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Simple Summary: Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s
disease, is a debilitating condition with chronic inflammation in the digestive tract. Patients with
IBD are at higher risk of developing colitis-associated colorectal cancer (CAC) compared with the
general population. The etiology of IBD is not well understood, but both genetic and environmental
factors have been implicated. In this study, we investigated the role of the pH-sensing GPR4 receptor
in colitis and CAC mouse models. GPR4 knockout alleviated intestinal inflammation, reduced tumor
angiogenesis, and impeded CAC development. Our data suggest that the inhibition of GPR4 may be
explored as a potential therapeutic approach for IBD treatment and CAC prevention.

Abstract: GPR4 is a proton-sensing G protein-coupled receptor highly expressed in vascular endothe-
lial cells and has been shown to potentiate intestinal inflammation in murine colitis models. Herein,
we evaluated the proinflammatory role of GPR4 in the development of colitis-associated colorectal
cancer (CAC) using the dextran sulfate sodium (DSS) and azoxymethane (AOM) mouse models in
wild-type and GPR4 knockout mice. We found that GPR4 contributed to chronic intestinal inflam-
mation and heightened DSS/AOM-induced intestinal tumor burden. Tumor blood vessel density
was markedly reduced in mice deficient in GPR4, which correlated with increased tumor necrosis
and reduced tumor cell proliferation. These data demonstrate that GPR4 ablation alleviates intestinal
inflammation and reduces tumor angiogenesis, development, and progression in the AOM/DSS
mouse model.

Keywords: inflammation; cancer; inflammatory bowel disease (IBD); colitis-associated colorectal
cancer; GPR4; G protein-coupled receptor (GPCR); angiogenesis; fibrosis; knockout mice

1. Introduction

Colitis-associated colorectal cancer (CAC) is driven by chronic and recurring mucosal
inflammation observed in inflammatory bowel disease (IBD) patients [1]. Patients with IBD
have an increased risk of developing CAC when compared with the general population [2].
In this context, colorectal cancer (CRC) can develop and progress through the chronic
inflammation–dysplasia–carcinoma axis [1]. Interestingly, severe intestinal inflammation
is associated with decreased colon luminal pH in IBD patients [3–5]. Tissue acidosis is
characterized by reduced extracellular pH and is a hallmark of chronic inflammation and
cancer. As such, solid tumors are characterized by an acidic tumor microenvironment [6–8].
Local tissue acidification of inflamed colonic tissues has also been observed in a DSS-
induced colitis mouse model [9]. Inflamed colon segments excised from DSS-treated mice
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were more acidic than non-inflamed colon segments, as measured by the pH indicator
SNARF-4F 5-(and-6)-carboxylic acid [9].

A family of proton-sensing G protein-coupled receptors (GPCRs) capable of sensing
changes in extracellular pH have recently been implicated in regulating intestinal inflamma-
tion. The pH-sensing GPCR family includes GPR4, GPR65, and GPR68, which are activated
via the protonation of histidine residues on the receptor extracellular domains [7,10–15]. GPR4
is predominately expressed in vascular endothelial cells, among other cell types [16–22]. Our
group has demonstrated that GPR4 activation via the acidic microenvironment augments
endothelium adhesiveness and increases the expression of endothelial proinflammatory
molecules, such as IL-8, CXCL2, COX-2, VCAM-1, and E-selectin [17,23]. Moreover, intesti-
nal fibrosis is a serious complication in IBD [24,25]. GPR4 expression is positively correlated
with fibrogenic gene expression in highly fibrotic intestine lesions obtained from Crohn’s
disease (CD) patients [20]. In addition to proinflammatory, profibrotic, and endothelial
cell activation roles, GPR4 has been implicated in both physiological and pathological
angiogenesis [19,20,26–28]. Studies have demonstrated a role for GPR4 in promoting angio-
genesis and tumor growth in the porous tissue implant and orthotopic tumor models [28].
GPR4 expression is associated with increased angiogenesis in hepatocellular, head and
neck, breast, and colorectal cancers [27–29]. Increased GPR4 expression has been observed
in colorectal tumors compared with adjacent normal tissue and is associated with decreased
overall survival in patients [30]. Therefore, GPR4 may contribute to tumorigenesis in the
colon by reinforcing the inflammatory and angiogenic processes in IBD. Herein, using
wild-type and GPR4 knockout mouse CAC models, we investigated the role of GPR4 in
inflammation-driven colorectal cancer.

2. Materials and Methods
2.1. Ethics Statement

These mouse experiments were approved by the Institutional Animal Care and Use
Committee of East Carolina University in accordance with the Guide for the Care and Use
of Laboratory Animals (The National Academies Press).

2.2. Dextran Sulfate Sodium (DSS)-Induced Colitis Mouse Model

Nine-week-old male and female wild-type (WT) and GPR4 knockout (KO) mice were
used in the experiments. GPR4-deficient mice were generated as previously described
and were backcrossed into the C57BL/6 background for 11 generations [19]. Animals
were maintained under specific pathogen-free conditions and were free from Helicobacter,
Citrobacter rodentium, and norovirus. Colitis was induced using 3% (w/v) colitis-grade
dextran sulfate sodium (DSS) with molecular weight 36,000–50,000 Da (Lot# Q1408, MP
Biomedical, Solon, OH, USA) within the drinking water of the mice. The 3% DSS solution
or water was provided to mice ad libitum, as previously described [16,31,32]. Briefly, mice
were given 3% DSS for 4 cycles. Each cycle constituted 5 days of 3% DSS followed by 2 days
of water. Following the fourth cycle, water was switched back to 3% DSS for 2 final days.
Mouse body weight and clinical phenotype scores were measured each day [33].

2.3. Azoxymethane (AOM) and Dextran Sulfate Sodium (DSS)-Induced Colitis-Associated
Colorectal Cancer Mouse Model (CAC)

Nine-to-twelve-week-old male and female WT and GPR4 KO mice were used in these
experiments. Mice were backcrossed 13 generations into the C57BL/6 background. CAC
mouse model was induced as previously described [33–35]. Briefly, a single i.p. injection
(10 mg/kg) of azoxymethane (AOM, product# A5486, Sigma-Aldrich, Saint Louis, MO,
USA) followed by 4% (w/v) DSS (Lot# Q5229 and S0948, MP Biomedical, Solon, OH, USA)
in drinking water was used to induce colitis-associated colorectal cancer in mice. The mice
were given 4% DSS in water for 3 cycles. Each cycle constituted 5 days of 4% DSS followed
by 16 days of water. Following the third cycle, mice were given water for the remaining
period (37 days) to the endpoint on the 14th week (100 days).
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2.4. Mouse Clinical Phenotype Scoring

Assessment of colitis severity in WT and GPR4 KO mice treated with 3% DSS or
AOM/ 4% DSS was performed as previously described [33]. Colitis severity was deter-
mined using the clinical parameters of body weight loss and fecal score [16]. Disease
activity index, represented by body weight loss percentage, fecal score, colon shortening,
and mesenteric lymph node expansion, was measured to assess inflammation. Feces were
collected from mice and assessed for presence of blood and consistency. Fecal scoring
system consisted of the following: 0 = normal, dry, firm pellet; 1 = formed soft pellet with
negative hemoccult test; 2 = formed soft pellet with positive hemoccult test; 3 = formed
soft pellet with visual blood; 4 = liquid diarrhea with visual blood; 5 = bloody mucus and
no colonic fecal content upon necropsy. Presence of micro-blood content was measured
using the Hemoccult Single Slides screening test (Beckman Coulter, Brea, CA, USA).

2.5. Mouse Tissue Collection, Evaluation, and Processing

At endpoint, mice were euthanized followed by necropsy; colon and mesenteric lymph
nodes were collected, evaluated, and processed, as previously described [16,33]. Colon
length was measured from the ileocecal junction to anus. Then, colon was separated from
cecum, and phosphate buffer saline (PBS) was used to clear it of fecal content; then, it
was opened along the anti-mesenteric border. Colon tissue was fixed with 10% buffered
formalin and cut evenly into distal, middle, and proximal sections for histologic evaluation.
The mesenteric lymph node and tumor volumes were assessed with a caliper using the
formula (length × width2) π/6 using a dissecting scope for visualization and then fixed
with 10% buffered formalin and collected for histological analysis.

2.6. Histopathological Analysis

Subsequently, 5 µm sections of distal, middle, and proximal colon tissue segments
were obtained from WT and GPR4 KO mice and stained with hematoxylin and eosin
(H&E) for histological analysis. Sample identification was concealed during histopathologi-
cal analysis for unbiased evaluation. Board-certified medical pathologists evaluated colitis
histopathological features, including inflammation, crypt damage, edema, architectural distor-
tion, and leukocyte infiltration in a blinded manner, as previously described [16,31,32]. Each
parameter was scored and multiplied by a factor corresponding to total tissue percentage
of disease involvement. Additional scoring criteria for colonic fibrosis were evaluated as
previously described [36]. Briefly, colon segments of WT and GPR4 KO mice treated with
DSS were stained with picrosirius red for fibrosis analysis and graded in a blinded manner
for pathological fibrosis. Severity of fibrosis was included as one of the parameters of the
histopathological score. WT and GPR4 KO AOM/DSS-treated mouse intestinal tumors
in the colons were assessed to differentiate dysplasia and adenocarcinoma lesions using
the histologic criteria: neoplastic cells in adenocarcinoma invade through the muscularis
mucosa into the submucosa, whereas neoplastic cells in dysplasia are confined within the
basement membrane of the mucosa.

2.7. Tumor Necrotic Area Quantification

Hematoxylin and eosin (H&E) stain was performed on formalin-fixed, paraffin-
embedded tumor sections to assess necrosis in WT and GPR4 KO AOM/DSS mouse
colons. Percent of necrotic area per field of view (FOV) was measured using the ImageJ
software (v.1.53k) in a blinded manner. Briefly, images were taken of each tumor to cap-
ture the total tumor area using a microscope (Axio Imager M2, Carl Zeiss Inc., White
Plains, NY, USA). Percent of necrosis per FOV was calculated using the following equation:
% necrotic area = (sum of necrotic areas/total area of FOV) × 100.

2.8. Immunohistochemistry

Colon tissues were embedded in paraffin, and serial 5 µm sections were evaluated for
immunohistochemical analysis, as previously described [16]. Briefly, antigen retrieval was
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performed on colon sections followed by endogenous peroxidase blocking. Endogenous
biotin, biotin receptors, and avidin binding sites were blocked using an avidin/biotin block-
ing kit (Vector Laboratories, California, CA, USA) followed by normal serum blocking and
stained with anti-green fluorescent protein (GFP) (Abcam, ab6673, Cambridge, MA, USA),
anti-F4/80 (Cell Signaling Technology, #70076, Danvers, MA, USA), anti-CD4 (Abcam
#ab183685, Waltham, MA, USA), anti-CD8 (Abcam, #ab203035, Waltham, MA, USA),anti-
cleaved caspase-3 (Cell Signaling Technology, #9664S, Danvers, MA, USA), anti-CD31 (Cell
Signaling Technology, #77699S, Danvers, MA, USA), and anti-Ki67 (Abcam, #ab15580,
Waltham, MA, USA) primary antibodies. The IHC detection system VECTASTAIN® Elite
ABC-HRP Kit, Peroxidase (Rabbit IgG) (Vector Laboratories, California, CA, USA), and
VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Goat IgG) (Vector Laboratories, Cali-
fornia, CA, USA) were used. Following the addition of secondary antibody, DAB (3,3′-
diaminobenzidine) incubation was performed for HRP detection. Pictures were taken using
the Zeiss Axio Imager M2 microscope.

2.9. Microvessel Density Quantification

CD31+ immunohistochemistry stain was used as a marker for endothelial cells forming
blood vessels in the WT and GPR4 KO AOM/DSS colon tumor sections. Image J (v.1.53k)
was used for manual quantification of individual blood vessels/field of view (FOV). In total,
5–8 images were captured per tumor, and blood vessel numbers were averaged. Images
were analyzed in a blinded manner. Data are represented as the averaged tumor blood
vessel number/FOV for the two groups, WT and GPR4 KO AOM/DSS.

2.10. Tumor Proliferation Quantification

Ki67 immunohistochemistry stain was used as a proliferation marker in the WT and
GPR4 KO AOM/DSS colon tumor sections. The Fiji (v.1.53q) software was used for analysis,
as previously described [37]. Briefly, 4–8 images were captured per tumor and analyzed
in a blinded manner. Percent positive cells were calculated by dividing the number of
Ki67-positive (brown) cells by the total number of cells (blue nuclei)/FOV, multiplied by
100. Then, all FOV percentages were averaged to produce a percentage per tumor.

2.11. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Real-time PCR was performed as previously described [16]. Crohn’s and ulcera-
tive colitis cDNA arrays were purchased from Origene Technologies (catalog #CCRT102,
Rockville, MD, USA) and utilized in real-time PCR analysis using specific primer–probes
for human GPR4, TNF-α, IFN-γ, and β-actin [23,33]. cDNA array patient information was
described in a previous report, as supplied by the vendor [16]. Furthermore, total RNA
was isolated from the chronic DSS and control mouse colon tissues using the IBI extrac-
tion kit (catalog #IB47702, Fenton, MO, USA). RNA was reverse-transcribed into cDNA
using the SuperScript IV reverse transcriptase (ThermoFisher Scientific, CA, USA). TaqMan
qRT-PCR was performed to measure gene expression using specific primer–probes for
mouse Gpr4 (Mm00558777_s1), Tnf-α (Mm00443258_m1), Ifn-γ (Mm01168134_m1), Cxcl2
(Mm00436450_m1), Cox2/Ptgs2 (Mm00478374_m1), Madcam1 (Mm00522088_m1), E-selectin
(Mm00441278_m1), Icam1 (Mm00516023_m1), and Vcam1 (Mm01320970_m1). Gene expres-
sion was normalized to the housekeeping gene 18S rRNA (Hs99999901_s1), and the relative
gene expression was calculated using the 2−∆∆Ct method.

2.12. Statistical Analysis

All statistical analyses were performed using the GraphPad Prism (v.9.4.1) software.
The unpaired t-test, the Mann–Whitney U test, and one-way ANOVA were used to compare
differences between two groups (WT vs. GPR4 KO) or more than two groups. Linear
regression and Pearson and Spearman correlation were used to correlate gene expression.
Python 3 code was written using NumPy, Panda, and matplotlib to calculate the correlation
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and regression of mouse tumor blood vessel density, tumor volume, and necrosis area and
then to graph the scatter plot. p < 0.05 is considered statistically significant.

3. Results
3.1. GPR4 Potentiates Intestinal Inflammation in the Chronic DSS-Induced Experimental Colitis
Mouse Model

We used WT and GPR4 KO mice to characterize the role of GPR4 in the chronic
DSS-induced colitis mouse model [38,39]. The model consists of four cycles of intestinal
inflammatory insults. Mouse body weight and fecal blood and diarrhea were analyzed as
disease activity indicators (Figure 1). The WT-DSS mice began to lose between 12–15% body
weight following cycle one, whereas the GPR4 KO-DSS mice lost between 5–10% body
weight throughout the cycles (Figure 1A). The fecal scores also indicated that the GPR4 KO-
DSS mice were less clinically severe when compared with the WT-DSS mice, as the GPR4
KO-DSS mice had reduced fecal blood and diarrhea (Figure 1B). Upon completion of all
four cycles of the chronic DSS-induced colitis, macroscopic disease indicators were collected
such as mesenteric lymph node (MLN) enlargement and colon length measurements. MLN
volume change due to inflammation was not different at this point of the study between
the WT and GPR4 KO-DSS mice (Figure 1C). The colon length, however, indicated that
the GPR4 KO-DSS mice had less colon shortening when compared with the WT-DSS mice
(Figure 1D). Collectively, these results indicate that GPR4 potentiates disease severity in the
chronic DSS-induced mouse model.
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Figure 1. Disease activity indicators of chronic colitis induction in wild-type (WT) and GPR4 knockout
(KO) mice. DSS-induced inflammation was assessed in WT-DSS and GPR4 KO-DSS mice. WT-DSS mice
presented elevated inflammatory indicators compared with GPR4 KO-DSS mice. Clinical phenotypes of
intestinal inflammation such as (A) body weight loss and (B) fecal blood and diarrhea were assessed.
Macroscopic disease parameters such as (C) mesenteric lymph node expansion and (D) colon shortening
were also recorded. Data are presented as the mean± SEM, and statistical significance was determined
using an unpaired t-test between the WT-DSS and GPR4 KO-DSS groups or the one-way ANOVA test
between four groups: the WT control, WT-DSS, the GPR4 KO control, and GPR4 KO-DSS. WT control
(n = 18), WT-DSS (n = 17), GPR4 KO control (n = 14), and GPR4 KO-DSS (n = 18) mice were used for all
experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant).
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We then evaluated the degree of histopathology in the distal, middle, and proximal
colon segments. Distinct parameters of colitis-associated histopathology were assessed,
such as leukocyte infiltration, edema, crypt loss, and architectural distortion, to obtain
a score of severity. The WT and GPR4 KO untreated water control mice displayed no
observable histopathology (Figure 2A and Supplementary Figure S1). The GPR4 KO-DSS
mice had reduced histopathology when compared with the WT-DSS mice in their colon
segments (Figure 2A,B).
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Figure 2. Histopathological analysis of proximal, middle, and distal colon in chronic colitis mice.
Characteristic histopathological features of colitis were assessed to further characterize the degree of
intestinal inflammation. WT-DSS mice presented elevated disease indicators compared with GPR4
KO-DSS mice. Representative H&E pictures of distant colon were taken for (A) WT-DSS, GPR4
KO-DSS, WT control, and GPR4 KO control mice. (B) Total histopathologic scores for WT-DSS and
GPR4 KO-DSS proximal, middle, and distal colons. For fibrosis assessment, representative pictures
of Picrosirius red-stained tissue sections of distant colon were taken for (D) WT-DSS, GPR4 KO-DSS,
WT-control, and GPR4 KO control mice. Graphical representations of (B) total histopathological
parameters, (C) leukocyte infiltration assessment in the distal colons, and (E) colonic fibrosis are
presented. WT control (n = 18), WT-DSS (n = 17), GPR4 KO control (n = 14), and GPR4 KO-DSS
(n = 18) mouse tissues were used for histopathological analysis. Scale bar is 100 µm. Data are
presented as the mean ± SEM, and statistical significance was determined using an unpaired t-test
between the WT-DSS and GPR4 KO-DSS groups (* p < 0.05, ** p < 0.01).
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Moreover, leukocyte infiltration was reduced in the colons of GPR4 KO-DSS mice
when compared with WT-DSS mice (Figure 2C), which corroborates previous reports
indicating that GPR4 can increase leukocyte infiltration into inflamed intestinal tissues
by upregulating endothelial cell adhesion molecules [16]. Further immunohistochemical
analyses showed that F4/80+ macrophages, CD4+ T cells, and CD8+ T cells were reduced
in GPR4 KO-DSS mouse distal colons compared with WT-DSS (Supplementary Figure S2).

Another distinct histopathological consequence is fibrosis in chronically inflamed
intestinal tissues. We observed heightened fibrotic development in mice with chronic
DSS-induced colitis. The distal colon segment displayed the highest degree of fibrosis
with a progressive reduction in severity from the middle to the proximal colon. A signif-
icant reduction in fibrosis was observed in the GPR4 KO-DSS mice in the distal, middle,
and proximal colon segments when compared with the WT-DSS mice (Figure 2D,E and
Supplementary Figure S1).

3.2. GPR4 Gene Expression Is Upregulated in Inflamed Colon Tissues and Positively Correlated
with TNF-α and INF-γ Gene Expression

Previous studies have shown that GPR4 gene expression is upregulated in both ul-
cerative colitis (UC) and Crohn’s disease (CD) patient intestinal samples compared with
normal intestinal tissue [16,18]. TNF-α and INF-γ are cytokines implicated in the inflam-
matory pathways of IBD [40]. Herein, we observed a positive correlation between the gene
expression of GPR4 with both TNF-α (p < 0.0001 and R = 0.5966) and INF-γ (p < 0.0001
and R = 0.5634) in IBD patient intestinal samples (Figure 3A,B). Furthermore, GPR4 gene
expression was upregulated three-fold in the WT-DSS mouse colon samples compared with
the WT control (Figure 3C), consistent with upregulation of GPR4 expression observed
in other mouse colitis models and IBD patient samples [16,18,20,32]. GPR4 gene expres-
sion was also correlated with TNF-α and INF-γ expression in the mouse colon samples
(Figure 3D,E). When compared with the WT-DSS mouse colons, Cox2 (Ptgs2) gene expres-
sion was significantly reduced in the GPR4 KO-DSS colons, and there was also a trend
of reduced Cxcl2, Madcam1, and E-selectin gene expression in the GPR4 KO-DSS colons
(Supplementary Figure S3).
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gene expression in colon tissue samples of IBD patients. A positive correlation was found between
(A) GPR4 and TNF-α and (B) GPR4 and IFN-γ relative mRNA expression in IBD patient samples.
Statistical significance was tested with the Pearson correlation coefficient. Dashed lines indicate
the 95% confidence band of the best-fit line with the linear regression analysis. (C) Upregulation
of murine GPR4 gene expression in WT-DSS inflamed colon tissues compared with the control.
Correlation between (D) murine GPR4 and TNF-α and (E) Gpr4 and Ifn-γ relative mRNA expression
in WT-DSS and control mouse colon samples. Statistical significance was tested using Pearson or
Spearman correlation coefficient (** p < 0.01, **** p < 0.0001).

3.3. Genetic Deletion of GPR4 Reduces Disease Severity in CAC Induced by AOM/DSS in Mice

To further study the role of GPR4 in the development of colitis-associated colorectal
cancer (CAC), we utilized the well-established AOM/DSS murine model [41,42]. Disease
severity indicators were measured during the experiment by monitoring body weight loss
and fecal blood and diarrhea scores. The WT AOM/DSS mice showed more significant
body weight loss when compared with the GPR4 KO AOM/DSS mice starting at the end
of the first cycle and throughout the second and third cycles. Both the WT and GPR4
KO AOM/DSS mice reached an average body weight loss of ~17% by day 9 during the
first cycle, followed by a partial recovery in body weight loss. This body weight recovery
was more significant in the GPR4 KO mice than the WT mice (Figure 4A). The severity of
fecal blood and diarrhea scores was also significantly higher in the WT AOM/DSS mice
in comparison with the GPR4 KO AOM/DSS mice (Figure 4B). At the endpoint of the
experiment (day 100), macroscopic disease indicators were evaluated, such as final body
weight, mesenteric lymph node expansion, and colon length shortening. The GPR4 KO
AOM/DSS mice showed a significant increase in body weight recovery compared with the
WT mice (Figure 4C). The mesenteric lymph node volume of the WT mice was larger than
that of the GPR4 KO mice, indicating a more severe intestinal inflammation in the WT mice
(Figure 4D). No significant differences were observed in colon length between the WT and
the GPR4 KO AOM/DSS-treated mice (Figure 4E).

3.4. GPR4 Knockout Reduces Tumor Burden in the CAC Mouse Model

A significant increase in colon tumor number was observed in the WT AOM/DSS
mice when compared with the GPR4 KO AOM/DSS mice (Figure 5A,B), suggesting GPR4
promotes CAC development. The WT mice had an average tumor number of 7.4, whereas
the GPR4 KO mice had an average of 5.1, demonstrating a 45.1% increase in tumor number
in the WT over GPR4 KO AOM/DSS mice (Figure 5B). Moreover, the volume of the de-
tected tumors was 115 mm3 in the WT mice and 55 mm3 in the GPR4 KO AOM/DSS mice
(Figure 5C). Histological analyses of the colon tissue sections revealed that colon dyspla-
sia (Dys) and adenocarcinoma in situ (AIS) were induced in both the WT and GPR4 KO
AOM/DSS mice (Figure 5D,E). Interestingly, the distribution of dysplasia and adenocarci-
noma in the WT and GPR4 KO AOM/DSS mice showed a 9% decrease in adenocarcinomas
in the GPR4 KO mice compared with the WT mice (85% vs. 94%, respectively) (Figure 5E).
These data suggest the absence of GPR4 delays progression from low-grade dysplasia to
adenocarcinoma in inflamed colon tissues.

3.5. GPR4 Knockout Increases Necrosis and Cell Death and Decreases Cell Proliferation in the
Tumors of AOM/DSS Mice

Tumor necrosis is considered a common feature of solid tumors, which occurs as a
consequence of nutrient and oxygen deprivation [43]. Areas in the tumors with appar-
ent gaps resulting from transformed crypt loss were identified as necrotic areas, where
remnants of nuclear and cytoplasmic debris were visualized with H&E stain (Figure 6A).
The percentage of tumor necrosis areas between the WT and GPR4 KO AOM/DSS tumors
was ~ 2.4-fold higher in the GPR4 KO AOM/DSS tumors compared with the GPR4 WT
AOM/DSS tumors (Figure 6A,B). Using immunohistochemistry, we assessed the protein
expression of cleaved caspase-3, a marker of programmed cell death, in WT and GPR4 KO
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AOM/DSS tumors. The expression of cleaved caspase-3 was predominantly detected in
the necrotic tumor area in addition to positive epithelial cells scattered within the tumor
(Figure 6C). Next, we evaluated Ki67 as a proliferation marker to assess tumor cell prolifer-
ation in the WT and GPR4 KO AOM/DSS mice. WT AOM/DSS tumors showed a more
proliferative phenotype when compared with GPR4 KO AOM/DSS tumors (Figure 6D).
The quantification of Ki67-positive cells revealed a ~two-fold decrease in proliferating
tumor cells in GPR4 KO AOM/DSS mouse tumors (Figure 6E).
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this analysis. WT AOM/DSS mice showed more severe body weight loss and fecal blood and
diarrhea scores throughout the treatment cycles when compared with GPR4 KO AOM/DSS mice.
(A) Body weight change percentage and (B) fecal blood and diarrhea score. At the endpoint, disease
parameters such as final body weight change, colon length, and mesenteric lymph node expansion
were measured. WT AOM/DSS mice showed less body weight gain and increased mesenteric
lymph node expansion when compared with GPR4 KO AOM/DSS mice. (C) Final body weight
change percentage, (D) mesenteric lymph node size, and (E) colon length. Data are presented as
the mean ± SEM. Statistical significance was determined using an unpaired t-test between WT
AOM/DSS and GPR4 KO AOM/DSS mice (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).
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Figure 5. Effects of GPR4 on tumorigenesis in the colitis-associated colorectal cancer (CAC) mouse
model. Tumor burden was evaluated using clinical observation of tumor number and tumor volume
at the endpoint for WT AOM/DSS (n = 16) mouse colons compared with GPR4 KO AOM/DSS mouse
colons (n = 16). Tumor burden was found to be higher in WT AOM/DSS mouse colons compared
with GPR4 KO AOM/DSS mouse colons. (A) Representative pictures of distal colons bearing tumors
(indicated by blue arrowheads), (B) tumor number, (C) tumor volume, (D) histopathological repre-
sentation of adenocarcinoma in AOM/DSS mouse colons (yellow arrowheads), and (E) distribution
of adenocarcinoma in situ (AIS) and low-grade dysplasia (Dys) in WT AOM/DSS and GPR4 KO
AOM/DSS mouse tumors. Data are presented as the mean ± SEM, and statistical significance was
determined using an unpaired t-test and a chi-square test between WT AOM/DSS and GPR4 KO
AOM/DSS mice (* p < 0.05). Scale bar in (A) is 1cm, and scale bar in (D) is 100 µm.
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Figure 6. Tumor necrosis, cell death, and proliferation in the tumor tissues of the colitis-associated col-
orectal cancer (CAC) mouse model. H&E stain was used to assess necrotic areas in WT AOM/DSS (n
= 20 tumors) and GPR4 KO AOM/DSS (n = 19 tumors) mouse tumors. GPR4 KO AOM/DSS showed
higher percentage of tumor necrosis when compared with WT AOM/DSS. (A) Representative images
of H&E-stained tumor tissues showing necrotic areas (yellow arrowheads) and (B) quantification
of average percent of tumor necrosis area in WT AOM/DSS and GPR4 AOM/DSS mouse tumors.
Cell death was assessed using cleaved caspase-3 immunohistochemistry in the tumor tissues of WT
AOM/DSS and GPR4 KO AOM/DSS mice. (C) Representative images of cleaved caspase-3+ cells
(yellow arrowheads) in WT AOM/DSS and GPR4 AOM/DSS mouse tumor tissues. Ki67 + IHC
was used to assess cell proliferation in WT AOM/DSS (n = 20 tumors) and GPR4 KO AOM/DSS
(n = 19 tumors) mouse tumors. WT AOM/DSS tumors showed an increased percentage of pro-
liferative cells when compared with GPR4 KO AOM/DSS tumors. (D) Representative images of
Ki67+ (yellow arrowheads)-stained tumor tissues for WT AOM/DSS and GPR4 KO AOM/DSS mice
and (E) quantification of average percent of Ki67+ proliferative cells in WT AOM/DSS and GPR4
AOM/DSS mouse colon tumors. Images were quantified using the Fiji (v.1.53q) software. Data are
presented as the mean ± SEM, and statistical significance was determined using the unpaired t-test
(*** p < 0.001, **** p < 0.0001). Scale bar is 100 µm.
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3.6. GPR4 Is Highly Expressed in the Tumor Blood Vessels of AOM/DSS Mice

We next characterized the expression profile of GPR4 in the AOM/DSS mouse tumor
model. Immunohistochemistry was performed for green fluorescent protein (GFP), which
functions as a surrogate marker for GPR4 expression in GPR4 KO mice. GPR4 KO mice
were generated by replacing the GPR4 coding region with an internal ribosome entry
site (IRES)-GFP cassette under the control of the endogenous GPR4 gene promoter, as
previously described [16,19].

The GFP signal was detected in GPR4 KO AOM/DSS but not WT AOM/DSS colon
tissues. In line with our previous observations [16], high levels of GFP expression were
detected in the endothelial cells of tumor blood vessels (Figure 7A). Furthermore, using a
double fluorescent stain with GFP and the endothelial marker CD31, we observed that GFP
expression was predominately detected in the endothelial cells (ECs) of blood vessels in
the tumor tissue of GPR4 KO AOM/DSS colons (Figure 7B).
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Figure 7. GFP signal and double labeling with CD31 in the colon tumor tissues of the colitis-
associated colorectal cancer (CAC) mouse model. GFP knock-in under the control of the GPR4
promoter serves as a surrogate marker for endogenous GPR4 expression in GPR4 KO mice. GFP
expression could be detected via immunohistochemistry in GPR4 KO mice but not in WT mice.
(A) GFP expression (indicated by black arrowheads) in GPR4 KO AOM/DSS tumors versus no
expression in WT AOM/DSS tumors and (B) double labeling of GFP (green) and CD31 (red). Blood
vessels show double-positive signals for GFP and CD31 in the GPR4 KO AOM/DSS tumors versus
only a CD31-positive signal in the WT AOM/DSS tumors. Scale bar is 100 µm.
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3.7. GPR4 Deletion Decreases Angiogenic Blood Vessel Formation in the Tumors of
AOM/DSS Mice

During tumorigenesis, angiogenesis is a fundamental process in tumor development
and progression [44]. We analyzed the blood vessel density in the tumors of WT AOM/DSS
and GPR4 KO AOM/DSS mice using immunohistochemistry. The endothelial marker
CD31 was used to identify tumor blood vessels for counting. The deficiency of GPR4 in
the GPR4 KO AOM/DSS mice caused a significant reduction in blood vessel density in the
tumors of these mice by ~2.6 fold when compared with WT AOM/DSS mice (Figure 8A,B).
Moreover, blood vessel density positively correlated with tumor volume and negatively
correlated with tumor necrosis area in the WT AOM/DSS and GPR4 KO AOM/DSS mouse
colon tumors (Figure 8C,D).
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Figure 8. Microvessel density in the tumor tissues of the colitis-associated colorectal cancer (CAC)
mouse model. Using CD31 immunohistochemistry, blood vessel numbers were assessed in WT
AOM/DSS mice (n = 20 tumors) and GPR4 KO AOM/DSS mice (n = 19 tumors). WT AOM/DSS
tumors showed an increased number of blood vessels compared with GPR4 KO AOM/DSS tumors.
(A) Representative pictures of WT and GPR4 KO AOM/DSS tumor CD31+ blood vessels (red arrows);
(B) quantification of average microvessel density per field of view (FOV) in the tumors; (C) positive
correlation between tumor blood vessel density and tumor volume in WT AOM/DSS and GPR4
KO AOM/DSS mouse colons; and (D) negative correlation between tumor blood vessel density
and tumor necrosis area in WT AOM/DSS and GPR4 KO AOM/DSS mouse colons. Red and blue
dots denote WT AOM/DSS and GPR4 KO AOM/DSS tumors, respectively. ImageJ was used for
quantification. Data are presented as the mean ± SEM, and statistical significance was determined
using the unpaired t-test (**** p < 0.0001). Scale bar is 100 µm.

4. Discussion

In this study, we demonstrate that GPR4-driven intestinal inflammation can increase
the development of colorectal tumorigenesis in a colitis-associated colorectal cancer mouse
model. Our observations are in line with previous reports establishing a proinflammatory
role for GPR4 in several systems, such as the brain, heart, kidney, lung, bone, skin, and
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gastrointestinal tract [16,18–20,32,45–51]. In addition, GPR4 has a protumorigenic role in
hepatocellular, head and neck, breast, and colorectal cancers [27–29].

We and others previously elucidated the role of GPR4 in potentiating intestinal inflam-
mation by using both GPR4 antagonists and global GPR4 knockout mice in colitis mouse
models [16,18,20,32]. These studies demonstrated a proinflammatory role for GPR4 in
colitis via the activation of the intestinal endothelium to facilitate immune cell recruitment
and infiltration into inflamed intestinal tissues [16,18,20,32]. Furthermore, GPR4 mRNA
expression levels are significantly increased in the inflamed intestinal tissues of both human
IBD patients and in colitis mouse models when compared with normal tissues. These data
implicate GPR4 in the pathophysiology of chronic intestinal inflammation [16,18].

Patients with IBD are at a ~2.4-fold higher risk of developing colitis-associated col-
orectal cancer (CAC) because of persistent and unresolved intestinal inflammation [2].
Local tissue acidosis exists in the inflammatory loci in part because of shifts in hypoxia,
glycolytic cellular metabolism, the production of bacterial metabolic byproducts, and gran-
ulocyte respiratory bursts [6–8,52]. Increased proton concentrations in the extracellular
milieu can activate GPR4 via the protonation of histidine residues on the extracellular
domain and initiate the activation of downstream G protein pathways [53]. We and others
previously demonstrated that GPR4 activation in endothelial cells elicits the production
of inflammatory molecules such as TNF and NF-κB family members, chemokines, cy-
tokines, and adhesion molecules and functionally mediates leukocyte adhesion to the
activated endothelium [16,23,32,54]. In this study, we demonstrated that GPR4 increased
intestinal inflammation in DSS chronic colitis and AOM/DSS colitis-associated colorectal
cancer mouse models (Figures 1–4). Furthermore, a positive correlation between elevated
GPR4 expression with elevated TNF-α and IFN-γ expression in the intestinal tissues of
IBD patients was observed (Figure 3). We previously showed that GPR4 antagonists in
the DSS-induced colitis mouse model reduced TNF-α mRNA levels in intestinal tissues
when compared with a vehicle control [32]. Several studies have linked the activation
of TNF-α and NF-κB pathways to initiating the malignant transformation of intestinal
epithelial cells [55,56]. These data are supported by studies employing the genetic and
pharmacological blockade of TNF-α, which reduced the CAC tumor burden in mice [57,58].
Moreover, a trend of reduced COX2 (PTGS2), CXCL2, MADCAM1, and E-Selectin gene
expression was observed in GPR4 KO-DSS mouse colons when compared with WT-DSS
colons (Supplementary Figure S3). These data are consistent with previous observations
of the GPR4-mediated regulation of inflammatory gene expression in several animal
models [22,45,47,50,59]. Concordantly, COX2 (PTGS2) is overexpressed in the colonic
mucosa of IBD patients and plays an important role in intestinal inflammation [60]. CXCL2
is a chemokine involved in leukocyte recruitment, while MADCAM1 and E-Selectin are
vascular adhesion molecules important for leukocyte adhesion and extravasation. The
reduced expression of these molecules in the GPR4 KO-DSS mouse colon is in line with a
decrease in leukocyte infiltration observed in the GPR4 KO-DSS colon tissues (Figure 2 and
Supplementary Figure S2). In this context, GPR4 can contribute to chronic inflammation
and tumor development, which can feedforward in the inflammation–dysplasia–carcinoma
axis, resulting in CAC development [1].

Interestingly, it has also been reported that GPR4 expression is increased in hep-
atocellular carcinoma, head and neck cancer, and CRC tissues compared with normal
tissues [27,29,30]. Additionally, hepatocellular and CRC patients with high GPR4 expres-
sion have shown poor prognosis and decreased survival [29,30]. Furthermore, a significant
reduction in breast and CRC tumor growth in GPR4 knockout mice and in vitro CRC cell
proliferation caused by GPR4 knockdown has been observed [28,30]. These observations
are in line with our findings, in which we observed reduced colon tumor burden in GPR4
KO mice compared with WT mice in the AOM/DSS mouse model (Figure 5). While the
AOM/DSS mouse model was used in this study, CRC can be induced in mice using AOM
or DSS alone, in which tumors take a longer time to develop [61,62]. These mouse models
can be used in future research to tease out the effects of AOM and DSS.
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Another protumorigenic role for GPR4 in vascular endothelial cells is likely related to
angiogenesis [27–29]. GPR4 has been shown to promote angiogenesis by regulating the
VEGF pathway in both ischemic tissues and cancer tissues [20,28,49]. One study showed
that upregulating GPR4 enhanced the angiogenesis of endothelial progenitor cells (EPCs)
isolated from chronic artery disease patients through VEGFA/STAT3 activation. The study
also showed increased blood flow in a mouse hindlimb ischemia model following the
injection of GPR4-overexpressing EPCs [49]. Another study demonstrated the reduced
growth of orthotopic breast cancer and colon cancer allografts in GPR4 KO mice due to
decreased angiogenesis [28]. Consistently, GPR4 KO mouse tumors showed reductions
in tumor angiogenesis when compared with WT tumors in the AOM/DSS mouse model
(Figure 8). We previously characterized the expression of GPR4 in the intestinal tissues of
both the naïve and DSS-induced colitis disease state using GPR4 KO mice with a GFP knock-
in [16]. In this system, GFP is under the regulation of the endogenous GPR4 promoter and
can be used as a surrogate marker for endogenous GPR4 expression. We observed that
GPR4 is predominately expressed in the vascular endothelial cells of the arteries, veins,
and microvessels of both the cecum and colon [16]. In this study, we employed the double
immunolabeling of GFP and CD31 to detect GPR4 expression in tumor vascularization
(Figure 7). We found that GPR4 is expressed in the vascular endothelial cells of colorectal
tumors in AOM/DSS mice and may be involved in tumor vascularization. As shown in
previous studies, GPR4 may regulate angiogenesis through the VEGF/VEGFR pathway,
STAT3, and the production of proangiogenic factors [20,27,28,49]. Our observations in this
study suggest that the decrease in microvessel density in tumors of GPR4 KO AOM/DSS
mice is associated with increased tumor cell death and reduced tumor cell proliferation
caused by the prevention of adequate tumor vascularization (Figures 6 and 8). Collectively,
the genetic deletion of GPR4 likely halts colorectal cancer development by dampening
chronic intestinal inflammation and impeding tumor angiogenesis.

The therapeutic benefit of GPR4 inhibition has been described as reducing inflam-
mation, pain, and angiogenesis [22,45,47,50,54,59,63,64]. We and others have shown the
therapeutic value of GPR4 inhibitors in IBD pre-clinical mouse models [20,32]. Additional
therapeutic benefits of GPR4 antagonism have been reported in tissue ischemia, myocardial
infarction, chronic obstructive pulmonary disease (COPD), and osteoarthritis models, re-
ducing proinflammatory molecules such as VCAM-1, E-selectin, IL-17, interferon-γ, TNF-α,
IL-1β, IL-6, inducible nitric oxide synthase (iNOS), nitric oxide (NO), cyclooxygenase 2
(COX2), prostaglandin E2 (PGE2), Mucin5AC, matrix metalloprotease (MMP)-9, MMP-
12, and NF-κB [22,45,47,50,59]. Based on these research findings, we propose that GPR4
inhibition (e.g., via small-molecule antagonists, siRNAs, antisense oligonucleotides, and an-
tibodies) can be explored as a potential therapeutic approach for colitis treatment and CAC
prevention in IBD patients by alleviating chronic intestinal inflammation and inhibiting
pathological angiogenesis.

5. Conclusions

Our results demonstrate that the knockout of GPR4 alleviates intestinal inflammation
and impedes the development of colitis-associated colorectal cancer in mouse models.
Furthermore, GPR4 knockout reduces tumor angiogenesis and growth. The data suggest
that the inhibition of GPR4 may be exploited as a potential approach to anti-inflammatory
and anti-cancer therapy.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers15204974/s1, Figure S1: Histology of proximal and middle
colon in chronic colitis mice. (A) Representative H&E pictures of the proximal colon for WT-DSS,
GPR4 KO-DSS, WT control, and GPR4 KO control mice. (B) Representative pictures of Picrosirius
red stained tissue sections of the proximal colon for WT-DSS, GPR4 KO-DSS, WT control, and GPR4
KO control mice. (C) Representative H&E pictures of the middle colon for WT-DSS, GPR4 KO-DSS,
WT control, and GPR4 KO control mice. (D) Representative pictures of Picrosirius red stained tissue
sections of the middle colon for WT-DSS, GPR4 KO-DSS, WT control, and GPR4 KO control mice.
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Scale bar is 100 µm; Figure S2: Immune cell infiltration in the distal colon of chronic DSS mice.
GPR4 deletion results in fewer immune cell infiltrates such as (A–C) F4/80+ macrophages, (D–F)
CD4+ T cells, and (G–I) CD8+ T cells into the inflamed intestine. WT-DSS (n = 5–6) and GPR4
KO-DSS (n = 5–6). Data are presented as mean ± SEM and were analyzed for statistical significance
using the unpaired t-test between WTDSS mice and GPR4 KO-DSS mice (* p < 0.05, ** p < 0.01,
*** p < 0.001); Figure S3: Inflammatory gene expression in the colon of chronic DSS and control mice.
Total RNA was isolated from mouse colon tissues and TaqMan qRT-PCR was performed to measure
gene expression. WT control (n = 18), GPR4 KO control (n = 14), WT-DSS (n = 17), and GPR4 KO-DSS
(n = 18). One-way ANOVA followed by Sidak test was used to compare the relative gene expression
between the WT-DSS and GPR4 KO-DSS groups (* p < 0.05).
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2. Maryńczak, K.; Włodarczyk, J.; Sabatowska, Z.; Dziki, A.; Dziki, Ł.; Włodarczyk, M. Colitis-Associated Colorectal Cancer in

Patients with Inflammatory Bowel Diseases in a Tertiary Referral Center: A Propensity Score Matching Analysis. J. Clin. Med.
2022, 11, 866. [CrossRef] [PubMed]

3. Fallingborg, J.; Christensen, L.A.; Jacobsen, B.A.; Rasmussen, S.N. Very low intraluminal colonic pH in patients with active
ulcerative colitis. Dig. Dis. Sci. 1993, 38, 1989–1993. [CrossRef] [PubMed]

4. Nugent, S.G.; Kumar, D.; Rampton, D.S.; Evans, D.F. Intestinal luminal pH in inflammatory bowel disease: Possible determinants
and implications for therapy with aminosalicylates and other drugs. Gut 2001, 48, 571–577. [CrossRef] [PubMed]

5. Colgan, S.P.; Campbell, E.L.; Kominsky, D.J. Hypoxia and Mucosal Inflammation. Annu. Rev. Pathol. Mech. Dis. 2016, 11, 77–100.
[CrossRef]

6. Boedtkjer, E.; Pedersen, S.F. The Acidic Tumor Microenvironment as a Driver of Cancer. Annu. Rev. Physiol. 2020, 82, 103–126.
[CrossRef]

7. Sanderlin, E.J.; Justus, C.R.; Krewson, E.A.; Yang, L.V. Emerging roles for the pH-sensing G protein-coupled receptors in response
to acidotic stress. Cell Health Cytoskelet. 2015, 7, 99–109. [CrossRef]

8. Kato, Y.; Ozawa, S.; Miyamoto, C.; Maehata, Y.; Suzuki, A.; Maeda, T.; Baba, Y. Acidic extracellular microenvironment and cancer.
Cancer Cell Int. 2013, 13, 89. [CrossRef]

9. Jiménez-Vargas, N.N.; Yu, Y.; Jensen, D.D.; Bok, D.D.; Wisdom, M.; Latorre, R.; Lopez, C.; Jaramillo-Polanco, J.O.; Degro, C.;
Guzman-Rodriguez, M.; et al. Agonist that activates the µ-opioid receptor in acidified microenvironments inhibits colitis pain
without side effects. Gut 2022, 71, 695–704. [CrossRef]

10. Ludwig, M.G.; Vanek, M.; Guerini, D.; Gasser, J.A.; Jones, C.E.; Junker, U.; Hofstetter, H.; Wolf, R.M.; Seuwen, K. Proton-sensing
G-protein-coupled receptors. Nature 2003, 425, 93–98. [CrossRef]

https://doi.org/10.1093/ecco-jcc/jjab102
https://doi.org/10.3390/jcm11030866
https://www.ncbi.nlm.nih.gov/pubmed/35160321
https://doi.org/10.1007/BF01297074
https://www.ncbi.nlm.nih.gov/pubmed/8223071
https://doi.org/10.1136/gut.48.4.571
https://www.ncbi.nlm.nih.gov/pubmed/11247905
https://doi.org/10.1146/annurev-pathol-012615-044231
https://doi.org/10.1146/annurev-physiol-021119-034627
https://doi.org/10.2147/CHC.S60508
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1136/gutjnl-2021-324070
https://doi.org/10.1038/nature01905


Cancers 2023, 15, 4974 17 of 19

11. Wang, J.Q.; Kon, J.; Mogi, C.; Tobo, M.; Damirin, A.; Sato, K.; Komachi, M.; Malchinkhuu, E.; Murata, N.; Kimura, T.; et al. TDAG8
is a proton-sensing and psychosine-sensitive G-protein-coupled receptor. J. Biol. Chem. 2004, 279, 45626–45633. [CrossRef]

12. Ishii, S.; Kihara, Y.; Shimizu, T. Identification of T cell death-associated gene 8 (TDAG8) as a novel acid sensing G-protein-coupled
receptor. J. Biol. Chem. 2005, 280, 9083–9087. [CrossRef]

13. Radu, C.G.; Nijagal, A.; McLaughlin, J.; Wang, L.; Witte, O.N. Differential proton sensitivity of related G protein-coupled receptors
T cell death-associated gene 8 and G2A expressed in immune cells. Proc. Natl. Acad. Sci. USA 2005, 102, 1632–1637. [CrossRef]

14. Nayak, A.P.; Penn, R.B. The proton-sensing receptor ovarian cancer G-protein coupled receptor 1 (OGR1) in airway physiology
and disease. Curr. Opin. Pharmacol. 2020, 51, 1–10. [CrossRef] [PubMed]

15. Saxena, H.; Deshpande, D.A.; Tiegs, B.C.; Yan, H.; Battafarano, R.J.; Burrows, W.M.; Damera, G.; Panettieri, R.A.; Dubose, T.D., Jr.;
An, S.S.; et al. The GPCR OGR1 (GPR68) mediates diverse signalling and contraction of airway smooth muscle in response to
small reductions in extracellular pH. Br. J. Pharmacol. 2012, 166, 981–990. [CrossRef] [PubMed]

16. Sanderlin, E.J.; Leffler, N.R.; Lertpiriyapong, K.; Cai, Q.; Hong, H.; Bakthavatchalu, V.; Fox, J.G.; Oswald, J.Z.; Justus, C.R.;
Krewson, E.A.; et al. GPR4 deficiency alleviates intestinal inflammation in a mouse model of acute experimental colitis. Biochim.
Biophys. Acta (BBA)-Mol. Basis Dis. 2017, 1863, 569–584. [CrossRef]

17. Dong, L.; Li, Z.; Leffler, N.R.; Asch, A.S.; Chi, J.T.; Yang, L.V. Acidosis Activation of the Proton-Sensing GPR4 Receptor Stimulates
Vascular Endothelial Cell Inflammatory Responses Revealed by Transcriptome Analysis. PLoS ONE 2013, 8, e61991. [CrossRef]
[PubMed]

18. Wang, Y.; de Valliere, C.; Imenez Silva, P.H.; Leonardi, I.; Gruber, S.; Gerstgrasser, A.; Melhem, H.; Weber, A.; Leucht, K.; Wolfram,
L.; et al. The Proton-activated Receptor GPR4 Modulates Intestinal Inflammation. J. Crohn’s Colitis 2018, 12, 355–368. [CrossRef]

19. Yang, L.V.; Radu, C.G.; Roy, M.; Lee, S.; McLaughlin, J.; Teitell, M.A.; Iruela-Arispe, M.L.; Witte, O.N. Vascular abnormalities
in mice deficient for the G protein-coupled receptor GPR4 that functions as a pH sensor. Mol. Cell. Biol. 2007, 27, 1334–1347.
[CrossRef]

20. Weder, B.; Schefer, F.; van Haaften, W.T.; Patsenker, E.; Stickel, F.; Mueller, S.; Hutter, S.; Schuler, C.; Baebler, K.; Wang, Y.; et al.
New Therapeutic Approach for Intestinal Fibrosis Through Inhibition of pH-Sensing Receptor GPR4. Inflamm. Bowel Dis. 2022,
28, 109–125. [CrossRef]

21. Kumar, N.N.; Velic, A.; Soliz, J.; Shi, Y.; Li, K.; Wang, S.; Weaver, J.L.; Sen, J.; Abbott, S.B.G.; Lazarenko, R.M.; et al. Regulation of
breathing by CO2 requires the proton-activated receptor GPR4 in retrotrapezoid nucleus neurons. Science 2015, 348, 1255–1260.
[CrossRef]

22. Liu, H.; Liu, Y.; Chen, B. Antagonism of GPR4 with NE 52-QQ57 and the Suppression of AGE-Induced Degradation of Type II
Collagen in Human Chondrocytes. Chem. Res. Toxicol. 2020, 33, 1915–1921. [CrossRef] [PubMed]

23. Chen, A.; Dong, L.; Leffler, N.R.; Asch, A.S.; Witte, O.N.; Yang, L.V. Activation of GPR4 by acidosis increases endothelial cell
adhesion through the cAMP/Epac pathway. PLoS ONE 2011, 6, e27586. [CrossRef]

24. Gordon, I.O.; Agrawal, N.; Willis, E.; Goldblum, J.R.; Lopez, R.; Allende, D.; Liu, X.; Patil, D.Y.; Yerian, L.; El-Khider, F.; et al.
Fibrosis in ulcerative colitis is directly linked to severity and chronicity of mucosal inflammation. Aliment. Pharmacol. Ther. 2018,
47, 922–939. [CrossRef] [PubMed]

25. Rieder, F.; Fiocchi, C. Intestinal fibrosis in inflammatory bowel disease—Current knowledge and future perspectives. J. Crohn’s
Colitis 2008, 2, 279–290. [CrossRef]

26. Ren, J.; Zhang, Y.; Cai, H.; Ma, H.; Zhao, D.; Zhang, X.; Li, Z.; Wang, S.; Wang, J.; Liu, R.; et al. Human GPR4 and the Notch
signaling pathway in endothelial cell tube formation. Mol. Med. Rep. 2016, 14, 1235–1240. [CrossRef]

27. Jing, Z.; Xu, H.; Chen, X.; Zhong, Q.; Huang, J.; Zhang, Y.; Guo, W.; Yang, Z.; Ding, S.; Chen, P.; et al. The Proton-Sensing G-Protein
Coupled Receptor GPR4 Promotes Angiogenesis in Head and Neck Cancer. PLoS ONE 2016, 11, e0152789. [CrossRef] [PubMed]

28. Wyder, L.; Suply, T.; Ricoux, B.; Billy, E.; Schnell, C.; Baumgarten, B.U.; Maira, S.M.; Koelbing, C.; Ferretti, M.; Kinzel, B.; et al.
Reduced pathological angiogenesis and tumor growth in mice lacking GPR4, a proton sensing receptor. Angiogenesis 2011, 14,
533–544. [CrossRef]

29. Xue, C.; Shao, S.; Yan, Y.; Yang, S.; Bai, S.; Wu, Y.; Zhang, J.; Liu, R.; Ma, H.; Chai, L.; et al. Association between G-protein coupled
receptor 4 expression and microvessel density, clinicopathological characteristics and survival in hepatocellular carcinoma. Oncol.
Lett. 2020, 19, 2609–2620. [CrossRef]

30. Yu, M.; Cui, R.; Huang, Y.; Luo, Y.; Qin, S.; Zhong, M. Increased proton-sensing receptor GPR4 signalling promotes colorectal
cancer progression by activating the hippo pathway. EBioMedicine 2019, 48, 264–276. [CrossRef]

31. Krause, P.; Zahner, S.P.; Kim, G.; Shaikh, R.B.; Steinberg, M.W.; Kronenberg, M. The tumor necrosis factor family member TNFSF14
(LIGHT) is required for resolution of intestinal inflammation in mice. Gastroenterology 2014, 146, 1752–1762.e4. [CrossRef]
[PubMed]

32. Sanderlin, E.J.; Marie, M.; Velcicky, J.; Loetscher, P.; Yang, L.V. Pharmacological inhibition of GPR4 remediates intestinal
inflammation in a mouse colitis model. Eur. J. Pharmacol. 2019, 852, 218–230. [CrossRef] [PubMed]

33. Marie, M.A.; Sanderlin, E.J.; Satturwar, S.; Hong, H.; Lertpiriyapong, K.; Donthi, D.; Yang, L.V. GPR65 (TDAG8) inhibits intestinal
inflammation and colitis-associated colorectal cancer development in experimental mouse models. Biochim. Biophys. Acta
(BBA)-Mol. Basis Dis. 2022, 1868, 166288. [CrossRef] [PubMed]

34. Clapper, M.L.; Cooper, H.S.; Chang, W.C. Dextran sulfate sodium-induced colitis-associated neoplasia: A promising model for
the development of chemopreventive interventions. Acta Pharmacol. Sin. 2007, 28, 1450–1459. [CrossRef] [PubMed]

https://doi.org/10.1074/jbc.M406966200
https://doi.org/10.1074/jbc.M407832200
https://doi.org/10.1073/pnas.0409415102
https://doi.org/10.1016/j.coph.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32361614
https://doi.org/10.1111/j.1476-5381.2011.01807.x
https://www.ncbi.nlm.nih.gov/pubmed/22145625
https://doi.org/10.1016/j.bbadis.2016.12.005
https://doi.org/10.1371/journal.pone.0061991
https://www.ncbi.nlm.nih.gov/pubmed/23613998
https://doi.org/10.1093/ecco-jcc/jjx147
https://doi.org/10.1128/MCB.01909-06
https://doi.org/10.1093/ibd/izab140
https://doi.org/10.1126/science.aaa0922
https://doi.org/10.1021/acs.chemrestox.0c00111
https://www.ncbi.nlm.nih.gov/pubmed/32370492
https://doi.org/10.1371/journal.pone.0027586
https://doi.org/10.1111/apt.14526
https://www.ncbi.nlm.nih.gov/pubmed/29411405
https://doi.org/10.1016/j.crohns.2008.05.009
https://doi.org/10.3892/mmr.2016.5380
https://doi.org/10.1371/journal.pone.0152789
https://www.ncbi.nlm.nih.gov/pubmed/27078157
https://doi.org/10.1007/s10456-011-9238-9
https://doi.org/10.3892/ol.2020.11366
https://doi.org/10.1016/j.ebiom.2019.09.016
https://doi.org/10.1053/j.gastro.2014.02.010
https://www.ncbi.nlm.nih.gov/pubmed/24560868
https://doi.org/10.1016/j.ejphar.2019.03.038
https://www.ncbi.nlm.nih.gov/pubmed/30930250
https://doi.org/10.1016/j.bbadis.2021.166288
https://www.ncbi.nlm.nih.gov/pubmed/34628032
https://doi.org/10.1111/j.1745-7254.2007.00695.x
https://www.ncbi.nlm.nih.gov/pubmed/17723178


Cancers 2023, 15, 4974 18 of 19

35. Thaker, A.I.; Shaker, A.; Rao, M.S.; Ciorba, M.A. Modeling colitis-associated cancer with azoxymethane (AOM) and dextran
sulfate sodium (DSS). J. Vis. Exp. 2012, 67, 4100. [CrossRef]

36. Ding, S.; Walton, K.L.; Blue, R.E.; McNaughton, K.; Magness, S.T.; Lund, P.K. Mucosal healing and fibrosis after acute or chronic
inflammation in wild type FVB-N mice and C57BL6 procollagen alpha1(I)-promoter-GFP reporter mice. PLoS ONE 2012, 7, e42568.
[CrossRef]

37. Crowe, A.R.; Yue, W. Semi-quantitative Determination of Protein Expression using Immunohistochemistry Staining and Analysis:
An Integrated Protocol. Bio Protoc. 2019, 9, e3465. [CrossRef]

38. Chassaing, B.; Aitken, J.; Malleshappa, M.; Vijay-Kumar, M. Dextran Sulfate Sodium (DSS)-Induced Colitis in Mice. Curr. Protoc.
Immunol. 2014, 104, 15.25.1–15.25.14. [CrossRef]

39. Kim, J.J.; Shajib, M.S.; Manocha, M.M.; Khan, W.I. Investigating intestinal inflammation in DSS-induced model of IBD. J. Vis. Exp.
2012, 60, 3678. [CrossRef]

40. Rosenstiel, P.; Fantini, M.; Bräutigam, K.; Kühbacher, T.; Waetzig, G.H.; Seegert, D.; Schreiber, S. TNF-alpha and IFN-gamma
regulate the expression of the NOD2 (CARD15) gene in human intestinal epithelial cells. Gastroenterology 2003, 124, 1001–1009.
[CrossRef]

41. Parang, B.; Barrett, C.W.; Williams, C.S. AOM/DSS Model of Colitis-Associated Cancer. In Gastrointestinal Physiology and Diseases.
Methods in Molecular Biology; Humana Press: New York, NY, USA, 2016; Volume 1422, pp. 297–307. [CrossRef]

42. De Robertis, M.; Massi, E.; Poeta, M.L.; Carotti, S.; Morini, S.; Cecchetelli, L.; Signori, E.; Fazio, V.M. The AOM/DSS murine
model for the study of colon carcinogenesis: From pathways to diagnosis and therapy studies. J. Carcinog. 2011, 10, 9. [CrossRef]

43. Bertheloot, D.; Latz, E.; Franklin, B.S. Necroptosis, pyroptosis and apoptosis: An intricate game of cell death. Cell. Mol. Immunol.
2021, 18, 1106–1121. [CrossRef] [PubMed]

44. Al-Ostoot, F.H.; Salah, S.; Khamees, H.A.; Khanum, S.A. Tumor angiogenesis: Current challenges and therapeutic opportunities.
Cancer Treat. Res. Commun. 2021, 28, 100422. [CrossRef] [PubMed]

45. Krewson, E.A.; Sanderlin, E.J.; Marie, M.A.; Akhtar, S.N.; Velcicky, J.; Loetscher, P.; Yang, L.V. The Proton-Sensing GPR4 Receptor
Regulates Paracellular Gap Formation and Permeability of Vascular Endothelial Cells. iScience 2020, 23, 100848. [CrossRef]
[PubMed]

46. Haque, M.E.; Akther, M.; Azam, S.; Choi, D.K.; Kim, I.S. GPR4 Knockout Improves the Neurotoxin-Induced, Caspase-Dependent
Mitochondrial Apoptosis of the Dopaminergic Neuronal Cell. Int. J. Mol. Sci. 2020, 21, 7517. [CrossRef]

47. Addante, A.; Wunder, F.; Schroeder, S.; Dietz, L.; Brechmann, M.; Koch, M.; Borissoff, J.; Lizé, M. Preclinical efficacy of GPR4
antagonist in a short-term mouse emphysema-exacerbation model. ERJ Open Res. 2019, 5, PP221. [CrossRef]

48. Yang, L.V.; Oppelt, K.A.; Thomassen, M.J.; Marie, M.A.; Nik Akhtar, S.; McCallen, J.D. Can GPR4 Be a Potential Therapeutic
Target for COVID-19? Front. Med. 2021, 7, 626796. [CrossRef]

49. Ouyang, S.; Li, Y.; Wu, X.; Wang, Y.; Liu, F.; Zhang, J.; Qiu, Y.; Zhou, Z.; Wang, Z.; Xia, W.; et al. GPR4 signaling is essential for the
promotion of acid-mediated angiogenic capacity of endothelial progenitor cells by activating STAT3/VEGFA pathway in patients
with coronary artery disease. Stem Cell Res. Ther. 2021, 12, 149. [CrossRef]

50. Li, R.; Guan, Z.; Bi, S.; Wang, F.; He, L.; Niu, X.; You, Y.; Liu, Y.; Ding, Y.; Siwko, S.; et al. The proton-activated G protein-coupled
receptor GPR4 regulates the development of osteoarthritis via modulating CXCL12/CXCR7 signaling. Cell Death Dis. 2022,
13, 152. [CrossRef]

51. Dong, B.; Zhang, X.; Fan, Y.; Cao, S. GPR4 knockout improves renal ischemia-reperfusion injury and inhibits apoptosis via
suppressing the expression of CHOP. Biochem. J. 2017, 474, 4065–4074. [CrossRef]

52. van Zwieten, R.; Wever, R.; Hamers, M.N.; Weening, R.S.; Roos, D. Extracellular proton release by stimulated neutrophils. J. Clin.
Investig. 1981, 68, 310–313. [CrossRef] [PubMed]

53. Liu, J.P.; Nakakura, T.; Tomura, H.; Tobo, M.; Mogi, C.; Wang, J.Q.; He, X.D.; Takano, M.; Damirin, A.; Komachi, M.; et al. Each
one of certain histidine residues in G-protein-coupled receptor GPR4 is critical for extracellular proton-induced stimulation of
multiple G-protein-signaling pathways. Pharmacol. Res. 2010, 61, 499–505. [CrossRef]

54. Tobo, A.; Tobo, M.; Nakakura, T.; Ebara, M.; Tomura, H.; Mogi, C.; Im, D.S.; Murata, N.; Kuwabara, A.; Ito, S.; et al. Characteriza-
tion of Imidazopyridine Compounds as Negative Allosteric Modulators of Proton-Sensing GPR4 in Extracellular Acidification-
Induced Responses. PLoS ONE 2015, 10, e0129334. [CrossRef] [PubMed]

55. Zhao, X.; Ma, L.; Dai, L.; Zuo, D.; Li, X.; Zhu, H.; Xu, F. TNF-α promotes the malignant transformation of intestinal stem cells
through the NF-κB and Wnt/β-catenin signaling pathways. Oncol. Rep. 2020, 44, 577–588. [CrossRef]

56. Li, C.-W.; Xia, W.; Huo, L.; Lim, S.-O.; Wu, Y.; Hsu, J.L.; Chao, C.-H.; Yamaguchi, H.; Yang, N.-K.; Ding, Q.; et al. Epithelial–
Mesenchymal Transition Induced by TNF-α Requires NF-κB–Mediated Transcriptional Upregulation of Twist1. Cancer Res. 2012,
72, 1290–1300. [CrossRef] [PubMed]

57. Kim, Y.J.; Hong, K.S.; Chung, J.W.; Kim, J.H.; Hahm, K.B. Prevention of Colitis-Associated Carcinogenesis with Infliximab. Cancer
Prev. Res. 2010, 3, 1314–1333. [CrossRef]

58. Popivanova, B.K.; Kitamura, K.; Wu, Y.; Kondo, T.; Kagaya, T.; Kaneko, S.; Oshima, M.; Fujii, C.; Mukaida, N. Blocking TNF-alpha
in mice reduces colorectal carcinogenesis associated with chronic colitis. J. Clin. Investig. 2008, 118, 560–570. [CrossRef]

59. Fukuda, H.; Ito, S.; Watari, K.; Mogi, C.; Arisawa, M.; Okajima, F.; Kurose, H.; Shuto, S. Identification of a Potent and Selective
GPR4 Antagonist as a Drug Lead for the Treatment of Myocardial Infarction. ACS Med. Chem. Lett. 2016, 7, 493–497. [CrossRef]

https://doi.org/10.3791/4100
https://doi.org/10.1371/annotation/91f1d7f8-b09d-4067-943c-148e926b403b
https://doi.org/10.21769/BioProtoc.3465
https://doi.org/10.1002/0471142735.im1525s104
https://doi.org/10.3791/3678
https://doi.org/10.1053/gast.2003.50157
https://doi.org/10.1007/978-1-4939-3603-8_26
https://doi.org/10.4103/1477-3163.78279
https://doi.org/10.1038/s41423-020-00630-3
https://www.ncbi.nlm.nih.gov/pubmed/33785842
https://doi.org/10.1016/j.ctarc.2021.100422
https://www.ncbi.nlm.nih.gov/pubmed/34147821
https://doi.org/10.1016/j.isci.2020.100848
https://www.ncbi.nlm.nih.gov/pubmed/32058960
https://doi.org/10.3390/ijms21207517
https://doi.org/10.1183/23120541.lungscienceconference-2019.PP221
https://doi.org/10.3389/fmed.2020.626796
https://doi.org/10.1186/s13287-021-02221-z
https://doi.org/10.1038/s41419-021-04455-4
https://doi.org/10.1042/BCJ20170676
https://doi.org/10.1172/JCI110250
https://www.ncbi.nlm.nih.gov/pubmed/6265500
https://doi.org/10.1016/j.phrs.2010.02.013
https://doi.org/10.1371/journal.pone.0129334
https://www.ncbi.nlm.nih.gov/pubmed/26070068
https://doi.org/10.3892/or.2020.7631
https://doi.org/10.1158/0008-5472.CAN-11-3123
https://www.ncbi.nlm.nih.gov/pubmed/22253230
https://doi.org/10.1158/1940-6207.CAPR-09-0272
https://doi.org/10.1172/jci32453
https://doi.org/10.1021/acsmedchemlett.6b00014


Cancers 2023, 15, 4974 19 of 19

60. Spisni, E.; Valerii, M.C.; De Fazio, L.; Cavazza, E.; Borsetti, F.; Sgromo, A.; Candela, M.; Centanni, M.; Rizello, F.; Strillacci, A.
Cyclooxygenase-2 silencing for the treatment of colitis: A combined in vivo strategy based on RNA interference and engineered
Escherichia coli. Mol. Ther. 2015, 23, 278–289. [CrossRef]

61. Ishioka, T.; Kuwabara, N.; Oohashi, Y.; Wakabayashi, K. Induction of colorectal tumors in rats by sulfated polysaccharides. Crit.
Rev. Toxicol. 1987, 17, 215–244. [CrossRef]

62. Ward, J.M.; Yamamoto, R.S.; Brown, C.A. Pathology of intestinal neoplasms and other lesions in rats exposed to azoxymethane. J.
Natl. Cancer Inst. 1973, 51, 1029–1039. [CrossRef] [PubMed]

63. Miltz, W.; Velcicky, J.; Dawson, J.; Littlewood-Evans, A.; Ludwig, M.G.; Seuwen, K.; Feifel, R.; Oberhauser, B.; Meyer, A.; Gabriel,
D.; et al. Design and synthesis of potent and orally active GPR4 antagonists with modulatory effects on nociception, inflammation,
and angiogenesis. Bioorg. Med. Chem. 2017, 25, 4512–4525. [CrossRef] [PubMed]

64. Velcicky, J.; Miltz, W.; Oberhauser, B.; Orain, D.; Vaupel, A.; Weigand, K.; Dawson King, J.; Littlewood-Evans, A.; Nash, M.; Feifel,
R.; et al. Development of Selective, Orally Active GPR4 Antagonists with Modulatory Effects on Nociception, Inflammation, and
Angiogenesis. J. Med. Chem. 2017, 60, 3672–3683. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/mt.2014.222
https://doi.org/10.3109/10408448709071209
https://doi.org/10.1093/jnci/51.3.1029
https://www.ncbi.nlm.nih.gov/pubmed/4355212
https://doi.org/10.1016/j.bmc.2017.06.050
https://www.ncbi.nlm.nih.gov/pubmed/28689977
https://doi.org/10.1021/acs.jmedchem.6b01703
https://www.ncbi.nlm.nih.gov/pubmed/28445047

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Dextran Sulfate Sodium (DSS)-Induced Colitis Mouse Model 
	Azoxymethane (AOM) and Dextran Sulfate Sodium (DSS)-Induced Colitis-Associated Colorectal Cancer Mouse Model (CAC) 
	Mouse Clinical Phenotype Scoring 
	Mouse Tissue Collection, Evaluation, and Processing 
	Histopathological Analysis 
	Tumor Necrotic Area Quantification 
	Immunohistochemistry 
	Microvessel Density Quantification 
	Tumor Proliferation Quantification 
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
	Statistical Analysis 

	Results 
	GPR4 Potentiates Intestinal Inflammation in the Chronic DSS-Induced Experimental Colitis Mouse Model 
	GPR4 Gene Expression Is Upregulated in Inflamed Colon Tissues and Positively Correlated with TNF- and INF- Gene Expression 
	Genetic Deletion of GPR4 Reduces Disease Severity in CAC Induced by AOM/DSS in Mice 
	GPR4 Knockout Reduces Tumor Burden in the CAC Mouse Model 
	GPR4 Knockout Increases Necrosis and Cell Death and Decreases Cell Proliferation in the Tumors of AOM/DSS Mice 
	GPR4 Is Highly Expressed in the Tumor Blood Vessels of AOM/DSS Mice 
	GPR4 Deletion Decreases Angiogenic Blood Vessel Formation in the Tumors of AOM/DSS Mice 

	Discussion 
	Conclusions 
	References

