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Abstract

Due to its high metastatic potential, malighant melanoma is one of the deadliest skin
cancers. In melanoma as well as in other cancers, acidification of the tumor micro-
environment (=TME, inverse pH-gradient) is a well-known driver of tumor progres-
sion and metastasis. Membrane-bound receptors, such as the proton-sensitive GPCR
(pH-GPCR) GPR4, are considered as potential initiators of the signalling cascades rel-
evant to malignant transformation. In this study, we investigated the pH-dependent
migration of GPR4 wildtype/overexpressing SK-Mel-28 cells using an impedance-
based electrical wounding and migration assay and classical Boyden chamber experi-
ments. Migration of GPR4 overexpressing SK-Mel-28 cells was enhanced in a range
of pH 6.5-7.5 as compared to controls in the impedance-based electrical wounding
and migration assay. In Boyden chamber experiments, GPR4 overexpression only in-
creased migration at pH 7.5 in a Matrigel-free setup, but not at pH 6.5. Results indi-
cate that GPR4 is involved in the migration of melanoma cells, especially in the tumor

periphery, and that this process is affected by pH in the TME.
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1 | INTRODUCTION

Malignant melanoma is one of the most aggressive and deadliest
forms of skin cancer, which is mainly attributed to a high metastatic
potential of melanoma cells.'® A central hallmark of solid tumors, such
as malignant melanoma, is the acidification of the microenvironment
represented by the extracellular pH (pH_)."*> The pH, of solid tumor
cells is usually more acidic (pH, 5.9-7.0) than the extracellular envi-
ronment of healthy tissue (pH, 7.3-7.4).% This is due to hypoxia, met-

abolic changes (Waarburg effect) and a plethora of membrane-bound

channels/transporters (NHE1, carboanhydrases, monocarboxylate
transporters, bicarbonate symporters and V-ATPases), which regulate
pHe.s'7 An acidic extracellular environment promotes characteristic
tumor cell behaviour, such as increased proliferation, migration and
invasion, as well as changes in the immune response. The molecular
response of cells to altered pH, (inverse/inside-out pH gradient) are
mediated by different intracellular and extracellular sensors including
proton-sensitive G-protein coupled receptors (pH-GPCRs).>®

The four pH-GPCRs GPR4 (GPR19), GPR65 (TDAGS, T-cell

death-associated gene 8), GPR68 (OGR1, ovarian cancer GPCR 1)
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and GPR132 (G2A, G2 accumulation protein) are activated by a de-
crease in extracellular pH (pH,) via protonation of different histidine

711 as well

residues on the extracellular surface of the pH-GPCRs,
as potential additional acidic residues buried further inside the re-
ceptors.*? pH-GPCRs have been shown to be involved in tumor cell
proliferation, apoptosis, metastasis, angiogenesis, modulation of in-
flammation and immune responses, and therefore are recognized as
potential players in cancer progression.”1%*3-18 For example, GPR4
activation by an acidic environment was shown to influence inflam-
matory processes, cell migration and angiogenesis in different cell
types, including vascular endothelial cells.?3->18

While a number of studies suggest that GPR68 serves as a
metastasis suppressor in different cancer types,w'22 GPR65 and
GPR132 are predominantly associated with functions in immune
and blood-borne cells.?®2¢ The role of GPR4 in cancer progression is
less clear, as tumor-suppressing, as well as cancer-promoting effects,
have been identified in different cancer cell types and disease mod-
els.®®?7-31 Ectopic overexpression of GPR4 in B16F10 melanoma
cells inhibited their migration in an acidic environment and reduced
their potential to form lung metastases in a mouse model.** GPR4
decreased cell spreading and affected focal adhesion localization,
which points to alterations in cell mobility.28 Especially at low pH the
GPR4 overexpressing cells rounded up and exhibited less dynamic
focal adhesions at cell edges.?® In a model with GPR4-deficient mice
tumor growth was strongly reduced in two orthotopic models with
4T1 breast tumor cells or CT26 colon tumor cells, likely mediated via
a reduced angiogenic response to VEGF.'®

Overexpression of GPR4 in squamous cell carcinoma of the head
and neck was shown to lead to an increased expression and secre-
tion of IL6, IL8 and VEGF under acidic conditions.?” In a vascular-
ization model, GPR4 overexpressing cancer cells showed increased
recruitment of new blood vessels under acidic conditions.?” In this
line, also a study with colorectal cancer cells supports the cancer-
promoting effect of GPR4.%® The knockdown of GPR4 in HCT116
and HT29 colorectal cancer cell lines resulted in suppressed growth
and in significantly inhibited migration. It was found that GPR4 was
upregulated in human colorectal cancer samples and that high ex-
pression correlated with late-stage tumors and poor survival rate.®°
Another quantitative real-time PCR screen of total RNA samples ex-
tracted from a panel of human primary tumors revealed that GPR4
was overexpressed more than fivefold over normal tissue controls in
a significant portion of the breast, ovarian, colon, liver and kidney tu-
mors.?? The study showed that overexpression of GPR4 in NIH3T3
or HEK293 cells malignantly transformed the cells. Overexpression
of GPR4 in HEK293 cells led to transcriptional activation of SRE
and CRE promotor-driven genes, indicating that multiple signalling
cascades including mitogenic pathways are potentially activated by
GPR4. NIH3T3 cells overexpressing GPR4 and injected into mice led
to increased tumor formation.?’

We recently found that pH-GPCRs are differentially ex-
pressed in many skin cancers.’?%% GPR4 was expressed with high
scores in tumor tissue of Merkel cell carcinoma, and especially
malignant melanoma.??®® Tissue microarray analysis moreover

revealed that all 4 pH-GPCRs are particularly highly expressed in
malignant melanoma.®? Interestingly, there was increased dermal
expression of GPR4 compared to benign nevus cell nevi, indicat-
ing a possible role of GPR4 in tumor cell migration and possibly
malignant transformation. Therefore, in this study, we focused on
the role of GPR4 in malignant melanoma. We investigated the mi-
gration of GPR4 overexpressing SK-Mel-28 malignant melanoma
cells compared to control cells using an impedance-based electri-
cal wounding and migration assay paralleled by Boyden chamber

experiments.

2 | METHODS
2.1 | Cellculture

SK-Mel-28 melanoma cells were purchased from CLS (#300 337).
Cells were grown in DMEM (Sigma-Aldrich, D5671) supplemented
with 10% fetal calf serum (FCS) (Biochrom), 1% L-glutamine (L-Glu)
(Sigma-Aldrich) and 1% penicillin/streptomycin (P/S) (Sigma-Aldrich)
in a standard humidified cell culture incubator with 5% CO.,,.

2.2 | pH-media

To create a defined pH, the bicarbonate-free, KH,PO,- and
Na,HPO,-buffered Leibowitz’ (L15) medium (Fisher Thermo
Scientific, 21083-027) supplemented with 10% FCS and 1% P/S, was
adjusted to different pH. The different pH of the L15 media (6.0, 6.5,
6.75,7.0, 7.25, 7.5, 8.0 and 8.5) were adjusted by adding NaH,PO,,
(Sigma-Aldrich) and/or K,PO, (Fluka) until the respective pH was
reached as measured with a pH-meter (Hanna Instruments). The L15
media were sterile filtered through a 0.2 pm filter (Sarsted, Filtropur
S, PES, 20003477). Carbonate-free pH-buffered media were used
at ambient CO, conditions (incubator set to 0% CO, or the presence
of CO,) was excluded by use of hermetically sealed 7 L rectangular

containers (Mitsubishi Gas Chemical).

2.3 | Impedance assay

To study the migration of SK-Mel-28 cells we use an impedance-
based automated wound healing assay that is based on the work

published by Wegener et al.3*

The original assay was optimized to
study melanoma cell migration in a 96-well format (Figure 1). The
assay relies on seeding the cells to confluence on thin, planar gold-
film electrodes deposited on the bottom foil of a 96-well plate
(96W1E™, Applied BioPhysics Inc.). The electrodes can be used for
both, for non-invasive measurements to detect electrode cover-
age with cells, and for the application of invasive electric wounding
pulses to create a defined lesion within the cell layer. Cell coverage
of the electrodes is monitored by non-invasive impedance readings
as described in detail elsewhere.®>3¢ In brief, as the adherent cells
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act like insulating particles, they block free current flow and there-
fore increase the impedance compared to a cell-free electrode. With
increasing cell coverage of the electrodes with cells the impedance
increases. The alternating current amplitudes that are applied for
impedance measurements are weak and non-invasive.>¢ However,
when AC current pulses of higher amplitude are injected (2800 pA,
32kHz, 60s), the cells on the small electrode are killed by irrevers-
ible membrane damage. Cell damage is strictly limited to the cells on
the active electrode area while surrounding cells remain unharmed.
After the electric wounding pulse is turned off, the viable cells in
the periphery of the electrode can migrate into the lesion. This re-
population of the electrode is monitored by non-invasive impedance
measurements.

In our assay, SK-Mel-28 melanoma cells were seeded to the
wells of an ECIS 96-well plate (96W1E", Applied Biophysics Inc.,
see schematic drawing in Figure 1A) at a density of 150000 cells/
cm? in DMEM supplemented with FCS and P/S. The entire adhe-
sion and cell layer formation process was monitored by non-invasive
impedance measurements using the ECIS ZO instrument equipped
with a 96-well array holder station, personal computer and software
(Applied BioPhysics Inc.). Impedance was measured at 4, 12, 40 and
64kHz. Impedance data versus time in hours (t/h) were plotted for
40kHz as this is a typical frequency for monitoring electrode cover-
age with cells.3*%¢ Cells were seeded to the electrodes after record-
ing an initial baseline in a medium for 30-60min. To do so the data
acquisition was paused, the plate was removed from the 96-well
holder station and initially suspended cells were seeded. After plac-
ing the plate back in the 96-well older station the measurement was
resumed. Cells were allowed to settle to the electrode for 2 h before
the measurement was paused again to exchange the complete me-
dium for L15 with different pH, (see Chapter 2.2). The incubator CO,
was set to 0% to maintain the according pH, in the carbonate-free
media. The 96-well electrode array was reconnected to the ECIS in-
strument and after one impedance measurement cycle per well the
cells on the electrodes were electrically wounded using the elevated
field mode (EFM) of the ECIS instrument, applying a short, invasive
electric pulse (32kHz, 2800pA, 60s) to the electrodes. Afterwards,
non-invasive impedance measurement was resumed to monitor the
cells' response to the wounding pulse and the repopulation of the
electrode by intact cells. The efficiency of cell layer recovery by un-
wounded cells migrating inward from the periphery was quantified
by calculating the area under the curve (AUC) of time course im-
pedance data by integration. We chose a time frame of 24 h starting
after the wounding pulse has been applied. The value of AUC (given
in units of h*kQ) is higher for conditions in which the cells repopulate
the electrode quickly and completely. Incomplete and slow recovery
results in a low AUC.

2.4 | LIVE/DEAD assay and confocal microscopy

To document the success of electrical wounding along the
impedance-based electrical wounding and migration assay the cell
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layers were stained using a LIVE/DEAD Viability/Cytotoxicity Kit
(Thermo Fisher Scientific Inc). Green fluorescent calcein stains live
cells after the acetoxy-moiety of calcein-AM (CaAM) is cleaved by
intracellular esterases. Ethidium-homodimer-1 (EthD-1) intercalates
to the DNA of dead cells that have a compromised cell membrane.
The staining solution contained 4 pM EthD-1 and 2 pM in CaAM
in phosphate-buffered saline with calcium and magnesium (PBS++,
Sigma-Aldrich, 806552). To stain the cells on the bottom of the
96W1E™ array, the bottom foil that is glued to the 96-well scaffold
was carefully peeled off and placed inside the lid of the plate that
was used as a tray for staining. The cell layers were carefully sub-
mersed in a staining solution and incubated for 45min in the dark
at 0% CO, and 37°C. After the staining solution had been removed,
cells were carefully washed twice with PBS++. After staining cells
were examined in PBS++ buffer using a confocal laser scanning
microscope (Nikon Eclipse 90i) with a 10x magnification objective.
CaAM was excited at 488nm and emission was detected using a
515/30nm detector. EthD-1 was excited at 543 nm and emission was
recorded with a 650 LP detector.

2.5 | Transfection

To create SK-Mel-28 melanoma cells stably expressing the pH-
GPCR GPR4, cells were transfected with Lipofectamine 3000
(Invitrogen) with the pCMV6-AC-GFP-based expression plasmid
GPR4 (NM_005282) Human Tagged ORF Clone (OriGene technolo-
gies, RG209686). Cells were selected by 1 mg/ml Neomycin (G418).
SK-Mel-28 wildtype (WT) cells of similar passage number as GPR4
overexpressing cells served as control. An effect of transfection
with Lipofectamine on the migration of SK-Mel-28 cells was ex-
cluded (see Figure S1). Green fluorescence of stably transfected SK-
Mel-28_GPR4 cells (GPR4 was expressed as a chimeric protein to
GFP) was inspected using a 60x water immersion objective, excita-
tion at 488nm and 515/30nm detection. All functional assays were
performed without G418.

2.6 | gPCR

For mRNA isolation, cells from confluent monolayers in 75cm? cell
culture flasks were collected and seeded to a new 75cm? cell cul-
ture flask after 1:10 dilution. Cells were grown to ~70%-80% conflu-
ence before they were harvested by trypsination and washed once
by PBS. Total RNA was isolated using NucleoSpin RNA (Machery-
Nagel, 740955.250). RNA concentration was determined by pho-
tometry using the NanoDrop instrument (Thermo Fisher Scientific).
One microgram of total RNA was used to synthesize cDNA with the
SuperScript Il reverse transcriptase (Invitrogen, 18064014), dNTPs
from NEB (N0446S) and Oligo DT primer from Roche (11034731001).
The gPCR primers used to amplify the GPR4 gene segment were
purchased from Microsynth and are listed in Table 1. Fourty-five cy-
cles were performed at an annealing temperature of 60°C using Fast
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FIGURE 1 Impedance-based electrical wounding and migration assay. (A) Schematic illustration of the assay principle. Cells are grown

on a pair of coplanar electrodes patterned to the bottom of 96-well plates (96W1E™, Applied BioPhysics Inc.) as shown in the side view

and top view. The zoom-in illustration of the side view indicates the current flow across the cell layer via the paracellular (blue arrows)

and transcellular route (red arrows) at low and high AC frequencies, respectively. Electrical connection between the electrodes for cell
monitoring and electrical wounding is provided by the ECIS instrument and the medium above the cell layer that serves as an electrolyte.
The top view shows (left) the orientation of electrodes in a well that are partially passivated by an insulating polymer layer (blue) and (right)
schematically illustrates a cell layer after electrical wounding and LIVE/DEAD staining (red: dead cells on the electrode, green: live cells in
areas surrounding the electrodes). (B) Time course of impedance magnitude of the impedance-based electrical wounding and migration assay
for SK-Mel-28 cells wounded in the presence of different pH, (6.0, 6.5, 6.75,7.0,7.25,7.5, 8.0 and 8.5). At the time point indicated by the
arrow, data acquisition was briefly paused for electric wounding of the cells on the electrode by an electric pulse of 32kHz, 2800 A, 60s.
(C) Confocal fluorescent micrographs (CLSM) of SK-Mel-28 cells on 96W1E+ electrodes after LIVE/DEAD staining. Except for the controls in
the left column (no wounding), cells were wounded as described in (B) in the presence of L15 media of pH 6.5, pH 7.5 or pH 8.5. Cells were
subjected to staining and confocal fluorescent microscopy immediately after wounding (0 h), 1 h or 24 h after wounding. Scale bars represent
200pm. (D) Principle of the area under the curve (AUC) calculation. The integral of the curve between the last timepoint before wounding
and the time point 24 h after wounding are determined by OriginPro software analysis. The minimum impedance after electric wounding was
used as the baseline for the calculation of the AUC. (E) Results of AUC determination for three individual experiments as shown in (B). The

bar graph show AUC as mean +SEM of N = 3(3) at different pH,.

TABLE 1 gPCR primers

Gene Primer Sequence Efficiency
GPR4 GPR4_For 5'-CCG CTA CAA CCA 1.96
CACCTTCT-3'
GPR4_Rev 5'-CCA CGA ACA CCC
GAT AGA GG -3’
3-Actin BActin_For  5-GCA TGG AGT CCT 1.89
GTG GCATC-3'
BActin_Rev ~ 5-TTC TGC ATC CTG
TCG GCA AT-3'

Start Essential DNA Green Master (Roche, 06402712001) and the
Roche LightCycler® 96 instrument (Roche). Primer efficiency and
relative expression of GPR4 to B-actin, normalized to the WT con-
trol, were determined using the Roche LightCycler® 96 instrument

software (Roche).

2.7 | Western blot

We used a stain-free blot approach, where the whole protein is
quantifiable by the reaction with internal tryptophane. Thereby
difficulties by membrane stripping and antibody interference can
be avoided. For quantification, the ratio of the intensity from the
GPR4 antibody to the intensity of the stainfree bands was taken. For
Western Blot analysis cells were collected from 75cm? cell culture
flasks and seeded to a new 75cm? cell culture flask after 1:10 dilu-
tion. Cells were grown to ~70%-80% confluence before they were
harvested by trypsination. Cell pellets were washed with PBS and
resuspended in RIPA buffer for protein extraction. Protein concen-
tration was determined using a BCA protein assay kit (Pierce). Before
loading the stain-free gel (Mini-PROTEAN TGX Stain-Free Precast
Gel for any kD, Bio-Rad), 2 pg/pl protein in modified Laemmli buffer
(Bio-Rad) with 25% DTT (Sigma-Aldrich) were denatured at 70°C
for 10 min in modified Laemmli buffer (Bio-Rad) with 25% DTT

(Sigma-Aldrich). Proteins (10 pg per lane) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene fluoride membranes. Membranes were
blocked with goat serum (10%, Merck) in PBS with 0.5% Tween-20
(PBST) for 2 h before incubation with anti-GPR4 antibody (Alomone
Labs, Anti-GPR4 (extracellular) Antibody, #AGR-041, 1:1000) in
4% goat serum in PBST overnight at 4°C. The membranes were
washed three times in PBST and were afterwards incubated with
StarBright 700 Blue goat anti-rabbit IgG secondary antibody (Bio-
Rad, #12004161, 1:10000) in 5% goat serum in PBST for 1 h at room
temperature. After the membrane was washed three times with
PBST, the immunoreactivity was detected by fluorescence detection
(ChemiDoc, Bio-Rad). Densitometry of GPR4-positive fluorescence
bands and referencing to whole protein content as imaged by stain-
free technology (Bio-Rad, proprietary trihalo compound in stain-free

gels) was performed using the Quantity One Software (Bio-Rad).

2.8 | Boyden chamber

Boyden chamber assays were performed using transparent PET po-
rous membrane inserts with 8 pm pores (Omnilab, FALC353097) for
24-well plates in two variants: (i) without Matrigel, or (ii) with Matrigel.
(i) In the assay without Matrigel 50000 cells/well were suspended
in 200pl serum-free L15 medium (L15, 1% P/S, pH 7.5), and applied
to the top compartment of a trans-well insert with 8 pm membrane
pores. As a chemoattractant, 500 ul complete L15 medium with 20%
FCS (pH 7.5) was used in the lower compartment. Cells were allowed
to migrate for 18h in a humidified incubator at 37°C with 0% CO,,.
Following migration, cells in the upper chamber were removed using
a cotton swab. The cells that had migrated to the other side of the
membrane were fixed with 70% ethanol for 15min and let dry for
15min at RT. Afterwards, cells were stained with a 0.5% crystal violet
solution in distilled water. The membranes were removed from the
filter insert using a scalpel and embedded using the Roti-Histokitt Il
(ROTH, T160.1). Per filter, four different fields of view were counted
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using a 10x objective of an inverted microscope. Cells were manu-
ally counted using the multipoint tool of the image analysis software
Imagel. (ii) To resemble invasion and thus 3D migration through the
extracellular matrix a layer of Matrigel (Corning, 354234) was coated
to 8 pm pore filters. Per membrane insert 100l of Matrigel diluted
to a concentration of 400 ug/ml with ice-cold Dulbecco's PBS (DPBS,
1%, Gibco, 14190-144) to a concentration of 400pug/ml was applied
evenly to the top of each trans-well. Matrigel was allowed to solidify
for 2 h at 37°C to form a thin gel layer. Afterwards, 50000 cells in
200pl serum-free L15 medium (pH 7.5) were added to each insert. A
500pl of 20%-FCS containing L15 (pH 7.5) was applied to the bottom
of the trans-well and cells were allowed to invade. Following inva-
sion, the Matrigel was removed, and the cells were fixed, stained, and

counted as described above.

2.9 | Statistical analysis

Experiments were performed in biological replicates and technical
replicates. While each biological replicate represents a new batch of
cells, the technical replicates are replicates within one experiment
performed with the same batch of cells. Therefore, the number of ex-
periments is presented as follows N =total number of biological rep-
licates (total number of technical replicates), for example, N = 3(6).
Data in bar graphs are shown as mean +standard error of the mean
(SEM). Data were subjected to a Shapiro-Wilk test for normality
to ensure a normal distribution (0.01 level) (Origin 2021 software).
Data with normal distribution were subjected to a two-sample t-test
for comparison of means at the significance levels set to 0.05 or 0.01
(Origin 2021 software). ANOVA analysis was used where more than
two samples were compared to each other (Origin 2021 software).
Significance levels were indicated by asterisks: *p <0.05, **p <0.01,

n.s. means data is not significantly different (p-value >0.05).

3 | RESULTS

In our recent publication, we reported on the increased expres-
sion of pH-GPCRs in tumor tissue of malignant melanoma.®?
Immunohistochemistry data indicated that GPR4 is more frequently
expressed at high levels in malignant melanoma compared to benign
nevus cell nevi, especially in the dermal portion of the skin. This in-
creased dermal occurrence of GPR4 suggests that GPR4 promotes
the migratory potential of melanoma cells which contributes to the
formation of metastases. Therefore, we sought to investigate the
role of GPR4 in the migration of SK-Mel-28 melanoma cells.

To measure the migration of SK-Mel-28 cells in a pH,_-dependent
fashion, the impedance-based electrical wounding and migration
assay was performed at different pH_ between pH 6.0 and pH 8.5
(Figure 1B). The time course of impedance at 40kHz is shown for
a typical wounding assay with SK-Mel-28 cells in the presence of
different pH media (Figure 1B). Inmediately after wounding, the im-
pedance drops close to values close to those of a cell-free electrode.

Over time, as a result of cell migration from the electrode periphery,
the impedance recovers to prepulse values or remains below, de-
pending on the impact of the respective pH_ on cell migration.

The LIVE/DEAD assay results show that the electrical wound-
ing of SK-Mel-28 cells was successful for different pH, and that the
cells were able to repopulate the electrodes under these conditions
(Figure 1C).

The efficiency of recovering the wounded electrode was quan-
tified by AUC calculations as described in materials and methods
(Figure 1D). SK-Mel-28 showed no migration in the presence of
pH 6.0, while the mean AUC increased for increasing pH between
pH 6.5 and pH 8.5 (Figure 1E).

To investigate the role of GPR4 in melanoma cell migration, we
generated a GPR4 overexpressing cell line (see materials and meth-
ods as well as supplementary materials and methods). SK-Mel-28
WT cells were transfected with a GPR4-GFP construct that made
the subcellular localization of the receptor visible by confocal flu-
orescence microscopy (Figure 2A). In SK-Mel-28_GPR4 cells the
GFP-receptor construct seems to be expressed at the cell mem-
brane and at intracellular locations, possibly ER, Golgi and vesicles
(see for comparison SK-Mel-28 expressing GFP only in Figure S1).
qPCR analysis was performed to quantify the GPR4 overexpression
relative to SK-Mel-28 WT cells (Figure 2B). Data revealed significant
relative overexpression of GPR4 in SK-Mel-28_GPR4 cells by a fac-
tor of 2300+ 750 (mean+SEM of n = 6 (WT)/8 (GPR4)). Additional
Western Blot Analysis demonstrated a significant overexpression of
GPR4 in SK-Mel-28_GPR4 as compared to the control (Figure 2C,D).

With this GPR4 overexpression melanoma cell model, we per-
formed the impedance-based electrical wounding and migration
assay in the presence of different pH, (Figure 3). The time courses
of impedance before and after electrical wounding (indicated by an
arrow) show that GPR4 overexpression affects the migration be-
haviour of SK-Mel-28 cells in a pH-dependent manner (Figure 3A-H).
Neither SK-Mel-28 WT cells nor GPR4 overexpressing cells showed
a significant recovery of impedance after wounding at pH, 6.0.
Between pH_ 6.5 and pH, 7.5 GPR4 overexpressing cells showed a
faster recovery of impedance than compared to WT cells. After 30h
into the measurement the impedance levels of GPR4 overexpressing
cells were higher than for WT cells. For pH, 8.0 and 8.5, this effect
was less pronounced and the impedance values at the end of the
measurement were similar or lower for SK-Mel-28_GPR4 impedance
values at the end of the measurement.

As the data set shown in Figure 3 is restricted to a small sam-
ple number for the sake of clarity, a quantitative AUC analysis of
at least two additional data sets with two technical replicates each
was performed (c.p. materials and methods). AUC quantification by
AUC calculations from three independent measurements as shown
in Figure 3A-H confirmed that the difference in AUC was significant
for pH, 6.5-7.5 (Figure 31-P). Results reflect an increased migration
activity at these pH values for GPR4 overexpressing versus WT cells.
At pH, 8.0 and 8.5 no significant difference in migration behaviour
was detected by this assay. Results indicate that GPR4 enhances
the migratory activity of SK-Mel-28 cells at pH between pH 6.5 and
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FIGURE 2 Overexpression of GPR4 in SK-Mel-28. (A) Confocal fluorescence micrographs (CLSM) of (left) SK-Mel-28 WT cells and (right)
SK-Mel-28 stably expressing the pH-GPCRs GPR4 (SK-Mel-28_GPR4) at pH 7.5. Scale bar represents 20 um. (B) Results of GPR4 mRNA
quantification in SK-Mel-28 cells by gPCR. The figure shows the normalized ratio of GPR4 mRNA relative to 3-actin mRNA for WT and for
GPR4 overexpressing cells (SK-Mel-28_GPR4). Values of mRNA relative to 3-Actin were normalized to WT and are shown as mean+SEM
for N = 6(7) - 8(11). Normalized ratios are WT: 1 +0.2, GPR4: 2300+ 750. (C) Western blot against GPR4 (left) and quantitative analysis of
Western blots for GPR4 expression for GPR-4 overexpressing SK-Mel-28 (41 kD: 160+ 30%) relative to WT (100%). Values are shown as

mean+SEM for N = 7(7).

pH 7.5 and thus might play a role in pH_-driven metastasis of mela-
noma in this pH range.

To confirm and complement the outcome of the impedance-
based wounding and migration assay, a classical Boyden chamber
assay was performed in two experimental layouts (Figure 4). The
transwell inserts were either used uncoated or they were precoated
with a stroma ECM surrogate (Matrigel) as an additional barrier for
migration. Matrigel is a complex mixture of basement membrane
components isolated from Engelbreth-Holm-Swarm (EHS) mouse
sarcoma in a hydrogel matrix. To migrate through Matrigel, cells have
to activate extracellular hydrolases that open the hydrogel structure
for cell locomotion. Cells successfully reaching the other side of the
filter membrane are not only considered motile but also invasive,
as they express the enzymes necessary to get across the Matrigel
layer. Moreover, the Boyden chamber assays use a chemotractant
(serum) to initiate migration, whereas in the impedance-based assay
cell migration is initiated by a sudden decrease in cell density, the
accompanying loss of contact inhibition or secretion of autocrine
factors. At pH 6.5 the overexpression of GPR4 had no impact on
the chemotactic migration, as the cell count was insignificantly lower
for GPR4 overexpressing cells (Figure 4A,B) compared to WT inde-
pendent of the presence of Matrigel. So neither cell locomotion nor
invasion was altered by the expression of GPR4. At pH 7.5 the GPR4
overexpressing SK-Mel-28 cells showed a significantly increased lo-
comotion across porous membranes in the Boyden chamber assay
(Figure 4C) in the absence of Matrigel. The invasion through the

Matrigel layer and subsequent migration through the pores of the
filter was also slightly enhanced for GPR4 overexpressing SK-Mel-28
cells compared to SK-Mel-28 WT cells at this pH,, the results were,
however, not significant. In summary, the different migration assays
performed in this study reveal a complex impact of GPR4 activa-
tion on cell migration/invasion. Whereas invasion is not affected
at pH 6.5 and 7.5, the pure locomotion activity in the absence of
Matrigel was higher at pH 7.5 compared to at pH 6.5. Similarly, the
impedance-based migration assay that mirrors activation of cell mi-
gration (not invasion) due to tissue lesions in the absence of 3D ECM
revealed an enhanced migration of the GPR4 overexpressing cells for
pH between 6.5 and 7.5. Thus, the two assays reading primarily cell
locomotion indicated an impact of GPR4 on cell migration. Invasive
properties of the cells were, however, not affected by the GPR4-
mediated signalling. The proliferation of SK-Mel-28 cells appears
to be independent of pH, as an ATP assay only showed a slight but
insignificantly higher luminescence for both, WT and GPR4 overex-
pressing cells at low pH, (see Figure S2). Thus, the differences seen
for GPR4 overexpressing versus WT cells in pH_-dependent migra-
tion seem to be unaffected by proliferation.

4 | DISCUSSION

Recently published immunohistochemistry data indicate that ma-
lignant melanoma express pH-GPCRs at higher levels as compared
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FIGURE 3 Effect of GPR4 overexpression on SK-Mel-28 melanoma cell migration. (A-H) Typical time courses of impedance magnitude at
40kHz for SK-Mel-28_GPR4 cells (GPR4) (red lines) compared to SK-Mel-28 wildtype (WT) (black lines) cells upon electric wounding in the
presence of different pH,. Data represent mean +SD of one typical experiment with two replicates per condition. (I-P) Quantitative area
under the curve (AUC) analysis of at least three individual experiments conducted in duplicates per condition N = 3 (6) - 5 (10) shown as

mean+SEM.

to benign nevi.®? Especially GPR4 was shown to be frequently ex-
pressed at high levels in the dermal portion of malignant melanoma
biopsies, which suggests that GPR4 could promote metastasis of
melanoma. Eleven studies on cBioportal (https://www.cbioportal.
org/) were analysed for mutation frequency of GPR4, which showed
up to 8% mutations (half of these amplifications) in studies on meta-
static melanoma (Figure S3). This goes to show that differences in
GPR4 expression are quite frequent in MM.

Therefore, we sought to investigate the role of GPR4 in the
migration/invasion phenotype of SK-Mel-28 melanoma cells. We
transfected SK-Mel-28 melanoma cells with a GPR4-GFP construct
to be able to visualize receptor localization. The SK-Mel 28 have mu-
tations in BRAF (c.1799T>A, p.V600E), p53 (c.434T>C, p.L145R),
and CDK4 (c.70C>T, p.R24C), and these sites are not altered via
GPR4 overexpression.37 According to qPCR analyses the endoge-
nous levels of GPR4 are relatively low in SK-Mel-28 melanoma cells
compared to other dermal cell lines (see Figure S4). Like in other

studies at pH~7.5 the GFP-receptor construct was visible at the cell
membrane as well as in intracellular compartments.3¢3?

Any discussion about cell migration, which is an umbrella term
in cell biology, has to distinguish between cell locomotion (i.e. the
ability of cells to change their local position) and cell invasion (i.e. the
ability to penetrate the basement membrane and adjacent stroma
ECM). It has been the key finding of this study, that cell locomo-
tion is affected by overexpression of GPR4 in a pHe range of 6.5-
7.5 but invasion through a stroma ECM surrogate was not. Both,
the impedance-based migration assay and the Boyden chamber
studies in the absence of Matrigel reveal increased cell locomotion
even though the modes of cell locomotion are very different. The
impedance-based assay measures the closure of an in vitro lesion in
an otherwise confluent cell monolayer which requires the removal
of cell debris prior to wound closure. Moreover, cell locomotion is
triggered by a sudden decrease of areal cell density and the asso-
ciated signalling. The movement of the cells shows many aspects
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FIGURE 4 Migration of SK-Mel-28 cells (A)
stably transfected with GPR4 compared
to SK-Mel-28 wildtype (WT) cells in a
Boyden chamber at pH, 6.5 and pH,
7.5. (A, C) The Boyden chamber inserts
only contained a porous membrane

(8 pum pores) (B, D) or were covered by
an additional Matrigel layer. Cell count
results are shown as mean+SEM for
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of collective cell migration. In the Boyden chamber assay in the
absence of Matrigel, cells move towards a chemotractant (serum)
which induces presumably a very different intracellular signalling
and cell locomotion is clearly considered as single-cell locomotion.
Despite these differences, both assays returned enhanced cell loco-
motion of GPR4 overexpressing melanoma cells compared to their
wild strongly supporting a potential role of GPR4 for enhanced cell
migration and a potential role in metastatic progression. So far, it is
unknown whether ameboid or mesenchymal migration is impacted
by GPR4 in melanoma. However, in some cancers mutant p53 results
in an ameboid morphology and loss of pl6 seem to lead to a mesen-
chymal morphology.*®

A typical key feature of solid tumors is a pH, gradient ranging
from low pH, at the center of the tumor tissue to almost normal or
normal pH, at the periphery of the tumor [4]. Even though acidic
pH, inhibits migration, that is, in the center of the tumor, the in-
creased migratory potential at normal pH (~7.5) can enhance the
dissemination and metastasis of cells at the edge of the tumor cells
into surrounding tissue with physiological pH,. Studies with B16
mouse melanoma cells have seen an inhibitory effect of GPR4-
overexpression on migration.28 However, this was only investigated
for very low pH,, which are only present in or in the vicinity of the
tumor. In our study, melanoma cells with GPR4-overexpression
that are exposed to rather normal extracellular pH,, for example,
in other tissues, show increased migration. The effect might play
a major role in the seeding of these cells in other types of tissue.
Furthermore, GPR4 also positively affects adhesion,'® which was

pH 6.5

pH7.5
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not our focus in this series of experiments. Interestingly, this could
even strengthen our results, because adhesion is a different process
than migration and low pH,_ might facilitate local tumor growth in
GPR4-overexpressing melanoma.

The Boyden chamber assay in the presence of Matrigel did not
show any significant impact of GPR4 overexpression. However,
the assays read primarily cell invasion of extracellular matrices
which requires the expression and activation of membrane-bound
or extracellular hydrolases to open up a path for directed cell
growth. Matrigel is a basement membrane ECM mixture produced
by mouse tumor cells. It contains many factors, including laminin,
collagen 1V, heparan sulfate proteoglycan perlecan and nidogen/
entactin.** The migration across dense basement membranes and
adjacent stroma ECM usually requires matrix remodelling by the
secretion of different proteases [4]. For example, a cAMP/EPAC
signalling-dependent pathway that resulted in syndecan-2 trans-
location and heparan sulfate production was suggested as playing
a central role in melanoma migration.*? It is possible that neither
the matrix composition nor the activity to produce necessary en-
zymes for matrix remodelling have significantly changed for SK-
Mel_GPR4 cells compared to WT cells, and therefore the impact
of GPR4 on trans-Matrigel migration is negligible. The bottom line,
GPR4 is only responsible for any change in cell locomotion but not
for the infiltration of tissues and extracellular matrices underlying
the dermal portion of the skin.

The pH range in which GPR4 is activated was reported to be
pH 5.6-7.6.1°12 The study by Ludwig et al.’® measured a half-maximal
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activation of cAMP formation by GPR4 in transiently transfected
HEK293 cells at a pH of 7.55+0.02 (mean+SEM). Measurements
of GPR4 activation using a recombinant BRET-based mini-G protein
(mGp) assay in HEK293 cells resulted in half-maximal activation at
pH 7.1 +0.029 (mean+SEM).?2 A further study found half-maximal
cAMP accumulation upon activation of WT GPR4 in HEK293 at
pH 7.4 +0.043 (mean+SEM).%8 In all three studies maximum activa-
tion of GPR4 was reached at around pH 6.3-6.5, while no significant

0,10’12'38 which matches well

activation was detected beyond pH 8.
with observations of this study.

GPR4 has been described to mainly activate the G, pathway, al-
though the involvement of G,,,,; and qu signalling is also con-
sidered.101428:30.3843 gionglling pathways that are activated by
cAMP play a critical role in cancer cell metabolism, growth and

44,45

migration and are described as being potentially relevant in

the transformation of melanocytes into malignant melanoma.*>#¢
Impaired cAMP signalling has been associated with an increased
risk of melanoma, but the exact role of cAMP-dependent pathways
in melanoma is not known yet and appears to be strongly depen-
dent on the genetic background.**=#8 Studies indicate, that cAMP
promotes melanoma cell migration and angiogenesis via activation
of the protein “exchange protein activated by cAMP” (EPAC).464749
Application of amembrane permeable cAMP analog (8-pMeOPT) led
to a significantly increased migration and rearrangement of the actin
cytoskeleton in SK-Mel-2 melanoma cells.” According to a more re-
cent study, the ectopic overexpression of GPR4 in murine B16F10
melanoma cells delayed cell spreading and affected focal adhesion
localization and actin distribution, which points to alterations in cell
mobility.2® In stark contrast to the findings on GPR4 overexpress-
ing SK-Mel-28 cells in this study, ectopic overexpression of GPR4
in B16F10 melanoma cells inhibited their migration, as assessed by
a 2D scratch assay (pH 6.4-7.4) and Boyden chamber migration as-
says (pH 6.4-7.9 without Matrigel, pH 6.4-7.9 with Matrigel), and
reduced their potential to form lung metastases in a mouse model.*®
The reason for the opposite results might be caused by the different
genetic background of the murine B16F10 and human SK-Mel-28
melanoma cell models. More melanoma cell lines should be inves-
tigated before a final conclusion of the role of GPR4 in melanoma
is justified. Interestingly, a model with GPR4-deficient mice showed
significantly reduced growth and vascularization of 4T1 breast or
CT26 colon tumor cells, which points to a tumor-promoting effect
of GPR4 by angiogenesis.'® Supporting this pro-angiogenetic effect
an overexpression of GPR4 in squamous cell carcinoma led to an en-
hanced vascularization under acidic conditions, likely via increased
production of the pro-angiogenetic factors IL6, IL8 and VEGF by
these cells.?’

It is also possible that the differential effects of GPR4 on B16
versus SKMEL28 may partially be due to the fact that B16 is the WT
for BRAF, but SKMEL28 is BRAF mutant. The expression level of
BRAF seems to positively correlate with that of GPR4 in melanoma.
Also, GPR4 has been shown to constitutively suppress ERK1/2 acti-
vation. Itis unlikely that disruption of GPR4 enhances BRAFV600E
tolerance by derepressing ERK1/2, as the disruption should in theory

exacerbate the cellular stress caused by BRAFV600E overexpres-
sion (which activates ERK1/2). Ko et al.* suggested that disruption
of GPR4 may enhance BRAFV600E tolerance by attenuating cellular
apoptosis through a mechanism that remains to be elucidated.

In other cancer cell models, the data also point towards a tumor-
promoting effect of GPR4. The knockdown of GPR4 in HCT116 and
HT29 colorectal cancer cell lines resulted in suppressed growth and
significantly inhibited invasion.®® GPR4 was upregulated in human
colorectal cancer samples and correlated with poor outcome.*°
GPR4 was also found to be overexpressed in a significant portion
of the breast, ovarian, colon, liver and kidney tumors.?’ However, a
first online search at Survival Genie (https://bbisr.shinyapps.winsh

ip.emory.edu/SurvivaIGenie/)52

on the effect of high versus low
GPR4-expression showed no difference in survival rates of meta-
static melanoma patients (Figure S5).

Overexpression of GPR4 in NIH3T3 or HEK293 cells malig-
nantly transformed the cells. In HEK293 cells GPR4 expression
led to transcriptional activation of SRE and CRE promotor-driven
genes, indicating potential involvement of G, and G,,,,5 signalling
and activation of a multitude of genes involved in proliferation and
migration,29 Indeed, NIH3T3 cells overexpressing GPR4 that were
injected to mice led to increased tumor formation.?’

In the 2D migration assay, the effect of GPR4 overexpression on
migration was most pronounced between pH 6.75 and 7.5.

5 | CONCLUSION

Triggered by clinical evidence for overexpression of GPR4 in meta-
static melanoma, this study addressed the impact of GPR4 on cell
locomotion and cell invasion in an established melanoma in vitro
model based on the SK Mel 28 cell line. Overexpression of GPR4
was compared to WT with respect to the cell migration phenotype
using different cell migration assays. The experimental outcome sug-
gests that GPR4 overexpression is responsible for enhanced cell mo-
tility leading to enhanced cell locomotion as long as no extracellular
matrix barriers are present. However, GPR4 overexpression does
not induce a more invasive phenotype in the sense of an enhanced
ability to penetrate extracellular matrices. This study indicates that
other external factors are required to induce this more invasive
phenotype. Accordingly, GPR4 overexpression may not be solely re-
sponsible for metastatic progression in melanoma but it does affect

one of its key hallmarks which is cell locomotion.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Figure S1. (A) Migration of SK-Mel-28 wild type cells (WT) and SK-
Mel-28 cells 72h after transient transfection with pCMVé6-AC-GFP
control vector (pCMV) at pH 7.5. The transfection with control
vector alone did not lead to significant differences in cell migration
of SKMel28 as measured via the impedance-based migration assay
(see methods). Data are shown as mean + SD for n = 3. (B) Confocal
fluorescene micrograph of SK-Mel-28 cells transfected with
pCMV6-AC-GFP control vector (pCMV) and compared to SK-Mel-28
wild type cells (WT) and SK-Mel-28 cells 28 stably expressing GPR4
(SK-Mel-28_GPR4).

Figure S2. Metabolic activity of SK-Mel-28 WT and SK-Mel-28_
GPRA4 cells at different pH values.

Figure S3. Mutation frequency of GPR4 in melanoma. 11 studies
were assessed on cBioportal (https://www.cbioportal.org/).

Figure S4. Expression profiles of GPR4 in different skin cell lines on
mRNA level.

Figure S5. GPR4 expression and survival according to Survival Genie.
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