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Abstract

Cancer tissues exhibit an acidic microenvironment owing to the accumulation of
protons and lactic acid produced by cancer and inflammatory cells. To examine
the role of an acidic microenvironment in lymphatic cancer metastasis, gene ex-
pression profiling was conducted using human dermal lymphatic endothelial cells
(HDLECS) treated with a low pH medium. Microarray and gene set enrichment anal-
ysis revealed that acid treatment induced the expression of inflammation-related
genes in HDLECs, including genes encoding chemokines and adhesion molecules.
Acid treatment-induced chemokines C-X3-C motif chemokine ligand 1 (CX3CL1)
and C-X-C motif chemokine ligand 6 (CXCL6) autocrinally promoted the growth
and tube formation of HDLECs. The expression of vascular cell adhesion molecule
1 (VCAM-1) increased in HDLECs after acid treatment in a time-dependent man-
ner, which, in turn, enhanced their adhesion to melanoma cells. Among various
acid-sensing receptors, HDLECs basally expressed G protein-coupled receptor 4
(GPR4), which was augmented under the acidic microenvironment. The induction
of chemokines or VCAM-1 under acidic conditions was attenuated by GPR4 knock-
down in HDLECs. In addition, lymph node metastases in a mouse melanoma model
were suppressed by administering an anti-VCAM-1 antibody or a GPR4 antagonist.
These results suggest that an acidic microenvironment modifies the function of
lymphatic endothelial cells via GPR4, thereby promoting lymphatic cancer metasta-
sis. Acid-sensing receptors and their downstream molecules might serve as preven-

tive or therapeutic targets in cancer.
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1 | INTRODUCTION

Metastasis is a major risk to survival in patients with advanced can-
cers. Several biological steps, such as angiogenesis/lymphangiogen-
esis, local invasion, adhesion, and transmigration into vessels, and
colonization of cancer cells in distant organs or lymph nodes (LNs)
are involved in the development of hematogenous/lymphatic me-
tastasis.’” These processes are regulated by various growth factors.

Acidic conditions are characteristic features of the tumor microen-
vironment (TME) and are accelerated by the accumulation of protons
and lactic acid produced by cancer cells and inflammatory cells.81 A
monocarboxylate transporter that excretes lactic acid is co-expressed
with a member of the vascular endothelial growth factor (VEGF) family
in cancer cells, suggesting crosstalk between metabolic reprogram-
ming and angiogenesis.12 Lactic acid promotes angiogenesis by pro-
ducing interleukin (IL)-8 by activating nuclear factor kappa B (NF-xB)
in vascular endothelial cells (VECs).*® An acidic condition promotes
VEGF-C expression in human melanoma cells by activating NF-kB sig-
naling, leading to angiogenesis/lymphangiogenesis.*

Acidic conditions evoke many cellular responses via ion channels,
such as transient receptor potential vanilloid subtype 1 (TRPV1), acid-
sensing ion channel (ASIC) 1-4, and proton-sensing G protein-coupled
receptors, including G protein-coupled receptor (GPR) 4, GPRé45 (also
known as TDAG8), GPR68 (OGR1), and GPR132 (G2A).*>*¢ These acid-
sensing receptors are expressed in various cancer cells and are involved
in cell growth, migration, and metastasis.21%”"1? ASIC1 expression in
human breast cancer cells is upregulated under acidic conditions and is
responsible for inducing IL-8-mediated cancer progression.20

Acid-sensing receptors are expressed in other cellular compo-
nents of the TME. Activation of GPR4 in human umbilical vein endo-
thelial cells (HUVECs) induces the expression of adhesion molecules,
resulting in their adhesion to monocytes.?! Acid-induced GPR4 acti-
vation in VECs provokes inflammatory responses,22 increases para-
cellular gap formation, and enhances vascular permeability.?® These
GPR4-mediated functional alterations of VECs have been implicated
in cancer metastasis.

Similarly, various acid-sensing receptors are expressed in lym-
phatic endothelial cells (LECs).>* We have previously reported that
acidic conditions induce IL-8 production in LECs via TRPV1 and pro-
mote lymphangiogenesis.?* Rhythmic contractile responses of the
thoracic ducts decline markedly under acidic conditions, suggesting
functional alterations such as dilatation or permeability.?> These
findings implicate the contribution of an acidic microenvironment in
lymphangiogenesis and lymphatic metastasis of cancers. However,
the precise roles of acid-sensing receptors in lymphatic cancer me-
tastasis have not been elucidated comprehensively.

In the present study, the functional alterations in human der-
mal lymphatic endothelial cells (HDLECs) in an acidic microenviron-
ment were investigated, in addition to the role of GPR4 in inducing
inflammation-related molecules, such as chemokines and adhesion
molecules, under acidic conditions. Furthermore, we assessed the
effect of blocking GPR4 activation on lymphangiogenesis using a
mouse melanoma model.

2 | MATERIALS AND METHODS

2.1 | Cellculture

Primary HDLECs were purchased from PromoCell (Heidelberg,
Germany). HDLECs were cultured as previously described.?® Cells
were treated with a medium with pH 6.4, prepared by the addition

).?* Mouse

of lactic acid (Fujifilm Wako Pure Chemical, Osaka, Japan
malignant melanoma B16F10 cells (Riken BRC, lIbaraki, Japan)
were cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 10% FBS and 1% penicillin-streptomycin solution
(Life Technologies, Grand Island, NY, USA). To establish a highly
metastatic subclone, parental B16F10 cells were stably transfected
with Venus (improved GFP, kindly provided by Professor Atsushi
Miyawaki, Riken, Saitama, Japan) and inoculated into the plantar of
mouse. Venus-positive cells were isolated from metastatic tumors
in the LNs and reinoculated onto the plantar of another mouse.
After six serial transplantations, subclones were established as
B16F10-LMé.

2.2 | Adhesion assay

Monolayers of HDLECs cultured in 24-well plates were starved in
1% FBS-containing MV2 medium for 16 h and treated with control
or pHé.4-conditioned media for another 24h. B16F10-LMé6 cells
(1x 10°/mL/well) were seeded onto HDLEC monolayers. After 1h of
coculture, non-adherent B16F10-LMé cells were removed by wash-
ing with PBS. Adherent B16F10-LMé cells were fixed in 4% para-
formaldehyde (PFA). The number of adherent B16F10-LMé cells was
counted in five independent fields. For the experiment of vascular
cell adhesion molecule 1 (VCAM-1) blockade, HDLEC monolayers
were treated with mouse anti-VCAM-1 antibody (1.G11B1; Novus
Biologicals, Centennial, CO, USA) or a mouse IgG, isotype control
(11711; R&D Systems, Minneapolis, MN, USA) for 1h before cocul-
turing with B16F10-LMé6 cells. B16F10-LM6 cells were suspended
in control or pH 6.4-conditioned medium in the presence of control
IgG or anti-VCAM-1 antibody. To analyze the adhesion of GPR4-
knocked down HDLECs, they were transfected with small interfer-
ing RNA (siRNA) targeting GPR4 (siGPR4) or negative control siRNA
(siNC) by electroporation and immediately seeded in 24-well plates.
After the formation of HDLEC monolayers, HDLECs were starved
for 10h and then cultured in control or pH 6.4-conditioned media
for another 24 h. Adhesion of B16F10-LMé cells was analyzed as de-

scribed above.

2.3 | Mouse model of lymph node metastasis

All experiments were approved by the Institutional Animal Use
Committee of Wakayama Medical University and conducted ac-
cording to the guidelines. Five-week-old male C57BL/6J mice were
obtained from SLC Japan (Hamamatsu, Japan).
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For the Iymphatic metastasis model, Venus-expressing
B16F10-LM6 cells (5x10° in 50puL PBS) were subcutaneously in-
jected into the plantar under a combination anesthesia with 0.3 mg/
kg medetomidine, 4.0mg/kg midazolam, and 5.0mg/kg butorph-
anol. For VCAM-1 blockade, mice were intraperitoneally injected
(thrice per week) with 200 ug VCAM-1-blocking antibody (M/K-2.7;
Bio X Cell, Lebanon, NH, USA; n=8) or control rat IgG (BEO08S;
Bio X Cell; n=7). For the administration of GPR4 antagonist (NE
52-QQ57; MedChemExpress, Monmouth Junction, NJ, USA), mice
were treated orally with reagents suspended in 0.5% methylcellu-
lose, 0.5% Tween 80, and 99% water at a dosage of 20mg/kg (n=46).
A methylcellulose solution was administered orally to the control
group (n=46). Four weeks after tumor injection, popliteal and ingui-
nal LNs and plantar tissue were surgically removed from euthanized
mice. Extracted LNs were weighed, fixed with 4% PFA for 24 h, and
then sliced into 10-pm frozen sections. The slices were covered with
VECTASHIELD mounting medium with DAPI (Vector Laboratories,
Newark, CA, USA). The metastatic tumor area was calculated by
measuring the area of Venus-positive cancer cells in the LNs using
a BZ-X800 microscope (Keyence, Osaka, Japan). Dissected plantar
tissues were fixed with 4% PFA and decalcified using 15% EDTA.
The tissues were embedded in paraffin, and sections were used for
histological examinations.

2.4 | Statistical analysis
Data are presented as mean=+SD. Student's t-test was used to com-
pare data between two groups. For comparison of data of more than
three groups, one-way ANOVA followed by the Tukey-Kramer or
Dunnett test was used (JMP Pro software v.14.1, SAS Institute Inc.,
NC, USA). Statistical significance was set at p <0.05. significant.
Additional information on materials and methods are provided in
Data S1 and Table S1.

3 | RESULTS

3.1 | Genes of inflammation-related chemokines
are upregulated in LECs under an acidic
microenvironment

To identify the molecules in HDLECs induced by an acidic micro-
environment, cells were treated with control (pH7.4) or acidic
(pH 6.4) media for 24h and used for gene expression profiling.
Microarray analysis demonstrated that 656 genes were upregulated
by more than 2-fold under the acidic condition (Figure 1A,B). IL-8
(CXCL8), which was reportedly increased by acidic stimulation,?*
was also detected as an upregulated gene (Figure 1B), suggesting
that acidic microenvironment-induced genes were successfully ex-
tracted. Among the top 50 upregulated genes, those encoding sev-

eral cytokines or chemokines were included (Table S2). Gene set

enrichment analysis (GSEA) revealed that the upregulated genes
were associated with inflammatory responses (Figure 1C,D).

Based on the results, we focused on the role of acid-induced
chemokines in lymphatic metastasis. RT-gPCR analysis showed
significant upregulation in the mRNA expression of C-X3-C motif
chemokine ligand 1 (CX3CL1) and C-X-C motif chemokine ligand 6
(CXCL6) by the acidic treatment (Figure 2A). Acidic conditions in-
creased chemokine secretion in HDLECs in a time-dependent man-
ner (Figure 2B). Interestingly, increased expression of the chemokines
was also detected in HDLECs under an acidic condition induced by
HCI (Figure S1), suggesting that these gene alterations are a general
response in HDLECs under the acidic microenvironment. CX3CL1
and CXCL6 bind to specific receptors CX3CR1 and CXCR1/2, re-
spectively. We noticed that HDLECs expressed mRNA for these
receptors and that acidic conditions augmented their expression
(Figure S1). When HDLECs were cultured with exogenous CX3CL1
and CXCLS6, proliferation was significantly enhanced (Figure 2C). In
contrast, treatment with CX3CL1 or CXCL6 did not clearly influ-
ence the in vitro migratory activity of HDLECs (Figure 2D). Next,
we assessed whether these chemokines affected lymphangiogene-
sis in HDLECs. Notably, HDLECs treated with CX3CL1 showed ac-
celerated formation of tube-like networks compared with that by
the control cells (Figure 2E). These results suggest that acidic condi-
tions induce the production of several chemokines by LECs. These
chemokines might mainly act on LECs themselves in an autocrine

manner and promote lymphangiogenesis in the TME.

3.2 | Vascular cell adhesion molecule 1 is induced
by acidic conditions and promotes cancer cell
adhesion to lymphatic endothelial cells

During lymphatic metastasis, adhesion of cancer cells to LECs is
necessary following lymphangiogenesis. Therefore, cell adhesion-
related molecules were extracted from the 656 genes upregulated
by acidic stimulation in HDLECs (Figure 3A). E-selectin (SELE),
VCAM1, and intracellular adhesion molecule 1 (ICAM1) were among
the top-ranking genes (Figure 3A, Table S3). As VCAM-1 mediates
leukocyte-endothelial adhesion during inflammation, its role in ad-
hering cancer cells and LECs in an acidic microenvironment was fur-
ther investigated.

Immunocytochemistry revealed co-expression of podoplanin
(a marker for LECs) and VCAM-1 in HDLECs, even in the absence
of acidic treatment (Figure 3B). VCAM-1 expression in mRNA and
protein levels in HDLECs was further increased by acidic stimu-
lation (Figures 3C,D). Upregulation of VCAM1 mRNA was repro-
duced in HDLECs after the treatment with HCI (Figure S2). Next,
we examined the adhesion of HDLECs to mouse melanoma cells
B16F10-LMé6 that express a4p1 integrin, a receptor for VCAM-
1. Adherence of B16F10-LMé6 cells to HDLECs increased under
acidic conditions, which was attenuated by treatment with an anti-

VCAM-1 antibody (Figure 3E), suggesting that acidic conditions
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FIGURE 1 (A) Microarray analysis of human dermal lymphatic endothelial cells (HDLECs) treated with an acidic medium (pH 6.4)
compared to that treated with the control medium (Cont). (B) Scatter plot of normalized data. (C) Gene set enrichment analysis (GSEA)
of upregulated genes in HDLECs cultured in an acidic condition. (D) Representative gene sets enriched in HDLECs treated with an acidic

condition (left). Represented genes are listed (right).

promote mutual adhesion between cancer cells and LECs by in-
ducing VCAM-1.

3.3 | Vascular cell adhesion molecule 1-mediated
adhesion of cancer cells to lymphatic endothelial cells
is involved in lymph node metastasis

To verify whether VCAM-1 is involved in lymphatic metastasis of
cancer cells, C57BL/6J mice bearing melanoma were administered
an anti-VCAM-1 antibody or control IgG thrice a week for 3weeks,
starting 1week after inoculating cancer cells (Figure 4A). When
tumor tissues were stained with a marker for cell proliferation, no
significant differences were observed in the growth of cancer cells
between the two groups (Figure 4B). However, regarding the for-
mation of metastatic tumors, the weight of ipsilateral inguinal LNs
was significantly higher than the contralateral LNs in the control
IgG-treated group, which was not significant in the anti-VCAM-1
antibody-treated group (Figure 4C). Direct comparison between
the control IgG- or anti-VCAM-1 antibody-treated group revealed
that the weight of the ipsilateral inguinal LNs was relatively low in

the anti-VCAM-1 antibody-treated group, although not significantly

(Figure 4C). Histological examination revealed that the area of meta-
static tumor in inguinal LNs decreased significantly in mice treated
with anti-VCAM-1 antibody when compared with that in mice treated
with the control IgG (Figure 4D). Considering that the expression of
VCAM-1in LECs increased in an acidic microenvironment, lymphatic
metastasis of cancer cells might be enhanced via VCAM-1-mediated

cell adhesion under acidic conditions.

3.4 | G protein-coupled receptor 4 is critical for
inducing chemokines and vascular cell adhesion
molecule 1 in acidic conditions

To clarify the regulatory mechanisms of acid-induced chemokines
and VCAM-1, the expression of acid-sensing receptors was ana-
lyzed in HDLECs. Consistent with our previous report,24 RT-PCR
analysis showed that HDLECs expressed several acid-sensing
receptors (Figure 5A). Among these, we focused on the func-
tion of GPR4. Immunocytochemistry showed that HDLECs ex-
pressed GPR4 in the cytoplasm and plasma membrane (Figure 5B).
Interestingly, acidic conditions induced the expression of sev-

eral acid-sensing receptors, particularly GPR4 (Figure 5C). In
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FIGURE 2 Promotion of chemokine expression and lymphangiogenesis in human dermal lymphatic endothelial cells (HDLECs) under
acidic stimulation. (A) HDLECs were treated with an acidic medium. CX3CL1 and CXCL6 expressions were evaluated by RT-qPCR analysis.
Data are shown as fold expression normalized to that at Oh (mean+SD; n=3). *p <0.05; **p <0.01. (B) CX3CL1 and CXCL6 levels were
measured by ELISA. Data are shown as mean+SD (n=3). *p<0.05; **p <0.01. (C) Growth assay of HDLECs stimulated with CX3CL1 or
CXCL6 for 3days. Relative light units (RLU) are shown as mean+SD (n=6). *p <0.05; **p <0.01 vs. control (untreated). (D) The effects of
CX3CL1 (200ng/mL) and CXCL6 (200ng/mL) on migration of HDLECs were evaluated by Transwell assay. Representative images and the
number of migrated cells are indicated. Data are shown as mean+SD (n=3). (E) HDLECs seeded on Matrigel were incubated in control or
chemokine-containing media for 6 h. Representative images and tube lengths relative to those of the control group are indicated. Data are

shown as mean+SD (n=4). *p<0.05.

addition, induced GPR4 expression was detected by immunoblot-
ting (Figure 5D).

According to a public database, GPR4 expression is observed in
various types of human cancers and might serve as a poor prognos-
tic marker in renal and lung cancers (Figure S3). Because GPR4 might
have various functions in cancer progression, its specific role was
determined using a knockdown experiment in HDLECs. In HDLECs
transfected with siNC, acidic stimulation increased the expression of
GPR4 mRNA but not in siGPR4-transfected cells (Figure 6A). Similar
to the results shown in Figure 2A, acidic stimulation induced the
mRNA expression of CX3CL1 and CXCL6 in HDLECs. However, GPR4

knockdown attenuated these effects (Figure 6A, Figure S4). The in-
duction of CX3CL1 and CXCL6 by acid treatment was significantly
inhibited by GPR4 knockdown (Figure 6B). In addition, GPR4 knock-
down inhibited acid-induced tube formation in HDLECs (Figure 6C).
Acid-induced expression of VCAM-1 decreased in HDLECs trans-
fected with siGPR4 (Figure 6D,E). Moreover, augmentation of mel-
anoma cell adhesion to HDLECs under acidic conditions was not
observed in GPR4-knocked-down HDLECs (Figure 6F). These data
suggest that acidic conditions induce the expression of chemokines
and VCAM-1 via GPR4 activation, which might contribute to the ad-
hesion of cancer cells and LECs and lymphangiogenesis.
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3.5 | G protein-coupled receptor 4 inhibition
reduces lymphangiogenesis and lymph node
metastases in vivo

Finally, the effect of a selective GPR4 antagonist NE 52-QQ57 on
lymphatic cancer metastasis was examined using mouse tumor

models (Figure 7A). No significant differences were noticed in pri-
mary tumor growth (Figure 7B) or body weight between the control
lgG- and antagonist-treated mice. The frequency of LN metastasis
was similar in the control IgG-and GPR4 antagonist-treated groups
(81.8% and 75.0% of popliteal LNs and 33.3% and 41.7% of inguinal
LNs, respectively). Although no significant difference was noticed
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in the metastatic tumor area between control IgG- or antagonist-
treated LNs, the weight of popliteal LNs was relatively low in
antagonist-treated mice (Figure 7C). The weight of inguinal LNs sig-
nificantly decreased in the antagonist-treated group (Figure 7C).
Additionally, we investigated the density of lymphatic vessels in
LNs and primary tumors. Although no differences were observed
in the lymphatic vessels of popliteal LNs, a significant decrease in
vessel density was noticed in inguinal LNs and primary tumors in
the GPR4 antagonist-treated group (Figure 7D). Taken together,
these data suggest that an acidic microenvironment upregulates
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the expression of chemokines and adhesion molecules via the acid-
sensing receptor GPR4 in LECs. These alterations might promote
adhesion of cancer cells to LECs and lymphangiogenesis, resulting in

the progression of lymphatic cancer metastasis (Figure 7E).

4 | DISCUSSION

In the TME, LECs interact with tumor cells by secreting various

growth factors, cytokines, chemokines, and adhesion molecules,

FIGURE 5 The expression of
acid-sensing receptors in human
dermal lymphatic endothelial cells
(HDLECsS). (A) RT-PCR analysis of genes
encoding acid-sensing receptors. (B)
Immunocytochemistry for podoplanin

Merge and GPR4 in HDLECs. Bar, 50 um. (C)

HDLECs were treated with control or
acidic media for 24 h. Gene expression
of acid-sensing receptors was evaluated
by RT-gPCR analysis. mMRNA expression
was normalized with respect to GAPDH
expression (mean+SD) (n=3). *p<0.05;
**p<0.01. (D) Immunoblotting of GPR4 in
HDLECs. HEK293T cells overexpressing
GPR4 were used as positive control (PC).
Acidic condition was created by addition
of lactic acid (LA) or HCI. The expression
of B-actin was analyzed as the loading
control.

FIGURE 6 Therole of G protein-coupled receptor 4 (GPR4) in inducing chemokines and vascular cell adhesion molecule 1 (VCAM-1)
in human dermal lymphatic endothelial cells (HDLECs) under acidic condition. (A) HDLECs were transfected with negative control siRNA
(siNC#1) or siRNA against GPR4 (siGPR4#1) and cultured in control or acidic media for 24 h. Gene expression was evaluated by RT-qPCR

analysis, normalized with respect to GAPDH levels, and presented as fold expression relative to that in cells transfected with siNC#1. Data
are expressed as mean=+SD (n=3). **p<0.01. (B) HDLECs transfected with siNC#1 or siGPR4#1 were cultured in control or acidic media for
72h. CX3CL1 and CXCL6 levels were measured by ELISA. Data are shown as mean+SD (n=3). *p <0.05; **p <0.01. (C) HDLECs transfected
with siNC#1 or siGPR4#1 were seeded on Matrigel with control or acidic media for 4 h. Representative images (left panels) and relative tube
lengths to siNC#1-transfected cells cultured in a normal medium (right panel). Data are shown as mean+SD (n=6). *p<0.05. (D) HDLECs
transfected with siNC#1 or siGPR4#1 were treated with control or acidic media for 6h. The expression of VCAM1 mRNA was evaluated

by RT-qPCR analysis, normalized with respect to GAPDH levels, and shown as fold expression relative to that in cells transfected with
siNC#1. Data are expressed as mean+SD (n=3). **p<0.01. (E) Immunoblotting of VCAM-1 in HDLECs. HDLECs transfected with siNC#1 or
siGPR4#1 were cultured in control or acidic media for 24 h. Images of the western blot (left panel) and densitometric intensities of the signals
as the ratio of VCAM-1 to B-actin (right panel) are presented. (F) Adhesion of B16F10-LMé melanoma cells to HDLEC monolayer transfected
with siNC#1 or siGPR4#1. Representative images (left panels) and the number of adherent B16F10-LM6é cells (right panel) are presented.
Bar, 100 um. Data are shown as mean+SD (n=4). *p <0.05.
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FIGURE 7 Effect of G protein-coupled receptor 4 (GPR4) inhibition on lymphatic metastasis in mouse melanoma models in vivo.

(A) Experimental protocol. (B) Immunohistochemistry for proliferating cell nuclear antigen (PCNA) of plantar tumors. Bar, 100 pm.
Representative images (left panels) and quantification (right panel). (C) Macroscopic images (left panels) and weights (right panels) of

lymph nodes (LNs) in mice treated with GPR4 antagonist (NE) or methylcellulose solution (control). *p <0.05. (D) Immunohistochemistry

for podoplanin in plantar tumors. Representative image (left panels) and quantification of tumor lymphatic vessels as mean area density of
podoplanin-positive pixels per microscopic field (right panel) are presented. Bar, 100um. **p <0.01. (E) Model of acid-mediated regulation of
lymphangiogenesis and metastasis in the tumor microenvironment. Acidic condition augments the acid-sensing receptor GPR4 in lymphatic
endothelial cells (LECs), which in turn induces the expression of chemokines and vascular cell adhesion molecule 1 (VCAM-1). Chemokines
autocrinally act on LECs and induce lymphangiogenesis. Simultaneously, acidic condition upregulates a4f1 integrin expression in cancer
cells, resulting in their adhesion to LECs. These effects promote the invasion of cancer cells toward lymphatic vessels, leading to the

development of lymphatic metastasis.

resulting in cancer progression and metastasis.>~>?” Our gene ex-
pression profiling identified the induction of several chemokines and
adhesion molecules in HDLECs cultured under acidic conditions.

CX3CL1 is a unique chemokine, which functions as a chemoat-
tractant and adhesion molecule.?®?’ We showed that acidic stim-
ulation induced CX3CL1 expression in HDLECs. CX3CR1 induces
the autocrine action of CX3CL1 in HDLECs, thereby enhancing
their growth and tube formation. Increased expression of CX3CL1
and CX3CR1 is differentially correlated with prognosis in several
types of cancer.’® In the present study, although CX3CL1 did
not alter the function of MDA-MB-231 breast cancer cells in this
study (Figure S5), increased CX3CL1 expression in cancer tissues
is positively associated with LN metastasis in patients with breast
cancer.®

CXCL6 is expressed in various stromal cells, including fibroblasts
and VECs, and promotes neutrophil accumulation and angiogene-
sis.2832 Our results suggest that acid-induced CXCL6 expression in
LECs accelerates their growth in an autocrine manner. In contrast,
CXCL6 acts as an autocrine growth factor in cancer cells. Treatment
of melanoma with neutralizing antibodies against CXCL6 attenuates
tumor growth and lymphatic metastasis in a mouse model.3

In the present study, we focused on the role of VCAM-1 as an
adhesion molecule under acidic conditions. VCAM-1 in VECs me-
diates the adhesion and transmigration of leukocytes through the
vascular endothelium under inflammatory conditions.**% In ad-
dition, VCAM-1 expression has been observed in the lymphatic
endothelium during dermal inflammation.?¢ The inflammatory
cytokine tumor necrosis factor o (TNF-a) upregulates VCAM-1
expression rapidly in LECs, resulting in leukocyte adhesion and
transmigration.3”*® Our data indicate that acidic conditions rapidly
induce VCAM-1 expression in HDLECs. a4f1 integrin (VLA-4) in leu-
kocytes and its ligand VCAM-1 in VECs are involved in their mutual
interactions.3” A similar function of a4p1 integrin might be import-
ant for the intravasation of cancer cells. Highly metastatic melanoma
cells express a4p1 integrin, leading to their binding with VCAM-1 in
VECs; the inhibition or silencing of a4p1 integrin within melanoma
cells reduces their trans-endothelial migration in vitro.*® Our results
showed that VCAM-1 mediated the adhesion of cancer cells to LECs
in vitro and lymphatic cancer metastasis in vivo. The expression of
Itga4 mRNA (encoding o4 integrin) increased by acidic stimulation
in B16F10-LMé cells (data not shown). These results indicate that
the acidic microenvironment induces the adhesion of cancer cells

to LECs by inducing VCAM-1 in LECs and o4 integrin in cancer cells.
Usage of anti-VCAM-1 antibody in vivo could affect the cellular
function of various cell types. Several studies have demonstrated
that anti-VCAM-1 antibody administration attenuates inflammatory
responses through the inhibition of adhesion between leukocytes
and VECs.®”#! Although we show the tumor-suppressive effect of
anti-VCAM-1 antibody in the present study, immune cell function
might be altered by treatment with anti-VCAM-1 antibody. In con-
trast, VCAM-1 has been reported to disrupt the lymphatic junction
and permeability of LECs by displacing VE-cadherin, resulting in the
promotion of lymphatic metastasis of cancer cells.*> When discuss-
ing the role of acidic conditions in lymphatic metastasis, VCAM-1
might regulate the permeability of lymphatic vessels.

GPR4 is expressed mainly in VECs and plays important rolesin the
adhesion of leukocytes and induction of inflammatory genes.}¢?1-23
Our findings clarified that GPR4 has a similar function in LECs and
is involved in functional alterations of LECs under acidic conditions
in the TME. ASIC3, which was induced in HDLECs under an acidic
condition, was partially involved in the upregulation of CXCLé6 and
VCAM-1 but not CX3CL1 (data not shown). Although these acid-
sensing receptors might also contribute to the regulation of chemo-
kines and adhesion molecules, we believe that GPR4 is crucial for the
response of LECs to acidic condition in the TME. Overexpression of
GPR4 in head and neck squamous cell carcinoma cells increases the
production of angiogenic factors within an acidic microenvironment,
thereby inducing angiogenesis in a chick chorioallantoic membrane

|43

model.”” GPR4 expression is associated with microvessel density in

hepatocellular carcinoma and the overall survival of patients.44 In
addition, two orthotopic tumor models have indicated that tumor
growth is significantly reduced in GPR4-deficient mice through al-
teration of the angiogenic response.*® These results indicate the
mechanism of tumor progression by the activation of VECs or LECs
following GPR4 activation in cancer cells, VECs, and/or LECs.

In contrast, a cell-autonomous effect of GPR4 that is expressed
in cancer cells remains controversial. Silencing GPR4 in colorectal
cancer cells inhibits their proliferation and migration in vitro and re-
duces tumor growth and liver metastasis in a mouse model.** GPR4
overexpression increases the migration and invasion of human mel-
anoma cells.*” However, GPR4 could exhibit a tumor-suppressive
effect in a certain type of tumor model. GPR4 overexpression in
B16F10 mouse melanoma cells reduces their migration and invasion
in vitro and pulmonary metastasis following tail vein injection.48 The
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activation of GPR4 decreases cell spreading and alters the focal ad-
hesion complex, resulting in reduced cell motility.*?

As GPR4 is considered a target for several pathological condi-
tions, the GPR4 antagonist 13 (NE 52-QQ57) has been examined in
a wide range of animal disease models.’°~>* However, the effects of
NE 52-QQ57 on cancer metastasis have not been fully elucidated.
In this study, metastatic tumors in inguinal LNs, but not in popliteal
LNs, were significantly reduced in mice treated with NE 52-QQ57.
Considering GPR4 antagonists suppress LN metastasis by inhibiting
lymphangiogenesis in plantar tumors, metastasis might be reduced
in distant LNs. Whether NE 52-QQ57 directly affects B16F10-LMé
cells remains unknown. GPR4 has been reported to be tumor sup-
pressive in B16F10 cells.*®*? However, B16F10-LM6 cells showed a
markedly lower level of GPR4 expression than B16F10 parental cells,
suggesting that the involvement of NE 52-QQ57 in tumor growth
was less critical in this study.

In summary, an acidic microenvironment upregulates chemok-
ines and cell adhesion molecules in LECs by activating GPR4, leading
to lymphatic metastasis of cancer cells. The results suggest that reg-
ulation of GPR4 and its downstream molecules in LECs could be a

novel preventive or therapeutic target for cancer metastasis.

AUTHOR CONTRIBUTIONS

Masako Nakanishi: Conceptualization; formal analysis; funding ac-
quisition; investigation; writing - original draft. Akiya Ibe: Formal
analysis; investigation. Kiyoto Morishita: Investigation. Kazutaka
Shinagawa: Investigation. Yushi Yamamoto: Investigation. Hibiki
Takahashi: Investigation. Kyoka lkemori: Investigation. Yasuteru
Muragaki: Supervision. Shogo Ehata: Conceptualization; writing -
review and editing.

ACKNOWLEDGMENTS

We thank A. Miyawaki (Riken) for providing the plasmid of Venus.
We are grateful to S. Iwabuchi (Wakayama Medical University)
for expert assistance in GSEA. This study was supported by the
KAKENHI Grant-in-Aid for Scientific Research (C) from the Japan
Society for the Promotion of Science (JSPS) (18K08580, 22K08699
to M.N.).

CONFLICT OF INTEREST STATEMENT
The authors have no potential conflicts of interest.

ETHICS STATEMENT
Approval of the research protocol by an Institutional Reviewer
Board: All experiments were approved by the Institutional Animal
Use Committee of Wakayama Medical University and conducted ac-
cording to the guidelines.
Informed Consent. N/A.
Registry and the Registration No. of the study/trial: N/A.
Animal Studies: Yes.

ORCID

Shogo Ehata " https://orcid.org/0000-0002-6740-9391

REFERENCES

1. Kawada K, Taketo MM. Significance and mechanism of
lymph node metastasis in cancer progression. Cancer Res.
2011;71:1214-1218.

2. Stacker SA, Williams SP, Karnezis T, Shayan R, Fox SB, Achen MG.
Lymphangiogenesis and lymphatic vessel remodelling in cancer. Nat
Rev Cancer. 2014;14:159-172.

3. StachuraJ, Wachowska M, Kilarski WW, Guc E, Golab J, Muchowicz
A. The dual role of tumor lymphatic vessels in dissemination of me-
tastases and immune response development. Onco Targets Ther.
2016;5:€1182278.

4. Oliveira-Ferrer L, Milde-Langosch K, Eylmann K, et al. Mechanisms
of tumor-lymphatic interactions in invasive breast and prostate car-
cinoma. Int J Mol Sci. 2020;21:602.

5. Fujimoto N, Dieterich LC. Mechanisms and clinical significance of
tumor lymphatic invasion. Cell. 2021;10:2585.

6. Morita Y, Morita N, Hata K, et al. Cyclooxygenase-2 expression is
associated with vascular endothelial growth factor-c and lymph
node metastasis in human oral tongue cancer. Oral Surg Oral Med
Oral Pathol Oral Radiol. 2014;117:502-510.

7. Shibata MA, Shibata E, Tanaka Y, Shiraoka C, Kondo Y. Soluble
Vegfr3 gene therapy suppresses multi-organ metastasis in a mouse
mammary cancer model. Cancer Sci. 2020;111:2837-2849.

8. Damaghi M, Wojtkowiak JW, Gillies RJ. pH sensing and regulation
in cancer. Front Physiol. 2013;4:370.

9. Estrella V, Chen T, Lloyd M, et al. Acidity generated by the
tumor microenvironment drives local invasion. Cancer Res.
2013;73:1524-1535.

10. Pillai SR, Damaghi M, Marunaka Y, Spugnini EP, Fais S, Gillies RJ.
Causes, consequences, and therapy of tumors acidosis. Cancer
Metastasis Rev. 2019;38:205-222.

11. Boedtkjer E, Pedersen SF. The acidic tumor microenvironment as a
driver of cancer. Annu Rev Physiol. 2020;82:103-126.

12. Pinheiro C, Garcia EA, Morais-Santos F, et al. Reprogramming
energy metabolism and inducing angiogenesis: co-expression of
monocarboxylate transporters with VEGF family members in cervi-
cal adenocarcinomas. BMC Cancer. 2015;15:835.

13. Perez-Escuredo J, Van Hee VF, Sboarina M, et al. Monocarboxylate
transporters in the brain and in cancer. Biochim Biophys Acta.
2016;1863:2481-2497.

14. Peppicelli S, Bianchini F, Contena C, Tombaccini D, Calorini L. Acidic
pH via NF-kB favours VEGF-C expression in human melanoma cells.
Clin Exp Metastasis. 2013;30:957-967.

15. Wemmie JA, Taugher RJ, Kreple CJ. Acid-sensing ion channels in
pain and disease. Nat Rev Neurosci. 2013;14:461-471.

16. Imenez Silva PH, Wagner CA. Physiological relevance of proton-
activated GPCRs. Pflugers Arch. 2022;474:487-504.

17. Justus CR, Dong L, Yang LV. Acidic tumor microenvironment and
pH-sensing G protein-coupled receptors. Front Physiol. 2013;4:354.

18. Weiss KT, Fante M, Kohl G, et al. Proton-sensing G protein-coupled
receptors as regulators of cell proliferation and migration during
tumor growth and wound healing. Exp Dermatol. 2017;26:127-132.

19. Insel PA, Sriram L, Salmeron C, Wiley SZ. Proton-sensing G protein-
coupled receptors: detectors of tumor acidosis and candidate drug
targets. Future Med Chem. 2020;12:523-532.

20. Nakanishi M, Korechika A, Yamakawa H, Kawabe N, Nakai K,
Muragaki Y. Acidic microenvironment induction of interleukin-8
expression and matrix metalloproteinase-2/-9 activation via acid-
sensing ion channel 1 promotes breast cancer cell progression.
Oncol Rep. 2021;45:1284-1294.

21. ChenA, Dongl, Leffler NR, Asch AS, Witte ON, Yang LV. Activation
of GPR4 by acidosis increases endothelial cell adhesion through the
cAMP/Epac pathway. PLoS One. 2011;6:e27586.

22. Dong L, Li Z, Leffler NR, Asch AS, Chi JT, Yang LV. Acidosis acti-
vation of the proton-sensing GPR4 receptor stimulates vascular


https://orcid.org/0000-0002-6740-9391
https://orcid.org/0000-0002-6740-9391

NAKANISHI ET AL.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

endothelial cell inflammatory responses revealed by transcriptome
analysis. PLoS One. 2013;8:€61991.

Krewson EA, Sanderlin EJ, Marie MA, et al. The proton-sensing
GPR4 receptor regulates paracellular gap formation and permeabil-
ity of vascular endothelial cells. iScience. 2020;23:100848.
Nakanishi M, Morita Y, Hata K, Muragaki Y. Acidic microenviron-
ments induce lymphangiogenesis and IL-8 production via TRPV1
activation in human lymphatic endothelial cells. Exp Cell Res.
2016;345:180-189.

Moeller AL, Hjortdal VE, Boedtkjer DMB, Boedtkjer E. Acidosis in-
hibits rhythmic contractions of human thoracic ducts. Physiol Rep.
2019;7:e14074.

Mu H, Calderone TL, Davies MA, et al. Lysophosphatidic acid in-
duces lymphangiogenesis and IL-8 production in vitro in human
lymphatic endothelial cells. Am J Pathol. 2012;180:2170-2181.

Xu J, Zhang C, He Y, et al. Lymphatic endothelial cell-secreted
CXCL1 stimulates lymphangiogenesis and metastasis of gastric
cancer. Int J Cancer. 2012;130:787-797.

Korbecki J, Kojder K, Kapczuk P, et al. The effect of hypoxia on the
expression of CXC chemokines and CXC chemokine receptors-a re-
view of literature. Int J Mol Sci. 2021;22:843.

Crola Da Silva C, Lamerant-Fayel N, Paprocka M, et al. Selective
human endothelial cell activation by chemokines as a guide to cell
homing. Immunology. 2009;126:394-404.

Korbecki J, Siminska D, Kojder K, et al. Fractalkine/CX3CL1 in neo-
plastic processes. Int J Mol Sci. 2020;21:3723.

Tsang JY, Ni YB, Chan SK, et al. CX3CL1 expression is associated
with poor outcome in breast cancer patients. Breast Cancer Res
Treat. 2013;140:495-504.

Zhu YM, Bagstaff SM, Woll PJ. Production and upregulation of
granulocyte chemotactic protein-2/CXCL6 by IL-1beta and hypoxia
in small cell lung cancer. Br J Cancer. 2006;94:1936-1941.

Verbeke H, Struyf S, Berghmans N, et al. Isotypic neutralizing anti-
bodies against mouse GCP-2/CXCL6 inhibit melanoma growth and
metastasis. Cancer Lett. 2011;302:54-62.

Alevriadou BR. CAMs and rho small GTPases: gatekeepers for leu-
kocyte transendothelial migration. Focus on “VCAM-1-mediated
Rac signaling controls endothelial cell-cell contacts and leukocyte
transmigration”. Am J Physiol Cell Physiol. 2003;285:C250-C252.
Muller WA. Mechanisms of leukocyte transendothelial migration.
Annu Rev Pathol. 2011;6:323-344.

Rigby DA, Ferguson DJ, Johnson LA, Jackson DG. Neutrophils
rapidly transit inflamed lymphatic vessel endothelium via integrin-
dependent proteolysis and lipoxin-induced junctional retraction. J
Leukoc Biol. 2015;98:897-912.

Johnson LA, Clasper S, Holt AP, Lalor PF, Baban D, Jackson
DG. An inflammation-induced mechanism for leukocyte trans-
migration across lymphatic vessel endothelium. J Exp Med.
2006;203:2763-2777.

Vigl B, Aebischer D, Nitschke M, et al. Tissue inflammation mod-
ulates gene expression of lymphatic endothelial cells and den-
dritic cell migration in a stimulus-dependent manner. Blood.
2011;118:205-215.

Madri JA, Graesser D, Haas T. The roles of adhesion molecules and
proteinases in lymphocyte transendothelial migration. Biochem Cell
Biol. 1996;74:749-757.

Klemke M, Weschenfelder T, Konstandin MH, Samstag Y. High af-
finity interaction of integrin alpha4betal (VLA-4) and vascular cell
adhesion molecule 1 (VCAM-1) enhances migration of human mel-
anoma cells across activated endothelial cell layers. J Cell Physiol.
2007;212:368-374.

Weber C, Springer TA. Interaction of very late antigen-4 with
VCAM-1 supports transendothelial chemotaxis of monocytes by
facilitating lateral migration. J Immunol. 1998;161:6825-6834.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

= 1563
Cancer Science A yins A

Dieterich LC, Kapaklikaya K, Cetintas T, et al. Transcriptional profil-
ing of breast cancer-associated lymphatic vessels reveals VCAM-1
as regulator of lymphatic invasion and permeability. Int J Cancer.
2019;145:2804-2815.

Jing Z, Xu H, Chen X, et al. The proton-sensing G-protein coupled
receptor GPR4 promotes angiogenesis in head and neck cancer.
PLoS One. 2016;11:e0152789.

Xue C, Shao S, Yan Y, 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.

Woyder L, Suply T, Ricoux B, et al. Reduced pathological angiogene-
sis and tumor growth in mice lacking GPR4, a proton sensing recep-
tor. Angiogenesis. 2011;14:533-544.

Yu M, Cui R, Huang VY, 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.

Stolwijk JA, Wallner S, Heider J, et al. GPR4 in the pH-dependent
migration of melanoma cells in the tumor microenvironment. Exp
Dermatol. 2023;32:479-490.

Castellone RD, Leffler NR, Dong L, Yang LV. Inhibition of tumor cell
migration and metastasis by the proton-sensing GPR4 receptor.
Cancer Lett. 2011;312:197-208.

Justus CR, Yang LV. GPR4 decreases B16F10 melanoma cell spread-
ing and regulates focal adhesion dynamics through the G13/rho sig-
naling pathway. Exp Cell Res. 2015;334:100-113.

Sanderlin EJ, Leffler NR, Lertpiriyapong K, et al. GPR4 defi-
ciency alleviates intestinal inflammation in a mouse model of
acute experimental colitis. Biochim Biophys Acta Mol basis Dis.
2017;1863:569-584.

Liu H, Liu Y, Chen B. Antagonism of GPR4 with NE 52-QQ57 and
the suppression of AGE-induced degradation of type Il collagen in
human chondrocytes. Chem Res Toxicol. 2020;33:1915-1921.
Velcicky J, Miltz W, Oberhauser B, et al. Development of selec-
tive, orally active GPR4 antagonists with modulatory effects
on nociception, inflammation, and angiogenesis. J Med Chem.
2017;60:3672-3683.

Haque ME, Azam S, Akther M, Cho DY, Kim IS, Choi DK. The neu-
roprotective effects of GPR4 inhibition through the attenuation of
caspase mediated apoptotic cell death in an MPTP induced mouse
model of Parkinson's disease. Int J Mol Sci. 2021;22:4674.
Sanderlin EJ, Marie M, Velcicky J, Loetscher P, Yang LV.
Pharmacological inhibition of GPR4 remediates intesti-
nal inflammation in a mouse colitis model. Eur J Pharmacol.
2019;852:218-230.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Nakanishi M, Ibe A, Morishita K,
et al. Acid-sensing receptor GPR4 plays a crucial role in
lymphatic cancer metastasis. Cancer Sci. 2024;115:1551-
1563. doi:10.1111/cas.16098


https://doi.org/10.1111/cas.16098

	Acid-­sensing receptor GPR4 plays a crucial role in lymphatic cancer metastasis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Cell culture
	2.2|Adhesion assay
	2.3|Mouse model of lymph node metastasis
	2.4|Statistical analysis

	3|RESULTS
	3.1|Genes of inflammation-­related chemokines are upregulated in LECs under an acidic microenvironment
	3.2|Vascular cell adhesion molecule 1 is induced by acidic conditions and promotes cancer cell adhesion to lymphatic endothelial cells
	3.3|Vascular cell adhesion molecule 1-­mediated adhesion of cancer cells to lymphatic endothelial cells is involved in lymph node metastasis
	3.4|G protein-­coupled receptor 4 is critical for inducing chemokines and vascular cell adhesion molecule 1 in acidic conditions
	3.5|G protein-­coupled receptor 4 inhibition reduces lymphangiogenesis and lymph node metastases in vivo

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


