein (p < 0.0001) level. Transcript (mRNA) levels in Type 1 
EC patients were significantly higher (p < 0.0007), whilst the 
levels were not affected in Type 2 patients (p = 0.132). Further 
examination of the Type 1 EC patients, revealed that GPR55 
transcript levels in grade 1, Type 1 EC tissues were significantly 
higher than those of grade 2 or 3 patient tissues, whose levels 
were statistically similar to those of controls, even though they 
were higher (Fig. 3). These data suggest that different types of 
EC may have different levels of GPR55 protein and thus dif-
ferentially respond to GPR55 ligands.

This hypothesis was confirmed by the immunohisto-
chemistry studies, which demonstrated significantly more 
GPR55 protein in all forms of endometrial cancerous tissue 
when compared to the control tissues, whilst only the Type 1, 
grade 1 EC tissue had significantly higher amounts of GPR55 
mRNA (Fig. 1). These data indicate that a tight link between 
GPR55 transcription and translation in malignant endometrial 
cells is lacking and that there is enhanced protein stability 
in the Type 1, grade 3 EC, serous and carcinosarcoma sam-
ples. This was confirmed with correlation analyses, where 
the correlation coefficient was only 0.475 (r2 = 0.226) indi-
cating that GPR55 protein stability is probably greater than 
GPR55 mRNA stability in EC cells. Staining for GPR55 was 
not only observed in the plasma membrane where most GPR 
proteins are normally expressed (Weinberg and Puthenveedu 
2019) but also in the cytoplasm where they are not normally 

expressed. In rapidly dividing tissues, such as ovarian cancer, 
hepatoma, pancreatic cancer (which are situations where there 
is increased expression of GPR55) and EC, GPR55 staining 
might also be observed in the cytoplasm, because during rapid 
protein synthesis and receptor turnover, GPR55 protein would 
be observed on ribosomes attached to the rough endoplasmic 
reticulum, and in vacuoles when the protein is recycled (Wein-
berg and Puthenveedu 2019).

Fig. 4  Correlation analysis between GPR55 transcript levels and pro-
tein levels and between GPR55 receptor and CB1/CB2 receptor pro-
tein levels. Panel a shows raw data for the protein levels (H-score) for 
the entire tissue of control (open squares), Type 1 EC (filled circles) 
and Type 2 EC (open circles) tissues plotted against transcript levels 
for the same patient. Panel b shows the correlation between GPR55 
protein levels (H-score) for the entire tissue of control (atrophic; 
open circles) or EC (both Type 1 and Type 2 EC; filled circles) plot-
ted against CB1 protein levels (H-score). Panel c shows similar data 
between GPR55 protein levels (H-score) for the entire tissue of con-
trol (atrophic; open circles) or EC (both Type 1 and Type 2 EC; filled 
circles) plotted against CB2 protein levels (H-score) for the same 
patient. Pearson correlation was performed and the line of best fit 
(solid line) with the 95% confidence intervals for the regression line 
(dotted lines) plotted. The correlation coefficient (r2) and p value 
are also presented. The H-score data for CB1 and CB2 immunohis-
tochemical staining is shown in Electronic Supplementary Material, 
Fig. 1

▸



457Histochemistry and Cell Biology (2021) 156:449–460 

1 3

It was evident that GPR55 protein staining was mark-
edly more intense in the EC tissues, and increased in the 
more advanced (Type 1, grade 3 and metastatic Type 2) 
EC tissues (Figs. 2 and 3). There was some evidence of 
differential expression of GPR55 in the stromal and glan-
dular compartments in the different EC grades and types 
with stromal expression appearing to be lower in Type 1 
EC when compared to Type 2 EC, and the stromal grade 2 
expression appearing to be lower than all other types of EC; 
however, statistical analysis of the difference between Type 
1 and Type 2 EC, and between grade 2 and all other types 
of EC were not significantly different. The key observation 
from the histomorphometric analyses of the staining patterns 
was that GPR55 staining was elevated in all forms of EC 
when compared to non-cancerous tissue (i.e. the atrophic 
controls). These data suggest that GPR55 expression may 
play a role in the aetiopathogenesis of EC and may be a 
possible novel EC biomarker and/or potential future thera-
peutic target. This suggestion is based on recent evidence, 
whereby GPR55 has been demonstrated to be an essential/
key player in the molecular machinery involved in the regu-
lation and modulation of the signalling pathways responsi-
ble for malignant transformation, tumour growth and pro-
gression (Dorsam and Gutkind 2007), especially as GPR55 
expression correlates in a tumour ‘aggressiveness’-related 
manner (Andradas et al. 2011). The highest expression of 
GPR55 protein was observed in samples from the Type 
2 EC group (Figs. 2 and 3), which is considered a highly 
aggressive tumour (Wild et al. 2012). These data suggest 
that increased GPR55 expression in EC tissue could possibly 
be considered a marker of EC ‘aggressiveness’, as has been 
reported for other forms of cancer (Andradas et al. 2011; Hu 
et al. 2011; Pineiro et al. 2011). Because some endocannabi-
noids do not bind effectively to GPR55 (Ryberg et al. 2007), 
the expression of the classical cannabinoid receptors were 
examined for any evidence of an association with GPR55 
expression. There was none with CB1 (Fig. 4b), but a strong 
inverse correlation with CB2 transcript (data not shown) 
and protein levels (Fig. 4c). These data suggest that factors 
regulating GPR55 and CB2 protein expression in EC may be 
linked in a reciprocal manner. This is important because in 
EC, the expression of both CB1 and CB2 receptors decrease 
(Ayakannu et al. 2018) whilst tissue levels of the ligands that 
bind to and activate these receptors increase (Ayakannu et al. 
2019b). Our working hypothesis is that perturbation in the 
endocannabinoid system in EC results in global gene expres-
sion changes that regulate the expression of CB1, CB2 and 
GPR55 whilst altering the expression of key enzymes that 
regulate tissue ligand levels (Ayakannu et al. 2019a). Future 
studies should examine the key regulators of these proteins 
in relation to EC and other cancers. One potential candidate 
class of molecules that might regulate both OEA produc-
tion and GPR55 expression are the lysophospholipids, such 

as LPI and 2-ALPI (Oka et al. 2007), recently identified 
as potent ligands for GPR55 (Okuno and Yokomizo 2011). 
These lipids are noticeably elevated in ascitic fluid obtained 
from ovarian cancer patients compared to non-malignant 
controls (Xiao et al. 2001), suggesting a role for GPR55 
in ovarian cancer. This lends itself to the possibility that 
lysophospholipids might be present (or elevated) in the 
peritoneum of EC patients too. In addition to affecting the 
tumour cells directly, LPI derived from ovarian cancer cells 
and ovarian cancer cell lines cause endothelial cell prolif-
eration through binding to GPR55 causing activation of 
ERK1/2 and p38 (Hofmann et al. 2015). Since ovarian epi-
thelial cancer cells also express GPR55, then a positive feed-
forward activation of cell proliferation is postulated. If a 
similar effect occurs in patients with EC and is confirmed in 
further studies, then it offers a new opportunity for GPR55 to 
be considered for the development of anti-angiogenic strate-
gies for patients with both types of gynaecological cancer.

Further support for a feed-forward pathway in carcino-
genesis comes from studies of other types of cancer cells 
where GPR55 is also upregulated. In prostate (PC-3, DU145 
and LNCaP) and ovarian (OVCAR3 and A2780) cancer cell 
lines, an autocrine loop that involves GPR55, LPI and the 
ABC transporter ABCC1 has been demonstrated (Pineiro 
et al. 2011), whilst GPR55 expression enhances the inva-
sion and migration of human breast cancer cells (Ford et al. 
2010). Conversely, silencing RNA (Perez-Gomez et  al. 
2013) and microRNA miR-675-5p GPR55 knockdown 
studies (He et al. 2015), have shown that cancer cell pro-
liferation and colony development in skin carcinoma and 
non-small lung cancer cells, respectively, is inhibited. Simi-
larly, miR-34p-3p acts as a mediator of p53 modulation of 
GPR55 expression in pancreatic cancer (Ferro et al. 2018). 
In those studies, artificial ligands were used, whereas more 
physiologically relevant ligands might have been more use-
ful. For example, LPI and its 2-arachidonolyl lysophosphati-
dylinositol (2-ALPI) derivative, are the most potent ligands 
for GPR55 (Okuno and Yokomizo 2011) with the latter 
being markedly elevated in ascites fluid from ovarian can-
cer patients (Xiao et al. 2001; Xu et al. 2001). This has led 
to the GPR55 receptor being re-labelled the ‘LPI1 receptor’ 
(Kihara et al. 2014). This rebranding could be premature, 
because the endocannabinoid ligands, 2-AG, PEA and OEA 
also bind to GPR55 and act as agonists (Ryberg et al. 2007). 
Where AEA is reported to bind to the GPR55 receptor, it 
acts as an inverse antagonist, blocking the actions of other 
endocannabinoids (Ross 2009). Although the N-acyletha-
nolamines (NAEs) are eicosanoid lipids and derived from 
membranes, they are not lysophosphatidylinositol and so 
not part of this class of ligands. Until such controversies 
are resolved, we suggest that this receptor continues to be 
labelled the GPR55 receptor.
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Since 2-AG, PEA and AEA are elevated in the plasma 
of patients with EC and have been demonstrated to induce 
apoptosis in EC cells (Guida et al. 2010; Fonseca et al. 
2018), it seemed prudent to investigate the expression of 
GPR55 and its relationship with ligands and classical CB1 
and CB2 receptors in EC. The clear inverse relationship 
between the expression of GPR55 and CB2 receptor expres-
sion, but not with that of CB1 suggests that the molecu-
lar regulation between GPR55 and CB2 may be intricately 
linked whilst that between GPR55 and CB1 may not be.

Of the endocannabinoids, N-palmitoylethanolamide 
(PEA) has the greatest affinity for this receptor, although 
other endocannabinoids also bind to GPR55 (Ryberg et al. 
2007). It is therefore unsurprising that the correlation coef-
ficients for the interactions between GPR55 protein expres-
sion and tissue NAE levels was with PEA > AEA > OEA 
(data not shown), which suggests that each of these NAEs 
possesses the potential to regulate the expression GPR55 
in EC. This cannot be through CB1 or CB2 because the 
expression of these receptors decrease to almost zero in 
EC (Ayakannu et al. 2018, 2019b) and so suggest that acti-
vation of another receptor is implicated in EC. Of the vari-
ous candidates, peroxisome proliferator-activated receptor 
alpha (PPARα) is the most attractive, since PEA binds to 
PPARα with high affinity and when activated, PPARα acts 
as a transcriptional regulator, potentially able to alter the 
expression of GPR55, CB2 and the enzymes involved in 
the formation and degradation of the endocannabinoids 
(Lo Verme et  al. 2005). Furthermore, the p53 protein 
product is known to regulate GPR55 in mice, and since 
p53 is often mutated in the more aggressive serous and 
carcinosarcoma forms of EC, then a possible link between 
mutated p53, the ECS and GPR55 expression is possi-
ble. These hypotheses need testing and verifying in future 
experiments and human studies.

One limitation of this study was that we did not measure 
the levels of LPI and its congeners in our patient cohorts 
or other receptors and enzymes that may be important in 
the GPR55 signalling pathway. This is because it is techni-
cally difficult to measure LPI or its congeners in tissues with 
any degree of accuracy due to rapid degradation of the lipid 
especially if the fatty acid is unsaturated or if a sample is 
complicated by the presence of other phospholipids (Xiao 
et al. 2001; Okuno and Yokomizo 2011; Barr et al. 2012). 
Furthermore, it is currently known that PPARα and β expres-
sion are not altered in EC, but the expression of PPARγ is 
(Huang et al. 2016). These transcriptional regulators are also 
involved in glucose metabolism (Wallbillich et al. 2017) and 
interact with LPI and STAT3, factors that are also known to 
be a control point in obesity progression (Chang et al. 2015; 
Arifin and Falasca 2016), which in turn has a strong relation-
ship to the development and progression of EC (Onstad et al. 
2016). Another factor that we have not examined is whether 

the expression of GPR55 has any effect on patient survival 
or prognosis, but these are matters for future research.

The demonstration that GPR55 expression in EC tissue 
is enhanced in a way that favours the support of EC cell 
survival and proliferation and especially in more aggressive 
tumour types, similar to that observed for ovarian cancer 
(Sutphen et al. 2004) suggests a possible pivotal role for this 
receptor in EC pathogenesis. The demonstration that GPR55 
expression is increased in both types of EC, especially in 
the more aggressive Type 2 form, may also provide addi-
tional prognostic markers and therapeutic targets (Alhouayek 
et al. 2018) for individualised treatment and give hope for 
those women with metastatic disease. As more data become 
known about how this protein’s expression is regulated, then 
new windows of opportunity to explore its role as a prog-
nostic marker in response to therapy may become important.
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