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The acid-sensing ion channels ASIC1 and ASIC2, as well as the transient receptor potential vanilloid channels TRPV1

and TRPV4, are proton-gated cation channels that can be activated by low extracellular pH (pHe), which is a hallmark of

the tumor microenvironment in solid tumors. However, the role of these channels in the development of skin tumors is still

unclear.
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1. Introduction

Melanoma and non-melanoma skin cancers (NMSCs) are the most prevalent cancers among the white population,

exhibiting an increasing incidence rate worldwide . The WHO counts between 2 to 3 million new cases of NMSC per

year, being 18–20 times higher than melanoma. However, due to its risk of metastasis, the malignant melanoma (MM) is

responsible for 90% of deaths among skin cancers, with a yearly increasing incidence rate between 4 and 6% . The

group of NMSC includes basal cell carcinomas (BCCs), which account for around 80% of NMSC, and squamous cell

carcinomas (SCCs), with around 20% of NMSC. Only 1% can be classified as other skin tumors . Nevus cell nevi (NCN)

are benign neoplasms, but about 10–30% of melanomas arise from NCN . Even if the mortality rate and metastatic

potential of NMSCs are low, those tumors lead to enormous morbidity and extensive costs for our health system .

Therefore, it is important to find new therapeutic targets in MM and NMSC for future treatments.

Tumor formation changes the physical microenvironment in the tissue. Little vascular perfusion, regional hypoxia and the

subsequent anaerobic glucose metabolism lead to lactic acid and, hence, to extracellular acidosis in tumors with

extracellular pH (pH ) as low as 6.5 . Furthermore, membrane-bound transporters (monocarboxylate transporters MCTs

1–4, carboanhydrases CA2/9/12, sodium hydrogen exchanger 1 NHE, vacuolar type ATPases VATPases, sodium

bicarbonate symporters) contribute to the acidified tumor microenvironment (TME) . In physiological conditions, the pH

is higher (7.2–7.4) than the intracellular pH  (6.9–7.2), whereas in a tumor environment, the so-called reversed pH

gradient (pH  < pH ) develops . This reversed pH gradient (or inside-out pH gradient) is harmful to normal cells, as

cellular acidification in general leads to apoptosis. In tumor cells, however, it causes migration and invasion and, hence,

benefits tumor growth . In contrast to normal cells, tumor cells can adjust to survive in low pH by increasing glycolytic

activity and expression of proton transporters, which stabilize intracellular pH . Several of these transporters and pumps

have already been detected to play a role in the maintenance of TME, such as carbonic anhydrases (CA2,CA9, CA12), V-

ATPases (vacuolar-type H  ATPases), Na /HCO  3-Co-transporters, the monocarboxylate transporters MCT 1–4 or

Na /H  exchanger 1 (NHE1) . Through changes in their expression or activity, these plasma membrane proteins

promote H  efflux, thus leading to the typical alkaline pH  and the acidic pH  in tumor cells . Cancer cells need to detect

the dysregulated pH by sensors to mediate adequate cellular response. Acid-sensing proteins transmit signals to the

cytoplasm and nucleus, hence influencing intracellular signal transduction pathways and gene expression . One group

of these sensors is the proton-sensitive G-protein coupled receptors (pH-GPCRs) . We recently published first data on

the expression profiles of pH-GPCRs in various skin tumors .

Other proton-sensing sensors in the plasma membrane are the transient receptor potential vanilloid channels (TRPVs) as

well as the acid-sensitive ion channels (ASICs). Little is, however, known on their expression and role in skin tumors.

Transient receptor vanilloid potential ion channels (TRPVs) are a group of subfamilies numerously and diversely

expressed in several tissues and organs, where they perform pleiotropic physiological and pathological functions. These

nonselective cation channels were originally characterized as “polymodal cellular sensors” in neurons, being activated by

chemical, physical and thermal stimuli . A subgroup of these channels are the Ca -permeable, nonselective thermo-

TRPs TRPV1 and TRPV4 . These proton-sensing proteins are both activated by extracellular acidity . Furthermore,

TRPV1 is stimulated by vanilloid compounds (capsaicin and resiniferatoxin), injurious heat (≥43 °C) and some

eicosanoids . TRPV4 is activated by lower temperature (>24 °C) and by hypoosmotic stimulation . Apart from
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neuronal cells, the expression of TRPV1 and TRPV4 has been proven in a wide range of tissues, amongst others in

epidermal keratinocytes . Moreover, they play a role in the regulation of cell apoptosis and survival by regulating

calcium signaling, which is essential for the apoptosis-driven differentiation program of keratinocytes . TRPV1 has been

found within the skin in epidermal and hair follicle keratinocytes, dermal mast cells, in sebaceous glands and dendritic

cells . TRPV4 contributes additionally to cell survival after skin exposure to heat and to the control of skin permeability

barrier by modulating tight junction proteins . Its activation promotes barrier regeneration, which was demonstrated by

the fact that an inferior epidermal barrier (e.g., untight cell–cell junctions) was found in TRPV4-deficient mice . TRPV4

has been identified in basal and suprabasal keratinocytes .

Acid-sensing ion channels (ASICs) are cation channels that belong to the degenerin/epithelial Na  channel (DEG/ENaC)

superfamily and can be activated by extracellular acidification. They are mostly expressed in the central nervous system

and in peripheral sensory neurons. There are seven subunits from four genes (namely ASIC1a, ASIC1b1, ASIC1b2,

ASIC2a, ASIC2b, ASIC3 and ASIC4) . Each subunit comprises two transmembrane domains, connected with a large

extracellular cysteine-rich loop, which are trimeric assemblies. ASIC1 is Na - and Ca -permeable, whereas other types of

ASICs are only permeable to Na  . ASICs have different functions in the peripheral and central nervous system in

physiological as well as in pathological processes. In the CNS, ASIC1 channels participate in neuroplasticity, regulation of

fear behaviors, learning, memory functions and pain sensation . ASIC2 plays a role in retinal integrity and neuronal

viability in cerebral ischemia . In the peripheral nervous system, they are involved in nociception and mechano-

sensation . More relevant for the current study, however, is the fact that these ASICs are also expressed in non-

neuronal cells (e.g., keratinocytes, bone, dendritic cells, vascular smooth muscle ), where they contribute to pH

homeostasis, cellular migration and inflammation .

There are a few reports about the expression and the functions of TRPVs and ASICs in other tumors . Nevertheless,

there is no sufficient information about their presence and function in skin tumors. In this study, we investigate the

expressions of ASIC1, ASIC2, TRPV1 and TRPV4 in squamous cell carcinoma (SCC), basal cell carcinoma (BCC),

malignant melanoma (MM) and in nevus cell nevi (NCN).

2. ASIC1

Concerning the tumor tissues investigated in this study, ASIC1 is strongly expressed in SCC, BCC and in NCN in both

epidermal and dermal portions. Epidermal and dermal MM varied in expression levels. Even though in the literature there

is little information about the expression of ASIC1 in melanomas and NMSC, the role in cancer progression has been

proven in other tissues. In malignant glioma ASIC1 plays a role in the growth and migration of the tumor cells . Gupta et

al. detected that ASIC1 contributes to breast cancer pathogenesis and that ASIC1 inhibitors lead to a significant reduction

in tumor growth in mice . Even in human lung adenocarcinoma cells (cell line A549) ASIC1s might be a prognostic

marker . Taking these considerations and our results together, ASIC1 might serve as a potential therapeutic target, but

further functional studies are required to fully understand the role of ASIC1 in tumor progression.

3. ASIC2

ASIC2 shows a negative expression profile in BCC, whereas the dermal portion of NCN is strongly expressed. These

inhomogeneous results mirror previous knowledge concerning ASIC2 in other tumors. ASIC2 being less expressed is

consistent with findings by Berdiev et al., who investigated ASIC2 in malignant gliomas . The authors found that ASIC2

is not expressed in the plasma membrane of glial cells, whereas ASIC1 is indeed expressed on these tumor cells,

analogous to our findings in BCC. According to them, ASIC1 and ASIC2 are co-expressed in normal cells, and the lack of

ASIC2 in tumor cells leads to a large inward cation current. Inhibiting this current reduces glioma growth and cell migration

. It remains to be investigated if these voltage-independent cation currents present in gliomas are also existent in BCC,

making the inhibition of this conductance a potential therapeutic target. Our results regarding the positive expression of

ASIC2 in dermal NCN are in accordance with findings by Zhou et al. They detected an up-regulation of ASIC2 in

colorectal cancer, leading to increased cell proliferation, whereas a knockdown had the opposite effect .

4. TRPV1

In all of our investigated tumors, expression of TRPV1 was high. As mentioned before, TRPV1 is associated with the

processes of inflammation and calcium signaling . As both chronic inflammation as well as abnormal calcium signaling

play a role in tumorigenesis, it seems plausible that TRPV1 is involved in tumor progression. Marincsák et al. detected a

drastic elevated expression of TRPV1 in SCC of the human tongue and in precancerous lesions . Additionally, in other

head-and-neck SCC localized on the oral floor or the gingiva, TRPV1 expression is upregulated . To investigate the
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effect of TRPV1 antagonists on skin tumor formation, Park et al. treated TRPV1 in keratinocytes with competitive

antagonists (AMG-9810 and SB-705498) to potentially use TRPV1 as a pharmacological target, but they could not find

skin tumor promotion in epidermal keratinocytes treated by the antagonists . Research linking TRPV1 to

carcinogenesis treatment needs to be further conducted, as the evidence from the literature seems controversial so far.

Thus, even if we could show that TRPV1 shows a higher expression level in all our investigated tumors, further studies

need to be conducted to better understand the exact role of TRPV1 in skin tumor formation to use it as a potential

therapeutic target.

5. TRPV4

TRPV4 is overexpressed in SCC, and in BCC it also shows a positive expression profile. In MM it shows mixed reactions,

and in the dermal portion of NCN negative expression is predominant. Previous studies reported that TRPV4 was involved

in tumorigenesis in different kinds of cancers, such as in esophageal squamous cell carcinoma, where we can see an

upregulation of TRPV4 . Huang et al. activated TRPV4 in esophageal SCC, which resulted in cellular migration of the

tumor cells . Additionally, in gastric cancer TRPV4 is upregulated and is even associated with higher tumor invasion,

lymph node metastasis and poor survival . Contradictory to our results, another research group detected a

downregulation of TRPV4 in specific NMSC, as Bowen’s disease (BD), solar keratosis (SK), and also BCC and SCC .

We cannot support these findings, as our stainings deliver positive and even higher expression of TRPV4 in SCC and

BCC compared to normal keratinocytes. Based on this, it is plausible to speculate that the expression of TRPV4 (as well

as the other channels) varies between patients, types and subtypes of cancer and micro- and macroenvironments.

In conclusion, ASIC1, ASIC2, TRPV1 and TRPV4 are expressed by most common skin tumors. However, there are some

interesting expression patterns and differences, as noted above. Our findings need to be reinforced by a larger sample

size, RNA expression analysis (e.g., RNAScope) and by functional studies that investigate the precise roles of the ion

channels in tumor formation. This could potentially lead to drugs that target the investigated ion channels in order to

manipulate the TMA and/or the cellular response towards the inside-out pH gradient in solid skin cancers.
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